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Abstract: Magneto-plasmonic Ag/Ni and Ag/Fe nanoparticles (NPs) were synthesized in this work
using the environmentally safe and contaminant-free dual-pulsed Q-switched Nd:YAG 1064 nm laser
ablation method. The optical and magnetic characteristics of synthesized nanomaterials were inves-
tigated using a vibrating sample magnetometer and an ultraviolet-visible absorption spectrometer.
According to transmission electron microscopy (TEM), the shape of Ag/Ni and Ag/Fe NPs seems
to be spherical, with mean diameters of 7.3 nm and 11.5 nm, respectively. X-ray diffraction (XRD)
was used in order to investigate and describe the phase structures of the synthesized nanomaterials.
The synthesized NPs reached maximum temperatures such as 48.9, 60, 63.4, 70, 75, and 79 ◦C for
Ag/Ni nanofluid and 52, 56, 60, 68, 71, and 72 ◦C for Ag/Fe nanofluid when these nanofluids
were subjected to an NIR 808 nm laser with operating powers of 1.24, 1.76, 2.36, 2.91, 3.5, and 4 W,
respectively. Because of the plasmonic hyperthermia properties of nanoparticles, nanofluids display
higher temperature profiles than pure water. According to these findings, plasmonic nanoparticles
based on silver might be used to treat hyperthermia.

Keywords: double-pulsed laser ablation; plasmonic nanomaterials; photothermal hyperthermia

1. Introduction

Nanoscale studies of silver and gold have been explored for several applications due
to their plasmonic properties, including photocatalysis [1], photoluminescence imaging [2],
sensor [3], photothermal hyperthermia [4], and potential viricidal material for personal
protective equipment [5]. Furthermore, they might also be utilized in other areas, such as
liquid crystals, as a dopant in order to change the optical (linear/non-linear), dielectric, and
electro-optical properties of the liquid crystals [6]. Because of their high surface-to-volume
ratio [7], electrodynamic interactions [8], and quantum effects [9], nanoparticles formed
from these materials exhibit very different characteristics than their bulk counterparts as a
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consequence of their light-matter interactions. These features cause free electrons on the
metal surface to collectively oscillate throughout the particle’s entire volume, resulting in
localized surface plasmon resonance (LSPR) [10]. In photothermal treatment [11], a light
source is used to stimulate photothermal therapy agents, causing them to release energy in
the form of heat. Photothermal agents often use organic dyes [12], which might prevent
issues including photostability and photobleaching [13,14]. Ohmic heating [15], whole-
body hyperthermia [16], and microwave systems [17] may all raise tumor temperatures.
One drawback shared by all approaches is that it is difficult to regulate the localized amount
of heat applied to tumor tissue in order to achieve the optimal therapeutic temperature.

However, unlike conventional composites, the heat generated by hybrid composites is
concentrated precisely where it is needed. When combined with laser light and external
magnetic fields, these hybrid NPs might be employed for photothermal treatment and
targeted hyperthermia [18]. When using plasmonic composites, the hyperthermia they
generate might be precisely directed to a specific area. Further, they decrease the intensity
of the irradiated laser and the concentration of the NPs needed to achieve the same re-
sults [19]. Nanomaterials’ generated heat is relied on for the direct, non-contact irradiation
of the sample with light using a spectrum of wavelengths ranging from 650 to 1350 nm,
which is safe for the tissues that are being irradiated [20,21]. Several studies have shown
great potential for using magnetic nanoparticles containing iron oxide in photothermal
therapies [22–24], via activation with near infrared irradiation. A near-infrared (808 nm)
laser has been used to study the photothermal response of Mn1-xNixFe2O4 [25].

