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A B S T R A C T   

Acoustic levitation is a distinctive and versatile tool for levitating and processing free-standing single droplets 
and particles. Liquid droplets suspended in an acoustic standing wave provide container-free environments for 
understanding chemical reactions by avoiding boundary effects and solid surfaces. We attempted to use this 
strategy for the production of well-dispersed uniform catalytic nanomaterials in an ultraclean confined area 
without the addition of external reducing agents or surfactants. In this study, we report on the synthesis of gold 
and silver nanoparticles (NPs) via acoustic levitation coupled with pulsed laser irradiation (PLI). In situ 
UV–Visible and Raman spectroscopic techniques were performed to monitor the formation and growth of gold 
and silver NPs. The PLI was used for the photoreduction of targeted metal ions present in the levitated droplets to 
generate metal NPs. Additionally, the cavitation effect and bubble movement accelerate the nucleation and 
decrease the size of NPs. The synthesized Au NPs with ~ 5 nm size showed excellent catalytic behavior towards 
the conversion of 4-nitrophenol to 4-aminophenol. This study may open a new door for synthesizing various 
functional nanocatalysts and for achieving new chemical reactions in suspended droplets.   

1. Introduction 

Acoustic levitation is an exciting technique for container-free sample 
handling by levitating samples of interest in a field of sound waves 
generated by an emitter and reflector. For this container-less process, 
liquid and solid samples can be placed in an ideal free-standing envi-
ronment utilizing an ultrasonic standing wave [1,2]. The droplet volume 
in the levitated system can be in the microliter range, which is larger 
when compared with other levitated systems, such as electrostatic or 
optical levitation. The levitated droplet volume is dependent on the 
ultrasonic frequency; lower frequencies permit a large levitated droplet 
volume. Solvent evaporation during levitation slowly decreases the 
droplet volume and thus increases the resulting solute concentration 
[3]. Acoustic levitation is suitable for a wide range of substances and is 
not restricted to any particular sample or shape. The major benefits of 
such a levitation process lie in eliminating the complicated impacts 
caused by the contacting wall or surface on the sample [4]. The contact 

between the chemical agent and container in the normal wet chemistry 
route triggers heterogeneous nucleation. Moreover, interfaces of solid-
–liquid boundaries can affect the uniformity of particle growth during 
solvent evaporation [5]. 

Furthermore, the contamination of samples can be eradicated by the 
absence of container walls or contacting surfaces. Additionally, the 
resulting samples can be applied for analytical techniques with 
enhanced sensitivity for combined spectroscopic characterization tools 
with acoustic levitators, such as UV–Vis spectroscopy, FT-IR spectros-
copy, and Raman spectroscopy, and X-ray diffraction, employed to 
investigate the physical and chemical amendments of the levitated 
droplets [2]. This versatility creates acoustic levitation, a remarkable 
emerging tool in materials science, astrochemistry, analytical chemistry, 
and pharmaceuticals. Acoustic levitation can also initiate a chemical 
reactions by mixing two droplets containing different reagents [6]. 
Moreover, acoustic levitation is increasingly attracting attention in the 
space research community for low-gravity simulation testing. The 
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capability to levitate droplets or particles with a certain gas medium 
delivers ideal free-standing environments for simulating planetary dust 
particles and micrometeoroids present in the atmospheres of exoplanets 
and planets [4,7]. 

Au and Ag nanoparticles (NPs) have attracted substantial research 
interest because of their characteristic size and shape-dependent cata-
lytic, optical, and antimicrobial properties [8–13]. Mostly, Au and Ag 
NPs are mainly synthesized by employing chemical reduction using 
strong reducing agents, such as NaBH4 and sodium citrate. Another 
method involves the ultrasound waves or microwave heating of the 

corresponding metal salts solution in the presence of surfactants or 
capping agents to control the size, stability, and shape of the NPs 
[8,14–16]. The pulsed laser irradiation (PLI) technique has recently 
been employed to reduce Au and Ag salts into corresponding NPs 
[13,17,18]. The PLI technique possesses several advantages over 
chemical and other physical routes, such as rapid synthetic routes, no 
byproducts; moreover, it does not require toxic reducing agents or 
capping agents [10,19–24]. In the case of water as a solvent, hydrogen 
radicals act as strong reducing agents during PLI of metal salts dissolved 
in suitable solvents, which disintegrate and form hydrogen and hydroxyl 

Fig. 1. Typical free-standing acoustic droplet in acoustic levitator system (left) and the principle of acoustic levitator (right).  

