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Spherical SiO3 nanoparticles (SSNs) have been inventively synthesized using the Stober method with sonication
at medium-high frequencies (80, 120, and 500 kHz), aiming to control SSN size and shorten reaction time.
Compared to the conventional method, such sonication allowed the Stober reaction complete in 20-60 min with
a low molar ratio of NH4OH/tetraethyl orthosilicate (0.84). The hydrodynamic diameters of 63-117 nm of SSNs
were obtained under sonication with 80, 120, and 500 kHz of ultrasonic frequencies. Moreover, the SSNs ob-
tained were smaller at 120 kHz than at 80 kHz in a multi-frequencies ultrasonic reactor, and the SSN size
decreased with increasing ultrasonic power at 20 °C, designating the sonochemical unique character, namely, the
SSN-size control is associated with the number of microbubbles originated by sonication. With another 500 kHz
ultrasonic bath, the optimal system temperature for producing smaller SSNs was proven to be 20 °C. Also, the
SSN size decreased with increasing ultrasonic power. The smallest SSNs (63 nm, hydrodynamic diameter by
QELS, or 21 nm by FESEM) were obtained by sonication at 207 W for 20 min at 20 °C. Furthermore, the SSN size
increased slightly with increasing sonication time and volume, favoring the scale-up of SSNs preparation. The
mechanisms of controlling the SSN size were further discussed by the radical’s role and effects of ammonia and

ethanol concentration.

1. Introduction

Spherical SiO nanoparticles (SSNs) are widely applied in biomedical
fields including biosensors, DNA transfection, cancer treatment, etc
[1-3]. The Stober process, via the hydrolysis and polycondensation of
tetraethyl orthosilicate (TEOS) in alkaline ethanol (Scheme. 1), is a
common method for the preparation of monodisperse SSNs [4,5]. In the
conventional process, SSN size is modulated by many factors, such as the
ethanol/NH4OH/TEOS/H;0 ratio, reaction temperature and time, etc.

Ismai et al. explored the effects of TEOS (0.2-0.4 mol/L) and
ammonia (0.11-0.3 mol/L) concentrations on SSN size [6]. Both the
hydrolysis and condensation rates become faster with increasing TEOS
and ammonia concentrations, producing fewer nuclei and larger particle
size. Under the optimal conditions, 50 nm silica particles were obtained
with 0.2 mol/L ammonia and 0.2 mol/L TEOS at ambient temperature
for 24 hrs. Wang et al. also studied the effect of TEOS (0.22-1.115 mol/
L) and ammonia concentrations on silica particle size in the mixture of
water and isopropanol [7]. With a constant NH4OH/TEOS molar ratio
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(0.81), 30 nm or 860 nm silica particles were obtained with 0.22 mol/L
or 1.115 TEOS at 20 °C for 5 hrs, respectively. As a catalyst, higher
ammonia accelerates the hydrolysis and condensation and promotes the
production of more oligomers to form larger particles. It is conspicuous
that smaller SSNs are obtained with the lower NH4OH/TEOS molar
ratio, but long reaction times (5-24 hrs) are required, whereas the
higher reaction rate with the higher NH4OH/TEOS molar ratio leads to
larger particle sizes (ca. 800 nm) [5]. The sonochemical method has long
been used in the preparation of nanoparticles and nanocrystals to
accelerate the synthesis and reduce nanoparticle size [8-11]. Ultrasonic
cavitation is generally regarded as the origin of sonochemistry, namely,
the implosion of cavitation microbubbles generates extremely high local
temperature and pressure, high-speed microjets, strong shock waves,
and shear forces, which contribute to the fabrication of nanostructured
materials [12,13]. The number and size of cavitation bubbles are also
critical for the fabrication of nanostructured materials. The cavitation
bubble surfaces can act as crystal nucleation sites, leading to increasing
nucleation rates [14-16]. Therefore, the reduction in crystal size and the
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narrowness of the crystal size distribution can be explained by the
number of cavitation bubbles induced by sonication. Specifically, the
number of cavitation bubbles increases with increasing ultrasonic fre-
quency and power, resulting in increasing number of crystal nuclei
[17,18]. Moreover, the activity of cavitation bubbles is substantially
dependent on the bubbles size, which decreases with increasing ultra-
sonic frequency, but the bubbles size increases with increasing ultra-
sonic power [19-23]. In 1996, Enomoto et al. attempted to improve the
Stober process using sonication at 20 kHz and 1.9-25.4 W cm ™2 for 90
min at 20 °C [24]. With 3.0 mol/L ammonia and 0.1 mol/L TEOS
(NH4OH/TEOS molar ratio: 30), however, larger SSN sizes (330-380
nm) were obtained by sonication compared to the 310 nm SSNs pro-
duced without sonication. This behavior was explained by the presence
of sonication-induced agglomeration. In 2018, Lin et al. reported the
rapid synthesis of silica particles by ultrasound-assisted Stober method
[25]. With 1.36 mol/L ammonia and 0.58 mol/L TEOS (NH4OH/TEOS
molar ratio: 2.34) in 46 mL of reaction mixture, ca. 615 nm silica par-
ticles were obtained by 25 kHz sonication at 160 W for 5 min and stirred
at 999 rpm simultaneously. In 2022, Kamila et al. found that the larger
silica particles are generated by sonochemical method as compared with
the sol-gel Stober method again [26]. In the preparation, the Stober
mixture containing 2.85 mol/L ammonia and 1 mol/L TEOS (NH4OH/
TEOS molar ratio: 2.85) with ethanol and water was stirred at 450 rpm
for 90 min at room temperature, or sonicated with an ultrasonic probe
for 30 min (5 s pulse on and 2 s pulse off). The average particle sizes
obtained by the conventional sol-gel or sonochemical Stober method
were 223 nm or 398 nm, respectively.

