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Description 

《研究の内容》 

今回、金イオン（塩化金酸）を溶解した水と有機溶媒（ノルマルヘキサン）の混合溶

液にフェムト秒レーザーを照射するだけで、シングルナノメートルサイズ金粒子を簡便

に合成することに成功しました。化学的手法とは異なり、この方法ではイオンを還元す

るための還元剤、粒径制御のための界面活性剤、そして粒子保護のためのキャッピング

剤の必要がなく、さらに室温・空気下で実施可能です。また、生成する金ナノ粒子の平

均粒子径はレーザーの照射時間に依存せず、常に 10 nm未満で一定でした。そのため、

粒径を揃えるための遠心分離操作などの特別な処置は不要です。さらに特筆すべき特徴

として、生成した粒子を乾燥すると粒子同士が接触せずに直径数百ナノメートル程度の

円形状に集合することが挙げられます。この性質を活用することで、金粒子を基板へ規

則正しく配列・集積させる、あるいは担体へ担持できると期待されますので、触媒や光

学材料などの分野でのさまざまな用途が考えられます。 

 

《期待される効果》 

今回の成果は、今後のナノ粒子生成法の開発、特に添加剤を用いることのないナノ粒

子の構造制御の実現のための設計・開発に大きく寄与すると考えられます。また、粒子

同士が接触しない状態で円形状に集合するという特性を活かし、光学材料分野（光電変

換の光アンテナ）等への応用も期待できます。 

 

“シングルナノメートルサイズ金粒子の簡便合成法の開発に成功～触媒や光学材料への応用に期待～”. 

大阪市立大学. https://www.osaka-cu.ac.jp/ja/news/2019/190911-3. (参照 2019-09-11). 

 

https://www.osaka-cu.ac.jp/ja/news/2019/190911-3
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ABSTRACT 

Gold nanoparticles (AuNPs) show unique optical properties and catalytic activities, and their 

synthesis from gold ions has been widely studied. One of the additive reagent-free and non-

contact production procedures is the reduction of gold ions in solution by femtosecond laser 

pulses; however, the aggregation of AuNPs is unavoidable in homogeneous solution. Here, we 

report the synthesis of single-nanometer-sized AuNPs in a mixture of aqueous HAuCl4 solution 

and n-hexane (the mixture) and in aqueous HAuCl4 solution (the aqueous solution) by 

femtosecond laser irradiation in the absence of any additive reagents. Transmission electron 

microscopy revealed that circle-like colonies consisting of well-separated AuNPs were 

obtained from the mixture, while highly-stacked and agglomerated AuNPs were obtained from 

the aqueous solution. The mean size of AuNPs in the mixture was nearly independent of the 

laser irradiation time, whereas that obtained in aqueous solution was gradually shifted to 

smaller size by laser irradiation period. We propose that the adsorption of primary AuNPs on 

the surface of hexane microdroplets and the fragmentation of large AuNPs in water by 

successive laser pulses retain single-nanometer-sized AuNPs in the mixture. The use of liquid-

liquid interface on hexane microdroplets in aqueous solution provides a simple and useful 

environment to synthesize small AuNPs without the aid of surfactants or capping agents. 
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■ INTRODUCTION 

Gold nanoparticles (AuNPs) have potential to be used as catalysts,1 medicines,2 and sensors3 

due to their high surface activities and unique optical properties, such as surface plasmon 

resonance (SPR). Methods for the chemical synthesis of AuNPs such as the techniques of 

Turkevich4 and Brust−Schiffrin,5 are useful for the size-regulated and large-scale production 

of AuNPs. However, these methods require additive reagents such as reductants and 

surfactants (capping agents) in order to reduce the gold ions as well as to control the size of 

AuNPs. In contrast, the synthesis of nanoparticles in liquid without the aid of additive 

reagents has been studied by using a pulsed laser.6 Laser ablation in liquid (LAL), in which 

bulk materials are ablated in an inert solvent, is known to form size-controlled NPs by 

optimizing the laser irradiation conditions.6-10 Moreover, the strategy to produce small NPs is 

known as laser fragmentation in liquid (LFL), 6-8 while that to produce large NPs is known as 

laser melting in liquid (LML).6,9,10 The energy, duration, and wavelength of laser pulses as 

well as the initial particle cohesion (volume, heat capacity, ionization energy, and binding 

energy) determine whether LFL or LML is operative.6 Another approach for forming NPs by 