Recently, gold-shelled iron oxide coated with polyethylene glycol nanoparticles has
been used to enhance photothermal ablation. In addition to silver’s significant anti-
inflammatory, antibacterial, and antifungal activities, silver-based nanoparticles are also a
potential candidate for photothermal agents [26–28]. The chemical synthesis of Ag/Ni com-
posites with antioxidation, magnetic, and optical characteristics [29] and Ag/Ni nanoparti-
cles for the catalytic generation of hydrogen [30] using a one-pot seed growing process have
previously been described. Lower cytotoxicity of hybrid magnetite-Ag nanomaterials and a
greatly increased magnetic hyperthermia effect of Ag/Fe bimetallic NPs were observed [31].
Thermochemical breakdown [30], pulsed electrodeposition [32], the seed-induced hetero-
geneous nucleation method [33], the liquid-phase reduction method [34], and chemical
procedures [35] are few of the methods published for synthesizing magneto-plasmonic
hybrid composites. While there are benefits to using these methods, there are also poten-
tial drawbacks, including contamination, lengthy processing times, NPs existing in the
solid phase, the need for numerous purifications, and a complex synthesis approach [33].
Laser-assisted synthesis of NPs has emerged as an alternative synthesis method for hy-
brid composites generation due to its contamination-free, rapid, environmentally friendly
nature, simple experimental setup, reduced or eliminated purification needs, and syn-
thesis without involving chemical or toxic precursors, all of which are highly promising
for biological applications [36–39]. Laser-assisted synthesis of magneto-plasmonic hybrid
composites, such as Fe-doped Ag nanomaterials, was reported for photothermal applica-
tion [40]. Previous research [41] created bimetallic Fe3O4/Ag nanoparticles by performing
a two-step laser ablation in pure water. This work is an extension of previously published
research [4] that examined the photothermal response of an Ag/Co nanofluid generated
using a dual-pulsed laser ablation approach.

A simple and contamination-free technique for synthesizing magneto-plasmonic
nanostructures by making use of a double Nd:YAG laser pulse has been reported. There
have been no reports about the fabrication of Ag/Ni and Ag/Fe nanomaterials using
dual-pulsed laser ablation techniques for the study of laser hyperthermia, such as the
increase in nanofluid temperature as a function of NIR 808 nm laser power. The present
work deals with the photothermal response study of bimetallic nanoparticles with opti-
mization of the synthesis conditions of these bimetallic particles (reported here for the
first time to the best of our knowledge). In addition, the proposed work might be favored
over other synthesis techniques for bimetallic or solo nanomaterials due to challenging or
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costly target fabrication, such as in the form of bimetallic bulk. However, the synthesized
nanoparticles also comprise single target particles; therefore, the dual-pulsed laser-beam
ablation system approach is not without its drawbacks. Possible causes for the generation
of separate particles include the employment of two laser beams focused on a single target
and the failure of the bubbles produced by each laser beam to collapse together during the
beam adjustment procedure. In this study, Nd:YAG 1064 nm dual-pulsed laser ablation
is studied for manufacturing plasmonic composites. The spectroscopic analysis, shape,
size, compositions, and magnetic properties of dual-pulsed laser-assisted NPs were studied
using UV-visible, TEM, XRD, and VSM, respectively. Finally, a near-infrared (808 nm) laser
was used to examine the photothermal response of plasmonic-magnetic nanofluids and a
control medium of pure water.

2. Experimental Setup

Figure 1 depicts the synthesis of NPs using a dual-pulsed laser ablation system. The
Q-switched Nd:YAG 1064 nm laser with a pulse duration of 7 ns and a repetition rate of
10 Hz was used to obtain magneto-plasmonic particles. The dual-pulsed laser was achieved
by using a polarizing beam splitter. A single-pulsed laser beam with an energy of 150 mJ is
divided into two laser beams with a beam energy of 50 mJ and 100 mJ, respectively.

Figure 1. Dual-pulsed laser ablation system for the preparation of NPs.

Mirrors and a prism were used in order to achieve reflection of the laser beam. The
lens was used to focus the beams with an identical diameter of 1.5 mm on a spot with a
per-pulse energy of 50 mJ on Ag and 100 mJ on Ni or Fe double-bulk targets. These targets
were attached side by side at the surface of a sample holder, which was dipped in a sample
chamber filled with distilled water. The two separate targets, silver and nickel, having
dimensions (3 mm × 3 mm) closely placed together, were used for dual-pulsed ablation
of targets; the process was repeated for silver and iron targets (materials bought with
a purity of 99.99% from ZhongNuo Advanced Materials Beijing, https://www.enfsolar.
com/znxc-tech). The focused beams with a spot size of 1.5 mm were targeted at 50 mJ on
Ag and 100 mJ on nickel in Ag and Ni targets. On Ag and Fe targets, 50 mJ on Ag and
100 mJ on iron were focused, respectively. The mechanism of particle formation is shown
in Figure 2. Our previous work reported the identical anticipated mechanism for Ag and

