
Citation: Głowniak, S.; Szczęśniak,
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Abstract: Ultrasounds are commonly used in medical imaging, solution homogenization, navigation,
and ranging, but they are also a great energy source for chemical reactions. Sonochemistry uses
ultrasounds and thus realizes one of the basic concepts of green chemistry, i.e., energy savings.
Moreover, reduced reaction time, mostly using water as a solvent, and better product yields are
among the many factors that make ultrasound-induced reactions greener than those performed under
conventional conditions. Sonochemistry has been successfully implemented for the preparation
of various materials; this review covers sonochemically synthesized nanoporous materials. For
instance, sonochemical-assisted methods afforded ordered mesoporous silicas, spherical mesoporous
silicas, periodic mesoporous organosilicas, various metal oxides, biomass-derived activated carbons,
carbon nanotubes, diverse metal-organic frameworks, and covalent organic frameworks. Among
these materials, highly porous samples have also been prepared, such as garlic peel-derived acti-
vated carbon with an apparent specific surface area of 3887 m2/g and MOF-177 with an SSA of
4898 m2/g. Additionally, many of them have been examined for practical usage in gas adsorption,
water treatment, catalysis, and energy storage-related applications, yielding satisfactory results.

Keywords: ultrasounds; sonochemical synthesis; porous materials; cavitation; mechanochemical
synthesis

1. Introduction
1.1. What Is Sonochemical Synthesis?

Sonochemical synthesis relies on ultrasound-induced cavitation, namely the genera-
tion, growth, and collapse of bubbles to induce chemical reactions [1,2]. Ultrasounds (US)
are a form of electromagnetic energy with frequencies ranging from 20 kHz to 1 MHz [2].
When the reaction mixture is treated with ultrasounds, which are actually pressure waves,
the gases and particles present in the solution are compressed and expanded alternately.
During expansion, the intermolecular forces of the liquid are overloaded, and cavitation
bubbles can be formed. The bubbles grow and accumulate energy until they reach a criti-
cal size, then the bubbles collapse and the stored energy is released in a very short time
(Figure 1A). This phenomenon (called cavitation) results in an extreme local temperature
and pressure (“hot spots”) of even ~5300 ◦C and ∼1000 atmospheres, respectively [3]. It
should be emphasized that there is no direct interaction between ultrasounds and chemical
species at a molecular level, and the energy required for the synthesis is delivered by
ultrasound-induced cavitation [4]. One of the effects of cavitation is the formation of radi-
cals that are responsible for the initiation of chemical reactions. Physical/mechanical effects
accompanying cavitation, namely heating, microjet, and shockwave, play a crucial role in
chemical syntheses, e.g., accelerate mass transport, have an impact on morphologies and
surface composition, as well as generate nanostructures, e.g., exfoliate layered materials
into 2D layered ones [3]. For a detailed explanation, readers are referred to refs [3,5,6].
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1.2. History of Sonochemistry

The beginning of using ultrasound dates to 1883, when Francis Galton invented the
silent whistle, emitting sounds heard only by dogs that were exactly ultrasounds [7]. Then,
in 1895, Thornycroft and Barnaby delivered the first report on cavitation after they had
observed erosion and damage to the propeller of their submarine. In 1917, Lord Rayleigh de-
termined the first mathematical model describing cavitation in an incompressible fluid [7,8].
Meanwhile, the tragedy of the Titanic in 1912 prompted Paul Langevin to develop a hy-
drophone, i.e., a device that uses ultrasounds to detect submarines [7]. A breakthrough
in ultrasound-devoted research was made in 1927 by three scientists: Alfred Lee Loomis,
Robert William Wood, and Theodore William Richards, who discovered the chemical and
biological effects caused by ultrasounds [7,9]. The following years were abundant in differ-
ent developments in the field of ultrasounds. The most important achievements are the first
computer modeling of a cavitating bubble (Noltingk and Neppiras, 1950), the sonolysis of
an organic liquid (Schultz and Henglein, 1953), the attempt to explain ultrasonic cleaning
effects in heterogeneous systems (Elder et al., 1954), the first marketed ultrasonic generators
(1980), and the introduction of the term “sonochemistry” in the literature for the first time
(Ernest Arthur Neppiras, 1980), among others [7,9,10]. While ultrasounds have been used
for decades, the history of sonochemistry is relatively recent. At the turn of the 1980s
and 1990s, the first commercial devices for sonochemical research were created. In 1987,
the Sonochemistry Group was founded to develop methods to facilitate the use of ultra-
sounds in industry. A few years later (in 1994), the journal dedicated to the applications of
ultrasounds in chemistry—“Ultrasonics Sonochemistry”—was established [9].

1.3. Sonochemical Equipment

There are a few types of reactors for ultrasound-assisted syntheses, such as ultrasonic
baths, ultrasonic probes (horns), longitudinal horns, and multiple transducers [11]. These
reactors differ in the way they introduce ultrasounds into a reacting system. For instance,
ultrasonic baths introduce energy into the system through water and reaction vessel walls,
while ultrasonic probes introduce the energy directly into the system, which is more desir-
able when localized energy is required [12]. Multiple transducers, as well as longitudinal
horns, are preferable for large-scale applications [11]. Schemes of the sonochemical reactors
are presented in Figure 1B. The basic element of sonochemical devices is a transducer
that converts mechanical or electrical energy into ultrasounds [12]. The most common are
piezoelectric transducers made of barium titanate, lead methaniobate, or other piezoelec-
tric materials. They can work in the entire range of ultrasonic frequencies, which is the
key parameter influencing the course of the synthesis. Namely, high frequencies (above
100 kHz) are appropriate for the chemical effect, while the lower frequencies are preferable
for physical effects [11]. It should be remembered that there are many other important
parameters affecting the sonochemical synthesis, including mass transfer, mixing time, flow
diagram, and solvent type [13,14]. For example, solvents with low surface tension support
bubble growth, though they reduce cavitation intensity [8].

1.4. Comparison of Ultrasound-Assisted and Other Mechanochemical Syntheses

A mechanochemical reaction is defined by IUPAC as “a chemical reaction that is
induced by the direct absorption of mechanical energy” [15]. The delivery of the mechanical
energy usually relies on direct mechanical effects on reactants through grinding, ball- or
pan-milling, shearing, compression, etc. [16]. Such actions induce plastic and elastic
deformations, defects, and other surface changes, resulting in chemical bond breakage
and new bond formation. Ultrasonically induced cavitation leads to similar physical and
chemical consequences, i.e., local high pressure and temperature, crystal deformation,
shear stresses, acceleration of diffusion processes, breaking of chemical bonds, formation
of highly reactive radicals, etc. [17,18]. It is because ultrasounds produce some physical
effects (e.g., shock waves), which then mechanically affect the reaction system. For example,
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ultrasound-induced waves accelerate solid particles suspended in the liquid and evoke
changes in their morphologies, crystallinity, and surface compositions, among others [17].
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Figure 1. (A) Schematic illustration of ultrasound-induced cavitation [6]. Reproduced with permis-
sion from ref. [6], licensed under CC-BY. (B) Schematic illustration of the instruments for sonochemical
synthesis: (a) cleaning bath [12], (b) probe system [12], (c) horn reactor [14], and (d) longitudinal
horn reactor [14]. Reproduced with permission from ref. [12]. Copyright 2002, Blackwell Science Ltd.
Reproduced with permission from ref. [14]. Copyright 2011, Elsevier B.V.

Undoubtedly, non-conventional energy sources such as ultrasounds, microwaves, and
ball milling have many benefits in terms of green chemistry and environmentally friendly
synthesis procedures, especially energy- and time-savings. Nevertheless, there are some
differences between these methods that contribute to their effectiveness. The advantage of
ball milling is a significant reduction (or elimination) of solvent consumption and a short-
ening of reaction times and synthesis steps. However, it should be remembered that the use
of this approach may result in the amorphization of crystalline products, contamination
of products related to the mechanical contact of the balls with the ground substrates, as
well as other side effects associated with the incomplete control over the whole milling
process. Microwave-assisted synthesis provides fast, uniform, and/or selective heating,
maintaining the high purity of products, but it requires a careful selection of reagents, i.e.,
those that have specific dielectric properties. Moreover, microwave photons supply energy
to the reaction system that is insufficient to break chemical bonds. In turn, ultrasound-
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assisted syntheses benefit from the combined high energy input and intensive mechanical
effects provided by the above-described ultrasound-induced cavitation. Apparently, using
ultrasounds affords higher temperatures in a shorter time while maintaining high heat
uniformity in comparison to other heating methods. It is our belief that these features may
become a gateway to the synthesis of new advanced materials having superior properties.

1.5. Main Groups of Sonochemically Synthesized Nanoporous Materials

There are enormous opportunities in using ultrasounds in the synthesis of many
different functional nanoporous materials with potential applications in many areas. This
is not surprising, considering the current green chemistry trend that emphasizes replacing
conventional energy sources with more environmentally friendly ones, such as ultrasounds
and microwaves, among others. The range of nanoporous materials obtained via the
sonochemical route includes silicas, organosilicas, metal oxides, carbons, metal–organic
frameworks (MOFs), covalent-organic frameworks (COFs), and countless composites of
various materials. Figure 2 shows the main groups of nanoporous materials synthesized
via sonochemically assisted methods.
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Figure 2. Schematic illustration of diverse nanoporous materials synthesized via a sonochemical
method including their scanning electron microscopy (SEM) images. Image of metal oxides re-
produced with permission from Sankar et al. Ceram. Int. 2018, 44, 17514–17521 (Copyright 2018,
Elsevier Ltd. and Techna Group S.r.I.); image of silicas reproduced with permission from Palani
et al. Microporous Mesoporous Mater. 2010, 131, 385–392 (Copyright 2010, Elsevier Inc.); image of
metal-organic frameworks reproduced with permission from Yu et al. Microporous Mesoporous
Mater. 2021, 316, 110985 (Copyright 2021, Elsevier Inc.); image of covalent-organic frameworks
reproduced with permission from Duan et al. J. Membrane. Sci. 2019, 572, 588–595 (Copyright 2018,
Elsevier B.V.); image of carbon nanotubes reproduced with permission from Liu et al. Carbon 2017,
115, 754–762 (Copyright 2017, Elsevier Ltd.); image of activated carbon reproduced with permission
from Ghani et al. J. Colloid Interface Sci. 2022, 611, 578–587 (Copyright 2021, Elsevier Inc.).

2. Sonochemical Synthesis, Properties, and Applications of Nanoporous Materials

Nanoporous materials refer to organic and inorganic structures with pore sizes be-
tween 1 and 100 nm. According to the classification provided by IUPAC, nanoporous
materials are divided into microporous (pore size below 2 nm), mesoporous (pore size
between 2 and 50 nm), and macroporous (pore size between 50 and 100 nm) materials [19].
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The most important parameters of porosity are: (i) specific surface area (SSA, often calcu-
lated by using the Brunauer–Emmett–Teller model, BET); (ii) total pore volume (Vt); and
(iii) pore size distribution (PSD), which are usually determined based on low-temperature
nitrogen adsorption isotherms. Most often, practical applications of porous materials
require their high porosity (large SSA values). However, high SSA is a relative term; for
example, highly porous activated carbons possess the apparent SSA even above 3000 m2/g,
while high SSA for metal oxides is below 1000 m2/g. High porosity is particularly impor-
tant in gas adsorption and storage, wastewater treatment, electrochemical applications
(supercapacitors, batteries, oxygen reduction reactions, etc.), catalysis, and drug delivery.
Apart from porosity, other physicochemical properties and characteristics (e.g., morphol-
ogy, thermal stability, crystallinity) have a great impact on the potential applications of the
materials; thus, we also include such features in the review.

2.1. Silicas and Organosilicas

The synthesis of silicas most often involves a sol-gel method relying on the hydrolysis
of a silica precursor (e.g., tetraethylorthosilicate—TEOS), which then undergoes conden-
sation, leading to polymeric networks. Incorporating some additives (usually organic
molecules) during the synthesis may result in some changes in the product structure or
even an entirely different product. For example, ordered mesoporous silicas (OMSs) are
formed by the addition of a surfactant or polymeric template, e.g., CTAB (cetyltrimethylam-
monium bromide) or Pluronic P123 (EO20PO70EO20). As mentioned above, sonochemistry
has been successfully implemented in the synthesis of OMS. For instance, Vetrivel et al. [20]
synthesized MCM-41 (MCM—Mobil Composition of Matter)—an ordered mesoporous
material with a hexagonal arrangement of cylindrical pores. The procedure relied on the
sonication of the solution of CTAB, NH4OH, TEOS, and water, followed by calcination
at 550 ◦C for 4 h in air. The TEOS:CTAB:NH4OH:H2O molar ratio was 1:0.125:69:525. A
high surface area sample with SSA of 1662 m2/g and Vt of 0.89 cm3/g was obtained after
sonication for only 5 min. X-ray diffraction (XRD) patterns and transmission electron
microscopy (TEM) images confirmed its highly ordered hexagonal mesoporous structure.
Ultrasound waves were also used to remove surfactant templates from mesostructured
MCM-41 silicas [21]. This approach resulted in silicas with higher values of structural
parameters than those obtained using a conventional calcination process. For instance,
MCM-41 calcined in air at 550 ◦C for 5 h possessed an SSA of 1276 m2/g and a Vt of
0.45 cm3/g, while MCM-41 sonicated in ethanol at 60 ◦C for 30 min and possessed an SSA
of 1325 m2/g and a Vt of 0.47 cm3/g. The authors reported that the majority (93%) of CTAB
template molecules could be removed from the dried template-containing MCM-41 silica
within only 15 min during sonication (at 28 kHz and 40 ◦C) in an alcoholic solution. This
study proved that ultrasonic treatments could be successfully utilized to separate and pu-
rify silica products, which seems to be an easy, cost-effective, and mild method for template
removal compared to the calcination method. Silica SBA-15, similar to MCM-41, has a
hexagonal mesostructure but with thicker walls and a different pore diameter (Figure 3A).
Palani et al. [22] obtained SBA-15 silicas with SSA up to 717 m2/g, Vt up to 0.84 cm3/g, and
pore diameters in the range of 4.1–4.9 nm. The synthesis gel composition was comprised of
TEOS, Pluronic P123, HCl, and water in a molar ratio of 1:0.0167:5.82:190, respectively. Such
a mixture was held under ultrasound for 1 h at a temperature ranging from 40 to 100 ◦C
prior to stirring at room temperature for 2 h, and then it was calcined at 550 ◦C for 6 h.
The highest SSA value (717 m2/g) was achieved for silica obtained by applying sonication
at 40 ◦C for 1 h. Varying the temperature and time of ultrasound treatments resulted in
some changes to the structural properties of the final SBA-15 products. Increasing the
reaction temperature from 40 to 80 ◦C is manifested in an enhanced hydrolysis rate of TEOS
and weaker interactions with the P123 copolymer, which led to a less ordered structure,
altered pore shape, thicker silica walls, and higher SSA and Vt. Prolonging the reaction
time from 1 h to 3 h at 40 ◦C did not cause significant differences in the XRD patterns but
led to higher SSA and Vt of the silica product. However, the synthesis carried out for 4 h
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at 100 ◦C resulted in smaller SSA and Vt for the final SBA-15. Interestingly, the attempt to
synthesize SBA-15 under the same conditions (time and temperature) but without the use
of ultrasounds ended in failure.
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Figure 3. (A) (a) SEM images, (b) TEM images and (c) nitrogen adsorption-desorption isotherm of
SBA-15 sonicated at 80 ◦C [22]. Reproduced with permission from ref. [22]. Copyright 2010, Elsevier
Inc. (B) Mechanism of formation of spherical mesoporous silica under ultrasound and SEM images
of the spheres [23]. Reproduced with permission from ref. [23]. Copyright 2020, Elsevier B.V.