In contrast, Rahman et al. obtained 93 nm SSNs by the Stober method
with sonication at 42 kHz for 7 hrs at ca. 45 °C, however, it was just
comparable to those generated using magnetic agitation with 1.87 mol/
L ammonia and 0.7 mol/L TEOS (NH4OH/TEOS molar ratio:2.67) [27].
In 2009, Yao et al. reported the preparation of 80 nm SSNs with 4.89 of
NH4OH/TEOS molar ratio using sonochemical method [28]. The
mixture containing 8 mL of ammonia and 2.5 mL of TEOS with ethanol,
water, and dye thionine was sonicated at 20 kHz and 100 W cm 2 for 30
min under ambient air. To obtain smaller SSNs, furthermore, the
NH4OH/TEOS molar ratio was decreased to 0.25 in a Stober mixture
containing 1 mL of ammonia and 6.3 mL of TEOS with ethanol, water,
and a certain amount of PEG 1000 [29]. The reaction was carried out
with ultrasonic vibration for 5.5 hrs at 45 °C. In addition, some post-
treatments, such as aging and calcination, were performed to achieve
an average size of 9 nm.

To date, the ultrasonic frequencies applied for the sonochemical
preparation of silica particles were between 20 and 42 kHz, leading to
larger silica particles (mostly over 300 nm and rarely below 50 nm).
Also, most ultrasonic treatment time is more than 1 hr. Therefore, the
proposed advantages of sonication, i.e., reducing SSN size and reaction
time, are not evident at low frequencies. In this work, the Stober reaction
mixture has been sonicated at medium-high frequencies (80, 120, and
500 kHz) to obtain smaller SSN sizes in up to 1 hr reaction. The effects of
ultrasonic frequency and power, temperature, sonication time, and
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reaction volume on SSN size and yield under a static air atmosphere
have been investigated. The roles of the size and number of cavitation
microbubbles, the radicals initiated under sonication, and the concen-
tration of ammonia and ethanol in modulating SSN size are discussed.

2. Methods
2.1. Materials

TEOS (98.0 %, Aldrich), ethanol (>99.8 %, Sigma-Aldrich), NH;OH
(30.0 %, Carlo Erba), n-Butanol (98.0 %, E. Merck, Darmstadt) were
used without additional purification.

2.2. Experimental devices

A low-frequency ultrasonic device (20 kHz) consists of an ultrasonic
generator (Maximum electrical output power: 70 W) equipped with a
titanium horn (tip diameter: 13 mm) and a 20-mL cylindrical glass
reactor (HNG-20500-SP, Hainertec (Suzhou) Co., 1td, China). The reac-
tion temperature was controlled by an ice bath. The diagram of the setup
refers to our previous work [30]. A multi-frequency device (40, 80 and
120 kHz) consists of a sonic digital cleaning generator (Maximum
electrical output power: 150 W) and a 5.6-L ultrasonic bath (28 cm x 20
cm x 10 cm) equipped with cooling water serpentine at 1 cm from the
bottom (MG 200, Weber Ultrasonics, Germany, Fig. 1A). A high-
frequency device (500 kHz) consists of an ultrasonic cleaning gener-
ator (Maximum electrical output power: 250 W) and a 5.6-L ultrasonic
bath (28 cm x 20 cm x 10 cm) equipped with cooling water serpentine
at 1 cm from the bottom (UMC, Weber Ultrasonics, Germany, Fig. 1B).
The ultrasonic powers delivered were determined calorimetrically with
water as heating media and all ultrasonic power mentioned below refers
to the power measured calorimetrically [31]. As a conventional method,
a 20-mL cylindrical glass reactor placed on a magnetic stirrer (AREX
VELP Scientifica, Italy) was also used to prepare SSNs at room temper-
ature for comparison. A centrifuge (Allegra 64R Benchtop Centrifuge,
Beckman Coulter, Italy) was used to collect the prepared SSNs from
reaction systems and washing liquids. The SSNs were collected with the
centrifuge (20,000 rpm, 15 min) and washed twice with ethanol and
then washed once with distilled water.

2.3. Typical runs of SSNs preparation.

All the preparation of SSNs was carried out under an air atmosphere.
The sonochemical processes of the SSNs preparation with various ul-
trasonic reactors are described as follows:

(A) SSNs preparation using sonication at 20 kHz: 6.00 mL of 99.8
% ethanol, 3.00 mL H30 and 0.25 mL of TEOS were added to a 20-mL
cylindrical reactor (ID: 25 mm) in turn. Subsequently, 0.40 mL of 8.1
% NH4OH as a catalyst was added to the above mixture, so that the
molar ratio of 99.8 % ethanol/8.1 % NH4OH/TEOS/H,0 was 92.92/
0.84/1.00/150.89. Then, ca. 10 mL of the above reaction mixture was

Si—OR + H,0 + NH; <=

|

Si—O + —Si—OR + NH,"

Si—O + ROH + NH,"

——Si—O0—Si—— + ROH + NH;

Scheme 1. Stober preparation of monodisperse SSNs by hydrolysis and condensation of TEOS [3].
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(D Ultrasonic generator