https://www.enfsolar.com/znxc-tech
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Co targets [4]. Due to high temperature and pressure at the initial and collapse moments of
the bubble, primary and agglomerated secondary particles are formed, and laser-generated
bubbles can act as an ideal reactor for different kinds of particle formation [42]. The
optical properties of synthesized NPs were examined within the 200–800 nm wavelength
range using a UV/Vis-absorption spectrometer (T80-UV/VIS spectrometer, PG instrument
Limited). Dried synthesized samples were used for testing magnetic properties using a
vibrating sample magnetometer (VSM) (Lakeshore Model 7304). Transmission electron
microscopy (TEM) (JEM-2100F) and X-ray diffraction (XRD) (Miniflex 600, Rigaku, Austin,
TX, USA) were used to study the shape, size, and compositions of nanoparticles. The
808 nm laser (LWIRL-808-5 W) with operating powers of 1.240, 1.76, 2.36, 2.91, 3.5, and 4 W
was used to study the photothermal response of distilled water and Ag/Ni and Ag/Fe
nanofluids. The temperature elevation profiles were measured using a thermocouple
(CENTER, 300 SERIES).

Figure 2. Preparation mechanism of anticipated NPs.

Synthesis Mechanism of NPs via Dual-Pulsed Laser

The supposed physical mechanism of nanoparticle synthesis using dual-pulsed laser
ablation in liquid is plasma generation at high temperature and high pressure by the in-
teraction of high-power laser beams with the surfaces of the targeted materials, which
causes ionization, atomization, and decomposition of solvent molecules. The simultaneous
application of two laser beams causes the formation of bubbles in the solution as a result
of the transfer of energy from the plasma to the solution during the process of quickly
quenching the plasma. During the process of plasma formation and quenching, emitted
material specimens have the potential to engage in chemical interactions with reactive
materials produced from targets and decomposed liquid molecules. Species formed un-
dergo a transformation into particles as a result of a high collision rate caused by the high
temperature and pressure. The cavitation bubbles burst when they reach their threshold
volume as a result of a series of variations in expansion and contraction, and this resulted in
the release of nanoparticles into the solution. These ligand-free reactive particles have the
potential to generate a variety of different nanomaterials with distinct geometries. These
active, ligand-free nanoparticles may form different types of nanoparticles with diverse
geometries [43–46]. Fragmentation and possible core-shell or alloyed NPs formation result
from the dual laser irradiation of the solution containing a wide variety of nanoparticles.
To create alloy NPs, it is required for two separate NPs to come into direct physical contact
with one another when the NPs are in the molten state [47].
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3. Results and Discussion
3.1. Optical Properties of NPs Suspensions

Figure 3a,b show the results of a UV-visible spectroscopic examination performed to
investigate the optical characteristics of Ag/Ni and Ag/Fe nanomaterials produced by
dual laser beams. Firstly, the color transformation from a colorless distilled water solution
after dual-laser beam ablation signaled the formation of NPs. In Figure 3a, we can see that
the absorption peak of Ag/Ni NPs for LSPR occurs at 407 nm. The absorption peak we
measured is consistent with the Ag/Ni absorption peaks reported in the literature [48,49],
with some slight variations. The UV-visible spectrum of Ag/Fe NPs is shown in Figure 3b,
and it is almost identical to the UV-Vis spectra presented in the literature [50]. The UV-Vis
pattern of Ag/Fe NPs shows a broad absorption spectrum. Colloids generated by a laser
ablation process at various energies also showed a wide absorption spectrum in their
absorbance spectra [51].

Figure 3. The absorption spectra of dual-pulsed laser-assisted nanoparticles are presented. (a) The
UV-visible spectrum of Ag/Ni NPs. (b) The UV-visible spectrum of Ag/Fe NPs.