pulsed laser irradiation is the photochemical reduction of metal ions in solution. The 

syntheses of not only single-element noble metal NPs (Au,11-19 Ag,20 and Pt21) but also solid-

solution alloy NPs22 in water have been reported by using femtosecond (fs) laser pulses. In 

particular, the synthesis of AuNPs in water by fs-laser irradiation has been well studied in 

terms of the photochemical reduction mechanisms of aqueous [AuCl4]
−,11-14 and also with 

respect to the productivity,15 morphology,16 and size distribution of AuNPs.17-19 In the above-

mentioned studies, reactive species such as eaq
− and H•, which are generated in micro-plasma 

by multiphoton ionization and/or excitation of water, react with dissolved metal ions. The 

laser-induced plasma is formed like a filament as a result of the balance between self-

focusing by a nonlinear refractive index of medium and defocusing by plasma.23 The laser 
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intensity inside filaments is kept constant (ca. 1013 W cm−2 by intensity clamping),24 and the 

density of electrons in laser-induced plasma in water reaches up to 1018 cm−3;25 however, 

only a small part of the solution is exposed to plasma, because the diameter of laser-induced 

plasma is 10−100 µm.24,25 The primary NPs formed in filaments are free to diffuse into bulk 

medium followed by post-reactions such as aggregation. We need to restrict aggregation to 

suppress the particle growth by adding surfactants or capping agents in the case of 

homogeneous solution.17,18 We have demonstrated the use of a liquid-liquid interface between 

organic solvent and water for the production of characteristic nanoparticles.26,27 In this 

approach, reactive species are generated in water and the interface limits the diffusion of 

reactant from organic layer to water layer. It is also known that the liquid-liquid interface acts 

as a trap of solid particles.28 In this study, we report the synthesis of single-nanometer-sized 

AuNPs by utilizing the liquid-liquid interface of oil-in-water-type emulsions in a mixture of 

n-hexane and aqueous HAuCl4 solution. We discuss the roles of n-hexane microdroplets in 

the particle growth process based on the time evolution of morphology and size distributions 

of AuNPs. 

 

■ EXPERIMENTAL SECTION 

Materials. Hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4•4H2O, 99%; Wako), 

distilled water (Nacalai Tesque), and n-hexane (spectral grade, ≥96%; Nacalai Tesque) were 

used without further purification. 

Laser Irradiation. We prepared an oil-in-water-type emulsion simply by mixing the 

aqueous HAuCl4 solution and n-hexane without using surfactants. n-Hexane was chosen 

because no carbon particles are formed by fs-laser irradiation.26 The mixture of the aqueous 
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HAuCl4 solution and n-hexane was prepared by adding 1 mL of n-hexane to 1 mL of aqueous 

HAuCl4 solution (1.0×10−4 mol dm−3) in a quartz cuvette with 1-cm optical path length. 

Hereinafter, the aqueous HAuCl4 solution is referred to as “the aqueous solution” and the 

mixture of aqueous HAuCl4 solution and n-hexane as “the mixture”. The mixture was stirred 

by a Teflon-coated stir bar for 10 min before laser irradiation. Femtosecond laser pulses (0.8 

μm, 40 fs, 0.4 mJ, 1 kHz) were delivered from a Ti:Sapphire laser (Alpha 100/1000/XS 

hybrid; Thales Laser). Details of the laser experiments have been described elsewhere.26 The 

laser beam was focused on the central part of the cuvette by using a planoconvex lens with a 

focal length of 50 mm. The mixture was stirred during the laser irradiation with a stirring 

speed of 3.0×103 rpm. The same experiments but using 1 mL aqueous HAuCl4 solution 

(1.0×10−4 mol dm−3) were also carried out for comparison. 

Characterization of Colloidal Solutions. The UV-Vis absorption spectra were measured 

with a spectrophotometer (V-750; JASCO). Absorption spectrum measurements were carried 

out 1-min after the laser irradiation experiment. We placed a slit (height 1 mm, width 9 mm) 

in front of both the reference and sample optical paths of the spectrophotometer to observe 

only the water layer (lower layer) of the mixture. The zeta potentials of the colloidal solution 

in a disposable capillary cell (DTS1070; Malvern) were measured by using a dynamic light 

scattering instrument (Zetasizer Nano ZS; Malvern). 

