
Jurnal Ilmu Fisika  

Vol. 18, No. 2, September 2026, pp. 145–157  

ISSN: 1979-4657 (Print); 2614-7386 (Online) 

https://doi.org/10.25077/jif.18.2.145-157.2026 

 Attribution-NonCommercial 4.0 International   http://jif.fmipa.unand.ac.id/ 145 

O
p

en
 A

ccess 

Jurnal Ilmu 
Fisika 

High-Concentration Synthesis of Ligand-Free Au and Ag Nanoparticles by 

Nanosecond Laser Ablation and Their Conversion to Au–Ag Alloy 

Nanoparticles via Femtosecond Laser Processing 

Siti Masyithah1,2, Muhandis Shiddiq2*, Yessie Widya Sari1 

1 Physics Department, Faculty Mathematics and Natural Science, IPB University, Bogor,  

West Java 16680, Indonesia 
2 Research Center for Photonics, National Research and Innovation Agency (BRIN), Tangerang 

Selatan 15314, Indonesia 

Article Info  ABSTRACT 

Article History: 

Received March 11, 2026 

Revised July 3, 2026 

Accepted July 16, 2026 

Published online July 27, 2026 

 

 A laser processing strategy is presented for the high-concentration synthesis of 

ligand-free Au, Ag, and Au–Ag alloy nanoparticles. Monometallic Au and Ag 

nanoparticles were first synthesized independently by nanosecond pulsed laser 

ablation in liquid (PLAL), producing stable ligand-free colloids. The Au and Ag 

colloids were then mixed in an equimolar ratio and irradiated with femtosecond 

laser pulses to induce alloy formation without chemical stabilizers or reducing 

agents. Ultraviolet–visible (UV–vis) spectroscopy shows a single localized 

surface plasmon resonance peak that shifts from 400 nm (Ag) to 509 nm (Au), 

with the Au–Ag alloy peak located between the two, confirming alloy formation. 

Transmission electron microscopy (TEM) reveals spherical Au, Au–Ag alloy, 

and Ag nanoparticles with average diameters of 11.8 ± 8.1 nm, 18.8 ± 5.9 nm, 

and 20.3 ± 9.4 nm, respectively, with the alloy nanoparticles exhibiting a 

narrower size distribution. Zeta potential measurements of −36.4, −41.2, and 

−48.1 mV for Ag, Au, and Au–Ag nanoparticles indicate good colloidal stability, 

with the alloy nanoparticles showing the highest stability. This laser-based 

approach provides a chemical-free route for producing high-concentration noble 

metal and alloy nanoparticles with tunable plasmonic and colloidal properties. 
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1. INTRODUCTION  

Noble metal nanoparticles, particularly gold (AuNPs) and silver nanoparticles (AgNPs), have 

attracted significant attention because of their unique physicochemical and optical properties associated 

with localized surface plasmon resonance (LSPR). These nanoparticles exhibit strong light–matter 

interactions in the visible region, making them promising for a wide range of applications, including 

biosensing, catalysis, photothermal therapy, antimicrobial systems, and wound healing (Baygar et al., 

2022; Damle et al., 2022; Fatmawati et al., 2023; Julita et al., 2022; Khan et al., 2022; Ruth et al., 2025; 

Sakthi Devi et al., 2022; Tang et al., 2020; Toczek et al., 2022; Tsalsabila et al., 2024; Zhu et al., 2023). 

AgNPs are known for their strong plasmonic response and pronounced antimicrobial activity, whereas 

AuNPs are widely used in biomedical and sensing applications due to their high chemical stability and 

biocompatibility (Anees Ahmad et al., 2020; Baygar et al., 2022; Damle et al., 2022; Franková et al., 

2016; Mkhondwane & Pullabhotla, 2024; Padmos et al. 2015; Subha, 2021; Sudarman et al., 2023). 

http://jif.fmipa.unand.ac.id/
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Despite these advantages, monometallic nanoparticles often show limited tunability in their 

optical and surface properties. For example, Ag nanoparticles provide strong plasmonic enhancement 

but may suffer from chemical instability, while Au nanoparticles offer superior stability but generally 

exhibit weaker plasmonic intensity than silver. These complementary characteristics have motivated the 

development of bimetallic nanoparticle systems that combine the desirable properties of both metals. 