(40, 80 and 120 kHz)

(2) Ultrasonic generator
(500 kHz)

(3 Ultrasonic transducers

(@) Water bath

®) Cooling water inlet

(® Cooling water outlet

(7) Reactor for 10 mL

(8 Reactor for 10, 50, 100
and 200 mL

(©) Reaction mixture

Fig. 1. Setups for sonication with ultrasonic generators and baths (A) 40, 80, and 120 kHz; (B) 500 kHz.

sonicated using an ultrasonic horn with 20 kHz and 40 W for 60 min at
20°C in an ice bath. The ultrasonic power density and power intensity
were calculated to be 4.15 W mL ™! and 30.15 W cm ™2, respectively. For
comparison, ca. 10 mL of the same reaction mixture as above was stirred
using a magnetic stirrer with 450 rpm at 20°C for 24 hrs.

(B) SSNs preparation using sonication at 40, 80 and 120 kHz: 3 L
of water as an ultrasonic medium was placed in a 5.6-L ultrasonic bath.
Firstly, the degassing was performed for 20 min with sonication and the
temperature of ultrasonic bath was maintained at 20 + 0.3 °C with
cooling water. 10 mL of the same reaction mixture as above in 40-mL
cylindrical reactor (ID: 25 mm) was sonicated with different ultrasonic
frequencies and powers (40 kHz: 97 W; 80 kHz: 17-63 W; 120 kHz:
17-78 W) at 20°C for 20 min respectively.

(C) SSNs preparation using sonication at 500 kHz: The same ul-
trasonic medium and the temperature control as above were applied in a
500 kHz ultrasonic bath. The same reaction mixtures as above with
different volumes (10-200 mL) were sonicated with different ultrasonic
powers (63-207 W) at 15-35°C for 20-60 min, respectively.

2.4. Characterization of SSNs

The collected SSNs were dispersed in 4 mL of distilled water. 1 mL of
the above SSNs dispersion was centrifuged and oven-dried at 45°C to
measure yield with the weighing method. The remaining 3 mL of the
SSNs dispersion was used for particle size analysis with Quasi Elastic
Light Scattering (QELS). Unless otherwise specified, the SSN size
mentioned herein refers to the hydrodynamic SSN size determined by
QELS. After the measurement with QELS, the white SSNs were collected
by centrifugation (20,000 rpm for 15 min) and lyophilized for the
further characterization with Field Emission Scanning Electron Micro-
scope (FESEM), Fourier-transform infrared spectroscopy (FT-IR), Pow-
der X-ray diffraction (PXRD), and Thermogravimetric analysis (TGA),
etc.

The particle sizes of SSNs were measured via a QELS method at 25 °C
using particle sizing Brookhaven Instruments (Holtsville, NY, USA) with
the software of 90plus/BI-MASS. The scattering angle and operating
wavelength were 90° and 675.0 nm, respectively. The samples were
measured in water. Ultra-high resolution FESEM measurements were
performed on a Tescan S9000G FESEM 3010 microscope (30 KeV)
equipped with a high-brightness Schottky emitter. For analysis, the
powder samples were deposited on a stub coated with a conducting

adhesive and inserted in the chamber by a fully motorized procedure.
The FT-IR spectra (Spectrum Two, PerkinElmer, USA) were measured by
a spectrometer from 500 to 4000 cm ™! at 2 cm™! resolution with 64
scans. PXRD patterns were collected with a PW3050/60 X Pert PRO
MPD diffractometer from PANalytical working in Bragg—Brentano ge-
ometry, using as a source the high-powered ceramic tube PW3373/10
LFF with a Cu anode (Cu Kal radiation A = 1.5406 A) equipped with a Ni
filter to attenuate Kp. Scattered photons were collected by a real-time
multiple strip (RTMS) X’celerator detector. Data were collected in the
5° < 20 < 90° angular range, with 0.02° 20 steps. The powdered sample
was examined in its as-received form and posed in a spinning sample
holder to minimize the preferred orientations of crystallites. TGA was
used to measure the thermal stability of SSNs. About 10 mg of sample
was heated to 1000 °C under a nitrogen atmosphere with airflow of 20
mL min~". In the first step, the temperature increased from 35 °C to
120 °C with a heating rate of 10 °C min ! and held at 120 °C for 10 min.
In the second step, the temperature increased from 120 °C to 800 °C with
20 °C min~!, and held at 800 °C for 10 min. In the third step, the tem-
perature increased from 800 °C to 1000 °C with 20 °C min~?, and
maintained at 1000 °C for 5 min.