Characterization of Nanoparticles. The morphology and size distribution of AuNPs were 

observed by using a transmission electron microscope (TEM) (JEM-1010; JEOL) that was 

operated at an acceleration voltage of 80 kV. For the preparation of specimens for TEM 

observations, 10 µL of solution was directly sampled onto a copper grid covered with 

amorphous carbon film (Nisshin EM). The excess solution was absorbed by a piece of filter 

paper followed by drying under air at room temperature. The mean size and size distribution 
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of spherical particles were obtained by using an image processing software package (ImageJ 

1.48 v) provided by the National Institutes of Health. 

 

■ RESULTS  

Laser irradiation. A liquid-liquid dispersion system consisting of an oil-in-water-type 

emulsion prepared by stirring aqueous HAuCl4 solution and n-hexane (the mixture; Figure 

1a) was exposed to femtosecond laser pulses. The mean size of n-hexane microdroplets in 

water observed using an optical microscope was about 3 μm (Figure S1). The violet-colored 

light emitted from laser-induced plasma was observed during laser irradiation (Figure 1b). 

The appearance of cavitation bubbles, which are observed under static condition,29 was not 

identified due to the strong agitation by a stir bar. After the 10-min laser irradiation, the color 

of the water layer changed to pale pink, while the n-hexane layer remained uncolored (Figure 

1c). We observed a similar emission and coloration after the aqueous HAuCl4 solution (the 

aqueous solution) was exposed to femtosecond laser pulses for 10 min (Figure 1d). The 

absorption spectral changes of the water layer of the mixture and the aqueous solution by 0, 

1, 2, and 10 min laser irradiation are shown in Figure 2. Before the laser irradiation, a sharp 

peak corresponding to the ligand-to-metal charge transfer (LMCT) band of HAuCl4 was 

clearly observed at 215 nm. This LMCT peak disappeared by the 1−2 min laser irradiation, 

and a new peak, which was assigned to the SPR peak of AuNPs, appeared at 515 nm. It is 

known that the position of the SPR peak reflects the size, morphology, and degree of 

aggregation of AuNPs.30 The characteristic SPR peaks of AuNPs larger than 100 nm in 

diameter, nanotriangles, and nanorods are expected to appear at 600−800 nm.31 We conclude 

that these species are absent in both the mixture and the aqueous solution since the 

corresponding SPR peaks were not observed. It is mentioned that the wavelength of SPR 
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peak taken after the 1-min (2-min) laser irradiation was longer than that taken after the 10-

min laser irradiation. However, there is a concern that SPR peak measured 1-min after the 

laser irradiation does not reflect the actual status of AuNPs just after the laser irradiation. 

Since the reduction of Au ion is not completed by the 1-min (2-min) laser irradiation, 

autocatalytic reduction of Au ions followed by the growth of AuNPs presumably occurs 

without laser irradiation. We confirmed that the monotonic absorbance increase in the UV 

and visible region (Figure 2a) is attributed to the Mie scattering by n-hexane droplets in water 

by separate experiments using only the mixture of water and n-hexane. No SPR peaks were 

observed in the n-hexane layer of the mixture after laser irradiation (Figure S2). The zeta 

potentials measured after the 10-min laser irradiation of the mixture and the aqueous solution 

were −54.5 and −20.3 mV, respectively. 

 

Figure 1. The appearance of the mixture of aqueous HAuCl4 solution and n-hexane stirred by 

a magnetic stirrer (a) without and (b) with laser irradiation. The appearance of (c) the mixture 

of aqueous HAuCl4 solution and n-hexane, and (d) aqueous HAuCl4 solution after the 10-min 

laser irradiation. The × indicates a stir bar. 
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Figure 2. Absorption spectral changes of (a) the water layer of the mixture of aqueous 

HAuCl4 solution and n-hexane, and (b) aqueous HAuCl4 solution by laser irradiation. 

 

The time evolutions of AuNPs. Figure 3 shows the TEM images and size distributions 

of AuNPs collected from the water layer of the mixture, and the aqueous solution after the 

10-min laser irradiation. The TEM images clearly show that the AuNPs obtained in the 

mixture were well separated, while those obtained in the aqueous solution were highly 

agglomerated and stacked. Moreover, we observed circle-like colonies of AuNP monolayers 

in the case of the mixture (Figure 3c). The size distribution of AuNPs was bimodal for both 

the mixture and the aqueous solution. Here, we denote the AuNPs smaller than 10 nm and the 

AuNPs equal to or larger than 10 nm as P1 and P2, respectively. It is clear that P1 was 

dominant in the case of the mixture (Figure 3a), while P2 was the major component in the 

case of the aqueous solution (Figure 3b). The mean sizes of P1 and P2 in the mixture 

obtained by the 10-min laser irradiation were 3.4±0.9 nm and 14.5±3.6 nm, respectively. 

