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Sonochemistry offers a simple route to nanomaterial synthesis with the application of ultrasound. The
tiny acoustic bubbles, produced by the propagating sound wave, enclose an incredible facility where
matter interact among at energy as high as 13 eV to spark extraordinary chemical reactions. Within each
period – formation, growth and collapse of bubbles, lies a coherent phase of material formation. This
effective yet highly localized method has facilitated synthesis of various chemical and biological com-
pounds featuring unique morphology and intrinsic property. The benign processing lends to synthesis
without any discrimination towards a certain group of material, or the substrates where they are grown.
As a result, new and improved applications have evolved to reach out various field of science and tech-
nology and helped engineer new and better devices. Along with the facile processing and notes on the
essence of sonochemistry, in this comprehensive review, we discuss the individual and mutual effect
of important input parameters on the nanomaterial synthesis process as a start to help understand the
underlying mechanism. Secondly, an objective discussion of the diversely synthesized nanomaterial fol-
lows to divulge the easiness imparted by sonochemistry, which finally blends into the discussion of their
applications and outreach.

� 2015 Elsevier B.V. All rights reserved.
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1. Introduction

By virtue of their unique properties that differ significantly from
their bulk counterparts, nanomaterials offer novel applications to
the field of science and technology. Reducing the size of a material
to nanoscale confines the electrons (and photons) inside to limited
movement that brings changes to its physical and chemical
property [1,2]. Such expedient change have fostered many new
applications while improving existing ones. Therefore, the idea to
synthesize nanomaterials with desired morphology and applicable
property have spurred great interest and technological evolution.
From simple solution based methods like sonochemistry,
solvothermal, hydrothermal etc., to cutting edge methods like
lithography, epitaxy, ablation etc., the diversity in nanomaterial
synthesis technique can be exploited to achieve control over
growth. Sonochemistry offers a unique control over crystallinity
that enables synthesis of amorphous metals and metal alloys. Com-
pared to most methods, sonochemistry is very inexpensive and
economical, allowing individual researchers and enthusiasts expe-
rience and try ideas. It rose into prominence with the rise in inter-
est in material processing and engineering since past 30–40 years.
However, study of chemical reactions and changes in chemical
solution with the application of ultrasound dates back to as far
as early 20th century [3]. Reports have marveled and helped the
field span manifold while arousing researchers and reviewers.
Review on sonochemistry, therefore, is not uncommon. However,
the common discussion on types of material synthesized and their
synthesis route, without focus on the effect of applied parameters
on their growth and the advancements they have bought, provide
more information and less insight. Our objective is to provide a
comprehensive review, bringing together all necessary information
to help understand the theory and methods of sonochemistry and
its contribution to various fields.

Ultrasound passing through a solution creates regions inside
the solution with high and low pressure region according to the
Fig. 1. The process of acoustic
periodic compression and expansion [4,5]. This change in pressure
marks the inception of sonochemistry, as it precedes the crucial
process of acoustic cavitation i.e. formation, growth and collapse
of acoustic bubble. Air molecules dissolved in the solution diffuse
to form bubbles at the low pressure cycle. On reaching the next
cycle, the high external pressure compresses the bubble and the
matter inside violently. This process of bubble growth and com-
pression continues until the external pressure dominates and the
bubble collapses, as shown in Fig. 1. As they contract, the acoustic
bubbles, with high energy particles inside, emit light (200–
800 nm) for a very brief period (about 100 ps). This phenomenon,
known as sonoluminescence, can be used to analyze the condition
inside the acoustic bubble [6–8]. With the help of such tools and
theories, pressure and temperature inside the bubble has been cal-
culated to rise to more than 1000 atm and 5000 K during cavitation
[9,10]. The core region, known as the hotspot, feature high-energy
particle collision that generate energy as high as 13 eV [11].
Extreme cases of ionization and formation of plasma inside the
bubble have been reported with different chemicals and solvents
[12–14]. Evidence of nuclear fusion during cavitation, though a dis-
puted concept, epitomizes the effect of ultrasound and presents a
simple, viable tool to study nuclear reactions [15]. Such conditions
can induce abnormal physical and chemical changes and facilitate
the very basic reaction between atoms and molecules to produce
extraordinary class of materials [16–21]. However, the utility of
sonochemistry lies in the fact that the ions and radicals inside
the bubble comes from the chemical solution; therefore, choosing
appropriate chemicals based on their vapor pressure can help cus-
tomize the overall process.