El-Fiqi and Bakry [23] presented a rapid one-pot synthesis of spherical mesoporous sil-
ica by simply dropping TEOS into a methanol/NH4OH solution of CTAB during sonication
and stirring. TEOS:CTAB:NH4OH:CH3OH molar ratio was 0.125:0.07:4.1:18.5, respectively.
After 2 h of the synthesis, the residues were removed, and the formed SiO2 particles were
heated at 600 ◦C for 5 h under an air flow. The authors suggested the mechanism of the
synthesis, which is illustrated in Figure 3B. In brief, applying ultrasounds induced free
radicals of H• and OH• from H2O, which further initiated hydrolysis and condensation
reactions of TEOS. SEM images showed spherical morphology, whereas TEM images re-
vealed worm-like disordered mesopores in the as-prepared silica. Nitrogen adsorption
isotherms indicated the presence of both micro- and mesopores in the silica structure;
the calculated SSA was as high as 1544 m2/g, the Vt was 0.75 cm3/g, and the pore size
ranged between 2 and 20 nm. Thermogravimetric analysis (TGA) indicated good thermal
stability of the silica spheres. As evidenced in these works, the facile and fast sonochemical
treatments could successfully replace time-consuming hydrothermal processes, which are
typically used in the synthesis of mesoporous silicas. Apparently, free radicals generated in
solvents and high-temperature regions induced by acoustic cavitation facilitate hydrolysis
rate and condensation reactions between adjacent molecules of silica precursors (i.e., TEOS).
Therefore, the ultrasonic irradiation helps optimize synthesis conditions, e.g., significantly



Molecules 2023, 28, 2639 7 of 29

reducing the synthesis time from days to hours. Moreover, ultrasonic treatments in an
alcoholic solution could be utilized to remove surfactant templates from the resulting silica.

Fan et al. [24] obtained ordered mesoporous three-dimensional cubic FDU-12 with a
spherical hollow structure using TEOS as a silica source, Pluronic F127 (EO106PO70EO106)
as a structure directing agent, and TMB (1,3,5-trimethylbenzene) as a swelling agent. The
reaction mixture with the formed micelles was sonicated at a power of 100 W in air for 6 h.
Air bubbles generated by cavitation were covered with micelles, thus acting as templates
for hollow structures. Then, the added TEOS interacted with the micelles, and upon the
subsequent sonication (same conditions but for 8 h), its hydrolysis and condensation were
accelerated. Finally, the template-containing product was calcined at 550 ◦C for 6 h to
remove the polymeric template. Using the optimal molar ratios of reagents, i.e., TEOS/F127
of 252, TMB/F127 of 105 and KCl/F127 of 422 afforded FDU-12 silica with hollow structure,
well-ordered cubic mesostructure (Fm3m), SSA and Vt up to 958 m2/g and 0.94 cm3/g,
respectively, and a narrow pore size distribution (~15.5 nm). This study indicates that the
generated bubbles can simultaneously act as the organizing agent for the self-assembly
process of micelles and as an intrinsic template for hollow structures. On the other hand,
the formation of organized polymeric or surfactant micelles is essential to mediate the
interfacial tension and thus to stabilize the in-situ generated gas bubbles in the liquid phase.

The numerous reports available show the possibility of functionalization of silica
surfaces with the use of ultrasounds. For example, under ultrasonication conditions,
silica gel was successfully grafted by aminopropyltriethoxysilane (APTES), and the as-
prepared product was examined for aldol condensation of furfural and acetone [25] or
functionalized by different organic groups and tested for Suzuki coupling with aromatic
halides [26]. Nevertheless, this review is focused on ultrasound-assisted synthesis rather
than modification of pre-synthesized nanoporous materials.

Periodic mesoporous organosilicas (PMOs) are a class of silica-based hybrid materials
usually synthesized via the hydrolysis and co-condensation of organosilica precursors
(e.g., silsesquioxanes denoted as (RO)3Si-R-Si(OR’)3) and surfactants used as templates in
either an acidic or basic environment [27]. PMOs have attracted much research attention
because of the typical combination of a mesoporous silica-based framework and organic
functionalities within pore walls. Organic bridges that have been successfully located in
the pore walls of PMOs include simple ones such as ethylene (-C2H4-), ethyne (-C2H2-),
methylene (-CH2-), and phenylene (-C6H4-), as well as more complex ones, such as aromatic,
nitrogen- and sulfur-containing, ionic, and chiral groups, metal complexes, and many
others [28]. Despite the huge variety of organic groups that could be incorporated, the use
of the sonochemical method in the synthesis of PMO has hitherto been limited. The first
successful sonochemical synthesis of PMOs was reported by Mohanty et al. [29] in 2010,
in which a solution of P123 and a proper precursor, namely bis(triethoxysilyl)-methane
(BTSM) for methane-bridged PMO (Me-PMO) and bis(triethoxysilyl)ethane (BTSE) for
ethane-bridged PMO (Et-PMO), were sonicated for 30 min. After template extraction with
acetone and HCl solution, the final Me-PMO and Et-PMO had SSAs of 1390 m2/g and
1201 m2/g, respectively. Kao et al. [30] used a similar ultrasound-assisted method to prepare
benzene-bridged mesoporous organosilicas from 1,4-bis(triethoxysilyl)benzene (BTEB)
precursor. The synthesis involved ultrasonic irradiation for 1–12 h and hydrothermal
treatment for 0–12 h, followed by two-step calcination at 200 ◦C for 3 h and further at
300 ◦C for 3 h. The resultant materials showed well-ordered hexagonal mesostructures with
SSAs in the range of 653–1097 m2/g. Two years later, Kao’s group [31] presented a modified
procedure for the synthesis of benzene bridged PMOs using the reduced sonication time
of 5 min. The modification relied on using a mixture of BTEB and TEOS, which afforded
a highly porous product with an SSA of 1237 m2/g. Later, Rekha et al. [32] adopted
the sonochemical method to obtain cyclophosphazene-bridged mesoporous organosilicas
(CPMO) by co-condensation of APTES and phosphonitrilic chloride trimer (PNC), used
as a source of additional organic groups. Changing the molar ratios of TEOS to the other
components of the reaction mixture resulted in samples with SSAs varying from 305 to



Molecules 2023, 28, 2639 8 of 29

974 m2/g after sonication for 1 h and the subsequent template removal with methanol and
HCl. The as-obtained organosilicas were tested for dyes and Cr(VI) removal, achieving
maximum adsorption capacities (at 25 ◦C) of 523 mg/g, 320 mg/g, and 101 mg/g for
methyl orange, Congo red, and Cr(VI) ions, respectively. Apparently, ultrasonic irradiation
not only accelerates the dissolution of precursors and assures a good homogenization of
the synthesis solution but also facilitates the reactions between the uniformly distributed
substrates: precursors and templates, which in turn influence the pore ordering and
uniformity of the resulting mesoporous silicas and organosilicas. This may be the reason
for the enhanced porosity of some sonochemically synthesized products. SSA values and
potential applications of porous silicas and organosilicas obtained via sonochemical-assisted
methods are summarized in Table 1 [20–37].

Table 1. Porous silicas and organosilicas obtained via sonochemical-assisted synthesis.

Sample SSA [m2/g] Application Ultrasound Treatment Ref.

Silicas
MCM-41 * 1662 (1130) Not reported 5 min/(200 W)/water [20]

spherical mesoporous silica
particles * 1544 (1014) Not reported 20 min/(250 W)/methanol [23]

MCM-41 1325 Not reported 30 min/60 ◦C/ethanol [21]

MCM-41 1228 Catalytic cyclohexanone
oxime conversion 30 min/(300 W)/water [33]

FDU-12-T 958 Not reported 8 h/(100 W)/hydrochloric acid [24]
MCM-41 931 Not reported 3.5 h/-/water [34]

SBA-15 717 Not reported 1 h/80 ◦C/hydrochloric
acid-water [22]

colloidal nanosilica 369 Not reported 60 min/(30 W)/sodium hydroxide [35]
nickel-silica catalyst 289 Hydrogenation of edible oil 10 min/-/- [36]

manganese octahedral
molecular sieve 267 Catalytic benzyl alcohol

oxidation 3 h/55 ◦C/nitric acid-water [37]

Organosilicas
methane bridged PMO 1390 Not reported 30 min/25 ◦C/ammonia–water [29]

benzene-bridged MCM-41 1237 Not reported 5 min/(200 W)/ammonia [31]
ethane bridged PMO 1201 Not reported 30 min/25 ◦C/ammonia–water [29]

benzene bridged PMO 1097 Not reported 1 h/85 ◦C(200 W)/hydrochloric
acid-water [30]

cyclophosphazene-bridged
PMO 974 Adsorption of methyl orange,

Congo Red and Cr(VI)
1 h/(300 W)/sodium

hydroxide-water [32]

* SSA values of the samples provided by the authors are overestimated because of the use of an incorrect range
of relative pressures for the determination of SSA; for these MCM-41 materials the capillary condensation data
partially overlap with the adsorption data used for calculation of SSA, which leads to its overestimation. The
values of the geometrical surface area [m2/g] calculated using the relationship S = 4·103 Vp/w for cylindrical
mesopores (Vp—volume of ordered pores [cm3/g], w—diameter of ordered pores [nm]) are given in brackets [38].

2.2. Metal Oxides

Ultrasound treatments have been widely used in the preparation of diverse metal
oxides for various applications. Most of them exhibited low porosity, with SSAs below
100 m2/g. However, some papers report metal oxides synthesized via an ultrasound-
assisted strategy and possessing relatively high porosity, such as TiO2, SnO2, CuO, MnO2,
Fe2O3, and Al2O3, and those will be discussed in this review. For instance, Zhang and
Yu [39] reported the synthesis of hierarchical porous titania (HPT) spheres via a 3 h sono-
chemical treatment of titanium isopropoxide (TIP), pluronic P123, glacial acetic acid, and
ethanol. The as-collected and dried powder at 100 ◦C in an oven showed meso- and
macroporous structure and an SSA as high as 622 m2/g. The preparation of HPT under
ultrasound consisted of three main stages, namely, the formation of spherical sol particles,
their agglomeration, and then inter-agglomeration to produce mesoporous titania spheres.
TEM images confirmed the evident connections between as-obtained mesoporous spheres,
which the authors attributed to the effect of the shock wave generated by acoustic cavitation
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compacting the particles at a sufficiently high speed. Additionally, the ultrasound-induced
high-temperature regions facilitated condensation reactions between the hydroxyl groups
on adjacent particles and consequently the formation of agglomerates. Calcination of the as-
prepared material decreased its surface area to 145 m2/g. Nevertheless, the calcined sample
showed a high photocatalytic activity for the degradation of volatile organic compounds
in air.

A synthesis under ultrasound waves was successfully employed to prepare highly
porous tin oxide (SnO2) with SSA up to 433 m2/g [40]. The procedure involved the three-
hour sonication of a solution of tin ethoxide (an inorganic precursor) and cetyltrimethy-
lammonium bromide (an organic structure-directing agent) at pH 10. CTAB removal was
carried out under optimized conditions, i.e., extraction for 24 h and calcination at 350 ◦C,
leading to the sample with the highest SSA value among samples studied. The synthesized
SnO2 samples showed different performances when used as electrodes in dye-sensitized
solar cells, which mostly depended on the applied calcination temperature. The highest
photocurrent values of 5.0 mA/cm2 were measured for the sample calcinated at 450 ◦C [40].
An analogous procedure was implemented for the synthesis of γ-Fe2O3, replacing the
inorganic precursor with iron (III) ethoxide [41]. In this approach, CTAB was removed by
12-h extraction with ethanol, yielding nanoporous iron oxide with an SSA of 274 m2/g
and good catalytic properties in the oxidation reaction of cyclohexane (i.e., a conversion of
36.5%). Yu et al. [42] prepared SnO2 particles inside mesoporous carbon via sonication of
pre-synthesized mesoporous carbon (MC) and a SnCl2/ethanol solution without any other
agents. An ultrasound treatment was performed at room temperature for 6 h, followed
by washing, drying, and heating at 450 ◦C under an N2 atmosphere for 3 h. The obtained
SnO2-MC composite had an SSA of 362 m2/g and exhibited about 186% higher capacity for
lithium-ion storage compared to the initial mesoporous carbon framework, i.e., 200 mAh/g
after 300 cycles.