3. Results and discussion

The physical effects of ultrasonic cavitation, such as local tempera-
ture and pressure, shear stress, shock wave, microjet, etc., favor the mass
transfer and heat transfer, in particular, promote the reactions in the
heterogeneous systems. TEOS is poorly soluble in water, but is miscible
with alcohol [32]. Ammonia is very volatile, meaning that both TEOS
and ammonia may accumulate on the surface of the cavitation bubbles,
accelerating the hydrolysis and condensation of TEOS around the active
cavities [33]. Probably, the radicals generated under sonication are also
involved in the above reactions [34]. Thus, the sonication can be
employed to enhance the hydrolysis and condensation of TEOS [35]. It
was possible to produce the smaller SSNs when the reactant ratios were
optimized, in particular, when reducing the ammonia concentration
during sonication [27,34]. In our preliminary study for optimizing the
reactant ratio, the Box-Behnken response surface methodology was
applied. The experiment was designed and optimized with Design
Expert 12.0 statistical software (free trial version 12.0, Stat-Ease, Inc.,
USA). Approximate 10 mL of the Stober reaction mixture with various
reactants ratios was sonicated at 120 kHz and 78 W for 20 min at 20 °C.
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As a result, the smallest SSNs (average size: 71 nm) were obtained with
the optimized Stober mixture (99.8 % ethanol: 6.00 mL, 8.1 % NH4OH:
0.40 mL, 98.0 % TEOS: 0.25 mL, H,0: 3.00 mL). The optimal reactant
volume ratio was: ethanol/NH4OH/TEOS/H;0 = 24.0/1.6/1.0/12.0,
which is equivalent to a molar ratio of 92.92/0.84/1.00/150.89
(Table S1 and Fig. S1).

3.1. Effects of ultrasonic frequency and power on SSN size and yield

With the optimal reactant ratio obtained in the above study, ca. 10
mL of the above reaction mixture was either stirred or sonicated at lower
frequencies (20 and 40 kHz) at 20 °C. During 24 hrs of agitation (450
rpm), unfortunately, the reaction mixture always appeared clear and
transparent state, and no white suspension appeared. The same phe-
nomenon was observed during 20 kHz sonication with an ultrasonic
horn at 40 W for 60 min. It is speculated that the NH4OH/TEOS molar
ratio (0.84) used in the above Stober mixtures was lower as compared
with those (NH4OH/TEOS molar ratio: 2.33-30.00) reported in previous
studies [24-27]. In contrast, SSNs were produced under the 40 kHz
sonication at 97 W for 20 min in a ultrasonic bath, but the preparation
reproducibility was poor. The follow-up studies, therefore, focused on
medium-high frequency (80 and 120 kHz, and 500 kHz) with two ul-
trasonic baths, respectively. Due to the difference in their structures and
power ranges of ultrasonic reactors, unfortunately, the results obtained
using the 500 kHz ultrasonic bath could not be compared with results
obtained using the multi-frequencies (40-120 kHz) ultrasonic bath.
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Fig. 2. Dependence of SSN hydrodynamic diameter size by QELS (A) and yield
(B) on ultrasonic power at 80 and 120 kHz. Conditions: ca. 10 mL of mixture
(99.8 % ethanol: 6.00 mL; 8.1 % NH4OH: 0.40 mL; 98.0 % TEOS: 0.25 mL; H,0:
3.00 mL) was sonicated for 20 min at 20 °C in a 3 L water bath.
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Fig. 2A and B show the effects of the ultrasonic frequency and power
on the SSN size and yield obtained in the multi-frequency ultrasonic
bath (80 and 120 kHz), respectively. As shown in Fig. 2A, the SSN sizes
obtained at 120 kHz were distinctly smaller than those obtained at 80
kHz and the SSN size decreased with increasing ultrasonic powers.
Under sonication, the relationship between SSN sizes and ultrasonic
power with various frequencies can be well fitted by the linear equation,
as follows:

dyor: = —0.741 x Pyg +129.44, R*=0.978 (@))

disor. = —0.413 x Pys+104.28, R* = 0.975 @
where dgokp; and djzoky, are the hydrodynamic diameters of SSNs ob-
tained at 80 and 120 kHz; Py is the ultrasonic power.

In terms of Egs. (1) and (2), the slope (0.741) obtained by 80 kHz is
higher than that (0.413) obtained by 120 kHz, indicating that the effect
of ultrasonic power on SSN size is more profound at 80 kHz than at 120
kHz. At 80 kHz, the hydrodynamic SSN sizes decreased from 117 to 84
nm with increasing ultrasonic power (17-63 W). At 120 kHz, the SSN
sizes decreased from 92 to 72 nm with increasing ultrasonic power
(17-78 W).

In Fig. 2B, the SSN yields at 120 kHz were obviously lower than those
obtained at 80 kHz. At lower power settings, SSN yields slightly
decreased at 80 kHz as ultrasonic power increased, while the yields
changed minimally at 120 kHz. At the highest ultrasonic power, SSN
yields increased sharply at 80 and 120 kHz. This unpredictable result
may be caused by the complex effects of ultrasonic frequency and power,
which should be further explored in the future. Fig. 3 shows the
dependence of the SSN size and yield obtained on the ultrasonic power
in a high-frequency ultrasonic bath (500 kHz).

As shown in Fig. 3, the SSN sizes obviously decreased with increasing
ultrasonic power. Under 500 kHz sonication, the relationship between
SSN sizes and ultrasonic power can be also well fitted by the linear Eq.
(3). In terms of Eq. (3), the slope (0.185) obtained by 500 kHz is quite
low, indicating that the effect of ultrasonic power on SSN size is rela-
tively less at 500 kHz. The smallest SSNs (63 nm by QELS, or 21 nm by
FESEM) were obtained by sonication at 500 kHz and 207 W for 20 min at
20 °C. Moreover, the yield of SSNs linearly decreased with increasing
power and reached a minimum value at 207 W (155 mg SSNs g ! TEOS),
as shown in Eq. (4):

dsoors: = — 0.185 x Pys +100.31,  R* = 0.991 (3)
Ysoorn: = — 0.764 x Pys4320.51, R* =0.952 @)
500
120 4
500 kHz | ~
o : 400 =
) = Yicld o
£ 5
 80- L300 d=
N w2
= w2
2 604 Z
3 L 200 oa,
=1 —
< 404 t
o
L 100 8
20+
O T T T T T T 0