In addition to the hotspot energy and associated chemical
effects, the acoustic bubbles give rise to useful physical
phenomenon during collapse, as shown in Fig. 2. The physical
phenomenon arises either from implosion due to ambient pressure
or explosion due to boundary. Bubble that reach the boundary
explode outwards to produce microjets that offer distinct
cavitation and its effect.



Fig. 2. A vivid representation of different domain inside an acoustic bubble.
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applications [22]. Similarly, the imploding bubbles produce shock
waves that accelerate undissolved solute and impurity particles
to several hundred meters per second [23]. Collision at this speed
results in drastic structural transformation and can be used for
various purposes. Brittle materials break down to fragments to
produce fine particles, a process commonly known as sonofrag-
mentation that has shown to be more effective and benign than
ball milling and similar processes. Shock waves may also impact
particles directly and induce fragmentation without the need of
collision [24]. In addition to fragmentation, the physical effect
has also found widespread use in exfoliating layered materials like
graphite, boron nitride, molybdenum disulfide etc. to produce their
2D counterparts [25–27]. The distribution of matter and the effect
of shock waves and microjets that follows a bubble death only span
close proximity, therefore the effect of sonochemistry to the
ambience is fairly benign. Such combined, facilitating effects of
sonochemistry render the synthesis of delicate and uncommon
materials such as protein, liquid microspheres, hollow nano-
spheres, graphene, fibers etc. and the use of paper, cotton, nylon
etc. as substrates [28–34].

The use and study of ultrasound for material processing is a
very matured and popular concept. Sonochemistry arose into
prominence during the early 80’s, when Suslick started wreaking
havoc inside solutions with his ultrasonic machine gun [35–38].
Nanostructures with unique physical and chemical property have
evolved to lend new and improved applications across multiple
fields [39–45]. The sincere devotion of sonochemists has immen-
sely helped in upbringing of this field and to make it as diverse
and vastly applicable, while maintaining the simplicity intact.
The simplicity lies in the cavitation process itself that merely
involve the evolution of a bubble but embodies the overall sono-
chemical process. Hence, understanding acoustic cavitation and
its underlying variables becomes vital in comprehending sono-
chemistry and its applications. This review paper is structured
accordingly. The upcoming theory section explains the cavitation
mechanism as a whole, addressing the effect of various input
parameters that influence cavitation and the material formation
process, which comes naturally. Knowing this basic phenomenon,
one gains necessary intuition of the mechanism behind the synthe-
sis of different metal and semimetal compounds, which is
explained individually in the following section. The advancements
section, the final section, presents the current uses of sonochem-
istry and sonochemical nanomaterials in the field of sensing,
photovoltaics, magnetics and storage, catalysis, biomedical engi-
neering etc., focusing more on improvements and advantages
imparted and novel applications engendered. To start, a brief intro-
duction on the study of cavitation follows.
2. Theory and Discussion

Acoustic cavitation is an interesting phenomenon, and interest-
ingly, its study was first conducted for its detriments rather than
its possible application. Lord Rayleigh derived a preliminary notion
of the subject on being summoned to examine damages to the pro-
peller of HMS Daring (1893). Coming up with the idea of associated
cavitation by sonic waves, he deduced a mathematical model for
the formation of cavities inside a liquid, and predicted the exis-
tence of hot spot inside the bubbles back in the 19th century
[4,6]. Given in the Ryleigh Eq. (1), the size and growth of bubble
should reciprocate the pressure change. Although this equation
discards the effect of viscosity and surface tension, which Plesset
included in his Rayleigh–Plesset Eq. (2), it serves as a basic model
for acoustic cavitation:

R€Rþ 3
2

_ðRÞ2 ¼ ðp� poÞ
q

ð1Þ

R€Rþ 3
2

_ðRÞ2 þ 4r _R
R
þ 2S

qR
¼ ðp� poÞ

q
ð2Þ

where R is the radius of the bubble and is a function of time, q is the
density, r is the viscosity and S is the surface tension of the liquid
respectively and p � po is the pressure difference between compres-
sion and rarefaction cycle. The pressure difference can be calculated
using simple wave equation as shown in Eq. (3).