Fig. 2. (a) Detailed experimental setup of acoustic levitator system coupled with PLI and in situ spectroscoic techniques, (b) free-standing-leviated droplet between 
the ultrasonic levitator emitter and reflector in acoustic levitator, and (c and d) UV–Vis spectra of Au and Ag NPs synthesized using the acoustic levitator system 
coupled with the PLI process. 

J. Park et al.                                                                                                                                                                                                                                     



Ultrasonics Sonochemistry 94 (2023) 106345

3

radicals [17,19]. 
Herein, we report the synthesis of Au and Ag NPs via acoustic levi-

tation coupled with PLI. Moreover, in situ UV–Vis and Raman spectro-
scopic techniques were simultaneously performed to investigate the 
formation and growth of NPs, as well as effects on their aggregation. A 
high-resolution camera monitored the oscillation and mobility of the 
levitated samples. The Au NPs synthesized via acoustic levitation under 
an optimal condition showed the characteristics of small particle size, 
spherical surface, and excellent catalytic behavior toward the reduction 
of 4-nitrophenol (4-NP) into 4-aminophenol (4-AP). We also proposed 
the catalytic reduction of the 4-NP mechanism over the synthesized Au 
NPs and compared their performance with reported catalysts synthe-
sized by other techniques. Nitroaromatic molecules (4-NP) were taken 
as model organic pollutants for testing the catalytic efficiency since 4-NP 
is widely utilized in the field of pharmaceuticals, dyes, explosives, pes-
ticides, and industrial chemicals, and these wastages are commonly 
discharged into the aquatic environment. However, several techniques, 
such as photocatalysis, adsorption, and electrochemical methods, are 
employed to remove nitroaromatic pollutants, which are restricted for 
large-scale applications due to high cost, slow reaction kinetics, and low 
degradation efficiency [25–28]. In this regard, reducing the nitro-
aromatic compounds over the catalyst is a feasible choice to control the 
aquatic environment. 

2. Experimental section 

2.1. Materials 

Gold (III) chloride trihydrate (HAuCl4⋅3H2O, ≥ 99.9%), silver 
perchlorate (AgClO4, 99%), sodium borohydride (NaBH4, ≥ 98), and 4- 
nitrophenol (≥99) were acquired from Sigma-Aldrich, USA. Methanol 
(HPLC grade solvent) was obtained from Daejong Chemicals, Korea. All 
reagents and materials were employed as purchased. 

2.2. Synthesis of Au and Ag nanocatalysts 

The Au and Ag NPs were synthesized using an ultrasonic levitator 
coupled with the PLI process. In a typical synthesis of Au NPs, 10 mM Au 
salt methanolic solution was prepared by dissolving HAuCl4⋅3H2O in 
3.0 mL methanol. Then, 10 μL of Au salt methanolic solution was 

suspended in an acoustic standing wave chamber within an ultrasonic 
levitator emitter and reflector (tec5 AG acoustic levitator, Germany; 58 
kHz, 166 W) using a micropipette. Subsequently, the levitated droplet 
was irradiated for 2 min by the unfocused pulsed laser beam with 
optimal conditions of Nd:YAG light source with a 532-nm wavelength, 
80-mJ power, and a 7-ns pulse width at 10 Hz repetition rate (Surelite II- 
10). Finally, the ensuing Au colloidal sample was removed from the 
acoustic levitation by a micropipette and collected in a 2-mL vial. Suc-
cessively, Au NPs were obtained by centrifugation, washed thoroughly 
with methanol, and dried at an ambient temperature. The above process 
was repeated several times to collect a high yield of Au NPs. 

Similarly, Ag NPs were obtained by the same procedure mentioned 
above for Au NPs by replacing the Au metal salt with the Ag metal salt. 
Additionally, control experiments were also performed without PLI 
process, confirming that there was no reduction of metal salts into metal 
NPs, as shown in the UV–Vis spectra (Figure S1 of Supporting 
Information). 

