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Featured Application: Heterogeneous nanoparticles can be applied in optoelectronics (as cata-
lysts) and drug delivery systems. For bioengineering, living cells can be subjected to photother-
mal therapy using them (AgPd/AuPd). These heterosynthetic nanoparticles can enhance thera-
peutic efficiency.

Abstract: Heterogeneous Ag/Au nanoparticles combined with Pd ions were generated by irradiating
Ag/Au metal targets in a Pd solution with nanosecond and femtosecond lasers. AgPd and AuPd
nanoparticles were generated by laser fragmentation and bonded. We numerically analyzed the
hot spots with electromagnetic field enhancement of nanoparticles of different sizes separated
by various distances. AgPd and AuPd nanoparticles differing in diameter were generated and
showed different characteristics compared to typical core-shell heterogeneous nanoparticles. Pd
ions played an important role in the generation of nanoparticles in liquid via laser ablation. The
femtosecond laser produced both pure and heterogeneous nanoparticles of uniform size. The
nanosecond laser produced pure nanoparticles with a relatively non-uniform size, which developed
into spherical heterogeneous nanoparticles with a uniform (small) size in the presence of Pd ions.
These nanoparticles could optimize applications such as photothermal therapy and catalysis.

Keywords: laser ablation in liquid; Pd ions; Ag; Au; heterogeneous nanoparticles

1. Introduction

Nanoparticles are applied in optoelectronics (as catalysts) and drug delivery systems
because of their unique optical and chemical properties. Instead of nanoparticles composed
of single elements; metal nanoparticle compositions are now being studied. Bimetallic
particles may exhibit superior properties [1-5]. For nanoparticle-mediated photothermal
treatment, Ag or Au nanoparticles have been preferred, but their material properties
limit efficacy [6]. Optical properties and photothermal stability are improved if Ag or Au
is combined with Pd [7]. Quintanilla et al. studied the light-to-heat conversion ability
of AuPd nanoparticles [8]. In this study, it was found that Pd can act as an important
element to increase the light-to-heat conversion efficiency depending on the bond type
and amount. This means that the alloy containing the element Pd can be more effective in
photothermal treatment. In addition, changes in the stability of nanoparticles with heat can
be a problem in nanoparticle applications. Albrecht et al. confirmed that nano-octopods
alloyed with Pd have improved stability compared to nanoparticles without Pd added at
higher temperatures [9]. The AuPd heterometallic bond greatly improves catalytic and
filtration performance. Heterogeneous bimetal nanoparticles may have the same structure
as a metal alloy, metallic compound, or solid solution [10]. To date, most heterogeneous
nanoparticles have been chemically synthesized, including via chemical reduction of an
aqueous solution containing a surfactant. Metal shapes and sizes are determined by the
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surfactant and energy applied (ultrasonic waves or microwaves that induce nanoparticles
in an apparatus that resembles a microwave oven) [11-14]. Compared to conventional
heating, wave energy improves the energy transfer rate; direct heating enhances synthetic
efficiency [15]. However, secondary liquid heating can be problematic, although test
reproducibility is high.

The synthesis of metal nanoparticles in liquid via pulsed laser energy (a photochemical
reaction) has been explored for decades [16-21]. Itis possible to control the light wavelength
and pulse width, and thus nanoparticle generation. Nanoparticles are produced at room
temperature and are free of surfactant contamination. Nanoparticles several nm in size
are easily generated. Complex nanoparticles of various shapes and sizes can be created
from simple nanoparticles. The laser wavelength can range from the ultraviolet to the
near-infrared, and the pulse width from femtoseconds to nanoseconds [22-24].