Among various bimetallic systems, Au–Ag nanoalloys have attracted considerable interest due 

to the synergistic interactions between Au and Ag atoms at the nanoscale. By integrating the strong 

plasmonic response of Ag with the chemical stability of Au, these nanoalloys exhibit tunable LSPR 

behavior, enhanced optical responses, and adjustable surface properties (Coviello et al., 2022; Nene et 

al., 2025). Consequently, Au–Ag nanoalloys have emerged as promising materials for applications in 

plasmonics, sensing, catalysis, and biomedicine (Lin et al., 2021; Masyithah et al., 2024; Mkhondwane 

& Pullabhotla, 2024; Padmos et al., 2015). 

Chemical synthesis methods such as co-reduction and seed-mediated growth are commonly 

employed to produce Au–Ag nanoparticles (Nene et al., 2025; Situ et al., 2023). However, these 

approaches typically require reducing agents and stabilizing ligands, including citrate, polymers, or 

surfactants, to control nanoparticle growth and prevent aggregation. Although effective, the presence of 

surface-bound ligands may alter the intrinsic surface properties of nanoparticles, block active sites, and 

limit their performance in applications where direct surface interaction is important. In addition, residual 

chemical species may raise concerns related to environmental sustainability and biocompatibility 

(Zhang et al., 2020). 

To overcome these limitations, pulsed laser ablation in liquid (PLAL) has emerged as a 

promising green synthesis technique for producing high-purity nanoparticles without chemical 

precursors or stabilizers (Kurniawan et al., 2022; Lazar et al., 2023; Zhang et al., 2017). In this method, 

high-energy laser pulses ablate a solid metal target immersed in liquid, generating ligand-free 

nanoparticles directly in the colloidal phase. PLAL has been successfully used to produce monometallic 

nanoparticles such as AgNPs and AuNPs with high purity. 

Several recent studies have also reported the formation of Au–Ag alloy or bimetallic 

nanoparticles using nanosecond PLAL and related laser-based colloidal processing. Norsyuhada et al., 

(2018) synthesized Au–Ag alloy nanoparticles in deionized water using a Q-switched Nd:YAG PLAL 

technique, while Qayyum et al., (2022) reported a two-step laser-based approach in which surfactant-

free Ag and Au nanoparticles were first produced by PLAL and subsequently irradiated as a mixed 

colloid using a nanosecond pulsed laser to form Au–Ag alloy nanoparticles. AdibAmini et al., (2023) 

further showed that the optical properties of Au/Ag bimetallic nanoparticles produced using 532 and 

1064 nm pulsed laser ablation are strongly affected by laser wavelength and solution concentration. 

These studies demonstrate that nanosecond laser-based processing is a feasible route for Au–Ag alloy 

nanoparticle synthesis. 

Despite these advances, the synthesis of bimetallic or alloy nanoparticles using PLAL remains 

challenging, particularly when high nanoparticle concentrations are required. Conventional approaches 

involving simultaneous or sequential ablation of different metal targets often produce mixtures of 

monometallic nanoparticles rather than well-defined alloy structures. Efficient atomic interdiffusion 

between nanoparticles is difficult to achieve under nanosecond laser conditions due to limited thermal 

interaction times. 

In contrast, femtosecond laser irradiation introduces a distinct interaction regime characterized 

by ultrashort pulse duration and extremely high peak intensity, enabling non-equilibrium energy 

deposition and ultrafast thermal processes (Hidayah et al., 2022; Hidayah & Herbani, 2020). When 

applied to nanoparticle suspensions, femtosecond laser pulses can induce transient melting, reshaping, 

and enhanced atomic diffusion, which may promote alloy formation in mixed nanoparticle systems. 

In this work, we propose a sequential nanosecond–femtosecond laser strategy for the formation 

of high-concentration Au–Ag nanoalloy nanoparticles. Monometallic AgNPs and AuNPs are first 

synthesized independently using nanosecond PLAL. The two colloids are then mixed in an equimolar 

ratio and subjected to femtosecond laser irradiation to induce alloy-like restructuring, resulting in the 

formation of Au-Ag nanoparticles. The optical properties, morphology, and colloidal stability of the 
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resulting nanoparticles are systematically investigated using UV–Vis spectroscopy, transmission 

electron microscopy (TEM), and zeta potential analysis. 