Pðx; tÞ ¼ A cosðxt � bxþuÞ ð3Þ

Here, A, x, b and u denote the amplitude, frequency, wave
number and reference phase of the sound wave respectively. The
amplitude and frequency determines the magnitude and rate of
oscillation of the pressure field, and is critical to the formation
and sustaining of acoustic bubbles. The pressure decreases at rar-
efaction, such that the local temperature becomes sufficient for
dissolved air bubbles and edge cavities to diffuse, a process known
as rectified diffusion [1,11]. Since tensile strength of liquid is extre-
mely high, the possibility of cavity formation from acoustic expan-
sion due to ultrasound can be simply ignored. During rectified
diffusion, air cavities nucleate around a particle or conglomerate
to form bigger cavity – a sub process known as nucleation. The
diffusion process completes within a rarefaction cycle and leads
to the oscillating growth of the bubble. After rarefaction, the new
born bubble is squeezed and shrunk by the external pressure that
tries to implode it. To further cavitation, the bubble overcomes this
high pressure cycle by adapting a suitable size. Depending on the
applied amplitude and frequency, the size increases from few
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micrometers to hundreds of micrometer between the inception
and final phase within milliseconds [46,47]. As the bubble reaches
the compression at its peak, the external pressure dominates and
the bubble implodes. The dying bubble is reduced instantaneously
to �10th of its size before implosion; while the matter inside turns
to plasma due to the violent compression [26]. Filled with extraor-
dinary ions diffused by the decomposing chemical solution, the
energy inside the bubble can rise to as high as 13 eV from
inter-ion collision [10–12,22]. This hotspot energy is conferred to
the ambient liquid along with the ions and chemicals upon bubble
implosion. Additionally, the imploding bubble produces shock-
wave during the collapse that entail high acoustic streaming and
mass transfer [9,10]. Bubbles near the boundary however die unti-
mely with an explosion as they are devoid of the freedom to move
and grow. These bubbles taper as they get pushed to the wall and
ultimately explode in an asymmetrical fashion. Compared to shock
wave and the availing physical effect of implosion, the exploding
bubbles give rise to high speed jet of liquid that produce surface
deformation, erosion and similar undesired effect. Moreover, such
premature cavitation rarely form hotspot, therefore serve very less
to the purpose of sonochemistry. The sonochemical efficiency is
therefore a function of implosion i.e. cavitational collapse, a
dynamic variable that incorporates the effect of homogeneity and
similar applied parameters.

Homogeneous solutions benefit inclusively from the applied
ultrasound as physical and chemical effect work in concert towards
material synthesis. In case of heterogeneous mixture and slurry,
the physical effect becomes dominant – small particles driven by
shock wave undergo drastic structural transformation upon colli-
sion while bigger particles participate in shock wave induced col-
lisions and additionally give rise to microjets due to boundary
effect. On the other hand, small particles can also feature as nucle-
ation center and undergo successful cavitation to fracture itself,
thereby producing fine nanoparticles [48]. As such phenomenon
is random and uncontrolled, without a standard model to study
its impact, deriving application from physical/heterogeneous sono-
chemistry is hitherto indefinite; but growing. However, in case of
homogeneous solution, the physical effect is nominal and sub-
sidiary, which makes the system easier to analyze and study. In
other words, homogeneous sonochemistry roots on cavitation than
its aftereffects, and therefore is simple, efficient and more popular.
Being a solution-based method, homogeneous sonochemistry also
benefits from the dissolution of organic precursors that breakdown
into intermediate compounds before sonication. The primary
breakdown favors the desired entropy change and enables the
use of other low energy, solution based methods such as
hydrothermal and solvothermal for nanomaterial synthesis. Sono-
chemistry extends this natural process and offers a facile and
unique way to achieve incredible energy and changes with the
application of ultrasound.