Nanoparticle generation via laser irradiation in liquid is classified as laser ablation
in liquid (LAL) [25-29], laser fragmentation in liquid (LFL) [30], or laser melting in liquid
(LML) [31,32] as shown in Figure 1. These methods can be further divided into top-down
procedures that fracture a material when generating nanoparticles, and bottom-up ap-
proaches that incorporate an elemental material into new nanoparticles. Both mechanisms
can be applied simultaneously. The principle underlying nanoparticle fabrication through
ablation of a material using a focused high-energy laser is as follows. When the laser
irradiates the material surface in liquid, nanoparticles are generated via near-field ablation,
coulomb explosions, and photothermal ablation [33-36]. The nanoparticles thus created are
then subject to the secondary effects of laser pulses, such as liquid shock waves. Typically,
particles separated from the bulk material are fragmented by cavitation bubbles generated
via LAL. In addition, the particles may repeatedly agglomerate to form homogeneous
nanoparticles of various sizes [23,24].

Nanoparticles

Figure 1. Schematics of (a) Laser ablation in liquid (LAL), (b) Laser fragmentation in liquid (LFL), and (c) Laser melting in

liquid (LML).

Initially, nanoparticles are generated by irradiating a bulk metal. This is followed
by a growth phase wherein the initial nanoparticles encounter laser pulses. Liquids can
contain a variety of metal ions. When ablating a solid target, the ablation mechanism
varies by the pulse width. When the laser is focused on a metal target, particle behavior
is determined by the interaction time. At the same energy, interactions occurring over
nanoseconds to microseconds trigger photothermal reactions; at shorter reaction times
(femtoseconds to picoseconds), most reactions are photochemical, leading to nanoparticle
growth or fragmentation [37-39]. Smaller and more homogeneous nanoparticles are
generated at shorter pulse widths. However, for the bonding or growth of previously
generated nanoparticles, nanosecond pulse widths that produce thermal effects may be
important. In addition, plasma induced by laser ablation creates liquid shock waves and
cavitation bubbles, which affect nanoparticle fragmentation and growth. Other metal ions
in the liquid affect the sizes and shapes of the nanoparticles. The various mechanisms
should ideally be independently examined, but this is very difficult given the extremely
short time scales.

For bioengineering, living cells can be subjected to photothermal therapy using
nanoparticles produced via LAL, LFL, and LML; heterosynthetic nanoparticles enhance
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therapeutic efficiency [16,28,29,40]. Silver (Ag) nanoparticles exhibit high laser absorption
in the infrared range [40]. It is relatively easy to control the size of gold (Au) nanoparticles
by adjusting the laser pulse width [41]. Palladium (Pd), which belongs to the platinum
group, exhibits excellent electrical and thermal conductivity and ductility, and catalyzes
both hydrogenation and dehydrogenation [13,42]. Heterogeneous nanoparticles may in-
clude combinations of these elements as alloys, intermetallic compounds, or core-shells,
exhibiting new properties that complement those of single-element particles [3-5].

In a novel process, we synthesized heterogeneous (AgPd, AuPd) nanoparticles with
the characteristics of both elements via pulsed laser beam irradiation of Ag or Auin a
solution of Pd ions. Femtosecond and nanosecond pulses were delivered, and solution
metal ions affected nanoparticle fragmentation and growth. The process conditions were
optimized, and the morphological characteristics size distribution, stability, and optical
properties of the heterogeneous nanoparticles were analyzed.

2. Modeling of Electric Field Concentration by Conducting Nanoparticles

Electric field analysis is important when evaluating laser-induced nanoparticle frag-
mentation and growth. We modeled the behavior of multiple conducting nanoparticles
exposed to an electric field. Variations in electric field strength caused by localized sur-
face plasmon resonance (LSPR) coupling effect were analyzed according to the sizes of,
particles and the distances between them. The simulation data aided interpretation of the
experimental results. The electromagnetic field distribution caused by a laser in water
was analyzed. The metallic nanoparticles were highly conductive and thus exhibited high
current densities. Electromagnetic wave reduced its wave energy within nanoparticles and
the electric field became concentrated around the conductors.