2. METHODS  

2.1 Materials  

High-purity gold (Au) plate (99.99%, PT ANTAM Tbk, Indonesia) and silver (Ag) plate 

(99.95%, Silvergram brand supplied by PT Emas Perak Indonesia, Indonesia) were used as ablation 

targets for nanoparticle synthesis. Deionized (DI) water was employed as the liquid medium in all 

experiments. All glassware and quartz cuvettes were cleaned using a sequential oxidative acid-cleaning 

protocol prior to use to minimize contamination (Schmidt, 2022). No chemical precursors, reducing 

agents, or stabilizing ligands were introduced at any stage of the synthesis process, ensuring a fully 

ligand-free system. 

2.2 Synthesis of Au and Ag Nanoparticles 

Monometallic Au and Ag nanoparticles were synthesized separately using the pulsed laser 

ablation in liquid (PLAL) technique, following the general procedure reported by Nguyen et al., (2015) 

with minor modifications. A Nd:YAG laser operating at a fundamental wavelength of 1064 nm, with a 

pulse duration of 10 ns, repetition rate of 10 Hz, and pulse energy of 50 mJ, was used for ablation. The 

laser beam was focused onto the surface of the metal target immersed in 5 mL of deionized (DI) water. 

Laser ablation was performed until colloidal suspensions with high nanoparticle concentrations of 

approximately 4 μmol mL⁻¹ were obtained. The concentration was estimated gravimetrically from the 

mass loss of each metal target after ablation relative to the liquid volume. The mass concentration was 

calculated as 𝐶𝑚𝑔/𝑚𝐿 = Δ𝑚/𝑉, where Δ𝑚 is the ablated mass in mg and 𝑉  is the liquid volume in mL. 

The mass concentration was then converted to molar concentration using: 

 𝐶𝜇𝑚𝑜𝑙/𝑚𝐿 =
𝐶𝑚𝑔/𝑚𝐿×1000

𝑀
     (1) 

where 𝑀 is the molar mass of Au or Ag in g mol⁻¹. Therefore, the reported concentration refers to the 

total metal-atom concentration in the colloidal suspension. 

2.3 Alloying of Au–Ag Nanoparticles via Femtosecond Laser Irradiation 

The alloying process was carried out following the methodology reported by Hidayah & 

Herbani, (2020), with several modifications. Colloidal AgNP and AuNP suspensions with high 

nanoparticle concentrations of approximately 4 μmol mL⁻¹, obtained from the PLAL process, were 

mixed in an equimolar ratio and transferred into a quartz cuvette. The mixed colloid was subsequently 

irradiated using a femtosecond Ti: sapphire laser system (Mai Tai, Spectra Physics) operating at a central 

wavelength of 800 nm, with a pulse duration of 100 fs (FWHM) and a repetition rate of 300 Hz. 

The average output power of the femtosecond laser was set to 1.8 W. The laser beam was tightly 

focused using an aspheric lens with a focal length of 8 mm (numerical aperture, NA = 0.5) and directed 

perpendicular to the side wall of the quartz cuvette. The laser intensity at the focal point inside the 

solution was estimated to be on the order of 10¹⁴ W cm⁻². The colloidal mixture was irradiated until the 

Au and Ag nanoparticles were transformed into high-concentration Au–Ag alloy nanoparticles. 

The alloy nanoparticles produced through this process are referred to as AuAg NPs, which 

originate from femtosecond laser irradiation of the equimolar AuNP–AgNP colloidal mixture. A 

schematic illustration of the experimental setup for both PLAL synthesis and femtosecond laser 

irradiation is shown in Figure 1. 

2.4 Characterizations 

The optical properties of the nanoparticle suspensions were characterized using UV–visible 

absorption spectroscopy (MayaPro 2000, Ocean Optics). The morphology and particle size of the 

nanoalloys were analyzed by transmission electron microscopy (TEM) using a FEI Tecnai 20G S-Twin 

microscope operated at an accelerating voltage of 200 kV. TEM samples were prepared by depositing 
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several drops of the nanoparticle suspension onto carbon-coated copper grids (Microgrid B, Okenshoji 

Co., Ltd.), followed by drying under vacuum at room temperature. Bright-field TEM images were 

analyzed using image analysis software to determine nanoparticle sizes. For each sample, at least 250 

particles were measured from three different regions of the grid to obtain reliable size statistics. The zeta 

potential of the synthesized nanoalloys was measured in a 1 mM NaCl solution (pH = 6) using a Nano 

Partica SZ-100 zeta potential analyzer (Horiba, Ltd.), and the reported values represent the mean ± 

standard deviation of three independent measurements.  