T T
60 80 100 120 140 160 180 200 220
Ultrasonic power (W)

Fig. 3. Dependence of SSN hydrodynamic diameter size by QELS and yield on
ultrasonic power at 500 kHz. Conditions: ca. 10 mL of mixture (99.8 % ethanol:
6.00 mL; 8.1 % NH4OH: 0.40 mL; 98.0 % TEOS: 0.25 mL; H,O: 3.00 mL) was
sonicated for 20 min at 20 °C in a 3 L water bath.
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where dsgokp is the hydrodynamic diameters of SSNs obtained at 500
kHz; Pyg is the ultrasonic power; Ysop ki is the yield of SSNs obtained at
500 kHz.

In general, the smaller bubbles cause Rayleigh contraction, whereas
larger bubbles are not involved in the sonochemical reaction [27].
Sonication with medium-high frequencies (80-1100 kHz) generated
more numerous and smaller microbubbles than that at low frequencies
(20-42 kHz), thus increasing the number of active bubbles, which refer
to active bubbles with the optimal sizes that can produce stronger
physical and chemical phenomena, such as reactive oxygen species,
sonoluminescence, sonochemluminescence, etc. [18-20,36,37]. In
addition, the amount of water vapor trapped inside bubbles at the
collapse decreases with increasing ultrasonic frequency, resulting in
highly active bubbles, meaning that those inactive bubbles became
active and those active bubbles turned into more active [38]. Conse-
quently, the number of “active bubbles” remarkably increased under the
sonication with the higher frequencies, leading to smaller SSNs.

In 1999, Burdin et al. reported that active bubbles have a typical
radius of 8 pm by 20 kHz sonication as determined by laser light
diffraction [39]. Also, it was reported that the average bubble radius
(135 pm) at 20 kHz was about 6.8 times of that (20 pm) at 40 kHz, while
the average number of bubbles at 40 kHz was about 4.6 times of that at
20 kHz [40]. In 2002, Yasui calculated the range of the ambient bubble
radius with increasing ultrasonic frequency, i.e., 0.1-100 pm, 0.1-10
pm, and 0.1-3 pm at 20, 140 and 1000 kHz [38]. In 2005, Lee et al. and
Brotchie et al. summarized that the ranges of bubble size created by 20,
515, and 1100 kHz in water were 2.0-25.0, 2.8-3.7, and 0.9-1.38 pm,
respectively [19,21]. In 2021, Yasui reported the ambient bubble radii
generated under various frequencies, i.e., 5 pm for 20 kHz, 3.5 pm for
100 and 300 kHz, and 1 pm for 1 MHz [23]. In particular, both the
bubble dynamics and the bubble size are very similar between high
frequencies [41]. In 2009, Brotchie et al. reported that the ambient
bubble radii in the frequency range of 200-650 kHz, i.e., 3.9, 3.2, and
2.9 pm for 213, 355, and 647 kHz, respectively [19]. In 2013, Merouani
et al. summarized the mean measured bubble radius induced by various
medium-high frequencies, i.e., 3.9-8.0 pm at 213-230 kHz, 3.2-7.0 pm
at 355-350 kHz, 2.8-4.3 pm at 515 kHz, 2.7 pm at 860 kHz, and 0.9-2.0
pm at 1000-1140 kHz [20,42]. In 2021, Dehane et al. reported that the
optimum ambient bubble radius (3.1 and 2.4 pm) was achieved at 300
and 515 kHz [43]. Moreover, the number of bubbles depends strongly
on the operating parameters of the sonication [44,45]. The increasing
ultrasonic frequency leads to a substantial increase in the number of
bubbles formed in the reactor [42]. Pétrier et al. reported the number of
active bubbles, i.e., 0.73-1.1 x 10 5.2-5.4 x 105, 3.7-5.3 x 107, and
6.4-9.1 x 10N (L ™! s71) created by 20, 200, 500, and 800 kHz [44,45].
Merouani et al. reported the number of active bubbles, i.e., 2.8 x 107,
3.9 x 108,3.0 x 10°, and 3.1 x 10°N (L1 s™1) created by 300, 585, 860,
and 1140 kHz [42]. Therefore, the number of bubbles increases with the
frequency increase while the size of bubbles decreases. It is inferred that
the size of SSNs may be controlled by the number of bubbles and the size
of the bubbles, as shown in Fig. 2A.

On the other hand, increasing ultrasonic power resulted in more
numerous and larger microbubbles [19,20,23,36,46]. It has been
demonstrated that the optimal ambient radius increased linearly with
increasing acoustic amplitude up to 3 atm. However, slight minima of
optimal radius were observed for the curves obtained at 500 and 1000
kHz [20]. In 2016, Merouani and Hamdaoui studied the effect of power
intensity on the optimum ambient bubble radius created with various
medium-high frequencies, i.e, at 140, 515, and 1000 kHz, 11.1, 2.5, and
1.5 pm with 0.75 W cm ™2, while 13.25, 3.0, and 1.6 pm with 1 W cm ™2,
respectively [36]. As shown in Figs. 2A and 3, the SSN size generally
decreased with increasing ultrasound power. Combining the effect of the
ultrasonic frequency on the particle size of SSNs, it can be speculated
that the SSN size is mainly controlled by the number of active bubbles,
not by the size of bubbles, as TEOS and ammonia are more evenly
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distributed around the larger number of active bubbles. Therefore,
smaller SSNs were generated with increasing ultrasonic powers, and the
smallest SSNs (63 nm) were achieved by 500 kHz sonication at highest
ultrasonic power (207 W).