Ávila-López et al. [43] prepared CuO with an SSA of 351 m2/g by using copper
acetate hydrate (Cu(CH3COO)2·xH2O) as the metal oxide precursor and sodium citrate
(Na3C6H5O7) as a surfactant. A sonochemical treatment was performed at 100 W for
15–60 min followed by washing and drying at 80 ◦C. The as-prepared CuO was examined
as a CO2 adsorbent and a photocatalyst simultaneously, i.e., it can adsorb CO2 and photo-
catalytically decompose it to methanol with an efficiency as high as 7.4 mmol of CO2 per
g of the adsorbent and 3.7 µmol/(g·h) in the CH3OH production process. Furthermore,
such good CO2 adsorption and photocatalytic properties showed samples with low SSAs
of 93 and 68 m2/g, prepared after 15 and 25 min of sonication, respectively, and without
the addition of surfactant. The high CO2 uptake in the samples with relatively low porosity
can be attributed to their favorable morphology of rectangular-shaped particles with edges
that provide active sites for effective CO2 adsorption.

Majhi et al. [44] investigated the effect of different methods of boehmite sol treatments,
i.e., using ultrasounds, conventional heating under reflux at 85 ◦C, and aging at room
temperature, on the structural characteristics of the resulting boehmite samples and γ-
aluminas obtained after calcination at 600 ◦C in a flow of air. For this purpose, they first
prepared boehmite sols using aluminum chloride hexahydrate, ammonium hydroxide
solution, and water as starting materials. The subsequent aging of boehmite sol under
ultrasound followed by washing and drying at 80 ◦C gave a boehmite sample with an SSA
of 256 m2/g, a Vt of 0.39 cm3/g, and an average pore diameter of 6.06 nm, while after
calcination, the obtained γ-Al2O3 showed an SSA of 351 m2/g, a Vt of 0.29 cm3/g, and a
pore size of about 3.23 nm. Applying conventional heating and aging at room temperature
resulted in lower porosity for both calcinated (SSA of 325 m2/g and 201 m2/g, respectively)
and non-calcinated (SSA of 219 m2/g and 191 m2/g, respectively) samples. Crystallite
size calculations based on XRD analysis showed that γ-Al2O3 obtained by sonication had
a smaller crystallite size compared to those obtained by the other methods. Apparently,
the applied ultrasound treatment provided enough energy to break up agglomerates
during aging. Sonochemically synthesized manganese oxides (MnO2) exhibited variable
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porosity, as evidenced by SSA values ranging from 168 to 301 m2/g [45–49]. MnO2 with
the highest SSA (301 m2/g) was obtained by Zolfaghari et al. [45] from an aqueous solution
of potassium bromate and manganese sulphate, which were irradiated with ultrasounds
at 45 ◦C for nearly 9.5 h. Shortening the reaction time to 4 h resulted in a decreased in
SSA of almost half (161 m2/g). Interestingly, the material with lower porosity showed a
superior specific capacitance compared to the more porous sample, namely 344 F/g and
257 F/g, respectively. The synthesis of MnO2 in a significantly shorter time was proposed
by Zuo et al. [46]. In brief, the aqueous solution of KMnO4 and Mn(CH3COO)2·4H2O
was exposed to ultrasonic irradiation for only 20 min. The final product showed an
SSA of 269 m2/g and promising properties for the oxygen reduction reaction (ORR). Sun
et al. [48] proposed an interesting method for the synthesis of mesoporous MnO2 using
only potassium permanganate and ethanol; this two-component mixture was sonicated
at 25 ◦C for 1 h, resulting in a nanoporous MnO2 with an SSA of up to 192 m2/g and a
narrow pore distribution with an average pore diameter of 10 nm. Apparently, during
the synthesis process, the microbubbles formed due to the cavitation acted as a template
to generate mesopores. The material was tested as supercapacitor electrodes, showing a
specific capacitance of 229 F/g and retention of 97.3% after 2000 cycles. Sankar et al. [49]
presented a synthesis of spherical α-MnO2 nanoparticles using potassium permanganate
and polyethylene glycol as a structure-directing agent. The ultrasonic irradiation process
was performed at 80 ◦C for 15 min (sample M1) or 30 min (sample M2). Extension of the
reaction time was conducive to the formation of spherical particles. Moreover, sample M2
showed higher SSA (168 m2/g) and enhanced electrochemical capacity (136 F/g) compared
to sample M1 (85 m2/g and 76 F/g, respectively). A schematic illustration of the synthesis
procedure, SEM images, and nitrogen isotherms of M1 and M2 samples are presented
in Figure 4. These works imply that the ultrasound treatment has a beneficial impact
on the morphology and porosity of the resulting metal oxides, such as particle size and
shape, pore size, and pore volume, as well as being very useful for the preparation of metal
oxide-containing composites. SSA values and potential applications of porous metal oxides
obtained via sonochemical-assisted methods are summarized in Table 2 [39–73].
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Table 2. Porous metal oxides obtained via sonochemical-assisted synthesis.

Sample SSA [m2/g] Application Ultrasound Treatment Ref.

TiO2 622 Photocatalytic degradation of a
volatile organic compound 3 h/-/ethanol-water [39]

SnO2 433 Dye-sensitized solar cells 3 h/(100 W)/ammonia-water [40]
SnO2 362 Lithium batteries 6 h/25 ◦C/sulfuric acid-ethanol [42]
CuO 351 CO2 adsorption 37 min/(100 W)/water [43]

MnO2 301 Supercapacitors 566 min/45 ◦C/water [45]
TiO2–Al2O3 296 Not reported 4 h/40 ◦C (100 W)/ammonia [50]

TiO2 292 Photocatalytic degradation of
methyl orange 9 h/25 ◦C (40 W)/water [51]

γ-Fe2O3 274 Catalytic conversion of
cyclohexane 3 h/(100 W)/ethanol-ammonia-water [41]

MnO2 269 Oxygen reduction reaction 20 min/(750 W)/water [46]
MgAl2O4 267 Not reported 8 h/(750 W)/water [52]

MnO2 245 Supercapacitors 30 min/40 ◦C (400 W)/ethanol [47]
MnO2 192 Supercapacitors 1 h/25 ◦C (400 W)/water-ethanol [48]
MnO2 168 Supercapacitors 30 min/80 ◦C/water [49]

Mn-TiO2 162 Adsorption of aromatics 3.5 h/80 ◦C/ethanol-nitric acid [53]
NiO 141 Supercapacitors 17 h/25 ◦C (60 W)/ionic liquid [54]

mixed Ce, Zr
oxides 132 Catalytic oxidation of formic acid 3 h/200 ◦C (750 W)/oleylamine [55]

CeVO4 109 Electrochemical hydrogen storage 30 min/200 W/water [56]
NiO 104 Not reported 3 h/25 ◦C/ethanol-water [57]
NiO 103 Not reported 80 min/80 ◦C/water [58]

ZnO 86 Photocatalytic degradation of
organic pollutants

30 min/50 ◦C (60
W)/methanol-dimethyl formamide [59]

CeO2 75 Electrochemical storage of
hydrogen 15 min/(50 W)/hydrazine [60]

Co3O4 72 Catalytic oxidation of
hydrocarbons 3 h/70–80 ◦C/ethanol-water [61]

Co3O4 70 Not reported 3 h/25 ◦C/ethanol-water [57]
MoO3 55 Not reported 5 h/70 ◦C/water [62]
MnO 53 Not reported 1 h/(45 W)/ethanol-water [63]

Mn2O3 48 Not reported 3 h/(600 W)/water [64]
ZnO 40 Not reported 1 h/(45 W)/ethanol-water [63]

NiO 39 Catalytic oxidation of
hydrocarbons 3 h/70–80 ◦C/ethanol-water [61]

ZnO 37 Photocatalytic H2 generation 30 min/(150 W)/ethanol-water [65]
ZnO 35 Not reported 3 h/-/water-dimethylformamide (DMF) [66]

Cr2O3 35 Not reported 3 h/(600 W)/water [64]
ZnO 34 Dye-sensitized solar cells 2 h/-/water–dimethylformamide [67]
NiO 33 Not reported 1 h/(45 W)/ethanol-water [63]
NiO 31 Lithium-storage 40 min/(100 W)/- [68]

ZnO 25 Photocatalytic degradation of
Rhodamine B and methyl orange 35 min/25 ◦C (60 W)/- [69]

WO3 16 Triethylamine detection

(I) 1 h/(100 W)/hydrochloric acid-
hydrogen peroxide

(II) 2.5 h/(80 W)/hydrochloric acid-
hydrogen peroxide

[70]

ZnO 16 Photo-remediation of heavy metal 2 h/25 ◦C/2-propanol-water [71]
ZnO 15 Antibacterial applications 2 h/60 ◦C (200 W)/sodium hydroxide [72]

ZnO 11 Antibacterial and
anti-counterfeiting applications

2 h/50 ◦C (200 W)/sodium
hydroxide-water [73]

2.3. Carbons

Recently, green synthesis has been attracting a lot of attention, which has resulted
in exploring the use of biomass and organic wastes as carbon precursors, mild activators,
nontoxic chemicals, and non-conventional energy sources. The intention of green synthesis
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is to reduce environmental pollution, simplify synthesis procedures, and improve time- and
cost-effectiveness. Altaf et al. [74] conducted an economic analysis of the synthesis of tea
biochar-derived carbons, which relied on a sonochemically-assisted one-step pyrolysis. The
estimated total cost per kilogram was about 77.9 USD. Moreover, the as-prepared sample
(TUF0.46) exhibited mercury (Hg0) removal efficiency above 98% and high thermal stability
at high temperatures. For comparison, the U.S. Environmental Protection Agency reports
that the cost of removing mercury in coal-fired power plants with activated carbon is
500 USD per hour and the removal efficiency is about 90%. Such results showed that using
both biomass and ultrasounds could effectively reduce the production cost of activated
carbon (AC). Dong et al. [75] reported an AC prepared by using a mild ultrasound-assisted
bimetallic activation strategy. Salts FeCl3 and MgCl2 were used as activators in a mass ratio
to pre-cleaned coal (the carbon source) of 2:1. Such a mixture was mixed with distilled
water and sonicated at 400 W for 0, 10, 20, or 30 min. Next, the dried samples were activated
at 800 ◦C for 2 h under a CO2 atmosphere. The microscopic process of AC synthesis is
presented in Figure 5A. The AC-20 sample (sonicated for 20 min) showed the highest SSA
value of 2329 m2/g, micropore volume (Vmic) of 0.92 cm3/g, and mesopore volume (Vmes)
of 0.40 cm3/g. Low content of impurities and high doping with oxygen (13.65 at.%) were
crucial for the good electrochemical performance, i.e., 309 F/g at 0.5 A/g. Additionally,
the authors noted that the use of ultrasounds resulted in a better distribution of activator
molecules, which enhanced the pore formation process.

Sonochemically synthesized carbons could possess extremely high porosity, as evi-
denced by SSAs exceeding 3000 m2/g [76]. Dong et al. [75] used an ultrasonic-assisted
impregnation to prepare physically modified garlic peel-based 3D (three dimensional)
hierarchical porous carbons. Garlic peels were pre-carbonized at 600 ◦C for 2 h and then
mixed with KOH, used as an activator, at a mass ratio of 4:1. The resulting mixture was
sonicated at 65 ◦C for 0, 3, 6, or 9 min. The next step involved KOH activation at 800 ◦C
for 2 h (Figure 5B). The as-synthesized carbons had SSA in the range of 3099–3887 m2/g
and Vt in the range of 1.72–2.24 cm3/g, with the highest values relating to the sample ob-
tained after 6 min of ultrasound treatment (GBPC-6). The non sonochemically-impregnated
sample (GBPC-0) possessed lower SSA and Vt of 2548 m2/g and 1.58 cm3/g, respectively.
Meanwhile, pore size distributions determined for all samples studied showed no changes,
indicating that sonication is only a physical modification without causing pore structure
collapse, which was also confirmed by other methods. SEM images revealed more abun-
dant and regular pores in GBPC-6 compared to GBPC-0. Raman spectrum showed that
ultrasonic waves made the carbon structure more ordered. According to XPS (X-ray photo-
electron spectroscopy) analysis, the ultrasound-treated samples showed lower chemical
adsorption of oxygen and a higher C/O ratio, which is beneficial for electrochemical perfor-
mance, e.g., the specific capacitance increased from 304 F/g to 426 F/g at a current density
of 1 A/g in a two-electrode test system. Apparently, the mechanical action of cavitation
increases both the depth and velocity of liquid penetration into channels and pores of
carbon, favoring a uniform distribution of an activator. In addition, a positive aspect of
an ultrasound-assisted impregnation is associated with the efficient removal of impurities,
which results in improved connectivity of the pore network.