The distribution of the electric field by the incident laser beam can be approximated
by a plane wave when comparing the sizes of the nanoparticles and the Gaussian beam. A
Y-directed incident electric field can be described as follows:

E = Ep 1)

Here, Ej is the magnitude of the incident field and ) is the unit vector in the y direction.
The electric field distribution E can be expressed as a function of the electric potential (¢) as:

E=-Vg (2)

To obtain this distribution, an analysis of the potential is required; this can be done
using the following Laplace equation:

V=0 (©)

For nanoparticles smaller than the wavelength of the laser, a quasi-static approxi-
mation is acceptable. When an electric field irradiates a nanoparticle, the electron clouds
of atoms oscillate against the field because of Coulomb attraction by the atomic nucleus.
The vibrating plasmon frequency is governed by the electron density clouds and a shape
of nanoparticles. This plasmon frequency can be determined from the metal dielectric
constant. We used the Lorenz-Drude model to approximate the dielectric function [43]:

Giw?

M 1%
e=1¢y+ L 0=0 4
0 Z]:l (U(Z)] Y lF]aJ ( )

where ¢ is the dielectric constant, ¢ is the permittivity at infinite frequency, w is the
frequency of the incident electric field, w, is the plasmon frequency of the bulk metal,
G; is the oscillator strength, and T is the damping coefficient. To determine electric field
distribution, we set boundary conditions for the governing equation above. The potential
and electric displacement were continuous at the boundary of the particle [44]. In general,
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the electric field distribution of the above equation, which can be easily solved, is affected
by the dipole field, including the particle dielectric function .

3. Experimental

First, Ag and Au targets (purity 99.99%) were used to generate nanoparticles. LAL
was done using 1 mM NayPdCly solution; the control was 2 mM NaCl (both in deionized
water). Precursor Pd is ionic in Nap;PdCly solution and interacts with the laser to inhibit
the growth of certain nanoparticles, but also to form AgPd and AuPd nanoparticles. The
solid targets were fixed in the solution; laser ablation induced fragmentation and growth of
heterogeneous nanoparticles. We used two laser beams. The femtosecond laser pulse width
was 170 fs; after generation of a Ti:sapphire seed beam, the pulse energy was amplified.
The nanosecond (fiber) laser pulse width was 5 ns. Both beam wavelengths were in the
near-infrared region (1064 and 1070 nm, respectively). The pulse energy was 20 or 40 pJ for
both lasers. The beams were delivered to metal targets fixed in the solution via a scanner
with a focal length of 100 mm. The laser spot size on the solid surface was 50 um and the
laser fluence was approximately 1.0-2.1]/cm?.

The schematics of the process is shown in Figure 2. The process involved four steps
(Figure 2a—-d). A metal target was placed in the center of the container with the liquid, and
pulsed laser beams were used to irradiate the target. The laser interacted with the target
surface to cause ablation, and the plasma thus generated removed metal nanoparticles
from the target. The detached nanoparticles were either further fragmented by laser pulses
or reacted with elements in the plasma to form novel fused nanoparticles. As this sequence
repeated, homogeneous and heterogeneous nanoparticles were produced.

(az ] Liquid (b) Liquid (C) Liquid (d) Particle d|ffu5|on
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Figure 2. Schematic of process; (a) Pulsed laser beams irradiate the target and the laser interacted with the target surface
to cause ablation. (b) The plasma and bubble with nanoparticles generate from the target. (c) Bubble condensation and

heterogeneous nanoparticles occur. (d) The detached nanoparticles were either further fragmented by laser pulses or reacted

with elements in the plasma to form novel fused nanoparticles.

The heterogeneous nanoparticles were collected and analyzed. Transmission electron
microscope (TEM: JEM-2010; JEOL, Tokyo, Japan) images were acquired and the nanoparti-
cle shapes were analyzed. The TEM operated at 200 kV; we also used an LaBg electrode.
About 500~800 nanoparticles on an image were analyzed in terms of the size distribution.
Component analysis was performed using a TEM/energy-dispersive X-ray spectroscopy
(TEM/EDS) instrument (INCA; Oxford Instruments, Abingdon, UK); the detector was
50 mm? in area and the solid angle was 0.28 sr. We correlated the laser parameters with the
levels of constituent elements in the nanoparticles.