As shown in Fig. 2B, the yields of SSNs obtained at 120 kHz were
significantly lower than those obtained at 80 kHz within a comparable
ultrasonic power range. For the given amounts of TEOS and ammonia in
the reaction system, the number of cavitation bubbles increased with
increasing ultrasonic frequencies, resulting in better dispersion of TEOS
and ammonia and the decreasing concentration at nucleation sites,
thereby the lower yield. At 500 kHz, the yield of SSNs decreased with
increasing power and reached a minimum value at 207 W (155 mg SSNs
g1 TEOS). Similar to the effect of frequency, the larger number of active
bubbles were generated as the increasing power, leading to TEOS and
ammonia being more dispersed, thereby decreasing the yield of SSNs.

3.2. Influence of reaction volume on SSN size and yield

As presented above, the smallest SSNs (63 nm) and the correspond-
ing yields (155 mg SSNs g~ TEOS) were obtained in ca. 10 mL of re-
action mixture sonicated at 500 kHz, 207 W for 20 min at 20 °C. In the
larger reaction volume (ca. 50 mL), however, the reaction mixture al-
ways appeared clear and transparent state, and no white suspension
appeared during 20 min of sonication. To scale up SSN synthesis, the
sonication time was extended to 60 min for each batch of reaction. The
influence of sonication time on SSN size and yield will be discussed in
Section 3.4. 50-200 mL of the reaction mixture was sonicated at 500
kHz, 207 W for 60 min at 20 °C, respectively. Fig. 4 shows that the sizes
and yields of the SSNs prepared at larger volumes.

The average hydrodynamic sizes of SSNs reached 66, 68, and 77 nm
in 50, 100, and 200 mL, respectively, which are 5-23 % higher than
those (63 nm) prepared in 10 mL of the reaction mixture. It suggests that
SSN-synthesis scale-up is feasible in the same ultrasonic reactor, and the
synthesis efficiency very slightly fluctuates over the 50-200 mL range.

3.3. Dependence of SSN size and yield on the system temperature

The cavity number, size, collapse intensity and local temperature,
and sonochemical efficiency are strongly dependent on bulk-liquid
temperature [46,47]. Fig. 5 shows that a larger SSN size and higher
yield were achieved at 15 °C than at 20 °C under 60 min sonication at
500 kHz and 207 W. Upon increasing the temperature further, a few
SSNs were produced at 25 °C. More surprisingly, the reaction mixture
always appeared clear and transparent state and no white suspension
appeared during 60 min sonication at 35 °C.
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Fig. 4. Influence of reaction volume on SSN size (QELS) and yield. Conditions:
various volumes of mixture (99.8 % ethanol/8.1 % NH4,0H/98.0 % TEOS/H,0
= 24.0:1.6:1.0:12.0 (volume)) were sonicated at 500 kHz, 207 W for 60 min at
20 °C in a 3 L water bath.
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Fig. 5. Dependence of SSN size (QELS) and the yield on the reaction temper-
ature. Conditions: ca. 50 mL of mixture (99.8 % ethanol: 30.00 mL; 8.1 %
NH4OH: 2.00 mL; 98.0 % TEOS: 1.25 mL; H,O: 15.00 mL) was sonicated at 500
kHz, 207 W for 60 min in a 3 L water bath.

Generally, the number and size of cavitation bubbles increased with
increasing bulk temperature [46,47]. Similarly to the effects of ultra-
sonic frequency and power, the increasing number of microbubbles
generated at 20 °C resulted in smaller SSNs and lower yields. It is
consistent with that the nucleation rate increased with increasing tem-
perature [27,48]. The number of cavitation bubbles increased with
increasing temperature, resulting in better dispersion of TEOS and
ammonia and the decreasing concentration at nucleation sites, thereby
dropping the yield of SSNs. Upon further increasing the temperature to
25 °C and 35 °C, the increasing number of bubbles decreased the con-
centration of TEOS and ammonia to a greater extent at nucleation sites,
thereby limiting SSN formation with a lower initial ratio of NH4OH/
TEOS (0.84).

3.4. Influence of sonication time on SSN size and yield

Generally, the deposition thickness on the SSNs increases by un-
ceasing hydrolysis and condensation with the sonication time [24]. As
can be seen in Fig. 6, the SSN size increased, while the yields slightly
fluctuated, with longer sonication at 500 kHz and 207 W at 20 °C.
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Fig. 6. Influence of sonication time on SSN size (QELS) and yield. Conditions:
ca. 50 mL of mixture (99.8 % ethanol: 30.00 mL; 8.1 % NH4OH: 2.00 mL; 98.0
% TEOS: 1.25 mL; H,0: 15.00 mL) was sonicated at 500 kHz, 207 W at 20 °C in
a 3 L water bath.
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3.5. Further sonochemical mechanism dominating SSN size

To further probe the physicochemical effect of ammonia and ethanol
on SSN formation, the amount of ammonia was reduced from 0.40 mL to
0.30 mL, and the amount of ethanol was decreased from 6.00 mL to 4.50
mL in the Stober reaction system in separate experiments. Table 1 shows
that no SSNs are obtained with the decreased levels of ammonia and
ethanol in ca. 10 mL of the mixture under sonication at 500 kHz, 207 W
for 20 min at 20 °C. This indicates that the proportions of both ammonia
and ethanol are critical factors for SSN formation even under sonication,
and that the active radicals generated during sonication may not be the
driving factor for the process. To ascertain the role of these radicals, 10
uL of hydrophobic n-butanol was added into ca. 10 mL of the reaction
mixture to scavenge the radicals generated in-situ during sonication at
500 kHz, 207 W for 20 min at 20 °C [49]. As shown in Table 1, the in-
fluence of n-butanol on SSN size (59 nm) and yield (172 mg SSNs g~*
TEOS) was negligible.