Recently, Ghani et al. [77] presented a comparison of a one-step sonochemical synthesis
and a conventional two-step synthesis of a biomass-derived 3D porous hard carbon (PHC).
Pre-treated raw chickpea husks (carbon source) and KOH (activator) were mixed in a
weight ratio of 1:3. After the addition of deionized water, the mixture was sonicated
at 1800 W (70 ◦C) for 30 min. Then, the dried powder was heated in a tubular furnace
at 1100 ◦C for 2 h under an ambient atmosphere (Figure 6a). Such a procedure led to
mesoporous carbon (PHC-1) with a SSA of 1599 m2/g and functional group contents of
8.1% for oxygen and 0.95% for nitrogen. A sample prepared via a conventional two-step
activation method (without using ultrasounds, PHC-2) exhibited a lower SSA of 788 m2/g.
SEM images showed differences in morphology depending on the synthesis method used;
namely, a honeycomb-like structure was observed for the PHC-2 sample, while coral reef-
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such as morphology appeared when one step of sonochemical activation was applied
(PHC-1). The morphology of PHC-1 suggests deeper perforation of metallic potassium
into the cellulosic/hemicellulosic/ligninic chains of raw biomass, which was accomplished
by using ultrasonic waves (Figure 6b–d). Carbon PHC-1 showed a high electrochemical
performance, i.e., a specific capacity of 330 mAh/g at 20 mA/g, capacity retention of
89.5%, and structural stability over 500 sodiation/desodiation cycles at 1000 mA/g. This
study shows that a facile ultrasonic irradiation can be effectively used to strengthen the
chemical activation of carbon obtained from probably the most sustainable precursors, i.e.,
lignocellulosic biomass.
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Another interesting approach to the synthesis of highly porous ACs is a combined
strategy that involves different mechanical treatments. For instance, Wang et al. [78]
presented an eco-friendly approach to synthesize coconut palm leaf-derived carbons using
both ultrasound and mechanical treatments. The mixture of pre-prepared carbon precursor
(washed, dried, and carbonized), melamine (a nitrogen source), and deionized water were
sonicated at 200 W for 3, 10, or 20 min, leading to samples denoted ANDC-900-3, ANDC-
900-10, and ANDC-900-20, respectively. After drying, these samples were ball milled with
activators (KOH and KHCO3) under a vacuum at 300 rpm for 30 min, followed by pyrolysis
at 300 ◦C for 2 h and heating at 900 ◦C for 2 h under nitrogen (Figure 7A). Depending on the
sonication duration, the resulting samples exhibited different structural characteristics. For
example, ANDC-900-10 had the highest density of graphitic-N and pyridinic-N groups per
unit surface area, while ANDC-800-10 exhibited the highest SSA of 1949 m2/g. Moreover, it
has been demonstrated that the oxygen reduction reaction performance of the carbon-based
catalysts is closely related to the applied time of ultrasonication, activation temperature,
nitrogen dopant, and activator used. Nevertheless, the authors implied that the as-obtained
metal-free nitrogen-doped carbons are promising carbon-based catalysts for ORR at various
pH levels. The carbonaceous catalysts aspire to be a good alternative to the commonly used
noble metal catalysts.

In addition, there are reports on the synthesis of carbon spheres with the use of
ultrasounds. Pol et al. [79] synthesized carbon spheres from resorcinol-formaldehyde (RF)
resins via a rapid sonochemical route. The synthesis relied on ultrasound treatment of a
solution of resorcinol, formaldehyde, ethanol, ammonia, and deionized water for 2–5 min.
Then, the washed and dried spherical RF resins were carbonized at 600 and 900 ◦C, yielding
microporous carbons with SSAs of 592 m2/g and 952 m2/g, respectively. The SEM images
showed smooth surfaces of RF spheres with diameters of approximately 900 nm. Moreover,
the authors studied the effect of temperature on the structural evolution of the carbon
spheres using TEM, XRD, Raman spectroscopy, and Fourier transform infrared spectroscopy
(FTIR). For example, the TEM image of single particles indicated that the surface of RF
resins remained smooth after carbonization at 600 ◦C (CS-600), while surfaces became
coarser for the samples heated at higher temperatures (CS-900 and CS-1100). Samples
CS600 and CS900 were tested as supercapacitor electrodes and showed specific capacitances
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of 17.5 and 33.5 F/g, respectively. Gao et al. [80] reported the ultrasound-assisted synthesis
of activated carbon discs (ACD) by assembling carbon spheres. At first, carbon spheres,
ethanol, mesophase pitch, and KOH were mixed in different mass ratios, sonicated for
30 min in an ultrasonic bath, dried in an oven at 100 ◦C for 12 h, and ground using a mortar
and pestle. Then, carbon discs of 14 mm diameter were formed, followed by carbonization
in a tube furnace at 800 ◦C for 1 h under an argon atmosphere. The sample with the
highest SSA of 1338 m2/g and Vt of 0.55 cm3/g was obtained from a mixture of carbon
spheres:mesophase pitch mass ratio of 3:1 (ACDCS75). Such ACD had a bulk density
of 0.62 g/cm3, a high compressive strength of 26.3 MPa, and CO2 and CH4 adsorption
capacities of 6.64 and 5.82 mmol/g at 0 ◦C and 100 kPa, respectively (Figure 7B). Nitrogen-
doped ACS (N-ACDCS75) prepared by post carbonization ammonia treatment showed
high CO2 and CH4 uptakes of 8.23 and 6.24 mmol/g (at 0 ◦C and 100 kPa, respectively),
indicating that the presence of N-containing functional groups enhances the strength of
CO2 and CH4 interactions with the adsorbent compared to graphitic carbon sites. These
studies imply that using ultrasounds can help carbonaceous materials acquire a preferred
morphology and shape.

Furthermore, highly porous carbon nanotubes (PCNTs) were also successfully pre-
pared under sonochemical conditions [81]. The procedure involved an ultrasound treatment
of sulfonated polymer nanotubes (SPNTs) and KOH solution for 30 min and then heating
at 650 ◦C for 1–5 h in nitrogen. A schematic illustration of the formation of sulfur contain-
ing PCNTs is presented in Figure 8. The sample obtained after 5 h of heating (PCNT-5)
exhibited the highest SSA up to 1700 m2/g, a Vt of 1.69 cm3/g, and an average pore size of
3.98 nm. Nevertheless, the PCNT-3 sample showed the best electrochemical performance
(331 F/g at 1 A/g), which can be attributed to the appropriate Vmic and Vt ratios (42%),
which facilitated fast transport of electrons/ions and resulted in a high capacitance of the
prepared CNT-based electrodes. Moreover, according to the XPS analysis, the PCNT-3
sample contained the greatest amount of sulfur, i.e., 2.97%, which is certainly not irrelevant
for the afore-mentioned potential applications.
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isotherms of the samples sonicated for 3, 10 and 20 min (ANDC-900-3, ANDC-900-10 and ANDC-
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spheres [80]. Reproduced with permission from ref. [80]. Copyright 2019, American Chemical Society.
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Figure 8. (a) Schematic illustration of synthesis of sulfur-containing porous carbon nanotubes
(PCNTs). (b) SEM images of PCNT sample with sulfur content of about 3% (PCNTs-3), (c) nitrogen
adsorption isotherms of PCNT samples, (d) pore size distributions determined for PCNT samples.
Reproduced with permission from ref. [81]. Copyright 2017, Elsevier Ltd.

It should be noted that, from an industrial viewpoint, the development of an efficient
continuous production process for nanoporous materials is crucial. This can be achieved,
e.g., by using the ultrasonic spray pyrolysis (USP) method [82]. In this approach, the role
of ultrasounds is to nebulize the solution, which is then introduced into the furnace, where
chemical reactions take place. There are several reports in the literature devoted to the
synthesis of porous carbons using the USP method [82–85]. For example, Jung et al. [85]
applied USP to prepare sucrose-derived activated carbon with SSA and Vt of 883 m2/g and
0.93 cm3/g, respectively. A spray precursor solution containing sucrose as a carbon source,
Na2CO3 as a base catalyst for efficient decomposition of sucrose, and distilled water was
atomized by an ultrasonic nebulizer at 1.7 MHz and then introduced into an electronic
furnace (air flow, 800 ◦C). In the synthesis, the time counted from the bubble formation
and passage of carrier gas to the end of the reaction tube (a length of 60 cm) was only
5 s; it is a so-called ultrafast flow. The collected product was washed with distilled water
to remove any residual impurities/byproducts. The as-synthesized carbon was used to
prepare the sulfur electrode for the sulfur-lithium battery, showing a high specific capacity
of 1412 mAh/gsulfur. A schematic illustration of an ultrasonic spray pyrolysis apparatus is
presented in Figure 9. SSA values and potential applications of porous carbons obtained
via sonochemical-assisted methods are summarized in Table 3 [74–98].
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Figure 9. Schematic illustration of ultrasonic spray pyrolysis apparatus, and SEM images of exem-
plary carbons obtained using this technique. Reproduced with permission from ref. [84]. Copyright
2007, American Chemical Society.

Table 3. Porous carbons obtained via sonochemical-assisted synthesis.

Sample/Description SSA [m2/g] Application Ultrasound Treatment Ref.

GBPC-6/garlic peel-derived activated
carbon 3887 Supercapacitors 30 min/65 ◦C/potassium

hydroxide [76]

AC-20/coal-based activated carbon 2329 Supercapacitors 20 min/(400 W)/water [75]
NCS-800/anionic

polyacrylamide-derived carbon
nanosheets

1962 Supercapacitors 10 min/-/water [86]

S-ZC-800/ZIF-8-derived carbon 1955 Supercapacitors 2 min/25 ◦C
(100 W)/methanol [87]

ANDC-800-10/biochar-derived
activated carbon 1949 Oxygen reduction reaction 10 min/(200 W)/water [78]

HP-CNS/coffee wastes
grounds-derived activated carbon 1946 Supercapacitors -/-/dimethylformamide [88]

AC-950/commercial activated
carbon-derived activated carbon 1894 Supercapacitors 3 h/-/potassium hydroxide [89]

SN-CMK-9/type of ordered
mesoporous carbon 1725 Catalytic synthesis of higher

alcohol from syngas 20 min/25 ◦C/ethanol [90]

PCNTs-5/sulfonated
polydivinylbenzene nanotubes- derived

carbon nanotubes
1700 Supercapacitors 30 min/-/potassium

hydroxide-water [81]

PHC-1/raw chickpea husk-derived
activated carbon 1599 Sodium-ion batteries

30 min/70 ◦C
(1260 W)/potassium

hydroxide-water
[77]

ACDCS75/activated carbon discs from
carbon spheres and mesophase pitch 1338 CO2, CH4 adsorption 30 min/-/ethanol [80]

Cu-AC/copper-activated carbon from
spent activated carbon 1160 Adsorption of methylene

orange and Congo Red 3 h/(1200 W)/water [91]

1.0MCC800/cellulose-derived activated
carbon 917 Adsorption of methylene

blue 2 h/25 ◦C/water [92]
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Table 3. Cont.

Sample/Description SSA [m2/g] Application Ultrasound Treatment Ref.

CS900/resorcinol-formaldehyde
resins-derived carbon spheres 952 Supercapacitors 4 min/25

◦C/ammonia-ethanol-water [79]

SN-CMK-8/type of ordered
mesoporous carbon 919 Catalytic synthesis of higher

alcohol from syngas 20 min/25 ◦C/ethanol [90]

HPC/sucrose-derived activated carbon 807 Lithium−sulfur battery -/-/water [85]
Fe–C/sucrose-derived

iron-impregnated carbon spheres 800 Catalytic Cr(VI) reduction -/-/water [93]

PC-I/lithium dichloroacetate-derived
carbon 719 Electrocatalysts for fuel cells -/-/water [84]

PCNT-B/
carbon nanotubes 718 Supercapacitors 2 h/25

◦C/1,2-dichloroethane [94]

LiDCA/
organic salts-derived activated carbon 710 Not reported -/-/water [83]

CeFe6%(3/5)/MSWU700/
biomass straw-derived activated carbon 686 Hg0 adsorption 40 min/40 ◦C/water [95]

FMCM-U/
foam-like carbon monolith 678 Supercapacitors 20 min/90 ◦C

(100 W)/ethanol-water [96]

Sn/CMK-3/
type of ordered mesoporous carbon 624 Lithium-ion batteries 2 h/25 ◦C/water [97]

TUF0.46/
waste tea feedstock-derived activated

carbon
196 Magnetic sorbent for Hg0

removal
2 h/80 ◦C/water [74]

UMC/
sludge-derived activated carbon 131 Magnetic sorbent for Cr(VI)

removal 30 min/(800 W)/- [98]

OLCs/
paraffin oil-derived activated carbon 101 Supercapacitors 15 min/

60 ◦C/dimethylformamide [99]

2.4. Metal—Organic Frameworks and Covalent-Organic Frameworks

Nowadays, a great challenge for the world of science and business is to reduce green-
house gas emissions, including carbon dioxide, which are responsible for global warming
and extreme weather conditions. More and more new ideas are being implemented, includ-
ing replacing conventional energy sources with more environmentally friendly ones (e.g.,
hydrogen fuel) or capturing and storing dangerous gases from pollutants emitted to the
atmosphere (e.g., exhaust gases). MOFs are often considered solids with great potential to
adsorb a variety of gases, mainly due to their huge specific surface areas and adjustable
structure, among others. Jung et al. [100] compared the porosity and CO2 adsorption of
MOF-177 (consisting of Zn4O clusters and 4,4′,4”-benzene-1,3,5-triyl-tribenzoate (BTB)
linkers) prepared via three different synthesis methods, i.e., conventional solvothermal
(C-MOF-177), sonochemical (S-MOF-177), and microwave (M-MOF-177). The adjusted
optimal sonochemical conditions were 40 min of sonication at 60% power level (maximum
500 W at 20 kHz), which led to MOF with the highest SSA and Vt values of 4898 m2/g and
2.3 cm3/g, respectively, as well as a CO2 adsorption capacity of 29.89 mmol/g at 30 bar
and 25 ◦C. Additionally, depending on the method applied, the prepared MOFs differed in
the structural parameters, e.g., crystal sizes ranged from 0.5 to 1.5 mm for C-MOF-177, 5 to
20 µm for S-MOF-177, and 15 to 50 µm for M-MOF-177. Importantly, both ultrasound and
microwave-assisted methods greatly reduced the synthesis time to 35–40 min compared
with the 48 h required for the solvothermal method. It should also be noted that the yield
of samples synthesized under ultrasound was up to 95.6%, while significantly lower yields
of 66.7% and 71.1% were obtained for the solvothermal and microwave routes, respectively.
This report clearly illustrates the substantial advantage of ultrasound-involved methods
over other synthesis methods for MOFs.