3.2. Magnetic Properties of NPs Synthesized via a Dual-Pulsed Laser System

The magnetic properties of dual-pulsed laser-generated Ag/Ni and Ag/Fe NPs were
analyzed using the hysteresis loop of a VSM. As can be seen in Figure 4a, the saturation
magnetization (Ms), remanent magnetization (Mr), and coercivity (Hc) of laser dual-beam
assisted Ag/Ni NPs were measured to be 0.70 emu/g, 0.06 emu/g, and 94 Oe, respectively.
The saturation magnetization, remanent magnetization, and coercivity values we obtained
are consistent with those published by other researchers [52,53]. Figure 4b displays the sat-
uration magnetization, remanent magnetization (Mr), and coercivity (Hc) values measured
for Ag/Fe particles at 14.61 emu/g, 1.01 emu/g, and 65.35 Oe, respectively. In the case of
Ag/Fe NPs, our measured values are consistent with those found in the literature [54–57].
Particles with such magnetic characteristics have a magnetic response and may be readily
isolated or grouped with the help of an external magnetic field [58].
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Figure 4. The magnetic hysteresis loops of dual-pulsed laser-assisted NPs are presented. (a) The
magnetic properties of Ag/Ni NPs. (b) The magnetic properties of Ag/Fe NPs.

3.3. TEM of NPs Prepared by Dual-Pulsed Laser Ablation Setup

Micrographs and histograms of Ag/Ni NPs and Ag/Fe NPs, generated using a dual-
pulsed laser arrangement, are shown in Figures 5 and 6, respectively. The TEM picture
and the accompanying histogram of Ag/Ni nanoparticles are shown in Figure 5a,b. It can
be seen in Figure 5a that the nanomaterials have a nearly spherical shape with a mean
diameter of 7.3 nm. Diameters of 30 nm were reported for Ag/Ni composites synthesized
using a microwave-assisted methodology [52], whereas in our instance, the size observed
was less than that reported for Ag/Ni composites synthesized using a surfactant-assisted
seedless method [49]. Ag/Fe particles were found to be spherical nanoparticles with a
mean diameter of 11.5 nm, as seen in Figure 6a. Previous research [59] revealed spherical
NPs with a diameter of 17 nm and longitudinal rod-shaped NPs with a width of 19 nm
and a length of 23–127 nm. Recent work has revealed spherical Fe3O4/Ag nanoparticles
with diameters between 15 and 30 nm [57], while prior work has seen spherical Fe3O4/Ag
hybrid nanomaterials produced using the in situ reduction technique with a diameter of
almost 10.41 nm [31].

3.4. XRD Analysis of NPs Generated by Dual-Pulsed Laser Ablation Apparatus

The XRD spectra of Ag/Ni and Ag/Fe particles generated with a dual-pulsed laser
system are shown in Figure 7a,b, respectively. Based on the 82-0007 JCPDS card given to
AgNiO2 nanocomposite, the diffraction peak 1 allocated at 35.5◦ correlates to crystalline
planes (101). This is shown in Figure 7a, from left to right. Figure 7a shows that the diffraction
peaks 2, 3, 5, and 6 correspond to the crystallographic planes (111), (200), (220), and (311),
respectively, at 38.1◦, 44.3◦, 64.5◦, and 77.4◦, according to JCPDS card No. 04-0873 for Ag.
Identical diffraction peaks were found, with slight changes, in the literature. [53,60–62]. Based
on the data from JCPDS card 04-0850 [63], The diffraction peak for Ni NPs was measured
to be 51.9◦, which corresponds to the orientation of their crystalline planes (200). The
XRD spectrum of Ag/Fe nanoparticles produced using a dual-pulsed laser apparatus is
shown in Figure 7b. Crystalline planes (200) were identified by observing diffraction peaks
(1, from left to right) at 44.6◦ in synthesized NPs; these values agree with the standard
data according to PDF#99-0094, with some small discrepancies attributed to silver. The
second diffraction peak was found at 72.5◦, which corresponds to the reflection of Fe with
crystalline planes (119), and the results agree with the reference data given in PDF#99-0060.
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Figure 7a,b show the XRD data, which suggest that the particles generated in Ag and Ni
and Ag and Fe targets were entirely composed of Ag and Ni and Ag and Fe with no other
impurities present.

Figure 5. TEM image and corresponding histogram of Ag/Ni NPs synthesized using a dual-pulsed
laser system are presented. (a) represents the TEM micrograph, and (b) indicate the corresponding
histogram representing the particle size distribution.

Figure 6. TEM image and histogram showing the size distribution of Ag/Fe NPs synthesized using a
dual-pulsed laser setup are presented. (a) represents the TEM micrograph, and (b) is the histogram
showing the particle size distribution analysis for the corresponding.
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Figure 7. XRD spectra of particles produced by dual-pulsed laser ablation are presented. (a) The XRD
spectrum of Ag/Ni particles. (b) The XRD spectrum of Ag/Fe particles.