 

Figure 1. Schematic illustration of the experimental setup for the nanosecond-PLAL synthesis of monometallic 

Au and Ag nanoparticles, followed by femtosecond laser irradiation of the mixed colloidal suspension. 

3. RESULTS AND DISCUSSION 

3.1 Visual Appearance and Initial Observations  

The visual appearance of colloidal nanoparticle suspensions provides an initial macroscopic 

indication of plasmonic behavior in noble metal nanoparticle systems. Figure 2 presents photographs of 

the ligand-free colloidal samples consisting of AgNPs, AuAg NPs, and AuNPs obtained from the laser 

synthesis. 

 

Figure 2. Photographs of ligand-free colloidal nanoparticles synthesized via sequential nanosecond–

femtosecond laser processing. (a) AgNPs, (b) AuAg NPs obtained from an equimolar AgNP–AuNP mixture 

after femtosecond irradiation, and (c) AuNPs. 
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As shown in Figure 2a, the AgNP colloid exhibits a pale yellow–brown coloration, characteristic 

of the LSPR of silver nanoparticles (Pannerselvam et al., 2017). In contrast, the AuNP colloid (Figure 

2c) displays a deep reddish color, which is typical for gold nanoparticles with LSPR centered in the 

visible red region (Chen et al., 2023). These two monometallic systems serve as visual references for 

assessing plasmonic changes in the alloyed samples. 

After femtosecond laser irradiation of the mixed colloid prepared from an equimolar AgNP–

AuNP mixture, the resulting sample, denoted as AuAg NPs (Figure 2b), exhibits a darker brown 

coloration that lies visually between those of AgNPs and AuNPs. This intermediate color indicates a 

modification of the plasmonic response compared with the monometallic nanoparticles. 

The observed color change suggests that femtosecond laser irradiation induces optical 

restructuring in the mixed nanoparticle system. Importantly, the AuAg NPs colloid does not show 

obvious phase separation or rapid precipitation immediately after synthesis, indicating that the 

sequential laser process produces a macroscopically stable dispersion. 

Although visual observation alone cannot confirm alloy formation at the nanoscale, the 

intermediate coloration of AuAg NPs relative to AgNPs and AuNPs provides qualitative evidence of 

plasmonic modification induced by femtosecond laser processing. These observations motivate further 

optical characterization using UV–Vis spectroscopy, discussed in the following section. 

 

3.2 Optical Evolution and Alloy-Like Behavior of Au–Ag Nanoalloys 

 

  

(a) (b) 

Figure 3. (a) Normalized UV–Vis absorption spectra of AgNPs (𝑥𝐴𝑢 = 0), AuAg NPs (𝑥𝐴𝑢 = 0.50), and AuNPs 

(𝑥𝐴𝑢 = 1.00). (b) LSPR peak position as a function of Au molar fraction. 

 

The optical properties of the synthesized nanoparticles were investigated using UV–Vis 

absorption spectroscopy to elucidate the plasmonic evolution induced by the sequential nanosecond–

femtosecond laser process. Figure 3(a) presents the absorption spectra of AgNPs, AuAg NPs, and 

AuNPs, allowing direct comparison of their plasmonic responses. The corresponding LSPR peak 

positions and absorbance values as a function of Au molar fraction are summarized in Figure 3(b). 

The AgNP colloid exhibits a dominant localized surface plasmon resonance (LSPR) peak 

centered at 400 nm, while the AuNP colloid shows a pronounced plasmon band at 509 nm. These peak 

positions are within the plasmonic range commonly observed for laser-synthesized Ag and Au 

nanoparticles and are used as reference points for evaluating alloy-like behavior in the mixed 

nanoparticle system (Dileseigres et al., 2022; Gezgin et al., 2017; Zhang et al., 2017). 
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After femtosecond laser irradiation of the equimolar AgNP–AuNP mixture, the resulting AuAg 

NPs exhibit a single dominant plasmon band centered at 439 nm, located between the characteristic 

LSPR peaks of AgNPs and AuNPs. The appearance of a single intermediate plasmon peak, rather than 

two distinct peaks corresponding to Ag and Au nanoparticles, indicates that the optical response cannot 

be attributed to a simple physical mixture of the two monometallic systems. 