It should be noted that the value of the specific surface area is not the only deter-
minant of the adsorption capacity of MOFs towards adsorbate molecules such as carbon
dioxide. CO2 adsorption is generally a weak physisorption process, which means that
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it is necessary to strengthen the adsorbate-adsorbent interaction, among others, by func-
tionalizing the adsorbent surface, among others. Catenation, that is, the self-assembly of
multiple separate frameworks within each other, may enhance the stability of the resulting
supramolecular framework but may significantly diminish the porosity of the structure.
Nevertheless, catenated MOFs are characterized by tunable pore sizes and enhanced ad-
sorption selectivity, which are very favorable features in gas separation processes. Kim
et al. [101] showed that control over the catenation process can be achieved simply by a
proper adjustment of ultrasonic power (UP) levels during the sonochemical synthesis of
CuTATB (TATB = 4,4′,4”-s-triazine-2,4,6-triyltribenzoate). The substrate mixture for Cu-
TATB was subjected to different UP levels for 1 h, giving both catenated and non-catenated
structures denoted as CuTATB-60 (60% of UP) and CuTATB-30 (30% of UP), respectively.
The catenated sample showed better porosity (SSA of 3811 m2/g and Vt of 1.55 cm3/g)
than the non-catenated one (SSA of 2665 m2/g and Vt of 1.07 cm3/g). According to TGA
measurements, the catenated structure was more thermally stable. SEM images showed
that CuTATB-30 consisted of small uniform particles with diameters in a range of 1.5–2 mm,
whereas CuTATB-60 was composed of particles with diameters in a range of 4.5–6 mm.
Catenation also had an effect on gas adsorption, as indicated by the CO2 uptake capaci-
ties of 3.54 and 4.29 mmol/g at 25 ◦C for CuTATB-30 and CuTATB-60, respectively. The
selectivity of CO2/N2 was greater than 20:1 at 1 bar for both materials. Additionally, under
high-pressure conditions (30 bar), the CO2 uptake on CuTATB-60 was up to 27.27 mmol/g.

Recently, Yu et al. [102] employed a sonochemical route for the synthesis of Zr-
based porphyrinic MOF-525 and MOF-545, comprised of Zr6(OH)4O4(CO2)12 clusters
and Zr6O8(CO2)8(H2O)8 clusters, respectively. The general procedure involved 30 min of
ultrasound-assisted dissolution of substrate precursors (zirconyl chloride octahydrate and
benzoic acid in dimethylformamide for MOF-525 and zirconyl chloride octahydrate and
trifluoroacetic acid in dimethylformamide for MOF-545), then tetrakis(4-carboxyphenyl)-
porphyrin (TCPP) was added to the solution, and a proper sonochemical treatment was
continued. MOF-525 with the highest SSA (2557 m2/g) was obtained by sonication for
3 h under power conditions of 30% (i.e., a temperature of 102.2 ◦C). This material was
composed of cubic/needle crystals with particle sizes in the range of 0.5–5 µm and a pore
volume of 1.26 cm3/g. MOF-545 achieved SSA as high as 2248 m2/g and a pore volume of
1.77 cm3/g after 30 min of sonication under power conditions of 60% (i.e., temperature of
118.2 ◦C) followed by acid washing. It exhibited needle-shaped crystals with particle sizes
in the range of 0.8–1.2 µm. Figure 10A shows the structures and SEM images of MOF-525
and MOF-545. Importantly, the porosity of both sonochemically synthesized MOFs was
improved compared to the ones obtained via the conventional method, possessing SSAs of
1993 m2/g for C-MOF-525 and 1842 m2/g for C-MOF-545. The enlargement in SSA and Vt
under ultrasounds can be attributed to the intensified creation of defect sites caused by a
shortened time of nucleation and crystal growth. The enlarged amount of defects, larger
SSA and Vt, resulted in better catalytic and adsorption performances. For instance, the
adsorption of bisphenol-A (BPA) on S-MOF-545 and C-MOF-545 samples was 492.4 and
471.3 mg/g, respectively.

The synthesis of MOFs with desirable functional and structural properties faces some
challenges, including the formation of undesirable topologies and the low solubility of
the building blocks, among others. Linker exchange using pre-synthesized frameworks
has been developed to overcome the above-mentioned drawbacks. The most often used
approach is solvent-assisted linker exchange (SALE); however, long reaction times and
green chemistry aspects became an incentive to look for new solutions. Razavi and Morsali
presented an ultrasonic-assisted linker exchange (USALE) strategy [103]. The effectiveness
of this method was tested by transforming the nonporous TMU-4 framework {with the
formula [Zn(OBA)(BPDB)0.5]n·2DMF, in which H2OBA = 4,4′-oxybis(benzoic acid) and
BPDB = 1,4-di(4-pyridyl)-2,3-diaza-1,3-butadiene} into the TMU-34 framework {with the for-
mula ([Zn(OBA)(H2DPT)0.5]n·DMF, in which H2DPT = 3,6-di-(pyridyl)-1,4-dihydro-1,2,4,5-
tetrazine)} by the replacement of BPDB with H2DPT. The first advantage of the applied
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approach was the significant reduction of the reaction time from 3120 min (for SALE) to
120 min (for USALE). Furthermore, gas adsorption studies (N2 at−196 ◦C and CO2 at 25 ◦C)
showed that the USALE-synthesized TMU-34 showed larger porosity (SSA = 830 m2/g,
Vt = 0.38 cm3/g) and higher CO2 adsorption capacity in comparison to the values for the
TMU-34 samples obtained by both SALE (SSA = 720 m2/g, Vt = 0.34 cm3/g) and direct
sonochemical (SSA = 540 m2/g, Vt = 0.28 cm3/g) methods. The authors claimed that the
improved porosity of USALE-TMU-34 can be attributed to the intensified defect creation
and particle size reduction induced by ultrasounds. However, USALE-TMU-34 showed
better performances in other adsorption and catalytic experiments, e.g., removing a larger
amount of Congo Red from an aqueous solution and reaching the maximum conversion in
a Henry condensation reaction in a shorter time in comparison to other prepared TMU-34
samples [103].

ZIF-8 is a widely studied nanoporous material for many applications, including gas
adsorption, catalysis, electrochemistry, and drug delivery. It belongs to zeolitic imidazolate
frameworks (ZIF), a sub-class of MOFs composed of tetrahedral units where every metal
ion (M = Zn or Co) is attached to four organic imidazolate linkers (Im) [104]. Their structure
has been similar to that of zeolites, in which Zn or Co cations act as Si and imidazolate
anions form bridges simulating the role of oxygen in zeolites, and even the angle of the
M-Im-M bond is similar to that of the Si-O-Si bond. Therefore, they show the combined
assets of both MOFs and zeolites, namely, high crystallinity and porosity along with great
chemical and thermal stabilities. ZIF-8 consists of Zn and 2-methylimidazolate and displays
a solidate (SOD) topology. Due to its stable structure and high porosity, it is a desirable
material for a variety of applications. For instance, Ho et al. [105] synthesized highly
porous ZIF-8 with SSA of 1832 m2/g for drug loading; Cho et al. [106] synthesized ZIF-8
with SSA of 1454 m2/g for the Knoevenagel condensation reaction; and Yao et al. [107]
reported the same ZIF with SSA of 1414 m2/g for catalytic processes. The latter paper
reports on the synthesis of bimetallic CoZn-ZIFs and ZIF-67 as well. The general procedure
involved sonication of two separate methanol solutions of zinc nitrate hexahydrate and
2-methylimidazole, mixing them together, and sonication again for 16 min overall [107].
The co-doped ZIF was obtained analogously, except a Zn source was partly (in 25%, 50%,
or 75%) or fully (for ZIF-67) substituted by the co-source. Figure 10B shows schematic
structures and SEM images of ZIF-8 and ZIF-67. The addition of cobalt ions resulted in
only a minor enlargement of SSA but doubled the degree of dye degradation in water by
the obtained bimetallic MOFs. On the other side, ZIF-67 is chemically unstable; therefore,
bimetallic materials gave the best results in the catalytic test compared to both ZIF-8 and
ZIF-67, because the presence of Zn(II) in the framework ensured chemical stability and
Co(II) enhanced the overall catalytic performance.

Reviews of sonochemically synthesized MOFs, describing the influence of the pa-
rameters of the synthesis on their physicochemical properties, among others, have been
published elsewhere [108,109]. Sonochemical routes were also successfully adopted for
the synthesis of covalent-organic frameworks; however, to our knowledge, there are only
a few reports of sonochemical syntheses of COFs [110–113]. Yang et al. [110] were the
first to obtain COF-1, which is constructed of planar six-membered B3O3 (boroxine) rings,
and COF-5, which is constructed of 1,4-benzene diboronic acid (BDBA) and 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP). The typical procedure relied on the dissolution of BDBA
(for COF-1) or BDBA + HHTP (for COF-5) in a solution mixture of mesitylene and 1,4-
dioxane, followed by sonication at 114 ◦C or 119 ◦C for 1 h. The optimized synthesis
conditions resulted in an SSA of 732 m2/g and a Vt of 0.55 cm3/g for COF-1 and 2122 m2/g
and 1.38 cm3/g for COF-5. Based on the same procedure, Duan et al. [111] synthesized
COF-5, possessing a lower SSA of 965 m2/g, to prepare a mixed matrix (COF-5/Pebax-1657)
membrane for CO2/N2 separation. The results indicate that a small addition of COF-5 (i.e.,
0.4 wt%) to the membrane was enough to improve its CO2/N2 selectivity from 31.3 (for
pure Pebax-1657) to 49.3. A schematic illustration of the synthesis of COF-5 and its SEM
image is presented in Figure 10C.
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Recently, Zhao et al. [113] synthesized a series of COFs (COF-1 to COF-7) via an
ultrasound-assisted method by sonicating solutions of amine and aldehyde monomers in
aqueous acetic acid for 60 min. The samples were subsequently extracted with methanol
and dried under a high vacuum for 24 h. Detailed information on the reagents used and
obtained samples can be found in ref. [113]. According to PXRD patterns, all the COFs
showed good crystallinities. The as-prepared COFs exhibited high porosity comparable to
the COFs obtained by other methods and often close to theoretical values. For instance,
COF-1 had an SSA of 2059 m2/g, while the theoretical SSA for the COF is 2327 m2/g.
Furthermore, the materials showed high photocatalytic activities for the hydrogen evolution
from water, even better than that of their solvothermally synthesized counterparts. The
highest H2 evolution rates of up to 16.6 mmol/(g·h) under visible light (λ > 420 nm) were
obtained for COF-3 in the presence of ascorbic acid as a sacrificial electron donor and Pt as
a cocatalyst.

Overall, the ultrasound-assisted synthesis of MOFs and COFs affects their crystallinity,
crystal size, porosity, and even stability, which is particularly relevant considering their po-
tential applications, e.g., in adsorption, separation, and catalysis. Moreover, sonochemical
methods are often utilized for the preparation of MOF-containing composites, e.g., with
graphene derivatives [114,115]. SSA values and potential applications of MOFs and COFs
obtained via sonochemical-assisted methods are summarized in Table 4 [100–135].
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Table 4. Metal-organic frameworks and covalent-organic frameworks prepared via a sonochemical-
assisted synthesis.

Sample SSA [m2/g] Application Ultrasound Treatment Ref.

Metal-organic frameworks
MOF-177 4898 CO2 adsorption 40 min/(300 W)/1-methyl-2-pyrrolidone [100]

CuTATB-60 3811 CO2 adsorption 1 h/(300 W)/N,N-diethylformamide [101]

S-MOF-5 3208
(Langmuir) Not reported 30 min/100 ◦C/1-methyl-2-pyrrolidone [118]

SIRMOF-60 2749 Not reported 1 h/(300 W)/N,N-diethylformamide [101]

S-MOF-525 2557

Catalysis of
dimethyl-4-nitrophenyl phosphate (DMNP) and

adsorption of
bisphenol A

3 h/(150 W)/dimethylformamide [102]

S-MOF-545 2248

Catalysis of
dimethyl-4-nitrophenyl phosphate (DMNP)

and adsorption of
bisphenol A

30 min/(300 W)/dimethylformamide [102]

Ni-MOF 2021 Not reported 38 min/45 ◦C (200 W)/ethanol [117]
ZIF-8 1832 Drug encapsulation 1 h/30 ◦C (90 W)methanol [105]

S-CuBTC 1771 CO2 adsorption 1 h/145 ◦C (150 W)/choline
chloride-1,3-dimethylurea [118]

Mg-MOF-74(S) 1690 CO2 adsorption 1 h/(500 W)/dimethylformamide-ethanol- water [119]

ZIF-67 1482 Catalytic Rhodamine B and peroxymonosulfate
degradation 16 min/25 ◦C/methanol [107]

ZIF-8 1454 Knoevenagel condensation reaction -/(300 W)/dimethylformamide [106]
Cu-BTCDMF 1430 Not reported 2 h/(300 W)/dimethylformamide [120]

ZIF-8 1414 Catalytic Rhodamine B and peroxymonosulfate
degradation 16 min/25 ◦C/methanol [107]

ZIF-8 1285 Adsorption of Rhodamine B and methyl orange 10 min/(200 W)/ammonium hydroxide [121]
ZIF-8 1249 Knoevenagel condensation reaction 1 h/(300 W)/dimethylformamide [122]

A-ZIF-8 1221 CO2 adsorption 10 min/40 ◦C/2-methylimidazole [123]
MOF-5 1203 Not reported 5 min/25 ◦C/dimethylformamide [124]

Cu3(BTC)2(H2O)3 1156 Not reported 1 min/25 ◦C/dimethylformamide-ethanol-water [125]

Cu3(BTC)2(H2O)3(60) 1100 H2 adsorption
1 h/(60 W)/

dimethylformamide-ethanol-water-cupric acetate
dihydrate

[126]

[Cu3(BTC)2] 891 H2 adsorption 20 min/-/ethanol-water [127]

