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A B S T R A C T   

Ultrasonic treatment is an effective method for size refinement and dispersion of nanomaterials during their 
synthesis process. However, the quantitative relationship between ultrasonic conditions and particle size in the 
synthesis of metal nanoparticles has not been fully revealed. In this study, Cu nanoparticles were synthesized via 
the wet-chemical redox method under ultrasonic treatment, and statistical analysis on the evolution of particle 
size distribution was carried out. It was found that the particle size decreased exponentially with increasing 
ultrasonic power. A quantitative model was then proposed to describe the influence of ultrasonic power on the 
size distribution of metal nanoparticles from the perspective of the competition between the surface energy and 
the ultrasonic force. A relational expression of Rc∝γ4

7P− 3
7 was revealed, and it was proved to fit well with the 

experimental results. Our study provides new experimental basis and theoretical method for understanding the 
mechanism of ultrasonic-induced size refinement of metal nanoparticles.   

1. Introduction 

Due to their high specific surface area and surface energy, nano
materials possess a series of special properties such as low melting point, 
high catalytic activity, antibacterial properties, and good photosensi
tivity [1–6]. In the past decades, nanomaterials have been widely 
applied in the fields of catalysis, microelectronic packaging, ceramics, 
and metallurgy [7–10]. Since the properties of nanomaterials are sen
sitive to the size and shape, it has become a key issue to control the size 
and morphology in the synthesis of nanomaterials. However, owing to 
their small particle size, nanomaterials can easily form aggregations or 
agglomerations, which may cause serious deterioration of their prop
erties. In view of this, ultrasonic treatment is introduced as an effective 
method to synthesize dispersed nanomaterials with fine particles or 
grains [11–13]. Compared with the bead milling method and other 
synthesis methods by virtue of magnetic field, electric field, optical 
tweezers, or fluidic separation [14–16], ultrasonic treatment shows 
many advantages such as high frequency, good directionality and 
transmissibility, high energy concentration, strong reflectivity, and easy 

availability. So far, ultrasonic treatment has been widely used in the 
synthesis of different kinds of nanomaterials and their composites, 
including metal nanoparticles, colloidal sols, catalytic materials, and 
proteins [7,8,17,18]. Bozkurt introduced ultrasonic treatment to the 
synthesis of Ag/graphene nanocomposites, and successfully prepared 
spherical Ag nanoparticles with an average particle size of 19.9 ± 4.9 nm 
[11]. Lv et al. applied ultrasound radiation to the precipitation reaction 
of Cu-salt and Al(NO3)3⋅9H2O, and obtained mono-phasic copper 
aluminate with a crystallite size of 17 nm [13]. Zhao et al. applied ul
trasonic treatment during the solidification process of Al-7Si melt con
taining nano-sized TiB2 particles, and the grain size of α-Al phase could 
be significantly reduced from 500 to 60 μm [19]. Roshini et al. intro
duced ultrasonic treatment to the synthetic process of graphite- 
reinforced Al matrix, and reduced the size of graphite flakes to 
100–120 nm, along with an improvement of the porosity and distribu
tion of graphite particles [20]. Sabnis et al. investigated the influences of 
ultrasonic power and ultrasonic probe shape on the productivity and size 
of recrystallized 3,3′-Diamino Diphenyl Sulfone (DADPS), and found a 
decreasing trend of particle size with the increase of ultrasonic power 
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density [21]. Shi et al. used the ultrasound-assisted precipitation method 
to prepare Ni/Al2O3 catalyst, and the particle size was reduced from 
13.91 to 6.79 μm by ultrasound treatment, which greatly improved the 
catalytic activity [7]. 

Despite the wide applications of ultrasonic treatment, the influ
encing mechanism of ultrasound on the size and dispersibility of parti
cles is still poorly understood. In the synthesis of metal nanoparticles, 
depending on different material systems, reaction mechanisms, experi
mental conditions, dispersants, and other additives in the solution, the 
size of as-synthesized particles can vary widely from a few nanometers 
to the micron scale [19]. Some studies reported that ultrasonic treat
ment could be applied to synthesize nanoparticles [11,13,22], whereas 
some studies showed that the size of the particles maintained at 10 μm 
and could not be further reduced by further increasing the ultrasound 
power from a certain value [21]. In general, the mechanism of particle 
refinement by ultrasound can be qualitatively understood based on the 
acoustic radiation force and ultrasonic cavitation effect [21,23,24]. 
However, for the synthesis of metal nanoparticles, the quantitative 
relationship between ultrasonic conditions and particle size has not been 
fully revealed. 