Ultrasound wavelength is large compared to the dissolved spe-
cies, therefore physical and chemical changes associated with
sonochemistry due to wave-particle interaction is mostly incoher-
ent. Dissolved compounds in the micrometer scale can however
form the bubble core during diffusion and experience firsthand
the effect of ultrasound through cavitation. The primary reaction
taking place inside the bubble in this case is between precursor
ions and other chemicals. This type of sonochemistry where pre-
cursors participate to form hotspot, known as primary sonochem-
istry, produce extraordinary class of materials. The part of material
formation comes into play as the magma of matter erupts into the
ambient solution after implosion. The hot matter quenches and
solidifies instantly as it comes in contact with the solution, while
cooling at a rate as high as �1010 K/s [10,22]. The following shock
wave facilitates the cooling process as it distributes the bubble
content with a far-reaching outward blast. The combined chemical
and physical effect produces fine nanostructures with unusual
shape, size and natural property. Secondarily, the scattered ions
and radicals interact with the solution and instigate chemical reac-
tions to give rise to another sonochemical route to material synthe-
sis, known as secondary sonochemistry. Materials formed in this
way are products of chemical reactions taking place outside the
bubble free from an imposing physical force; therefore feature
properties similar to their normal nano-counterparts. The signifi-
cance of sonochemistry, as a result, lies in its primary form where
energy and matter interact in a flowing condition to produce
extraordinary materials.

Organometallic compounds are commonly used as sonochemi-
cal precursor. These compounds dissolve fluently in common sol-
vents like water and alcohol to produce intermediate metal
compounds and are volatile that facilitates primary sonochemical
reaction. The volatile metal can vaporize from local heating and
undergo a successful cavitation. With the wide range of available
precursor and solvent, the freedom to choose and combine one
based on volatility and relevant property can be simply used to
customize the bubble i.e. sonochemistry as a whole; as matter
inside the bubble determines the oncoming reactions. This free-
dom therefore presents a tool to help lead a desired route to mate-
rial formation and improve process yield. The use of nonvolatile
precursor, however, may not be able to replicate similar physical
condition and trigger a direct reaction. In such case, the solvent,
being more volatile, undergoes cavitation and produce reactive
chemicals, like H+/OH� ions in case of water that react with the dis-
solved precursor and instigate synthesis reaction. In addition to the
diffusing solvent, dissolved gases such as CO2, O2, NH3, CH4 etc.,
added surfactant and/or similar agent can participate in cavitation
and breakdown to react with the precursor. In this way, different
chemicals can be brought into play as to direct the synthesis reac-
tion per need. Quite fairly, primary sonochemistry provides good
physical condition for chemical reactions but secondary sono-
chemistry allows more chemical route to synthesis.

The ability to architect sonochemistry with relevant chemical,
solvent, frequency, amplitude etc. is a handy resource to research-
ers. It is therefore wise to venture into knowing the impact each
field – frequency and power of ultrasound, time of experiment,
nature and concentration of solution etc. have on the overall
process [49–51]. Only upon gaining the necessary intuition can a
clear and analytical mind be set to logically understand the mate-
rials formed. Therefore, we have put a brief and separate chapter of
each applied parameter and its individual and mutual effect on
cavitation and material synthesis.

2.1. Effect of Solution

Solution as a whole incorporates various sonochemical ingredi-
ents such as precursor, solvent, additives and chemical agents, dis-
solved gas etc. [21,52–57]. Changing one of them can solely bring
new and remarkable changes on the process. Among these applied
solution parameters, the effect of solvent, in particular, is of imper-
ative value. It carries the combined effect of viscosity, vapor pres-
sure and surface tension that can be associated with each
sonochemical stage: pressure buildup, diffusion and bubble
growth [56,58]. The effect of viscosity reflects on process yield
while vapor pressure can be as instrumentation as to divide sono-
chemistry into primary and secondary like discussed before. Sol-
vents with low surface tension help the bubble reach a suitable
size and stabilize, even though it entails a reduction in cavitation
intensity due to increased growth and growth density. Addition
of solute concomitantly decreases the surface tension that can be
further decreased with the inclusion of surfactants [56,59]. Such
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chemicals can also be used to prompt new chemical reactions as a
means to obtain new materials, as a stabilizing, growth directing
agent or simply to study their effect on cavitation [56,59–66].
Use of electrolytes has shown to inhibit bubble coalition and
enhance single bubble sonoluminescence. The electrolyte at the
bubble interface creates an electrostatic repulsion between bub-
bles that help them grow solely; which also increases their resis-
tance to compression. Nanomaterials with unusual shape and
crystallinity, improved physical and chemical property has been
achieved as a result [67–70]. Atomic level mixing inside the bubble
provides alternate, possibly low-energy, route for chemicals to
form new materials or improve existing ones in terms of their sta-
bility, reactivity etc.