USALE-TMU34 830 Catalysis of nitroaldol and adsorption of Congo
Red 160 min/25 ◦C/dimethylformamide [103]

IL-ZIF-8 705 CO2 adsorption 6 min/40 ◦C/2-methylimidazole [123]
Tb–BTC 678 Luminescence 20 min/25 ◦C/dimethylformamide [128]

TMU-34-F 560 Detection of Al(III) 160 min/(300 W)/dimethylformamide [129]
nano-[Cu(1,4-di(1H-imidazol-4-

yl)benzene)] 417 CO2, CH4, and H2 adsorption 10 min/25 ◦C/ethanol-water-ammonia [130]

HTMU-55 403 Henry reaction 60 min/(12 W)/dimethylformamide [131]
TMU-55 400 Henry reaction 60 min/(12 W)/dimethylformamide [131]
TMU-7 393 Congo Red adsorption 90 min/-/dimethylformamide [132]
Cu-BTC 376 Adsorption of rifampicin 1 h/(350 W)/ethanol [133]

[Zn(TDC)(4-BPMH)]n·n(H2O) 235
Adsorption of

2,4-dichlorophenol (24-DCP) and amoxicillin
(AMX)

90 min/50 ◦C (30 W)/ethanol-water [134]

Ni-MOF-2h 86 Supercapacitors 2 h/-/dimethylformamide [135]
Covalent-organic frameworks

COF-5 2122 Not reported 1 h/114 ◦C/mesitylene-1,4-dioxane [110]
COF-1 2059 Photocatalytic H2 evolution 1 h/(550 W)/acetic acid [113]
COF-2 1890 Photocatalytic H2 evolution 1 h/(550 W)/acetic acid [113]
COF-3 1587 Photocatalytic H2 evolution 1 h/(550 W)/acetic acid [113]
COF-5 1746 Photocatalytic H2 evolution 1 h/(550 W)/acetic acid [113]
COF-4 1425 Photocatalytic H2 evolution 1 h/(550 W)/acetic acid [113]
COF-6 1013 Photocatalytic H2 evolution 1 h/(550 W)/acetic acid [113]
COF-7 940 Photocatalytic H2 evolution 1 h/(550 W)/acetic acid [113]
COF-1 732 Not reported 1 h/119 ◦C/mesitylene-1,4-dioxane [110]

TpPa-1/
Tp =

1,3,5-triformylphloroglucinol;
Pa-1 = 1,4-phenylenediamine

127 Chromatography 1 h 5 min/15–25 ◦C/ethanol-tetrahydrofuran
(THF) [112]

3. Conclusions

Nowadays, simple and fast synthesis using waste as precursors, green energy, and
a small amount or no solvents is highly desirable. As shown in this review, sonochemi-
cal synthesis has great potential to meet these expectations, but there are challenges that
require further research. The sonochemical synthesis of nanoporous materials is a competi-
tive method to other mechanochemical methods, but above all to a classical solvothermal
synthesis. The greatest advantages of this approach include short synthesis times and
environmental friendliness. In this review, we presented the basic principles of acoustic
cavitation, the beginnings of the use of ultrasounds, the diversity of commercially available
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equipment, and a comparison of sonochemistry with other mechanochemical methods.
This review presents primarily a summary of the achievements in the field of sonochemical
synthesis of nanoporous materials such as silicas, organosilicas, metal oxides, carbons,
metal-organic frameworks, and covalent-organic frameworks. Among them, there are
highly porous ones, e.g., MCM-41 with SSA exceeding 1000 m2/g, biomass-derived acti-
vated carbon with an apparent SSA of 3887 m2/g, and MOF-177 with SSA of 4898 m2/g.
These results are comparable with those obtained by other non-conventional or even con-
ventional methods, suggesting that ultrasounds appear to be a powerful tool available for
superior and more sustainable synthesis methods of advanced functional materials. For
instance, it was demonstrated that the generated bubbles during ultrasonic irradiation can
act as a supporting template for the generation of specific pore networks or even hollow
structures. However, in practice, it is difficult to control the size of such a template based
on the in situ-generated gas bubbles [136].

Sonochemical synthesis is based on the effect of acoustic cavitation, i.e., the generation,
growth, and collapse of microbubbles, which deliver enough energy to initiate a chemical
reaction, split or deagglomerate particles, and stir the solution. It is hard to predict a
universal effect of ultrasound treatment and specifically the general mechanism of the
reaction, which depends on the type of reactor used, the applied irradiation power and time,
and most importantly, the substrates and solvents used, etc. Overall, the use of ultrasound
significantly shortens the chemical reaction time due to the generated heat and the rapid
formation of small particles and other reactive species, including radicals. Moreover, this
method enables the carrying out of selective chemical reactions. The ultrasonic preparation
of each material requires individual optimization of the synthesis conditions. So far,
numerous types of porous materials have been successfully obtained under ultrasound-
assisted conditions, and in this review, only the selected materials are discussed. For
more details, including the synthesis of other materials, the readers are also referred to
refs [137–139].

Despite the high potential of the sonochemical method for the synthesis of highly
porous materials, there are not many studies devoted to this method. Only a few papers
devoted to the syntheses of porous organosilicas, and COFs can be found in the literature.
Thus, ultrasound-assisted synthesis requires future development to demonstrate its usabil-
ity and versatility in the synthesis of diverse nanoporous materials. Furthermore, most of
the already reported studies are small-scale. Scaling up sonochemical-assisted production
is still a challenge. Apparently, only ultrasonic spray pyrolysis ensures a continuous process
for potential large-scale production.

Overall, some successful attempts have been made in the exploration of sonochemistry
for the synthesis of functional porous materials and their future applications. However, a
particularly important aspect is the practical use of the sonochemical method for the syn-
thesis of advanced nanoporous materials. The first issue refers to the large-scale fabrication
of these materials. A reproducible, scalable, and cost-effective method for the synthesis of
different groups of porous materials that could be as universal as possible is still missing.
The second challenge in using sonochemical synthesis is the understanding of the occur-
ring mechanisms and the in-depth structure−performance relationships. It is desirable to
establish such a comprehensive framework based on already-published papers, especially
for commercial purposes, but also for new researchers and students. Third, the key to
further expanding the exceptional application areas of the specific groups of functional
porous materials lies in associating their advantages with the practical requirements. For
specific applications, knowledge of the influence of ultrasounds on the characteristics and
properties of the resulting materials is necessary. Finally, it is often difficult to design and
synthesize sustainable functional porous materials for specific applications.

In our opinion, good results on a laboratory scale will drive significant advances in
the use of ultrasounds to synthesize a variety of porous materials on an industrial scale
in the near future. The development of specialized equipment for large-scale synthesis
is in demand. It is particularly important to ensure the continuity of the production
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process as well as its safe operation, e.g., by providing remote control over the course of
chemical reactions and automatic safety and notification systems. Undoubtedly, ultrasound-
assisted procedures are very promising research directions that can afford new functional
nanoporous materials as well as improve the currently used synthesis procedures. Efforts
should be made to improve synthesis procedures to obtain materials with comparable or
even better properties in comparison to their counterparts synthesized by conventional
methods. We believe that ultrasound-assisted technologies will continue to evolve and
possibly even replace the currently widely used non-ecological methods. Researchers’
attention should be focused on improving synthesis procedures, scalability, and reducing
synthesis costs.
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16. Szczęśniak, B.; Borysiuk, S.; Choma, J.; Jaroniec, M. Mechanochemical synthesis of highly porous materials. Mater. Horiz. 2020, 7,

1457–1473. [CrossRef]

http://doi.org/10.1039/C2CS35282F
http://www.ncbi.nlm.nih.gov/pubmed/23165883
http://doi.org/10.1016/j.ccr.2014.10.008
http://doi.org/10.1039/D0NA00753F
http://doi.org/10.1039/D1NA00038A
http://www.ncbi.nlm.nih.gov/pubmed/36134164
http://doi.org/10.1021/acs.langmuir.6b02842
http://www.ncbi.nlm.nih.gov/pubmed/27485504
http://doi.org/10.3390/nano11020427
http://www.ncbi.nlm.nih.gov/pubmed/33567644
http://doi.org/10.1016/j.ultsonch.2015.07.023
http://www.ncbi.nlm.nih.gov/pubmed/26584990
http://doi.org/10.1021/ie9804172
http://doi.org/10.1007/s41061-016-0054-y
http://doi.org/10.1016/j.rser.2016.05.030
http://doi.org/10.1016/j.cej.2011.10.037
http://doi.org/10.1351/goldbook
http://doi.org/10.1039/D0MH00081G


Molecules 2023, 28, 2639 25 of 29

17. Suslick, K.S. Mechanochemistry and sonochemistry: Concluding remarks. Faraday Discuss. 2014, 170, 411–422. [CrossRef]
[PubMed]

18. Boldyrev, V.V. Mechanochemistry and sonochemistry. Ultrason. Sonochemistry 1995, 2, 143–145. [CrossRef]
19. Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of gases,

with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051–1069. [CrossRef]

20. Vetrivel, S.; Chen, C.T.; Kao, H.M. The ultrafast sonochemical synthesis of mesoporous silica MCM-41. New J. Chem. 2010, 34,
2109–2112. [CrossRef]

21. Jabariyan, S.; Zanjanchi, M.A. A simple and fast sonication procedure to remove surfactant templates from mesoporous MCM-41.
Ultrason. Sonochemistry 2012, 19, 1087–1093. [CrossRef]

22. Palani, A.; Wu, H.Y.; Ting, C.C.; Vetrivel, S.; Shanmugapriya, K.; Chiang, A.S.T.; Kao, H.M. Rapid temperature-assisted
sonochemical synthesis of mesoporous silica SBA-15. Microporous Mesoporous Mater. 2010, 131, 385–392. [CrossRef]

23. El-Fiqi, A.; Bakry, M. Facile and rapid ultrasound-mediated synthesis of spherical mesoporous silica submicron particles with
high surface area and worm-like mesoporosity. Mater. Lett. 2020, 281, 128620. [CrossRef]

24. Fan, J.; Du, P.; Wang, X.; Zheng, P.; Zhao, Z.; Duan, A.; Xu, C.; Li, J. Ultrasound-assisted synthesis of ordered mesoporous silica
FDU-12 with a hollow structure. New J. Chem. 2018, 42, 2381–2384. [CrossRef]

25. Sosa, N.; Chanlek, N.; Wittayakun, J. Facile ultrasound-assisted grafting of silica gel by aminopropyltriethoxysilane for aldol
condensation of furfural and acetone. Ultrason. Sonochemistry 2020, 62, 104857. [CrossRef] [PubMed]

26. Kuvayskaya, A.; Vasiliev, A. Functionalization of silica gel by ultrasound-assisted surface Suzuki coupling. Tetrahedron Lett. 2019,
60, 150937. [CrossRef]

27. Karimi, B.; Ganji, N.; Pourshiani, O.; Thiel, W.R. Periodic mesoporous organosilicas (PMOs): From synthesis strategies to
applications. Prog. Mater. Sci. 2022, 125, 100896. [CrossRef]

28. Van Der Voort, P.; Esquivel, D.; De Canck, E.; Goethals, F.; Van Driessche, I.; Romero-Salguero, F.J. Periodic mesoporous
organosilicas: From simple to complex bridges; a comprehensive overview of functions, morphologies and applications. Chem.
Soc. Rev. 2013, 42, 3913–3955. [CrossRef] [PubMed]

29. Mohanty, P.; Linn, N.M.K.; Landskron, K. Ultrafast sonochemical synthesis of methane and ethane bridged periodic mesoporous
organosilicas. Langmuir 2010, 26, 1147–1151. [CrossRef]

30. Sung, T.L.; Pan, Y.C.; Kumaresan, L.; Vetrivel, S.; Kao, H.M. Ultrasonic mediated synthesis of hexagonal benzene-bridged periodic
mesoporous organosilicas. Microporous Mesoporous Mater. 2012, 153, 79–87. [CrossRef]

31. Deka, J.R.; Vetrivel, S.; Wu, H.Y.; Pan, Y.C.; Ting, C.C.; Tsai, Y.L.; Kao, H.M. Rapid sonochemical synthesis of MCM-41 type
benzene-bridged periodic mesoporous organosilicas. Ultrason. Sonochemistry 2014, 21, 387–394. [CrossRef]

32. Rekha, P.; Muhammad, R.; Mohanty, P. Sonochemical synthesis of cyclophosphazene bridged mesoporous organosilicas and their
application in methyl orange, congo red and Cr(VI) removal. RSC Adv. 2015, 5, 67690–67699. [CrossRef]

33. Wang, Z.; Jiang, Y.; Zhang, Y.; Shi, J.; Stampfl, C.; Hunger, M.; Huang, J. Identification of vicinal silanols and promotion of their
formation on mcm-41 via ultrasonic assisted one-step room-temperature synthesis for Beckmann rearrangement. Ind. Eng. Chem.
Res. 2018, 57, 5550–5557. [CrossRef]

34. Tang, X.; Liu, S.; Wang, Y.; Huang, W.; Sominski, E.; Palchik, O.; Koltypin, Y.; Gedanken, A. Rapid synthesis of high quality
MCM-41 silica with ultrasound radiation. Chem. Commun. 2000, 21, 2119–2120. [CrossRef]

35. Jafari, V.; Allahverdi, A.; Vafaei, M. Ultrasound-assisted synthesis of colloidal nanosilica from silica fume: Effect of sonication
time on the properties of product. Adv. Powder Technol. 2014, 25, 1571–1577. [CrossRef]

36. Lim, M.S.W.; Yang, T.C.K.; Tiong, T.J.; Pan, G.T.; Chong, S.; Yap, Y.H. Ultrasound-assisted sequentially precipitated nickel-silica
catalysts and its application in the partial hydrogenation of edible oil. Ultrason. Sonochemistry 2021, 73, 105490. [CrossRef]
[PubMed]