The very high temperatures and pressures of collapsing gas bubbles
lead to the thermal dissociation of water vapor into OH radicals and H
atoms during the sonication. Both the formation of OH radicals and the
role in the degradation of organics in aqueous solutions under sonication
with various frequencies have been extensively demonstrated in previ-
ous works [30,44,50,51]. In 1996, Hoffmann et al found that the
degradation of TNT is more efficient at 500 kHz than at 20 kHz. The
enhanced efficiency of irradiation at 500 kHz may be due to a higher
rate of OH radicals production [51]. In 1997, Petrier and Francony re-
ported the sonochemical degradation of phenol with different fre-
quencies, 20, 200, 500, and 800 kHz. It was found that the reaction rates
involving OH radicals (H2O; formation and phenol degradation) have
maximal values at 200 kHz, which was attributed to the better avail-
ability of OH radicals outside of the bubble of cavitation [44,52]. The
electron paramagnetic resonance (EPR) is a highly sensitive method for
measuring radicals and is a valuable tool for identifying the effect of OH
radicals on the synthesis of SSNs. Fortunately, the dependence of OH
radicals production detected by EPR on the sonication conditions, such
as ultrasonic frequency and power, system temperature, dissolved gas,
radical scavenger, as well as the configuration of ultrasonic reactors, has
been very well known [53-57]. In 2001 and 2002, Topaz et al. reported
the gradual increase of the DMPO-OH adduct signal with increasing
sonication intensity with 20 kHz at 20 °C and at 40 kHz at 20 °C [55,56].
The similar results were also demonstrated by Rezek Jambrak et al
recently [57]. Furthermore, Kubo et al. found that the concentration of
DMPO-OH increases with the ultrasound power intensity (0.25-3 W
cm ) at 50 kHz for 90 min at 20 °C, but it decreases with the reaction
temperature (20-40 °C) with the ultrasonic power intensity of 1 W cm 3
at 50 kHz for 90 min [53]. In 2015, Zhang et al. comprehensively studied
the effect of ultrasound frequency, power, temperature, etc., on the in-
tensity of DMPO/1-hydroxylethyl free radical spin adducts in model
wine. It demonstrated that the intensity of DMPO/1-hydroxylethyl free
radical spin adducts increases with the increasing frequencies (45, 80,
and 100 kHz) at 300 W and the increasing power (120, 180, 240, and
300 W) at 100 kHz for 5 min at 20 °C. Also, the intensity of free radical
spin adducts in model wine increases with the increase of the system

Table 1

Effect of reducing ethanol and NH,OH amount and adding n-butanol. Other
conditions: ca. 10 mL of mixture, containing 3.00 mL of H,O and 0.25 mL of
TEOS, sonicated at 500 kHz and 207 W for 20 min at 20 °C in 3 L of water bath.

Ethanol 8.1% n-butanol Particle size Yield (mg SSNs
(mL) NH,OH (mL)  (uL) (nm) g1 TEOS)

0 6.00 0.40 0 63+ 3 155 + 25

1 6.00 0.30 0 - -

2 4.50 0.40 0 - -

3 3.00 0.40 0 - -

4 6.00 0.40 10 59 +2 172 + 14

Note: The symbol “-” indicates that no SSNs formation was observed.
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temperature from 20 to 50 °C at 100 kHz and 120 W for 5 min, then
followed by a decrease at 60 °C [58]. Consequently, OH radicals can be
formed in aqueous solution under the sonication, while more OH radi-
cals yields with medium-high frequency sonication.

It can be speculated that rich OH radicals were produced at 500 kHz
and 207 W at 20 °C in this study, however, the formed OH radicals
should be immediately scavenged by ethanol in the reaction system. In
1983, Makino et al. found that alcohol, including methanol, ethanol, and
butanol, in the aqueous solutions can effectively trap the radicals formed
by the sonication (50 kHz and 60 mW cm2) by measuring the signal
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intensities of the spin adduct OH-DMPO [59]. It may be the reason that
radicals do not play role in the sonochemical synthesis of SSNs with
medium-high frequencies. On the other hand, it is known that n-butanol
is an efficient OH radical scavenger in aqueous sonolysis, and adding n-
butanol is able to confirm the OH radical-mediated reaction mechanism
at the interface of the cavitation bubbles [60-62]. If the radicals play the
role to a contain extent in the sonochemical synthesis of SSNs, the size
and yield of SSNs should be strongly influenced in the presence of n-
butanol due to the free radical scavenging effect. As listed in Table 1, the
dominance of the radical mechanism was not observed in the
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Fig. 7. FESEM images of the smallest SSNs obtained with sonication at (A1) 80 kHz, 63 W; (B1) 120 kHz, 78 W; and (C1) 500 kHz 207 W, and the particles size
distribution of SSNs obtained with sonication at (A2) 80 kHz, 63 W; (B2) 120 kHz, 78 W; and (C2) 500 kHz, 207 W. Other conditions: ca. 10 mL of mixture (99.8 %
ethanol: 6.00 mL, 8.1 % NH4OH: 0.40 mL, 98.0 % TEOS: 0.25 mL, H,0: 3.00 mL) was sonicated for 20 min at 20 °C in 3 L of water bath.
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sonochemical synthesis of SSN.
3.6. Characterization of SSNs

3.6.1. FESEM image and SSN size

Fig. 7 shows the FESEM images and size distributions of SSNs ob-
tained under optimal sonication conditions with different ultrasonic
frequencies.