2.3. Characterization techniques 

In situ UV–Vis spectroscopy (StellarNet Black comet, USA)-coupled 
acoustic levitator was utilized to monitor and analyze the reduction of 
the metal salt into metal NPs, and also the catalytic conversion of 4-NP 
to 4-AP. In situ Raman spectra were recorded simultaneously using a 
Raman microscope (Teledyne Princeton Instruments IsoPlane 81, USA). 
FEI Technai G2 sprit TWIN, USA model high-resolution transmission 
electron microscope (HR-TEM) equipped with energy dispersive X-ray 
spectroscopy (EDS) was utilized to characterize the surface morpho-
logical structure, particle size and distribution, and materials purity of 
the Au and Ag NPs. 

2.4. Catalytic reduction of 4-NP 

The catalytic reaction of 4-NP reduction over the synthesized Au NPs 
was performed in the container-free acoustic levitator system. For 
instance, 50 μL of 4-NP pollutant mixed with NaBH4 (0.1 M 4-NP + 1 
mM NaBH4 solution in deionized water) was placed into acoustic levi-
tation by a micropipette, and the droplet was levitated between the ul-
trasonic emitter and reflector. Then, the 10-μL colloidal solution of Au 
NPs dispersed in deionized water was added to the levitated pollutant 

Fig. 3. (a and b) Real image of the levitated droplet captured during reduction of metal salts into Au and Ag NPs by a high-resolution camera and (c and d) kinetics of 
SPR peak intensities of Au3+ and Ag+ salt solution reduction with respect to PLI time. 
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droplet. Ultrasonic levitation may help in uniformly mixing the catalyst 
and the pollutant. After adding the Au NPs, the catalytic reaction was 
initiated, and thus the initial time was considered the zero point in the 
catalytic 4-NP reduction kinetic experiments. The catalytic reaction 

continued for 8 min, and simultaneously the reduction and conversion of 
4-NP to 4-AP was monitored via in situ UV–Vis and Raman spectroscopy 
coupled with an acoustic levitator system. For comparison, we also 
performed control experiment without the addition of NPs. 

Fig. 4. HR-TEM images of (a and b) Au NPs and (c and d) Ag NPs (inset of Figure b and d shows the d-spacing of Au and Ag NPs). (e and f) Particle size distribution of 
Au and Ag NPs synthesized via acoustic levitation with PLI process. 

Table 1 
Comparison of particle size, reaction time for catalyst formation, and catalytic performance of Au NPs synthesized via acoustic levitation coupled with PLI with 
recently reported catalysts synthesized using other chemical synthetic routes.  

S.No Catalyst Synthesis route Reaction Time Particle size 4-NP reduction 
(complete reduction time) 

Reference 

1 Au NPs PLI in levitator 2 min 5.11 ± 0.1 nm 8 min This study 
2 Hollow Au NPs Sol–gel process 10 min 56 ± 6 nm 34 min [39] 
3 GO/Au-Fe3O4 NPs Coprecipitation method 24 h 57.53 nm 15 min [40] 
4 Au/AC Homogeneous deposition–precipitation method 14 h 7.95 nm 30 min [41] 
5 Au NPs Citrate thermal reduction technique 10 min 24.1 nm 14 min [42] 
6 Ag/GO NPs Chemical method 15 min 7.5 nm 25 min [43]  
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3. Results and discussion 