Increasing precursor concentration has shown to produce simi-
lar results in terms of bubble coalition and single bubble sonolumi-
nescence [71]. The change in precursor concentration, as a result,
affects morphology of nanoparticle during growth [21,52,70]. In a
typical case of ZnO synthesis, the shape of ZnO changed from 1D
nanorods and nanowires to 2D nanosheets, nanocups, nanoflakes
etc. on increasing precursor concentration while keeping other
parameters constant. In absence of other chemicals, increasing pre-
cursor concentration shows to favor growth along multiple axis.
The amount of gas dissolved in the solution shows similar effect
on sonoluminescence but no significant effect on bubble coalition
[57,61]. Subnormal gas content, degassing and use of old solution
hinders the ability of liquid to cavitate and consequently reduces
sonochemical yield.

2.2. Effect of Frequency

The effect of frequency reflects on the pressure cycle. On
increasing frequency the pressure changes abruptly, causing high
turbulence inside the liquid. This induced effect, known as acoustic
streaming, dominates acoustic cavitation at high frequency and
amplitude [5]. Due to streaming, bubbles get pushed and harried
constantly and die immaturely, resulting in poor cavitation and
material growth. In addition to the effect from streaming, the
development of cavitating bubble is impeded by the reduced
diffusion time during high frequency experiment. Increasing the
frequency shows to produce bubbles with small size and uniform
size distribution [72,73]. However, the energy building up inside
the bubble do not reciprocate the increment in frequency as lin-
early as the changing size. Analyzing the formation of different
hydrocarbon compounds during sonication of aqueous tert-butyl,
temperature inside the bubble was calculated in the range of
3400 K at 20 kHz, 3700 K at 1056 kHz, and highest of 4300 K at
355 kHz [74]. The rate and type of radical formation as a result
changes with frequency such that primary radicals and ions are
produced during certain frequency range, in other words it is
impractical to assume extreme cases such as O2 ionization at any
frequency and power [72]. Theoretical calculation, simulation
and sonoluminescence study of the effect of frequency show that
the cavitation process is enhanced during a frequency range that
depends on the type of solution used [72–74].

The effect of frequency on cavitation consequently affects the
material synthesis process. Okitsu et al. assessed the formation of
gold nanoparticles under varying ultrasonic frequency by analyz-
ing the rate and size of gold nanoparticles [51]. The study con-
ducted by sonicating an aqueous auric chloride and 1-propanol
solution at constant power and temperature showed that the rate
of formation of gold nanoparticles increases linearly from 0 to
213 kHz, peaks at 213 kHz, and decreases smoothly. TEM results
showed that the size of nanoparticle decreases with frequency
with smallest gold of �10 nm obtained at the peak frequency. To
evaluate sonochemical efficiency with respect to frequency, Koda
et al. performed a study on Fricke reaction, KI oxidation and
decomposition of porphyrin derivatives under the frequency range
of 19.5–1200 kHz [75]. Using individual reaction system and with
the help of calorimeter and UV spectrometer, the formation of free
radicals in each system was analyzed. In all cases, the rate of
reaction and formation of Fe3+ (Fricke), I�3 (KI oxidation) and
H2TPPS4� (porphyrin decomposition) radicals was significant at
the frequency range of 100–500 kHz, optimal at �300 kHz. From
various experiments, the favorable frequency for efficient cavita-
tion and nanomaterial growth has been found to be in the range
of 100–400 kHz [51,72–75].