Those obtained by the 10-min laser irradiation of the aqueous solution were 4.8±1.2 nm and 

13.6±3.0 nm, respectively. 
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Figure 3. TEM images and size distributions of AuNPs synthesized by the 10-min fs-laser 

irradiation (scale bar: 50 nm; inset, 20 nm). (a) AuNPs collected from the water layer of the 

mixture of the aqueous HAuCl4 solution and n-hexane. (b) AuNPs collected from the aqueous 

HAuCl4 solution. P1 and P2 represent the components of bimodal distribution. dP1 and dP2 

denote the mean size of P1 and P2, respectively. (c) TEM image of AuNPs collected from the 

water layer of the mixture of the aqueous HAuCl4 solution and n-hexane (scale bar: 200 nm; 

inset, 20 nm). The number of counted particles was 500 for each data point. 

 

 Figure 4 shows the time evolutions of the size distributions in the case of the mixture 

(Figure 4a) and the aqueous solution (Figure 4b). These size distributions were obtained from 

the TEM images shown in Figures S3 and S4. Although there were some fluctuations, the 

peak of P1 did not shift by prolonged laser irradiation in the case of AuNPs produced in the 

mixture. Though the number of P2 was negligible in the case of the mixture, we note that the 

P2 peak shifted slightly to the smaller side by prolonged laser irradiation (Figure S5). In 

contrast, the size distribution of AuNPs was strongly dependent on the laser irradiation time 
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in the case of the aqueous solution. The mean size of AuNPs shifted from 12.7 nm (5 min) to 

6.1 nm (30 min). We could say that P2 gradually changed to P1 by prolonged laser irradiation 

in both the mixture and the aqueous solution. Figure 5a shows the time evolution of the mean 

size of all particles. In order to ensure the reproducibility of the experiments, we measured 

the size distributions of three different samples, which were obtained on three different days, 

for each laser irradiation time. The mean size was nearly independent of the laser irradiation 

time in the case of the mixture, while it gradually decreased with increasing laser irradiation 

time in the case of the aqueous solution. Figure 5b compares the ratio of P2 among the total 

particles as a function of laser irradiation time. In the case of the mixture, P2 was 6.2% (5 

min) and was decreased to 1.1% (25 min). In contrast, the P2 component was strongly 

dependent on the laser irradiation time in the case of the aqueous solution. P2, which was 

about 80% by the 5-min laser irradiation, gradually decreased and suddenly dropped to less 

than 20% by the 25-min laser irradiation. The sudden change indicated that the 

transformation of P2 to P1 was almost completed. However, it should be mentioned that this 

sudden drop was partly intrinsic to the definitions of P1 and P2: P1 and P2 are simply defined 

by whether the particle size was smaller than 10 nm. 

 

Figure 4. The time evolutions of the size distributions of AuNPs collected from (a) the water 

layer of the mixture of aqueous HAuCl4 and n-hexane, and (b) from the aqueous HAuCl4 

solution. 
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Figure 5. The time evolution of (a) the mean size and (b) the ratio of P2 among the total 

particles. The red circles and black squares show the results of the mixture of aqueous HAuCl4 

solution and n-hexane, and the aqueous HAuCl4 solution, respectively. The vertical bars give 

the standard deviation obtained for three different samples obtained on three different days.  

 

■ DISCUSSION 

The production of single-nanometer-sized AuNPs was independent of the laser 

irradiation time in the mixtures of aqueous HAuCl4 solution and n-hexane, while it required 

prolonged laser irradiation in the case of aqueous HAuCl4 solution. It is known that the 

production of single-nanometer-sized AuNPs in an aqueous HAuCl4 solution requires 

capping agents such as polyvinylpyrrolidone,17 and polyethylene glycol.18 In the absence of 

such agents, agglomerated AuNPs are obtained in aqueous HAuCl4 solution by femtosecond 

laser pulses.13-19 Next, therefore, we need to consider why neither capping agents nor long-

term laser irradiation is required when using the mixture. 