4. Experimental Results and Discussion
4.1. Electric Field Concentration Simulation Analysis between Nanoparticles

Simulation software (COMSOL Multiphysics; COMSOL Inc., Burlington, MA, USA)
was used to analyze electromagnetic waves; the results are shown in Figure 3. On laser
irradiation of metal nanoparticles, the conductive electrons oscillate because of SPR, thus
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concentrating the electric field near the nanoparticles. We analyzed the intensity changes
of the electric field distributions around nanoparticles according to the distance between,
and relative sizes of, the particles. We simulated cases 1-3 in Table 1. Circular conductive
particles with mesh sizes of 3.7 and 133 nm were modeled. The meshes were free triangles.
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Figure 3. Simulated electric fields distribution and electric field vs. particle diameter. (a) Case 1, (b) Case 2, and (c) Case 3.

Table 1. Simulation parameters.

Parameters Values Classification
Particle Diameter (nm) 40~200 Case 1
Distance between particles (nm) 4~160 Case 2
The ratio of diameters between particles 2d~4d,1/2d~1/4d Case 3

Case 1 explored the effects of nanoparticle diameter (40-200 nm); as the diameter
increased, the maximum electric field distributions around the particles were calculated as
shown in Figure 3a. The characteristic particle length in this region was shorter than the
wavelength, and the effect of hot spots with intense electromagnetic field enhancement ac-
cording to absolute particle size was relatively constant [9,45-47]. The effect of the distance
between nanoparticles on electric field concentration was analyzed in Case 2 (Figure 3b).
The nanoparticle diameter used in the calculation was 40 nm. As the particle spacing
increased from 10 to 160 nm, the maximum electric field intensity decreased dramatically.
Therefore, the closer same-sized particles are to each other, the greater the electric field.
Nanoparticles of different sizes were analyzed in Case 3 (Figure 3c). The size ratio of
central and surrounding particles was 1:2.5. When the central particles were larger than
the surrounding particles, the maximum electric field intensity was about 6-30% greater
than in the opposite case. Thus, the simulations revealed the behaviors of differently sized
nanoparticles as the electric field distribution varied. When particles were relatively close
and small particles surrounded large particles, the hot spots with electromagnetic field
enhancement were stronger than when large particles surrounded small particles. Thus,
when nanoparticles of different sizes absorb laser energy, the electric field concentration
is more efficient than when the particles are of the same size. This promotes nanoparticle
generation and growth. If the pulse is relatively long, the electric field distribution acceler-
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ates the interactions between particles by instantaneously increasing the temperature of
the particle surfaces, because the electric field becomes concentrated on the surfaces.

4.2. TEM Images of Heterogeneous Nanoparticles

We considered the following mechanism via which AgPd and AuPd may form alloys.
When a laser beam irradiates a solid target, particles are generated by ablation and Pd
ions reduced by electrons through laser irradiation are precipitated almost simultaneously.
Both the particles and the precipitated Pd are affected by subsequent laser pulses, which
concentrate the electric field around the nanoparticles, which thus become nano-sized
alloys. If the pulse width is over nanoseconds, it the nanoparticles should reach thermal
equilibrium. In such a case, the nanoparticles could grow due to diffusion. However, our
pulse width was relatively short such as femtoseconds, so such nanoparticle growth was
not possible.

Figure 4 shows TEM images of nanoparticles of various sizes and shapes created by
varying the laser pulse, target material, and metal ions in solution. When there were no
metal ions, most nanoparticles were spheres or polyhedrons (Figure 4a,b). Most particles
were independent, but some were connected in chains, particularly Au particles. The Ag
and Au nanoparticles were 5-30 nm in diameter. The shapes and sizes of particles may
depend on the laser irradiation time, but we did not vary this parameter.