The relationship between plasmon resonance and composition is further illustrated in Figure 

3(b), which shows the LSPR peak position as a function of Au molar fraction. AgNPs exhibit a plasmon 

peak near 400 nm, whereas AuNPs display a peak around 509 nm. The AuAg NPs sample, derived from 

the equimolar mixture, shows an intermediate peak at approximately 439 nm. This intermediate plasmon 

position follows the expected interpolation between Ag and Au resonances, which is characteristic of 

alloyed bimetallic nanoparticle systems and reflects the compositional dependence of the effective 

dielectric function of Au–Ag nanoalloys (Majhi & Kuiri, 2020; Papagiannouli et al., 2015). 

To further distinguish alloy formation from a physical mixture, the UV–Vis spectrum of the 

AgNP–AuNP colloidal mixture prior to femtosecond irradiation was compared with that of the resulting 

AuAg NPs after irradiation (Figure 4). The initial mixed colloid displays two broadened spectral peaks 

arising from overlapping plasmon contributions of AgNPs and AuNPs. Following femtosecond laser 

irradiation, the spectrum evolves into a single dominant plasmon band corresponding to AuAg NPs. The 

collapse of the initially broadened dual-feature spectrum into a single dominant plasmon band also 

indicates the emergence of a unified plasmonic response, which is characteristic of alloy formation 

rather than the coexistence of separate monometallic nanoparticles. This spectral transformation 

indicates laser-induced alloy restructuring rather than simple coexistence of monometallic nanoparticles 

(Herbani et al., 2016; Hidayah et al., 2022). 

Overall, the intermediate plasmon resonance observed for AuAg NPs relative to AgNPs and 

AuNPs provides strong optical evidence of alloy behavior induced by the sequential nanosecond–

femtosecond laser strategy. These optical results are further elaborated by the morphological analysis 

obtained from TEM measurements, discussed in the following section. 

 

Figure 4. UV–Vis absorption spectra of the AgNP–AuNP physical mixture before irradiation and AuAg NPs 

after femtosecond laser irradiation. 

3.3 Morphological Characteristics 

Transmission electron microscopy (TEM) was performed to evaluate the morphology and size 

distribution of the monometallic nanoparticles and Au–Ag nanoalloys, providing direct structural 

evidence to complement the optical evolution discussed in Section 3.2. Representative TEM images of 

AgNPs and AuNPs synthesized by nanosecond PLAL are shown in Figure 5(a) and Figure 5(c), 

respectively, while the Au–Ag nanoalloys obtained after femtosecond laser irradiation are shown in 

Figure 5(b).  
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Figure 5. TEM images and particle size distributions of ligand-free nanoparticles: (a) AgNPs, (b) AuAg NPs, 

and (c) AuNPs. Insets show the corresponding particle size histograms obtained from TEM measurements. 
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The AgNPs exhibit predominantly quasi-spherical morphology with a broad size distribution 

and an average diameter of 20.26 ± 9.36 nm, whereas the AuNPs are smaller, with an average diameter 

of 11.81 ± 8.09 nm,  but show relatively high polydispersity, as indicated by the large standard deviation 

compared with the mean diameter. This broad distribution is commonly associated with nanosecond 

PLAL, where nanoparticle formation involves rapid nucleation, growth, coalescence, fragmentation, 

and quenching in the ablation plume and cavitation bubble (Rehbock et al., 2014; Zhang et al., 2017). 

In comparison, the Au–Ag nanoalloy particles remain predominantly spherical and display an 

intermediate average diameter of 18.80 ± 5.86 nm. The corresponding particle size statistics are 

summarized in Table 1. The coefficient of variation decreased from 46.2% for AgNPs and 68.5% for 

AuNPs to 31.2% for AuAg NPs, indicating that femtosecond laser irradiation promoted partial size 

homogenization during alloy formation. 

Table 1 Average particle diameter and standard deviation of monometallic and Au–Ag nanoalloy nanoparticles 

determined from TEM analysis. 