3.1. Function of the acoustic levitator 

Fig. 1 shows a typical schematic of the acoustic levitator system. As 
mentioned in the experimental section, a tec5 AG acoustic levitator 
(Germany) was used herein. The transducer generates ultrasonic sound 
waves with a frequency of 58 kHz and sound pressure level of 166 dB (4 
W/cm2) that are reflected by a resonance-tuned concave mirror. A 
standing wave with equally spaced nodes and antinodes is generated by 
multiple reflections between the transducer and the reflector. The levi-
tated droplet can be suspended when a droplet is inserted around a 
pressure node of the acoustic standing wave [29,30]. The sample weight 
is balanced by the acoustic radiation pressure from below and kept 
concentrically by the circumferential Bernoulli force. Therefore, the 
levitated droplets are smaller than the diameter of sound and are located 
below the pressure minima of an ultrasonic standing wave. In our tec5 
AG ultrasonic levitator system, the distance between the transducer and 
reflector can be adjusted with a micrometer (minimum ~ 10 mm to 29 
mm). However, we fixed the distance between the transducer and 
reflector of ~ 16 mm for this study. The wavelength of a sound wave can 
be calculated using the relation λ = c/f, where λ, c, and f are the 
wavelength of sound wave (mm), speed of sound in air which is a con-
stant value (~343 m/s), and frequency of the transducer (58 kHz), 
respectively [31]. The calculated wavelength is 5.9 mm, and wavelength 
is also measured as the distance between two nodes (half of the wave-
length is one node ~ 2.95 mm). The distance between the transducer 
and reflector is ~ 16 mm; thus, the standing wave can generate 
approximately 5 nodes and 4 antinodes. 

Both power supplies provide 10-W electric power with sound pres-
sure levels up to ~ 166 dB (4 W/cm2) for the 58-kHz levitator, which can 
be adjusted with the amplitude of the transducer’s oscillations. There-
fore, under ambient conditions, this is sufficient to levitate 3-mm 
diameter droplets at 58 kHz and can levitate liquid or solid samples of 
various sizes. Besides, it can float small single crystals and aggregated 
samples as well as liquids and solids. A sample with a minimum diam-
eter of 2 μm can be floated, and a sample with a maximum diameter of 3 
mm and a volume of approximately 70–100 μL can also be floated. The 
sample levitated through acoustic levitation is container-less and has no 
interaction with the container; thus it is suitable for various reaction 
experiments. The distinctive environment advanced by acoustic levita-
tion, such as container-less chamber and droplet, may produce unique 
chemical and physical effects. Specifically, acoustic levitation can be 
utilized at low to high temperatures, like 218 to 2700 K, which enables a 
synthetic method for multiphase reactions [3,32]. 

3.2. Formation mechanism of Au and Ag NPs 

The synthesis process of Au and Ag NPs in an acoustic levitator is 
mainly based on the PLI process coupled with acoustic levitation (video 
SV1). Fig. 2a illustrates the detailed schematic synthesis process. The 
free-standing wave field formed between the ultrasonic levitator emitter 
and reflector facilitates floating the sample to accomplish levitation 
(Fig. 2b) [5]. The formation of metal NPs occurs during the PLI process 
of the acoustic-levitated droplet of the corresponding metal salt solution 
without any external reducing reagent and, thus, attributed to the 
methanol solvent decomposition by optical acceleration. Upon the PLI, 
methanol decomposed to yield CH3

• and H• radicals, which act as 

Fig. 5. EDS mapping and composition of (a and a-i) Au NPs and (b and b-i) Ag NPs synthesized via acoustic levitation with PLI process.  
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reducing agents [17,19]. Fig. 2c shows the UV–Vis absorption spectra of 
10 mM Au metal salt solution and Au NPs. A distinctive surface plasmon 
resonance (SPR) peak for the resulting Au NPs appeared at ~ 532 nm 
after the PLI of Au metal salt, suggesting rapid Au3+ reduction (~301 
nm) to form Au NPs (~532 nm) [33]. In contrast, the SPR absorption 
peak of Ag NPs appeared at ~ 401 nm upon PLI of the Ag+ salt solution 
(~247 nm) to form Ag NPs via reduction (Fig. 2d). 