On account of this, we carried out statistical analysis on the evolution 
of size distribution of Cu nanoparticles synthesized via the wet-chemical 
redox method under ultrasonic treatment in a power range from 0 to 
500 W. The results showed that ultrasonic treatment could significantly 
reduce the average particle size and the size variation. An exponential 
relationship between the particle size and the ultrasonic power was 
revealed, and a model was then proposed to quantitatively describe the 
influence of ultrasonic treatment on the size refinement of the Cu 
nanoparticles from the perspective of the competition between the 
surface energy and the ultrasonic force. On this basis, a relational 
expression between the particle size and the ultrasonic power was 
established. It was proved that the relational expression fitted well with 
the experimental results. 

2. Experimental 

Copper acetate (Cu(CH3COO)2, analytical grade, 99.9%) and ascor
bic acid (C6H8O6) were purchased from Aladdin Biochemical Technol
ogy Co., Ltd. Ethylene glycol ((CH2OH)2) was purchased from 
Sinopharm Chemical Reagent Co., Ltd. All chemicals were used as 
received without further purification. Cu nanoparticles were prepared 
by the wet-chemical redox method. 0.1 mol/L Cu(CH3COO)2 and 0.4 
mol/L C6H8O6 were dissolved in two absolute ethylene glycol solutions 
with the same volume of 50 mL. After the solutes were completely dis
solved, the two solutions were mixed in a KQ5200DE ultrasonic in
strument. The volume of the stainless-steel ultrasonic reactor was 300 
mm × 240 mm × 150 mm. Ultrasound was emitted evenly from the 
bottom of this reactor. The excitation frequency was set as 40 kHz. 
Different ultrasonic powers of 80, 120, 160, 200, and 500 W were 
applied for investigation. Correspondingly, the ultrasonic intensities 
were 0.111, 0.167, 0.222, 0.278, and 0.694 W/cm2 respectively, and the 
acoustic pressures were 46, 56, 65, 73, and 115 kPa respectively. Me
chanical stirring of 30 W with a rotation rate of 900 revolutions per 
minute (rpm) was also applied during the process. The temperature was 
controlled at a constant of 60 ◦C The reaction lasted for 15 min. The 
initial pH values of the solutions were measured as 5.8 ± 0.2. After 
different ultrasonic treatments, the final pH values of these solutions 
were all measured as 3.3 ± 0.2. Once the reaction was accomplished, Cu 
nanoparticles were extracted from the solution via centrifugation at 
12,000 rpm for 2 min. The Cu nanoparticles were cleaned with ethanol 
and deionized water in turn for three times, and then dried in vacuum 
for 3 h for use. The morphology of the as-synthesized Cu nanoparticles 
was characterized by a field-emission scanning electron microscope 
(FESEM, Hitachi SU8220). The size distribution was measured by a laser 
particle size analyzer (Mastersizer 3000, Malvern, England). 

3. Results and discussion 

Fig. 1 shows the SEM morphologies of the as-synthesized Cu nano
particles under different ultrasonic powers. It can be observed that the 
as-synthesized Cu nanoparticles are roughly in spherical shape. After 
ultrasonic treatment, the size of the nanoparticles is significantly 
reduced, and the morphologies become more regular and consistent. 
The XRD patterns of the as-synthesized Cu nanoparticles under different 
ultrasonic irradiation powers are provided in the Supplementary mate
rial. From the XRD patterns, only the peaks of crystallite Cu can be 
observed, without any peaks of oxides. 

The size distribution of the Cu nanoparticles under different ultra
sonic powers was measured by a particle size analyzer, and the statistical 
results are shown in Fig. 2 and Table 1. As the ultrasonic power increases 
from 0 to 500 W, the average diameter of the Cu nanoparticles decreases 
from 520 to 167 nm, and the size dispersion also decreases from 94 to 44 
nm. 

According to the full width at half maximum (FWHM) of the XRD 
patterns, the crystallite size of the as-synthesized Cu nanoparticles under 
different irradiation powers were calculated based on Debye-Scherrer 
formula and summarized in Table 2. It can be found that the average 
crystallite size falls in the range of 25–30 nm and is not sensitive to the 
ultrasonic irradiation power. This implies that the influence of ultra
sound on the nucleation and growth process of the Cu crystallites is 
relatively weak under the conditions in this study. Hence, the size 
refinement of the Cu particles under ultrasound treatment is probably 
attributed to the prevention effect of ultrasound on the aggregation of 
crystallites, rather than the size reduction of the crystallites themselves. 