37. Dharmarathna, S.; King’ondu, C.K.; Pedrick, W.; Pahalagedara, L.; Suib, S.L. Direct sonochemical synthesis of manganese
octahedral molecular sieve (OMS-2) nanomaterials using cosolvent systems, their characterization, and catalytic applications.
Chem. Mater. 2012, 24, 705–712. [CrossRef]

38. Kruk, M.; Jaroniec, M. Gas adsorption characterization of ordered organic−inorganic nanocomposite materials. Chem. Mater.
2001, 13, 3169–3183. [CrossRef]

39. Zhang, L.; Yu, J.C. A sonochemical approach to hierarchical porous titania spheres with enhanced photocatalytic activity. CChem.
Commun. 2003, 6, 2078–2079. [CrossRef] [PubMed]

40. Srivastava, D.N.; Chappel, S.; Palchik, O.; Zaban, A.; Gedanken, A. Sonochemical synthesis of mesoporous tin oxide. Langmuir
2002, 18, 4160–4164. [CrossRef]

41. Srivastava, D.N.; Perkas, N.; Gedanken, A.; Felner, I. Sonochemical synthesis of mesoporous iron oxide and accounts of its
magnetic and catalytic properties. J. Phys. Chem. B 2002, 106, 1878–1883. [CrossRef]

42. Yu, Z.; Zhu, S.; Li, Y.; Liu, Q.; Feng, C.; Zhang, D. Synthesis of SnO2 nanoparticles inside mesoporous carbon via a sonochemical
method for highly reversible lithium batteries. Mater. Lett. 2011, 65, 3072–3075. [CrossRef]

43. Ávila-López, M.A.; Luévano-Hipólito, E.; Torres-Martínez, L.M. CO2 adsorption and its visible-light-driven reduction using CuO
synthesized by an eco-friendly sonochemical method. J. Photochem. Photobiol. A 2019, 382, 111933. [CrossRef]

http://doi.org/10.1039/C4FD00148F
http://www.ncbi.nlm.nih.gov/pubmed/25406388
http://doi.org/10.1016/1350-4177(95)00019-3
http://doi.org/10.1515/pac-2014-1117
http://doi.org/10.1039/c0nj00379d
http://doi.org/10.1016/j.ultsonch.2012.01.012
http://doi.org/10.1016/j.micromeso.2010.01.020
http://doi.org/10.1016/j.matlet.2020.128620
http://doi.org/10.1039/C7NJ03843G
http://doi.org/10.1016/j.ultsonch.2019.104857
http://www.ncbi.nlm.nih.gov/pubmed/31810874
http://doi.org/10.1016/j.tetlet.2019.07.028
http://doi.org/10.1016/j.pmatsci.2021.100896
http://doi.org/10.1039/C2CS35222B
http://www.ncbi.nlm.nih.gov/pubmed/23081688
http://doi.org/10.1021/la902239m
http://doi.org/10.1016/j.micromeso.2011.12.028
http://doi.org/10.1016/j.ultsonch.2013.06.014
http://doi.org/10.1039/C5RA11622H
http://doi.org/10.1021/acs.iecr.8b00274
http://doi.org/10.1039/b007442j
http://doi.org/10.1016/j.apt.2014.05.011
http://doi.org/10.1016/j.ultsonch.2021.105490
http://www.ncbi.nlm.nih.gov/pubmed/33609992
http://doi.org/10.1021/cm203366m
http://doi.org/10.1021/cm0101069
http://doi.org/10.1039/b306013f
http://www.ncbi.nlm.nih.gov/pubmed/12934920
http://doi.org/10.1021/la015761+
http://doi.org/10.1021/jp015532w
http://doi.org/10.1016/j.matlet.2011.06.053
http://doi.org/10.1016/j.jphotochem.2019.111933


Molecules 2023, 28, 2639 26 of 29

44. Majhi, A.; Pugazhenthi, G.; Shukla, A. Comparative study of ultrasound stimulation and conventional heating methods on the
preparation of nanosized γ-Al2O3. Ind. Eng. Chem. Res. 2010, 49, 4710–4719. [CrossRef]

45. Zolfaghari, A.; Ataherian, F.; Ghaemi, M.; Gholami, A. Capacitive behavior of nanostructured MnO2 prepared by sonochemistry
method. Electrochim. Acta 2007, 52, 2806–2814. [CrossRef]

46. Zuo, L.X.; Jiang, L.P.; Abdel-Halim, E.S.; Zhu, J.J. Sonochemical preparation of stable porous MnO2 and its application as an
efficient electrocatalyst for oxygen reduction reaction. Ultrason. Sonochemistry 2017, 35, 219–225. [CrossRef] [PubMed]

47. Wang, P.; Zhao, Y.J.; Wen, L.X.; Chen, J.F.; Lei, Z.G. Ultrasound-microwave-assisted synthesis of MnO2 supercapacitor electrode
materials. Ind. Eng. Chem. Res. 2014, 53, 20116–20123. [CrossRef]

48. Sun, S.; Wang, P.; Wu, Q.; Wang, S.; Fang, S. Template-free synthesis of mesoporous MnO2 under ultrasound irradiation for
supercapacitor electrode. Mater. Lett. 2014, 137, 206–209. [CrossRef]

49. Sankar, S.; Inamdar, A.I.; Im, H.; Lee, S.; Kim, D.Y. Template-free rapid sonochemical synthesis of spherical α-MnO2 nanoparticles
for high-energy supercapacitor electrode. Ceram. Int. 2018, 44, 17514–17521. [CrossRef]

50. Wang, W.; Yang, Y.; Luo, H.; Hu, T.; Wang, F.; Liu, W. Ultrasound-assisted preparation of titania-alumina support with high
surface area and large pore diameter by modified precipitation method. J. Alloys Compd. 2011, 509, 3430–3434. [CrossRef]

51. Alammar, T.; Noei, H.; Wang, Y.; Mudring, A.V. Mild yet phase-selective preparation of TiO2 nanoparticles from ionic liquids—A
critical study. Nanoscale 2013, 5, 8045–8055. [CrossRef]

52. Troia, A.; Pavese, M.; Geobaldo, F. Sonochemical preparation of high surface area MgAl2O4 spinel. Ultrason. Sonochemistry 2009,
16, 136–140. [CrossRef]

53. Stucchi, M.; Elfiad, A.; Rigamonti, M.; Khan, H.; Boffito, D.C. Water treatment: Mn-TiO2 synthesized by ultrasound with increased
aromatics adsorption. Ultrason. Sonochemistry 2018, 44, 272–279. [CrossRef]

54. Alammar, T.; Shekhah, O.; Wohlgemuth, J.; Mudring, A.V. Ultrasound-assisted synthesis of mesoporous β-Ni(OH)2 and NiO
nano-sheets using ionic liquids. J. Mater. Chem. A 2012, 22, 18252–18260. [CrossRef]

55. Cau, C.; Guari, Y.; Chave, T.; Larionova, J.; Nikitenko, S.I. Thermal and sonochemical synthesis of porous (Ce,Zr)O2 mixed oxides
from metal β-diketonate precursors and their catalytic activity in wet air oxidation process of formic acid. Ultrason. Sonochemistry
2014, 21, 1366–1373. [CrossRef] [PubMed]

56. Zonarsaghar, A.; Mousavi-Kamazani, M.; Zinatloo-Ajabshir, S. Sonochemical synthesis of CeVO4 nanoparticles for electrochemical
hydrogen storage. Int. J. Hydrogen Energy 2022, 47, 5403–5417. [CrossRef]

57. Srivastava, D.N.; Pol, V.G.; Palchik, O.; Zhang, L.; Yu, J.C.; Gedanken, A. Preparation of stable porous nickel and cobalt oxides
using simple inorganic precursor, instead of alkoxides, by a sonochemical technique. Ultrason. Sonochemistry 2005, 12, 205–212.
[CrossRef] [PubMed]

58. Zhu, W.; Shui, A.; Xu, L.; Cheng, X.; Liu, P.; Wang, H. Template-free sonochemical synthesis of hierarchically porous NiO
microsphere. Ultrason. Sonochemistry 2014, 21, 1707–1713. [CrossRef]

59. Mohamed, H.H. Sonochemical synthesis of ZnO hollow microstructure/reduced graphene oxide for enhanced sunlight photocat-
alytic degradation of organic pollutants. J. Photochem. Photobiol. A 2018, 353, 401–408. [CrossRef]

60. Zinatloo-Ajabshir, S.; Mousavi-Kamazani, M. Effect of copper on improving the electrochemical storage of hydrogen in CeO2
nanostructure fabricated by a simple and surfactant-free sonochemical pathway. Ceram. Int. 2020, 46, 26548–26556. [CrossRef]

61. Srivastava, D.N.; Perkas, N.; Seisenbaeva, G.A.; Koltypin, Y.; Kessler, V.G.; Gedanken, A. Preparation of porous cobalt and
nickel oxides from corresponding alkoxides using a sonochemical technique and its application as a catalyst in the oxidation of
hydrocarbons. Ultrason. Sonochemistry 2003, 10, 1–9. [CrossRef]

62. Krishnan, C.V.; Chen, J.; Burger, C.; Chu, B. Polymer-assisted growth of molybdenum oxide whiskers via a sonochemical process.
J. Phys. Chem. B 2006, 110, 20182–20188. [CrossRef] [PubMed]

63. Aslani, A.; Bazmandegan-Shamili, A.; Kaviani, K. Sonochemical synthesis, characterization and optical analysis of some metal
oxide nanoparticles (MO-NP; M = Ni, Zn and Mn). Phys. B Condens. Matter 2010, 405, 3972–3976. [CrossRef]

64. Dhas, N.A.; Koltypin, Y.; Gedanken, A. Sonochemical preparation and characterization of ultrafine chromium oxide and
manganese oxide powders. Chem. Mater. 1997, 9, 3159–3163. [CrossRef]

65. Luévano-Hipólito, E.; Torres-Martínez, L.M. Sonochemical synthesis of ZnO nanoparticles and its use as photocatalyst in H2
generation. Mater. Sci. Eng. B 2017, 226, 223–233. [CrossRef]

66. Bhattacharyya, S.; Gedanken, A. A template-free, sonochemical route to porous ZnO nano-disks. Microporous Mesoporous Mater.
2008, 110, 553–559. [CrossRef]

67. Chen, S.; Kumar, R.V.; Gedanken, A.; Zaban, A. Sonochemical synthesis of crystalline nanoporous zinc oxide spheres and their
application in dye-sensitized solar cells. Isr. J. Chem. 2001, 41, 51–54. [CrossRef]

68. Xie, D.; Yuan, W.; Dong, Z.; Su, Q.; Zhang, J.; Du, G. Facile synthesis of porous NiO hollow microspheres and its electrochemical
lithium-storage performance. Electrochim. Acta 2013, 92, 87–92. [CrossRef]

69. Xie, D.; Chang, L.; Wang, F.; Du, G.; Xu, B. Ultrasound-assisted synthesis of macro-/mesoporous ZnO double-pyramids and their
optical and photocatalytic properties. J. Alloys Compd. 2012, 545, 176–181. [CrossRef]

70. Han, Y.; Liu, Y.; Su, C.; Chen, X.; Zeng, M.; Hu, N.; Su, Y.; Zhou, Z.; Wei, H.; Yang, Z. Sonochemical synthesis of hierarchical WO3
flower-like spheres for highly efficient triethylamine detection. Sens. Actuators B Chem. 2020, 306, 127536. [CrossRef]

71. Banerjee, P.; Chakrabarti, S.; Maitra, S.; Dutta, B.K. Zinc oxide nano-particles—Sonochemical synthesis, characterization and
application for photo-remediation of heavy metal. Ultrason. Sonochemistry 2012, 19, 85–93. [CrossRef]

http://doi.org/10.1021/ie901857q
http://doi.org/10.1016/j.electacta.2006.10.035
http://doi.org/10.1016/j.ultsonch.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/27707647
http://doi.org/10.1021/ie5025485
http://doi.org/10.1016/j.matlet.2014.08.130
http://doi.org/10.1016/j.ceramint.2018.05.207
http://doi.org/10.1016/j.jallcom.2010.12.119
http://doi.org/10.1039/c3nr00824j
http://doi.org/10.1016/j.ultsonch.2008.06.001
http://doi.org/10.1016/j.ultsonch.2018.01.023
http://doi.org/10.1039/c2jm32849f
http://doi.org/10.1016/j.ultsonch.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24508489
http://doi.org/10.1016/j.ijhydene.2021.11.183
http://doi.org/10.1016/j.ultsonch.2004.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15491883
http://doi.org/10.1016/j.ultsonch.2014.02.026
http://doi.org/10.1016/j.jphotochem.2017.11.052
http://doi.org/10.1016/j.ceramint.2020.07.121
http://doi.org/10.1016/S1350-4177(02)00101-3
http://doi.org/10.1021/jp063156f
http://www.ncbi.nlm.nih.gov/pubmed/17034194
http://doi.org/10.1016/j.physb.2010.06.041
http://doi.org/10.1021/cm9704645
http://doi.org/10.1016/j.mseb.2017.09.023
http://doi.org/10.1016/j.micromeso.2007.06.053
http://doi.org/10.1560/HQ1V-8KAG-5KQK-E91F
http://doi.org/10.1016/j.electacta.2013.01.008
http://doi.org/10.1016/j.jallcom.2012.08.059
http://doi.org/10.1016/j.snb.2019.127536
http://doi.org/10.1016/j.ultsonch.2011.05.007


Molecules 2023, 28, 2639 27 of 29

72. Gupta, A.; Srivastava, R. Zinc oxide nanoleaves: A scalable disperser-assisted sonochemical approach for synthesis and an
antibacterial application. Ultrason. Sonochemistry 2018, 41, 47–58. [CrossRef]

73. Gupta, A.; Srivastava, R. Mini submersible pump assisted sonochemical reactors: Large-scale synthesis of zinc oxide nanoparticles
and nanoleaves for antibacterial and anti-counterfeiting applications. Ultrason. Sonochemistry 2019, 52, 414–427. [CrossRef]