We expect that the reduction of Au ions to Au atoms followed by the nucleation of 

AuNPs in aqueous HAuCl4 solution11-14 is also operative in the mixture. Initially, the 
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multiphoton ionization of water generates reactive species such as e−
aq, H

•, and OH• via 

cationic (eq. 1) or excited states (eq. 2) of water.32  

H2O + nhν → e− + H+ + OH• (1) 

H2O + nhν → H• + OH• (2) 

The photoelectron is immediately solvated to form hydrated electron e−
aq. We can expect the 

reduction of [AuCl4]
− to neutral Au atoms by both eaq

− and H• (eqs. 3 and 4). If a sufficient 

amount of Au atoms is present, the Au atoms will aggregate to form AuNPs. On the other 

hand, OH• formed by both the ionization and excitation of water acts as an oxidant. There 

might be the equilibrium between the reduction of Au ions by eaq
− (H•) and the oxidation of 

Au atoms by OH•. However, once primary AuNPs are formed by the nucleation of Au atoms, 

the surface of primary AuNPs presumably be oxidized but the recovery of Au ions will not 

occur. It is known that OH• recombines to form H2O2 that catalyzes the reduction of Au ions 

in the presence of AuNPs (eq. 5).16 This autocatalytic reduction process would contribute to 

the increase in diameter of AuNPs that shifts SPR peak to longer wavelength without laser 

irradiation as observed in Figure 2. 

[AuCl4]
− + 3 e−

aq → Au + 4Cl− (3) 

[AuCl4]
− + 3 H• → Au + 4Cl− + 3H+ (4) 

[AuCl4]
− + 3/2 H2O2 + Aum → Aum+1 + 3/2 O2 + 3 HCl + Cl− (5) 

Multiphoton ionization or excitation of n-hexane also produces e− and H•.33 The absorption 

spectrum of the n-hexane layer of the mixture after the 10-min laser irradiation (Figure S2) 

indicates that small amounts of byproducts are produced, as observed in n-hexane exposed to 

femtosecond pulses.34 Although it is clear that the photoreaction of n-hexane in the mixture 
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occurs, the contribution of reactive species generated in hexane to the reduction of Au ions 

might be negligible, since the saturated concentration of n-hexane in water is 1.1×10−4 mol 

dm−3 based on its solubility (9.5 mg dm−3, 298 K).35 More importantly, the multiphoton 

absorption cross section decreases on the order of about 1032 as the order of the multiphoton 

process increases.36 Therefore, multiphoton ionization of water might precede that of hexane, 

since the ionization potential of liquid water37 is lower than that of liquid hexane by at least 

1.5 eV (0.8 μm).38  

Although the P2 (≥10 nm) component was dominantly formed by short-term (e.g., 5 

min) laser irradiation of the aqueous solution, P2 was transformed to the P1 (<10 nm) 

component by prolonged laser irradiation. This change is explained by LFL and in good 

agreement with the previous results.19 In contrast, P1 was the major component in the mixture 

even by short-term laser irradiation. Therefore, the P1 component in the mixture should not 

originate from the LFL process. In any case, the generation of the primary AuNPs in the 

mixture proceeds by a mechanism similar to that in the aqueous solution: the reduction of Au 

ions followed by nucleation. We propose that the mechanisms of particle growth and 

aggregation in the mixture are different from those in the aqueous solution. In the case of the 

aqueous solution, primary AuNPs grow by the aggregation with Au atoms and/or primary 

AuNPs from any direction (Figure 6a). When the particle growth is finished, i.e., when the 

Au atoms are consumed completely, the particle size is reduced via the LFL process by 

further laser irradiation (Figure 6b). The bimodal particle size distribution depends on the 

balance between the large particles grown by aggregation and the autocatalytic reaction of 

H2O2, and the small particles formed by LFL. AuNPs produced in the aqueous solution were 

agglomerated, and most particles were stacked after drying on a TEM grid (Figure 6c, d).  
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Figure 6. Schematic of the proposed mechanism of particle growth, fragmentation, and drying 

process on a TEM grid with a typical TEM image. (a–d) the aqueous HAuCl4 solution and (e–

h) the mixture of the aqueous HAuCl4 solution and n-hexane. 

Although we cannot know the exact location where AuNPs grow in the mixture, we 

could propose that primary AuNPs are adsorbed on the surface of n-hexane microdroplets 

based on the TEM observations. By analogy to the case of the aqueous solution, 

agglomeration of AuNPs in the mixture should occur during the drying process in the TEM 

sample preparation if AuNPs are present in bulk water. However, the AuNPs in the mixture 

form a circle-like colony, and each AuNP in a colony is clearly separated (Figure 3c). 