The above results show a clear decreasing trend of particle size with 
increasing ultrasonic power, which agrees well with the observation of 
many previous studies [7,19,21]. Here we propose a model to under
stand the relationship between the particle size and the ultrasonic 
power. The increase in particle size can be achieved via continuous 
growth of a particle or gradual aggregation of different particles. For the 
aggregation of different particles, the contact of particles can reduce the 
total surface area, thereby reducing the overall energy. Fig. 3(a) illus
trates this process through a two-particle model. Assume that the radius 
of the two particles is R and that the two particles form a circular contact 
surface with a center angle of 2θ. Then the circumference of the circular 
contact surface is 2πRθ. Due to the surface energy of the particles, there 
will be a tension force at the edge of the contact surface, which can be 
expressed as 

Fs = 2πθRγ (1)  

where γ represents the surface energy of the metal particle. 
On the other hand, due to the contact of the two particles, a part of 

the spherical cap of the particles is flattened, and there will be a 
compressive strain near the contact surface. The magnitude of the strain 
can be approximately estimated according to the ratio of the height of 
the original spherical cap to the radius of the particle, with the expres
sion of 

ε =
1
R

(
Rθ2

2
−

Rα2

2

)

=
θ2

2
−

α2

2
(2)  

where α represents the center angle at a given position on the contact 
surface. By integrating the stress on the entire contact surface based on 
the above strain, the total pressure can be obtained as 

FC =

∫ θ

0
πR2E

(
θ2 − α2)αdα =

πR2Eθ4

4
(3)  

where E represents the elastic modulus of the metal particle. 
According to Eqs. (1) and (3), the total tensile force between the two 

particles can be expressed as FT = Fs − Fc. At θ = (2γ/ER)2/3, the total 
tensile force can reach a maximum of 
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FT =
3

22/3 πE− 1
3R2

3γ4
3 = 5.94E− 1

3R2
3γ4

3 (4)  

Eq. (4) represents the required force to separate the particles. Under 
ultrasound conditions, the applied ultrasound can induce surface ten
sion between the particles. For a planar standing wavefield, the acoustic 
radiation force (Fr) on a compressible spherical particle can be expressed 
as [23,24]: 

Fr = −
2π2p2

0R3βl

3λ
Φsin(2kx) (5)  

where p0 is the pressure amplitude, βl is the compressibility of the liquid 
and equals βl = 1/ρlc2

l , ρl is the density of the liquid, cl is the acoustic 
wavespeed in the liquid, k is the wavenumber and equals 2π/λ, and Φ 
can be calculated by 

Φ =
5ρp − 2ρl

2ρp + ρl
−

βp

βl
(6)  

where ρp is the density of the particle and βp is the compressibility of the 
particle. 

Considering that the square of the pressure amplitude is proportional 
to the power of ultrasonic power, Eq. (5) can be rewritten as 

Frmax = APR3 (7)  

where P represent the ultrasonic power, and A is a constant under the 
same reaction condition. 

When the tensile force exceeds the maximum tensile force between 
the two particles (Frmax > FT), the two particles will be separated. The 
critical particle size can be determined by Frmax = FT, which gives 

Fig. 1. SEM morphologies of the as-synthesized Cu nanoparticles under different ultrasonic powers of (a) 0 W, (b) 80 W, (c) 120 W, (d) 160 W, (e) 200 W, and (f) 
500 W. 
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Rc =

(
27γ4

4A3EP3

)1
7

∝γ4
7P− 3

7 (8)  

Eq. (8) provides a relational expression for determining the critical size 
of metal particles under ultrasonic treatment. The particles with R < Rc 
can grow through aggregation with each other, while the aggregation of 
the particles with R > Rc can be prevented by the acoustic radiation force 
from the ultrasound. This effect reduces the number of large particles in 
the solution and reduces the dispersion of particle size. 

Fig. 3(b) shows the relationship between the logarithms of particle 
size and ultrasonic power. Here, considering the stirring effect, we take 
an equivalent ultrasonic power of P = P0 + Ps as the nominal ultrasonic 
power, where P0 represents the ultrasonic power and Ps = 30 W 

represents the equivalent stirring power. It can be seen that there is an 
obvious linear relationship of d ∝ P− 0.395, with a coefficient of deter
mination (COD) of R2 = 0.9733. This relation is basically consistent with 
the prediction of Eq. (8). 