A high-resolution camera was used to capture the real image of the 
levitated droplet during reduction of metal salts into Au and Ag NPs 
(Fig. 3a and b). Consequently, the transparent color of the levitated 
metal salt droplet turned violet and yellow after PLI, facilitating the 
formation of Au and Ag NPs, respectively. Au3+ and Ag+ reduction ki-
netics was investigated by monitoring the SPR intensity peak concerning 
the PLI time. The SPR peaks corresponding to Au and Ag NPs appeared 
immediately after PLI of corresponding metal salts, and the absorption 
peak intensity rapidly increased with the PLI duration time, with a 
significant blue shift (Fig. 3c and d). We observed that the metal salts 
were reduced within 40 s of the PLI process, and the reaction was 
completed after 2 min of the PLI duration. The blue shift in the wave-
length of SPR peaks for the Au NPs (Fig. 3c) and Ag NPs (Fig. 3d) syn-
thesized via acoustic levitation coupled with PLI indicated that the 
particle size was smaller [34]. As previously mentioned, the main 
drawback of several synthetic chemical reduction routes is the extended 
time required, which also necessitates constant stirring and heating. 
Moreover, citrate or NaBH4 are commonly used as reducing agents for 
producing Au and Ag NPs [35]. Acoustic levitation coupled with PLI 
employed herein as a nontoxic and clean approach for producing Au and 
Ag NPs is a faster technique than other chemical reduction routes. 
Moreover, it proceeds without external reducing agents, stirring, and 

heating. This technique not only affords a sharp decrease in reaction 
time but also facilitates simultaneous monitoring of reactions via in situ 
spectroscopic studies, which indicates its high potential for numerous 
commercial applications [33]. 

Additionally, HR-TEM analysis was performed to examine the ac-
curate particle size and distribution of Au, and Ag NPs synthesized using 
the acoustic levitation system coupled with PLI (Fig. 4). The surface 
morphological structure of the Au NPs (Fig. 4a and b) and Ag NPs 
(Fig. 4c and d) shows an identical spherical shape with uniform size 
distribution. Thus, the exhibited d-spacing value of 2.28 Å corresponds 
to the (111) plane of Au NPs (inset of Fig. 4b), whereas 1.26 Å results in 
the (311) plane of Ag NPs (inset of Fig. 4d). The HR-TEM results, 
therefore, validate the formation of Au and Ag NPs and support the 
UV–Vis absorption measurements. The particle size distribution is 
shown in Fig. 3e and 3f; the average particle size was estimated ac-
cording to Gaussian fitting using HR-TEM images of Au and Ag NPs. 

Furthermore, the average size of Au NPs synthesized using the 
acoustic levitation system coupled with the PLI process is ~ 5.11 nm 
(Fig. 4e), and the size of Ag NPs is ~ 10 nm (Fig. 4f). The free-standing 
wave field produced in acoustic levitation may afford uniform size dis-
tribution without particle aggregation and smaller particle size of the 
synthesized Au and Ag NPs compared with other chemical synthesis 
routes. The particle size and reaction time for forming the Au NPs syn-
thesized in this study are superior to those reported for Au and Ag NPs 
synthesized using recently reported chemical synthesis routes (Table 1). 
Additionally, the EDS mapping and composition analysis revealed the 
formation of high-purity Au NPs (Fig. 5a and b) and Ag NPs (Fig. 5c and 
d) with uniform particle distribution with no other impurities. 

Fig. 6. Catalytic activity of Au NPs synthesized via acoustic levitation with PLI process toward 4-NP reduction into 4-AP: (a) time-dependent in situ UV–Vis spectra of 
4-NP reduction, (b) complete reduction of 4-NP concentration in 8 min, (c) time-dependent in situ Raman spectra of 4-NP reduction, and (d) kinetics of pseudo-first 
order plot of ln (C/C0) versus time for 4-NP reduction reaction over synthesized Au NPs. 
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3.3. Catalytic reduction of 4-NP 

Using reduction of 4-NP to 4-AP as a standard catalytic reaction and 
NaBH4 as a reducing agent, the catalytic characteristics of the Au NPs 
synthesized via acoustic levitation coupled with PLI were examined. The 
catalytic reaction was conducted in a container-less acoustic levitation 
chamber, and the reaction progress was monitored and confirmed by in 
situ spectroscopy (UV–Vis spectroscopy and Raman spectroscopy)- 
acoustic levitation at an optimized reaction condition. Approximately 
50 μL of 4-NP with NaBH4 was placed into acoustic levitation, and 10 μL 
of Au NP colloidal solution was added to the levitated droplet. Ultra-
sonic levitation aids the formation of a uniform reaction mixture. NaBH4 
is relatively ecofriendly due to the less toxicity of borates. NaBH4 is basic 
in nature; hence, it abstracts the phenolic proton of 4-NP and forms 4- 
nitrophenolate anion, which is confirmed by the absorption peak of 4- 
nitrophenolate ion at ~ 397 nm (Fig. 6a). Without adding the Au NPs, 