Figure 4. TEM images of synthesized nanoparticles. (a) Ag particles of nanosecond process and femtosecond process, (b)

Au particles of nanosecond process and femtosecond process, (c) AgPd process particles of nanosecond process, (d) AuPd

particles of nanosecond process, (e) AgPd particles of femtosecond, and (f) AuPd particles of femtosecond process.

The elements of heterogeneous nanoparticles can be distinguished in terms of bright-
ness (light or dark). As the atomic numbers of Au and Pd differ greatly, these two elements
can be distinguished. In general, an atom with a low atomic number exhibits high contrast.



Appl. Sci. 2021, 11,1394

7 of 12

Au is darker than Pd. In the solution with Pd ions, the shapes and sizes of nanoparticles
generated by the two lasers differed. In the presence of Pd ions, the shapes of AgPd and
AuPd nanoparticles were random and colloidal; the clustered, heterogeneous nanoparticles
had a diameter of 30-50 nm. This was particularly clear when nanosecond pulses were
delivered (Figure 4c,d). AgPd and AuPd particles synthesized by the femtosecond laser
also formed similarly shaped heterogeneous nanoparticle clusters, in which metal and Pd
nanoparticles were homogeneously mixed (Figure 4e,f). However, femtosecond-generated
heterogeneous nanoparticle clusters were about 1.5 to 2.5 times larger than nanosecond-
generated clusters (cf. Figure 4c—f). The effect of Pd ions on an Ag target can be understood
by comparing Figure 4a to Figure 4c,e, and Figure 4b to Figure 4d,f. When Pd ions were
present in solution, the size of the nanoparticles was 3-5 nm in diameter. This means
smaller nanoparticles were produced in existence of Pd ions. These ions enhance LAL
fragmentation, as predicted by modeling (Figure 3c). The metal ions induce LSPR cou-
pling effect around the nanoparticles, thereby affecting their size and contributing to the
formation of colonies of heterogeneous nanoparticles.

Such nanoparticle alloys would be expected to behave differently from the core-
shell nanoparticles prepared via conventional synthesis. For the latter nanoparticles, the
elemental properties of the shell are stronger than those of the core when encountering
waves delivered by a laser or microwave. However, the properties of both metals of an
alloy will affect the responses to wave energy. In addition, the fact that the core and shell
are formed from different metals limits nanoparticle size, but not the sizes of heterogeneous
nanoparticles that are alloys. Even heterogeneous nanoparticles made of the same elements
would be expected to differ in terms of their chemical and optical properties, depending
on the bond type.

4.3. Size Distribution of Heterogeneous Nanoparticles

Figure 5 shows the particle size distributions of the various heterogeneous nanoparti-
cles. Figure 5a,b show the size distributions of Ag and Au nanoparticles generated using
the nanosecond pulsed laser, and Figure 5c,d the size distributions of nanoparticles gener-
ated using the femtosecond pulsed laser. Ag and Au nanoparticles without Pd ions created
using the nanosecond and the femtosecond lasers had an average diameter of around
9.8 and 5.5 nm, respectively. The particle size deviations were relatively large, at 9.0 and
1.5 nm, respectively; thus, they were not uniform. In contrast, nanoparticles generated by
femtosecond pulses had smaller diameters (3.6 and 3.7 nm for Ag and Au, respectively);
they were also relatively uniform, with deviations of 0.7 and 0.8 nm, respectively. When
Ag and Au nanoparticles formed in the presence of Pd ions, most were 3—4 nm in size
irrespective of the laser pulse width. Thus, the average particle sizes of 5.5 and 9.8 nm in
the absence of Pd decreased 1.9-2.5-fold in the presence of Pd, and particle uniformity was
greatly enhanced, consistent with the simulation results. When small and large nanopar-
ticles are randomly mixed, fragmentation seems to increase because of hot spots with
electromagnetic field enhancement. When using the femtosecond laser process, this is
difficult to discern because the original particles generated are both uniform and small.
The nanosecond laser reveals the electric field concentration effect much more clearly; the
addition of appropriate metal ions rendered small nanoparticles uniform in size.
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Figure 5. Size distributions of synthesized nanoparticles made by (a) nanoseconds laser pulses (Ag and AgPd), (b)

nanoseconds laser pulses (Au and AuPd), (c) femtoseconds laser pulses (Ag and AgPd), and (d) femtoseconds laser pulses

(Au and AuPd).