Therefore, we attribute the origin of the specific features of AuNPs observed in the TEM 

images of the mixture to the different location of AuNPs before the drying process. It is 

known that the neutral nanoparticles trapped on a liquid-liquid interface (e.g., hexane/water) 

39 agglomerate, and thus they fuse to form nanoplates (nanosheets),40 which are plate crystals 

with a thickness of several nm. Charged nanoparticles trapped on an air/water41 or 

air/toluene42 interface form a close-packed monolayer consisting of many nanoparticles 

during the drying process. In addition, charged nanoparticles with ligands (e.g., dodecane 
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thiol) trapped on a liquid-liquid interface (e.g., toluene/water) also form a close-packed 

monolayer.43 On the basis of the above-described findings,39-43 we conclude that the 

monolayers of AuNPs observed in the TEM images of the mixture (Figure 3c) are originated 

from the AuNPs trapped on the surface of n-hexane microdroplets (Figure 6e). The 

aggregation of primary AuNPs on the droplet surface might not occur due to electrostatic 

repulsions. In other words, single-nanometer-sized AuNPs are retained on the surface of n-

hexane microdroplets due to the suppression of the growth of primary AuNPs. To clarify this 

hypothesis, it will be necessary to obtain the structural information by small-angle X-ray 

scattering and X-ray photon correlation spectroscopy44 or cryo-scanning electron 

microscopy.45 

If the primary AuNPs were adsorbed on the surface of n-hexane microdroplets or 

grew in bulk water (Figure 6e), they would be P1 and P2 components, respectively. The 

attack of Au atoms to the primary AuNPs adsorbed on the surface of hexane droplets is 

limited, because no Au species (HAuCl4, Au atom, and AuNPs) are present in n-hexane. In 

addition, the Brownian motion of AuNPs trapped on the surface is restricted to two-

dimensions.44 Therefore, the frequency of collision between Au atoms and the primary 

AuNPs adsorbed on the surface is lower than that in water. It is noted that a small amount of 

the P2 component observed in the mixture was transformed to P1 by LFL (Figure 6f). 

Consequently, the monolayers of AuNPs adsorbed on the surface of hexane droplets formed a 

circle-like colony by drying (Figure 6g, h). 

 

■ CONCLUSIONS 
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Single-nanometer-sized gold nanoparticles were dominantly synthesized in a mixture 

of aqueous HAuCl4 solution and n-hexane by femtosecond laser irradiation. Focusing 

femtosecond laser pulses into water produced reactive species that reduced Au ions to neutral 

Au atoms, and then aggregated them to form AuNPs. In contrast, when the mixture was used 

rather than the aqueous solution, the adsorption of primary AuNPs on the surface of hexane 

microdroplets suppressed the particle growth process due to the low probability of 

aggregation. In addition, LFL might have contributed to the limitation of AuNP size. Of 

course, the present method could be improved in several ways. First, although we reduced the 

ratio of large particles (≥10 nm) down to a 1.1% among the total particles, we could not 

completely eradicate the large particles. Second, the distribution width of single-nanometer-

sized gold NPs is similar to that obtained in water by femtosecond laser pulse irradiation in 

the presence of capping agents,17,18 but still wider than that obtained by the chemical 

reduction method with capping agents.46 Sachdev et al. reported that the size and shape of the 

AuNPs produced by chemical synthesis method in an oil-in-water-type emulsion are 

dependent not only on the concentration of reactants but also on the size of oil-droplets.39 To 

address these issues, we need to optimize the emulsion conditions, including the size and 

number of the droplets, by using other organic solvents, and by optimizing the temperature 

and stirring speed etc.  
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Optical microscope image of n-hexane droplets in water before and after the 10-min laser 
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or the aqueous solution exposed to femtosecond laser pulses for 5, 10, 15, 20, 25 and 30-min, 

and time evolution of size distributions of P2 component in the mixture. 
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AuNPs, gold nanoparticles; fs, femtosecond; LAL, laser ablation in liquid; LFL, laser 

fragmentation in liquid; LMCT, ligand-to-metal charge transfer; LML, laser melting in 

liquid; SPR, surface plasmon resonance; TEM, transmission electron microscope. 
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