Sample Average diameter Standard deviation 

AgNPs 20.26 9.36 

AuAg NPs 18.80 5.86 

AuNPs 11.81 8.09 

 

The LSPR peak positions can be further interpreted by considering the particle sizes obtained 

from TEM analysis. The AgNPs, with an average diameter of 20.26 ± 9.36 nm, exhibit an LSPR peak 

at 400 nm, whereas the smaller AuNPs, with an average diameter of 11.81 ± 8.09 nm, show a plasmon 

peak at 509 nm. The AuAg NPs have an intermediate average diameter of 18.80 ± 5.86 nm and display 

a single intermediate LSPR peak at 439 nm. Since the AuAg NPs are slightly smaller than the AgNPs 

but exhibit a red-shifted plasmon peak relative to AgNPs, the peak shift cannot be attributed to particle-

size effects. Instead, the emergence of a single intermediate LSPR peak is mainly associated with alloy 

formation and the composition-dependent effective dielectric function of the Au–Ag system. 

Nevertheless, femtosecond-laser-induced reshaping and size homogenization may also contribute to 

minor size-related spectral changes. (Majhi & Kuiri, 2020; Papagiannouli et al., 2015; Rehbock et al., 

2014). 

The size of the Au–Ag nanoalloys indicates that femtosecond-laser-induced alloying in liquid 

is governed by a dynamical interplay of melting, interdiffusion, reshaping, coalescence, and 

fragmentation rather than by simple diameter averaging of the parent colloids. Because particle volume 

scales with the cube of the diameter, the larger Ag nanoparticles contribute more strongly to the final 

alloy-particle volume, which explains why the alloy size remains closer to that of Ag than to that of Au 

(Rehbock et al., 2014). Notably, the alloy nanoparticles also exhibit a narrower size distribution, 

suggesting that femtosecond post-irradiation promotes remelting-induced spherical reshaping and 

partial size homogenization (Rehbock et al., 2014). 

Overall, the TEM results show that the sequential nanosecond–femtosecond laser strategy 

produces predominantly spherical nanoparticles while driving a clear structural evolution from 

monometallic colloids to more uniform Au–Ag nanoalloys. 

3.4 Colloidal Stability 

The colloidal stability of the ligand-free monometallic nanoparticles and Au–Ag nanoalloys was 

evaluated by zeta potential measurements, which provide insight into the electrostatic interactions 

governing dispersion stability in aqueous media. In ligand-free colloidal systems, zeta potential is 

particularly important because electrostatic repulsion is the primary mechanism preventing nanoparticle 

aggregation (Mateos et al., 2020; Rodriguez-Loya et al., 2023). 

As summarized in Table 2, the AgNPs exhibit a zeta potential of −36.4 ± 0.1 mV, indicating 

good colloidal stability in water, while the AuNPs show a slightly more negative value of −41.2 ± 0.1 

mV, reflecting stronger electrostatic stabilization. These values are consistent with previous reports on 

ligand-free noble-metal nanoparticles synthesized by pulsed laser ablation in liquid (Rehbock et al., 

2014; Rodriguez-Loya et al., 2023). 
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The AuAg NPs exhibit the most negative zeta potential, −48.1 ± 0.1 mV, indicating the strongest 

electrostatic stabilization among the three samples. This more negative value may arise from the 

modified surface charge distribution after femtosecond-laser-induced alloying. In ligand-free 

nanoparticles produced by PLAL, negative zeta potential has been reported even without stabilizing 

ligands and may be related to plasma-induced surface charging rather than solely to surface oxides 

(Mateos et al., 2020; Dell’Aglio & De Giacomo, 2020). In Au–Ag bimetallic nanoparticles, alloying can 

also modify surface composition and interfacial physicochemical properties, as recent studies have 

shown Ag enrichment toward the surface of AuAg nanoparticles (Moreira et al., 2024). Therefore, the 

more negative zeta potential of AuAg NPs is attributed to the combined effects of laser-induced charging 

and alloy-related surface restructuring, which increases the effective negative surface charge density 

relative to the monometallic colloids. 

Overall, the zeta potential analysis shows that the sequential nanosecond–femtosecond laser 

synthesis strategy yields a stable Au–Ag alloyed colloidal system with improved electrostatic stability 

compared with the corresponding monometallic nanoparticles. 

Table 2 Zeta potential values of ligand-free monometallic and Au–Ag nanoalloy colloids measured in aqueous 

media. 