4.4. Composition of Nanoparticles Using TEM-EDS

Figure 6 shows the compositions of the various nanoparticles according to the TEM/EDS
elemental weight percentages of Pd. After nanosecond pulsing, the weight ratio of Ag and
Pd was about 1:1, compared to 1:2 for Au and Pd. As the molecular weight of Au is about
twice that of Ag, both AgPd and AuPd nanoparticles were formed. The femtosecond pulse
Pd weight percentages were significantly smaller than those of the nanosecond pulses; the
femtosecond pulses affected more Pd ions. Femtosecond pulses would be expected to trigger
photochemical reactions, and nanosecond pulses photothermal reactions. The rate at which
Pd ions are photochemically converted into particles by photochemical reactions is faster
than that for Au and Ag, but photothermal conversion is slower. Accordingly, through
femtosecond pulsing, relatively large numbers of Pd ions were involved in fragmentation

and growth.
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Figure 6. TEM-EDS results of nanoparticles (wt.%) made by (a) nanoseconds laser pulses (AgPd), (b) nanoseconds laser
pulses (AuPd), (c) femtoseconds laser pulses (AgPd), and (d) femtoseconds laser pulses (AuPd).

5. Conclusions

A study was carried out to synthesize AgPd and AuPd heterogeneous nanopar-
ticles through laser irradiation on a metal target (Ag/Au) in a solution containing Pd
ions. The resulting nanoparticles reach a stable shape by repeating their size reduction
and growth under the influence of following laser pulses. In the synthesis of Ag or Au
nanoparticles through LAL, it was confirmed that the presence of Pd ions affects the size,
shape, and alloy ratio of the synthesized heterogeneous nanoparticles. An analysis of the
electric field distribution for nanoparticles was performed to examine the effect on the
electric field concentration between nanoparticles. The distance and relative size between
nanoparticles influence the electric field distribution on and around the nanoparticle sur-
face. In this case, it was expected that when relatively small nanoparticles such as Pd exist
around the nanoparticles, the localized electric field concentration around the nanoparticles
could be further strengthened. Considering these results, it seems that Pd ions can help
fragmentation of nanoparticles and synthesis of heterogeneous nanoparticles. Through
experiments, heterogeneous nanoparticles were synthesized using a nanosecond laser and
a femtosecond laser. The morphology of the synthesized heterogeneous nanoparticles
was confirmed through TEM, and a spherical alloy particle in which two elements were
randomly distributed was observed. This type is expected to have different optical and
chemical properties when compared to general core-shell heterogeneous nanoparticles. In
the result of size distribution for the laser pulse width, pure nanoparticles were greatly
affected by the laser pulse width. However, in the presence of Pd ions, the difference in the
size of the particles with respect to the laser pulse width was not large, and heterogeneous
nanoparticles of 3 nm to 4 nm were produced. Interestingly, Ag or Au particles with
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poor uniformity made by nanosecond lasers, in the presence of Pd, were produced as
heterogeneous nanoparticles of small uniform shape. This result is similar to the generation
of heterogeneous nanoparticles by a femtosecond laser. Through TEM-EDS analysis, the
relative synthesis ratio of Pd and Ag/Au particles was quantitatively confirmed, and it was
confirmed that the generation of Pd particles was accelerated in femtoseconds. In addition,
it showed the effect of increasing the alloy ratio of Pd in the generation of heterogeneous
nanoparticles when compared with the results at nanoseconds.
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