no catalytic reaction occurred in the controls (Figure S2). When Au NPs 
were added, the resulting 4-nitrophenolate ion was initially adsorbed 
onto the Au NPs catalyst, where it was reduced to 4-AP in a series of 
steps for 8 min (Fig. 6a and b). The absorption peak intensity at ~ 397 
nm decreased rapidly, indicating the reduction of 4-NP. Moreover, a 
new absorption peak at ~ 300 nm confirmed the resulting 4-AP product 
formation [36,37]. 

Additionally, the in situ Raman spectra collected confirmed the 
reduction of 4-NP over Au NPs (Fig. 6c). The Raman peaks for 4-NP at 
818 cm− 1 agree with a previous report [38]. Thus, the Raman peak in-
tensities of 4-NP decreased with the catalytic reaction time from 0 to 8 
min, revealing the reduction of 4-NP over Au NPs. Besides, the kinetic 
rate constant (k) for the catalytic reduction of 4-NP to 4-AP over Au NPs 
was calculated using a pseudo-first-order kinetic reaction model: kt = ln 
(Ct/C0), where k is the apparent kinetic rate constant (min− 1), Ct is the 
pollutant concentration at various time (t) intervals, and C0 is the 

Fig. 7. Detailed catalytic reduction mechanism of 4-NP over Au NPs synthesized via acoustic levitation coupled with PLI.  
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pollutant concentration at the initial point (Fig. 6d) [21]. Thus, the 
estimated k-value for the catalytic 4-NP reduction was ~ 0.0442 min− 1, 
suggesting that the catalytic activity of Au NPs obtained via acoustic 
levitation with the PLI process is comparable, if not superior to those 
reported by previous studies on catalysts synthesized using other 
chemical routes (Table 1). 

Fig. 7 depicts the detailed catalytic reduction mechanism of 4-NP 
over Au NPs. The electrophilicity of the nitro group increases once it 
is adsorbed onto the Au surface because of the electropositive nature of 
Au, which helps in hydride ion abstraction from NaBH4. Electron delo-
calization in the nitro group occurs after abstraction of the hydride ion, 
affording formation of anionic N,N-di hydroxyl amino phenolate, which 
then abstracts a proton from the solvent to form N,N-di hydroxyl amine 
intermediate, which later yields nitroso phenol when water is elimi-
nated. Thus, the formed nitroso phenol is further reduced to phenol 
hydroxyl amine by the hydride ion (from NaBH4) followed by proton 
abstractions. As generated phenol hydroxyl amine is converted to a 4- 
amino phenolate ion by protonation followed by water molecule elim-
ination. Finally, the 4-amino phenolate ion is desorbed by the Au NPs 
surface and affords formation 4-aminophenol [44,45]. 

4. Conclusion 

Herein, Au and Ag NPs were synthesized via acoustic levitation 
coupled with PLI without external reducing agents or surfactants. The 
growth and formation of NPs were simultaneously monitored via in situ 
UV–Vis and Raman spectroscopy. A photoreduction reaction mechanism 
is proposed to understand the reduction pathway of metal salts into 
corresponding metal NPs in acoustic-levitated space by the PLI process. 
Besides, the benefit of container-free sample handling by levitating 
process lies in the elimination of the complicating impacts caused by the 
contacting wall or surface on the sample, continuous cavitation effect, 
and bubble movement on the levitated droplet. Also, utilizing a fixed 
ultrasonic standing wave also accelerates the nucleation and controls 
the growth of the particle size. The catalytic activity when considering 4- 
NP reduction as a standard catalytic reaction reveals that the Au NPs 
synthesized in a container-free acoustic levitator via PLI exhibit excel-
lent performance through the reduction of 4-NP into 4-AP with a rate 
constant of ~ 0.0442 min− 1 in 8 min. We believe this concept adopted 
herein will open new avenues for exploring extensive nanomaterials and 
studying chemical reactions significant to material science, chemistry, 
biology, and medical fields. 
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