The above model well explains the relationship between the particle 
size and the ultrasonic power during the synthesis of metal nano
particles, and it is in good agreement with the experimental results. As 
the model indicates, the particle size is proportional to the ultrasonic 
power to the power of − 0.395 (d ∝ P− 0.395). Hence, the size of the 
particles decreases with increasing ultrasonic power. However, when a 
large enough ultrasonic power is applied, the decreasing trend of P− 0.395 

slows down. In the meantime, the energy provided by the increase in 
ultrasonic power may promote the continuous growth of the particles. 
As a result, further increase in ultrasonic power cannot enhance particle 
refinement but may increase the particle size, which explains many 
previously reported experimental results [11,21]. 

On the other hand, the model also indicates that the particle size is 
affected by the surface energy (γ). The surface energy of the Cu nano
particles is γCu(1 1 1) = 1.83 J/m2 [25]. By reducing the surface energy, 
the particle size can be refined. Dispersants are commonly used addi
tives in the synthesis of nanoparticles [19,20]. When the dispersants are 
adsorbed on the surface of nanoparticles, they can change the surface 
properties of the nanoparticles, and equivalently reduce their surface 
energy. 

The model in this study provides a quantitative relationship between 

Fig. 2. Size distribution of the as-synthesized Cu nanoparticles under different ultrasonic powers of (a) 0 W, (b) 80 W, (c) 120 W, (d) 160 W, (e) 200 W, and (f) 
500 W. 

Table 1 
Statistics of the size distribution of the as-synthesized Cu nanoparticles under different ultrasonic powers.  

Irradiation power (W) Ultrasonic intensity (W/cm2) pHinitial pHfinal Average diameter (nm) 10% (nm) 50% (nm) 90% (nm) Dispersion (nm) 

0 0 5.8 ± 0.2 3.3 ± 0.2 520 339 546 647 94 
80 0.111 298 173 319 397 69 
120 0.167 266 193 263 348 56 
160 0.222 247 177 246 319 47 
200 0.278 226 148 230 303 50 
500 0.694 167 102 161 246 44  

Table 2 
Average crystallite size of the as-synthesized Cu nanoparticles under 
different irradiation powers.  

Irradiation Power (W) Crystallite Size (nm) 

0 29.1 
80 24.6 
120 27.3 
160 27.3 
200 24.6 
500 25  
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particle size and ultrasonic power in the synthesis of metal nano
particles. However, the ultrasonic intensity under the applied ultrasonic 
power of 500 W is 0.694 W/cm2, and the corresponding ultrasound 
pressure is only 115 kPa. These values are relatively low compared to 
the ultrasonic intensity/pressure in previous studies [26–28]. The min
imum pressure of cavitation threshold in water is expected to be 500 kPa 
[29] or 100–200 kPa [30]. Therefore, the applied ultrasonic intensity in 
this study is not high enough to induce an obvious cavitation effect. 
Above the cavitation threshold, the cavitation effect may have some 
additional effects on the de-aggregation of particles. For example, some 
studies have revealed that when bubbly clouds are generated, the 
shielding and scattering effects of the bubbly clouds can drastically 
reduce the emitted acoustic pressure levels travelling through the liquid 
media, thus significantly weakening the ultrasound field outside the 
conical bubble structure [28,31]. The collapse and rebound of a cavi
tation bubble can produce strong shock waves and extremely high 
pressure [26]. In liquid aluminum, the pressure of the shock waves can 
reach the order of Megapascal [27,32,33]. These effects can promote the 
fragmentation and de-aggregation of the particles. The temporal and 
spatial relationships of the ultrasound-induced shock waves and 
acoustic pressure emissions are complicated and still need further study. 

4. Conclusions 

In this study, the evolution of size distribution of Cu nanoparticles 
synthesized via the wet-chemical redox method under ultrasonic treat
ment was statistically analyzed. With increasing ultrasonic power from 
0 to 500 W, the average diameter of the Cu nanoparticles decreased from 
520 to 167 nm, and the size dispersion decreased from 94 to 44 nm. A 
model was proposed to quantitatively describe the influence of ultra
sonic power on the size distribution of metal nanoparticles from the 
perspective of the competition between the surface energy and the ul
trasonic force. An exponential relation of Rc∝γ4

7P− 3
7 was established, and 

it fitted well with the experimental results. The results and the proposed 
model in this study provide new experimental basis and theoretical 
method for understanding the mechanism of ultrasonic-induced size 
refinement of metal nanoparticles during their synthesis process. 
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