3.5. Photothermal Performance of Ag/Ni and Ag/Fe Nanofluids

According to the findings presented in the review [64], controlling the interactions
between nanoparticles and light greatly depends on the shape of the nanoparticles used
in hyperthermia. Increasing the efficiency of the light-heat conversion may also be accom-
plished by adjusting the nanoparticles’ size, and it has been shown that different sized
nanoparticles absorb light of different wavelengths [65]. The photothermal conversion
efficiency of iron oxide nanoparticles, where the thermal response is predominantly owing
to electronic transitions between d-orbitals of nearby Fe ions inside the lattice, deviates from
the normal photo-induced hyperthermia [66]. In order to deactivate the SARS-CoV-2 virus,
surface temperatures on the textiles were raised to as high as 150 ◦C by photothermal
activation of spherical silver nanoparticles that ranged in diameter from 5 to 10 nm [5]. For
the purpose of focused photothermal cancer treatment, plasmonic Ag nanoparticles with
rounded forms and a diameter of 35.4 ± 1.6 nm have been reported [67]. The photothermal
response study of spherical Ag/Ni and Ag/Fe nanoparticles, each having a mean diameter
of 7.3 nm and 11.5 nm, respectively, has been investigated in the presented work.

Evaluations of photothermal conversion have been performed on Ag/Ni and Ag/Fe
nanofluids, in addition to water as a reference medium, as a function of laser power and
laser irradiation duration. The brief photothermal conversion property process is described.
A test tube containing 1.5 mL of NPs suspension was sonicated for one minute to make it
homogeneous. The sonicated nanofluids were exposed to an NIR (808 nm) laser. When the
laser beam is coupled with nanoparticles, it is divided into two major parts. Non-radiative
decay refers to the process through which NPs consume the light that they absorb. Radiative
decay refers to the re-emitted portion of the light that has either a different frequency than
the absorbed photon (Raman scattering) or the same frequency (Raleigh scattering). The
nanoparticles generate heat because they absorb some of the light that hits them. The
absorption of photons from irradiating light gives the electrons a lot of energy, creating
an unstable environment inside the nanoparticles. This imbalance causes energy transfer
through electron-phonon relaxation. As the phonons’ energy is dissipated by phonon-
phonon scattering into the surrounding media, the temperature of that medium rises
even more [13,68–71]. The assessment of nano-suspension for photothermal conversion
is described in detail in the review by the authors in [72]. To test the hypothesis that
the amount of heat produced is proportional to the power of the laser, we examined the
photothermal conversion properties of nanofluids using a continuous NIR 808 nm laser
(see Figure 8 for further details on the experimental setup).
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Figure 8. Setup for photothermal conversion response evaluation of nanofluids and pure water.

The analytical heating model for the photothermal conversion performance of nanofluid
was calculated as the following equation [73,74]:

η =
hS (Tmax − Tsurr)− Qo

I(1 − 10−A808)
(1)

The terms I, h, Tmax, Tsurr, and S, represent the power of the incident laser, the heat-
transfer coefficient, the maximum temperature, the ambient room temperature, and the
container surface area. Qo is the baseline energy, and it has a recorded value of 5.4 mW
with pure water and a quartz cuvette without NPs. A808 and η denote the absorbance
of NPs at 808 nm and the photothermal conversion efficiency of NP, respectively. It was
concluded that the heat production is directly proportional to laser power and the number
of particles [75].

SAR = NQnano = NCabs I (2)