As shown in Fig. 7, all the SSNs obtained under the medium-high
frequency sonication exhibited spherical form and uniform distribution.
The smallest average SSNs reached 40, 32, 21 nm under the optimal
sonication conditions with 80, 120, and 500 kHz, respectively, and there
the corresponding highest ultrasonic powers (63, 78, 207 W) were
applied with various ultrasonic reactors.

It needs to note that the SSNs are directly dispersed in water after
centrifugation without drying for the QELS analysis, whereas the SSNs
are dried and dehydrated for the FESEM measurement. The rich Si-OH
groups on the silica surface adsorb water molecules during the QELS
measurement, leading to larger hydrodynamic diameter. In contrast, the
SSN size decreases during the drying process. Therefore, the SSN size
detected with FESEM is smaller than those detected with QELS.

3.6.2. FT-IR spectra of SSNs

FT-IR spectrum of the smallest SSNs obtained by sonication at 80
kHz, 120 kHz, and 500 kHz were shown in Fig. S2. The absorption band
at 3371 cm™! could be attributed to the stretching vibrations of the Si-
OH groups in the SSNs structure [63]. The strong and broadband at
1067 cm ™! was assigned to Si-O-Si asymmetric stretching vibration and
the absorption band at 798 cm ™! could be classified as Si-O-Si symmetric
stretching vibration [63,64], therefore, the SSNs network structure was
formed with condensation reaction. In addition, 946 cm™! can be
attributed to the silanol group [63,64]. The band position of the silica
sample at 1634 cm ! was attributed to the bending vibration of the H,O
0.81 molecule in the Si-OH group [65]. The band position at 1067 cm !
was slightly shifted to a lower wavenumber, due to the decreasing SSN
size [66].

3.6.3. PXRD pattern of SSNs

To demonstrate the physical structure nature of SSNs, the sample
synthesized by 500 kHz sonication was chosen for PXRD analysis. Fig. S3
shows the PXRD pattern of SSNs, which exhibits a broad and strong peak
at 20 = 23.43° without impurity peaks, indicating the amorphous nature
of SSNs.

3.6.4. TGA of SSNs

Fig. S4 shows the TGA profiles of the smallest SSNs obtained by
sonication at 80 kHz, 120 kHz, and 500 kHz. It can be seen that the
weights of SSNs were lost by about 5.3 wt% (500 kHz), 6.1 wt% (120
kHz), and 5.2 wt% (80 kHz) at low temperatures (<120 °C) owing to the
removal of absorbed water on SSNs surface. From 120 to 1000 °C, about
7.4 wt% (500 kHz), 6.1 wt% (120 kHz), and 4.6 wt% (80 kHz) weight
loss of SSNs were attributed to Si~OH dehydration of SSNs. Furthermore,
more weight of smaller SSNs was lost than that of larger SSNs due to the
difference in silanols of SSNs.

4. Conclusions

In summary, the size of synthesized SSNs can be controlled by
medium-high frequency sonication. Ultrasonic frequency, power and
temperature significantly affect SSN size and yield. SSN size decreased
with increasing ultrasonic power at various frequencies (80, 120, and
500 kHz). The hydrodynamic diameters of 63-117 nm of SSNs were
obtained under sonication with 80, 120, and 500 kHz. Moreover, the
SSNs obtained were smaller at 120 kHz than at 80 kHz in a multi-
frequencies ultrasonic reactor, and the SSN size decreased with
increasing ultrasonic power at 20 °C. With another 500 kHz ultrasonic
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bath, the optimal system temperature for producing smaller SSNs was
proven to be 20 °C. Also, the SSN size decreased with increasing ultra-
sonic power. The smallest SSNs (63 nm, hydrodynamic diameter by
QELS, or 21 nm by FESEM) were obtained by sonication at 207 W for 20
min at 20 °C.

The number of active sites or microbubbles increased with the
increasing ultrasonic frequency and power, thus TEOS and ammonia
were more evenly distributed around the active site, resulting in smaller
SSNs. SSN-synthesis scale-up is feasible in the same ultrasonic reactor,
while the synthesis efficiency slightly fluctuates over the 50-200 mL
range. Similarly, the larger number of microbubbles were generated
with increasing temperature from 15 to 20 °C resulted in smaller SSNs
and lower yields. The particle size increased with the sonication time
due to the increasing deposition thickness on the SSNs by unceasing
hydrolysis and condensation with time. Moreover, the proportions of
both ammonia and ethanol are critical factors for SSN formation even
under sonication, and that the active radicals generated during soni-
cation may not be involved in the process. Compared with the tradi-
tional Stober or low-frequency-sonication methods, medium-high
frequency sonication can significantly reduce reaction time and reagent
amounts with a low molar ratio of NH4OH/TEOS (0.84).
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