74. Altaf, A.R.; Teng, H.; Gang, L.; Adewuyi, Y.G.; Zheng, M. Effect of sonochemical treatment on thermal stability, elemental mercury
(Hg0) removal, and regenerable performance of magnetic tea biochar. ACS Omega 2021, 6, 23913–23923. [CrossRef]

75. Dong, D.; Zhang, Y.; Xiao, Y.; Wang, T.; Wang, J.; Pan, W. Synthesis of O-doped coal-based carbon electrode materials by
ultrasound-assisted bimetallic activation for application in supercapacitors. Appl. Surf. Sci. 2020, 529, 147074. [CrossRef]

76. Teng, Z.; Han, K.; Li, J.; Gao, Y.; Li, M.; Ji, T. Ultrasonic-assisted preparation and characterization of hierarchical porous carbon
derived from garlic peel for high-performance supercapacitors. Ultrason. Sonochemistry 2020, 60, 104756. [CrossRef] [PubMed]

77. Ghani, U.; Iqbal, N.; Aboalhassan, A.A.; Liu, B.; Aftab, T.; Zada, I.; Ullah, F.; Gu, J.; Li, Y.; Zhu, S.; et al. One-step sonochemical
fabrication of biomass-derived porous hard carbons; towards tuned-surface anodes of sodium-ion batteries. J. Colloid Interface Sci.
2022, 611, 578–587. [CrossRef]

78. Wang, H.; Zhang, W.; Bai, P.; Xu, L. Ultrasound-assisted transformation from waste biomass to efficient carbon-based metal-free
pH-universal oxygen reduction reaction electrocatalysts. Ultrason. Sonochemistry 2020, 65, 105048. [CrossRef] [PubMed]

79. Pol, V.G.; Shrestha, L.K.; Ariga, K. Tunable, functional carbon spheres derived from rapid synthesis of resorcinol-formaldehyde
resins. ACS Appl. Mater. Interfaces 2014, 6, 10649–10655. [CrossRef]

80. Gao, S.; Ge, L.; Villacorta, B.S.; Rufford, T.E.; Zhu, Z. Carbon monoliths by assembling carbon spheres for gas adsorption. Ind.
Eng. Chem. Res. 2019, 58, 4957–4969. [CrossRef]

81. Liu, W.; Tang, Y.; Sun, Z.; Gao, S.; Ma, J.; Liu, L. A simple approach of constructing sulfur-containing porous carbon nanotubes for
high-performance supercapacitors. Carbon 2017, 115, 754–762. [CrossRef]

82. Skrabalak, S.E. Ultrasound-assisted synthesis of carbon materials. Phys. Chem. Chem. Phys. 2009, 11, 4930–4942. [CrossRef]
83. Skrabalak, S.E.; Suslick, K.S. Porous carbon powders prepared by ultrasonic spray pyrolysis. J. Am. Chem. Soc. 2006, 128,

12642–12643. [CrossRef]
84. Bang, J.H.; Han, K.; Skrabalak, S.E.; Kim, H.; Suslick, K.S. Porous carbon supports prepared by ultrasonic spray pyrolysis for

direct methanol fuel cell electrodes. J. Phys. Chem. C 2007, 111, 10959–10964. [CrossRef]
85. Jung, D.S.; Hwang, T.H.; Lee, J.H.; Koo, H.Y.; Shakoor, R.A.; Kahraman, R.; Jo, Y.N.; Park, M.S.; Choi, J.W. Hierarchical porous

carbon by ultrasonic spray pyrolysis yields stable cycling in lithium–sulfur battery. Nano Lett. 2014, 14, 4418–4425. [CrossRef]
[PubMed]

86. Fan, C.; Tian, Y.; Bai, S.; Zhang, C.; Wu, X. Nitrogen-doped porous carbon nanosheets for high-performance supercapacitors. J.
Energy Storage 2021, 44, 103492. [CrossRef]

87. Amali, A.J.; Sun, J.K.; Xu, Q. From assembled metal–organic framework nanoparticles to hierarchically porous carbon for
electrochemical energy storage. Chem. Commun. 2014, 50, 1519–1522. [CrossRef] [PubMed]

88. Yun, Y.S.; Park, M.H.; Hong, S.J.; Lee, M.E.; Park, Y.W.; Jin, H.J. Hierarchically porous carbon nanosheets from waste coffee
grounds for supercapacitors. ACS Appl. Mater. Interfaces 2015, 7, 3684–3690. [CrossRef]

89. El-Khodary, S.A.; Abomohraa, A.E.F.; El-Enanyd, G.M.; Aboalhassane, A.A.; Ng, D.H.L.; Wang, S.; Lian, J. Sonochemical assisted
fabrication of 3D hierarchical porous carbon for high-performance symmetric supercapacitor. Ultrason. Sonochemistry 2019, 58,
104617. [CrossRef]

90. Kim, T.W.; Kim, M.J.; Chae, H.J.; Ha, K.S.; Kim, C.U. Ordered mesoporous carbon supported uniform rhodium nanoparticles as
catalysts for higher alcohol synthesis from syngas. Fuel 2015, 160, 393–403. [CrossRef]

91. Jiang, X.; Xia, H.; Zhang, L.; Peng, J.; Cheng, S.; Shu, J.; Li, C.; Zhang, Q. Ultrasound and microwave-assisted synthesis of
copper-activated carbon and application to organic dyes removal. Powder Technol. 2018, 338, 857–868. [CrossRef]

92. Ching, T.W.; Haritos, V.; Tanksale, A. Ultrasound-assisted conversion of cellulose into hydrogel and functional carbon material.
Cellulose 2018, 25, 2629–2645. [CrossRef]

93. Atkinson, J.D.; Fortunato, M.E.; Dastgheib, S.A.; Rostam-Abadi, M.; Rood, M.J.; Suslick, K.S. Synthesis and characterization of
iron-impregnated porous carbon spheres prepared by ultrasonic spray pyrolysis. Carbon 2011, 49, 587–598. [CrossRef]

94. Wang, X.; Mu, P.; Zhang, C.; Chen, Y.; Zeng, J.; Wang, F.; Jiang, J.X. Control synthesis of tubular hyper-cross-linked polymers for
highly porous carbon nanotubes. ACS Appl. Mater. Interfaces 2017, 9, 20779–20786. [CrossRef]

95. Shan, Y.; Yang, W.; Li, Y.; Chen, H.; Liu, Y. Removal of elemental mercury from flue gas using microwave/ultrasound-activated
Ce–Fe magnetic porous carbon derived from biomass straw. Energy Fuels 2019, 33, 8394–8402. [CrossRef]

96. Guo, D.C.; Li, W.C.; Dong, W.; Hao, G.P.; Xu, Y.Y.; Lu, A.H. Rapid synthesis of foam-like mesoporous carbon monolith using an
ultrasound-assisted air bubbling strategy. Carbon 2013, 62, 322–329. [CrossRef]

97. Qiao, H.; Chen, K.; Luo, L.; Fei, Y.; Cui, R.; Wei, Q. Sonochemical synthesis and high lithium storage properties of Sn/CMK-3
nanocomposites. Electrochim. Acta 2015, 165, 149–154. [CrossRef]

98. Gong, K.; Hu, Q.; Yao, L.; Li, M.; Sun, D.; Shao, Q.; Qiu, B.; Gu, Z. Ultrasonic pretreated sludge derived stable magnetic active
carbon for Cr(VI) removal from wastewater. ACS Sustain. Chem. Eng. 2018, 6, 7283–7291. [CrossRef]

99. Ramya, A.V.; Thomas, R.; Balachandran, M. Mesoporous onion-like carbon nanostructures from natural oil for high-performance
supercapacitor and electrochemical sensing applications: Insights into the post-synthesis sonochemical treatment on the electro-
chemical performance. Ultrason. Sonochemistry 2021, 79, 105767. [CrossRef]

http://doi.org/10.1016/j.ultsonch.2017.09.029
http://doi.org/10.1016/j.ultsonch.2018.12.020
http://doi.org/10.1021/acsomega.1c02925
http://doi.org/10.1016/j.apsusc.2020.147074
http://doi.org/10.1016/j.ultsonch.2019.104756
http://www.ncbi.nlm.nih.gov/pubmed/31514110
http://doi.org/10.1016/j.jcis.2021.12.104
http://doi.org/10.1016/j.ultsonch.2020.105048
http://www.ncbi.nlm.nih.gov/pubmed/32203918
http://doi.org/10.1021/am502324m
http://doi.org/10.1021/acs.iecr.8b04891
http://doi.org/10.1016/j.carbon.2017.01.070
http://doi.org/10.1039/b823408f
http://doi.org/10.1021/ja064899h
http://doi.org/10.1021/jp071624v
http://doi.org/10.1021/nl501383g
http://www.ncbi.nlm.nih.gov/pubmed/25007002
http://doi.org/10.1016/j.est.2021.103492
http://doi.org/10.1039/C3CC48112C
http://www.ncbi.nlm.nih.gov/pubmed/24317277
http://doi.org/10.1021/am5081919
http://doi.org/10.1016/j.ultsonch.2019.104617
http://doi.org/10.1016/j.fuel.2015.07.062
http://doi.org/10.1016/j.powtec.2018.07.089
http://doi.org/10.1007/s10570-018-1746-y
http://doi.org/10.1016/j.carbon.2010.10.001
http://doi.org/10.1021/acsami.7b05345
http://doi.org/10.1021/acs.energyfuels.9b01940
http://doi.org/10.1016/j.carbon.2013.06.015
http://doi.org/10.1016/j.electacta.2015.02.209
http://doi.org/10.1021/acssuschemeng.7b04421
http://doi.org/10.1016/j.ultsonch.2021.105767


Molecules 2023, 28, 2639 28 of 29

100. Jung, D.W.; Yang, D.A.; Kim, J.; Kim, J.; Ahn, W.S. Facile synthesis of MOF-177 by a sonochemical method using 1-methyl-2-
pyrrolidinone as a solvent. Dalton Trans. 2010, 39, 2883–2887. [CrossRef]

101. Kim, J.; Yang, S.T.; Choi, S.B.; Sim, J.; Kim, J.; Ahn, W.S. Control of catenation in CuTATB-n metal–organic frameworks by
sonochemical synthesis and its effect on CO2 adsorption. J. Mater. Chem. 2011, 21, 3070–3076. [CrossRef]

102. Yu, K.; Lee, Y.R.; Seo, J.Y.; Baek, K.Y.; Chung, Y.M.; Ahn, W.S. Sonochemical synthesis of Zr-based porphyrinic MOF-525 and
MOF-545: Enhancement in catalytic and adsorption properties. Microporous Mesoporous Mater. 2021, 316, 110985. [CrossRef]

103. Razavi, S.A.A.; Morsali, A. Ultrasonic-assisted linker exchange (USALE): A novel post-synthesis method for controlling the
functionality, porosity, and morphology of MOFs. Chem. Eur. J. 2019, 25, 10876–10885. [CrossRef]

104. Bergaoui, M.; Khalfaoui, M.; Awadallah-F, A.; Al-Muhtaseb, S. A review of the features and applications of ZIF-8 and its
derivatives for separating CO2 and isomers of C3- and C4- hydrocarbons. J. Nat. Gas Sci. Eng. 2021, 96, 104289. [CrossRef]

105. Ho, P.H.; Salles, F.; Di Renzo, F.; Trens, P. One-pot synthesis of 5-FU@ZIF-8 and ibuprofen@ZIF-8 nanoparticles. Inorg. Chim. Acta
2020, 500, 119229. [CrossRef]

106. Cho, H.Y.; Kim, J.; Kim, S.N.; Ahn, W.S. High yield 1-L scale synthesis of ZIF-8 via a sonochemical route. Microporous Mesoporous
Mater. 2013, 169, 180–184. [CrossRef]

107. Yao, B.; Lua, S.K.; Lim, H.S.; Zhang, Q.; Cui, X.; White, T.J.; Ting, V.P.; Dong, Z. Rapid ultrasound-assisted synthesis of controllable
Zn/Co-based zeolitic imidazolate framework nanoparticles for heterogeneous catalysis. Microporous Mesoporous Mater. 2021,
314, 110777. [CrossRef]

108. Vaitsis, C.; Sourkouni, G.; Argirusis, C. Metal organic frameworks (MOFs) and ultrasound: A review. Ultrason. Sonochemistry
2019, 52, 106–119. [CrossRef] [PubMed]

109. Safarifard, V.; Morsali, A. Applications of ultrasound to the synthesis of nanoscale metal-organic coordination polymers. Coord.
Chem. Rev. 2015, 292, 1–14. [CrossRef]

110. Yang, S.T.; Kim, J.; Cho, H.Y.; Kim, S.; Ahn, W.S. Facile synthesis of covalent organic frameworks COF-1 and COF-5 by
sonochemical method. RSC Adv. 2012, 2, 10179–10181. [CrossRef]

111. Duan, K.; Wang, J.; Zhang, Y.; Liu, J. Covalent organic frameworks (COFs) functionalized mixed matrix membrane for effective
CO2/N2 separation. J. Membr. Sci. 2019, 572, 588–595. [CrossRef]

112. Wang, X.; Hu, X.; Shao, Y.; Peng, L.; Zhang, Q.; Zhou, T.; Xiang, Y.; Ye, N. Ambient temperature fabrication of a covalent
organic framework from 1,3,5-triformylphloroglucinol and 1,4-phenylenediamine as a coating for use in open-tubular capillary
electrochromatography of drugs and amino acids. Microchim. Acta 2019, 186, 650. [CrossRef]

113. Zhao, W.; Yan, P.; Yang, H.; Bahri, M.; James, A.M.; Chen, H.; Liu, L.; Li, B.; Pang, Z.; Clowes, R.; et al. Using sound to synthesize
covalent organic frameworks in water. Nat. Synth. 2022, 1, 87–95. [CrossRef]
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