where Qnano is the amount of heat produced by a single particle, N is the number of
nanoparticles in a cubic meter, Cabs is the individual nanoparticle cross-section area, and I
is the laser power density. Equation (2) illustrates that heat generation is a function of laser
power density. NIR lasers have the advantage of deep penetration of light into a biological
medium, and the NIR region is also known as the biological window [76]. Different
methodologies have been adopted in shifting from the UV absorption region to the NIR
regions, such as for adjusting nanoparticle compositions [70], shapes [77], and sizes [78].
Iron oxide exhibits a characteristic peak at 205 nm [79], and Fe3O4 NPs clusters were used
for a photothermal response study using the NIR 808 nm laser [80]. Figure 9a,b show the
temperature increase outline for Ag/Ni and Ag/Fe nanofluids at various times and power
levels of the NIR 808 laser. Figure 9c represents the water temperature distribution and
was taken as a reference [4]. Temperature measurements of Ag/Ni and Ag/Fe nanofluids
showed that they were, respectively, 26 ◦C and 24 ◦C before being exposed to laser light.
Figure 9 displays the temperatures reached by the Ag/Ni nanofluid at 31.5, 35.5, 39.3, 40.4,
and 42.6 ◦C after 3, 6, 9, 12, and 15 min of exposure to a 1.24 W laser. The corresponding
temperatures for Ag/Fe nanofluid were 35.1, 40, 42.6, 44.9, and 45.2 ◦C, as shown in
Figure 9b. Using a laser power of 1.24 W, we found that the saturation temperatures for
Ag/Ni and Ag/Fe nanofluids were 48.9 ◦C and 52 ◦C, respectively.
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Figure 9. The temperature rises as a function of the power and time of an irradiated NIR 808 nm laser.
(a) The temperature rise profiles for Ag/Ni nanofluid. (b) The temperature rises trend for Ag/Fe
nanofluid. (c) The temperature rise outlines for the distilled water.

The saturated temperatures of Ag/Ni suspension were measured as 60, 63.4, 70,
75.3, and 79 ◦C at laser powers of 1.76, 2.36, 2.91, 3.5, and 4 W, respectively. Similarly,
the peak temperatures for Ag/Fe nanofluid were recorded as 56, 60, 68, 71, and 72 ◦C
at laser powers of 1.76, 2.36, 2.91, 3.5, and 4 W, respectively. To put it another way,
the efficiency of Ag/Ni nanofluid is greater than that of Ag/Fe nanofluid. The marked
difference in high-temperature profiles of NPs suspensions and water alone can be revealed
in the corresponding graph profiles. The possible cause for these trends and changes
is the plasmonic hyperthermia response of nanomaterials. The trends in temperatures
showed that the temperature of the NPs suspensions increased far more quickly than the
temperature of the water alone. For Ag/Ag2S NPs, a similar pattern was described [70].
Similar to the previous reports on MoS2-PVP suspension [81] and gold nanoshells fluid [82],
we found that the temperature rose rapidly with increasing laser power in the present study.
With continued irradiation, the temperature of the nanofluid first increased sharply before
stabilizing at a lower value. A similar trend was also observed in previous literature [83].
The fast temperature increases of Ag-rGO and graphene oxide begin to settle down after
a certain time due to the dissipation of heat and absorption of energy from the incoming
laser beam [84].
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4. Conclusions

Ag/Ni and Ag/Fe nanomaterials have been synthesized using the environmentally
friendly and non-polluting dual-pulsed Q-switched Nd:YAG laser ablation technique.
Synthesized nanomaterials have been shown to display optical and magnetic characteristics,
proving their dual nature. TEM analysis revealed that both Ag/Ni and Ag/Fe nanoparticles
have a spherical shape with a mean diameter of 7.3 nm and 11.5 nm, respectively. XRD
examination confirmed that the Ag and Ni and Ag and Fe targets successfully synthesized
pure Ag/Ni and Ag/Fe particles. Peak temperatures of 48.9, 60, 63.4, 70, 75, and 79 ◦C for
Ag/Ni nanofluid and 52, 56, 60, 68, 71, and 72 ◦C for Ag/Fe nanofluid were attained when
the generated nanoparticles were subjected to an NIR 808 nm laser with operating powers
of 1.24, 1.76, 2.36, 2.91, 3.5, and 4 W, respectively. The temperature profiles of water and
nanofluids at varying laser powers all showed an encouraging upward trend. However,
it was shown that NPs suspensions cause a greater rise in temperature than water alone.
The rapid rise in temperature observed for Ag/Ni and Ag/Fe nanoparticles at higher
corresponding laser powers demonstrates that they are more responsive to photothermal
conversion than water. Applications benefiting from the photothermal conversion response
of multifunctional materials include targeted and controlled cancer hyperthermia. However,
they could also be used in other fields, such as liquid crystals, as a dopant in order to tune
their optical (linear/non-linear), electro-optical, and dielectric properties.
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