Sample Zeta Potensial (mV) 

AgNPs -36.4 ± 0.1 

AuAg NPs -48.1± 0.1 

AuNPs -41.2 ± 0.1 

 

3.5 Proposed Mechanism for Sequential Nanosecond–Femtosecond Laser-Induced Alloying 

Based on the combined optical, morphological, and colloidal-stability analyses, a mechanistic 

framework is proposed for the formation of ligand-free Au–Ag nanoalloys through the sequential 

nanosecond–femtosecond laser strategy, as schematically illustrated in Figure 6. 

 

Figure 6. Proposed mechanism of Au–Ag alloy formation through nanosecond PLAL followed by femtosecond 

laser irradiation. 

In the first stage, monometallic AgNPs and AuNPs are synthesized independently from their 

respective metal targets by nanosecond pulsed laser ablation in liquid (PLAL). During PLAL, high-

energy laser pulses induce localized melting and vaporization of the target surface, followed by rapid 

quenching in the surrounding liquid, leading to the formation of high-purity, ligand-free colloidal 

nanoparticles (Amendola & Meneghetti, 2009; Zhang et al., 2017) 

In the second stage, the two colloidal suspensions are mixed to form an equimolar AgNP–AuNP 

dispersion. At this point, the nanoparticles remain compositionally distinct, and the optical response of 

the mixed colloid is dominated by the combined plasmonic contributions of the individual Ag and Au 

nanoparticles. 
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The mixed colloid is then exposed to femtosecond laser irradiation, which introduces an ultrafast 

energy-deposition regime. Owing to the extremely short pulse duration and high peak intensity of the 

femtosecond pulses, rapid transient heating and localized melting are induced within the nanoparticles. 

These conditions enhance atomic mobility and facilitate interparticle diffusion, fusion, and 

compositional intermixing (Besner & Meunier, 2010; Hidayah et al., 2022). 

As a consequence of these ultrafast processes, the initially separate Ag and Au nanoparticles 

undergo laser-induced alloying and structural reorganization, resulting in the formation of Au–Ag 

nanoalloys. This transformation is evidenced by the emergence of a single intermediate plasmon 

resonance in the UV–vis spectra and by the corresponding morphological features observed in the TEM 

analysis. 

Overall, the sequential nanosecond–femtosecond laser approach combines the efficient 

nanoparticle generation capability of nanosecond PLAL with the ultrafast thermal and diffusional effects 

of femtosecond irradiation. This synergistic combination enables the formation of ligand-free Au–Ag 

nanoalloys from an equimolar mixture of monometallic colloids, offering a green and versatile route for 

the synthesis of plasmonically tunable noble-metal nanoparticle systems. 

4. CONCLUSION  

In this study, high-concentration ligand-free Ag, Au, and Au–Ag alloy nanoparticles were 

successfully synthesized using pulsed laser processing. Nanosecond pulsed laser ablation in liquid 

(PLAL) enabled the independent generation of high-purity monometallic AgNPs and AuNPs without 

the use of chemical stabilizers. Subsequent femtosecond laser irradiation of an equimolar AgNP–AuNP 

mixture induced alloying and structural reorganization, leading to the formation of Au–Ag alloy 

nanoparticles (AuAg NPs). 

Optical characterization showed that the AuAg NPs exhibit a single localized surface plasmon 

resonance (LSPR) peak positioned between those of the AgNPs and AuNPs, indicating the intermediate 

plasmonic behavior characteristic of alloyed nanoparticle systems. Transmission electron microscopy 

further revealed that the AuAg NPs retain a predominantly spherical morphology, with particle sizes 

intermediate between those of the corresponding monometallic nanoparticles. In addition, zeta potential 

measurements demonstrated enhanced colloidal stability for the AuAg NPs relative to both AgNPs and 

AuNPs. 

These findings demonstrate that sequential nanosecond–femtosecond laser processing provides 

an effective ligand-free route for producing high-concentration Au–Ag nanoalloys from an equimolar 

nanoparticle mixture. By combining the efficient nanoparticle generation capability of nanosecond 

PLAL with the ultrafast alloying effects of femtosecond laser irradiation, this approach offers a green 

and versatile strategy for tailoring the plasmonic and physicochemical properties of metal nanoparticle 

systems. 
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