2.3. Effect of Power

The applied power i.e. power density reflects on the pressure
amplitude and should be able to supply the pressure need for cav-
itation. Increasing power drastically can however disrupt bubble
dynamics as it helps bubbles grow abnormally during expansion
that may result in poor cavitation and material growth [72,73].
Therefore, the applied power and frequency should always corre-
late in order to balance the bubble growth. For the standard water
based experiment, at 20 kHz ultrasound frequency, the average
bubble size measured at a distance 30 mm below the transducer,
at an input power of 179 W (Pd = �62.153 KW/m3) was found to
be �10 lm [46]. The size of bubble, in general, shows to increase
with applied power at frequency 500 kHz or below [73]. At high
frequency, however, increasing power above certain level induces
nonlinear effect on bubble growth. In a typical case (1056 kHz),
increasing power from 0 to 5 W resulted in an increase in bubble
size from �1.8 lm to �4 lm, while increasing the power further
(5–30 W) showed a wavering growth pattern that produced a
change of �0.8 lm [73]. The effect of increasing power under vary-
ing frequency reciprocates similarly – between 200 and 300 kHz,
bubble growth with respect to power and frequency was found
to be linear, but for 500–1000 kHz a quasi-linear relationship
was observed, and for 1000 kHz and higher, increasing power
decreased the bubble size [72]. Such adverse effect at 1000 kHz
can be attributed to acoustic streaming caused by high frequency
and power.

The type of radicals formed changes accordingly with respect to
applied power as in the case of frequency and induces conspicuous
changes on the morphology and crystallinity of nanomaterials
[50,72,76]. The size of nanoparticles shows to decrease with power
while the sonochemical yield increases. ZnO nanoparticles showed
interesting changes, producing distinct shape and size with respect
to the power change – flakes were prevalent at 12 W while rods
dominated the growth at 21 W and spheres at 45 W. Maintaining
a low temperature was helpful in synthesizing smaller nanoparti-
cles and minimizing byproduct formation [50].

2.4. Effect of Sonication Time

The effect of time of experiment and number of cycle induces
morphological variation in nanomaterials formation [21,77–79].
With increasing time and cycle of sonication, formation of new
structures is made easier by the primary growth that serve as seed.
Depending on the surface energy, new heterostructures build on
top of existing ones. In case of ZnO synthesized via sonication of
aqueous zinc acetate dihydrate, zinc nitrate hexahydrate and
hexamethylene tetramine, the time of sonication reflected appar-
ent changes on the morphology of ZnO nanomaterial formed, as
shown in Fig. 3 [21]. In a more specific case, MoS2 synthesized
via sonication of molybdenum hexacarbonyl, sulfur and o-xylene,
transformed from 2D nanoflakes to 3D nanospheres, like organic
fullerenes, while sonicating for an extended time [78]. The



Fig. 3. Change in shape of ZnO nanoparticles with respect to sonication time: (a) 1 min (b) 3 min (c) 15 min (d) 30 min. (e) Transformation of hexagonal shape to
parallelogram and parallelogram-stack. Reprinted with permission from [10].
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Fig. 4. Effect of substrate: (a) SiO2 (b) graphene/Si (c) graphene over SiO2 (d) graphene over PET (e) compared to ZnO–SiO2, the conductivity of ZnO–graphene is 10 times
higher (f) difference in optical transmission. Reprinted with permission from [10].
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increased sonication can also affect the crystalline structure of the
product. Stibnite nanoparticles synthesized sonochemically chan-
ged from amorphous nanospheres to crystalline nanorods and
nanowhiskers upon prolonged sonication [79].

2.5. Effect of Substrate

Choice of substrate produces striking morphological changes in
nanomaterials grown atop in addition to bringing changes to their
electrical, chemical and other properties [21,80,81]. As demon-
strated by a chitosan modified ITO glass substrate, the synthesized
Au–Pt nano composite on chitosan surface grows much smaller and
denser compared to the ones grown on bare ITO [80]. Similarly, ZnO
grown on graphene coated substrates showed higher growth rate
and density compared to bare SiO2 and PET substrates, as depicted
in Fig. 4 [21]. Upon prolonged sonication, ZnO on graphene formed
3D nanostructures useful for applications requiring continuous
transport medium [87], contrary to the formation of 2D nanoflakes
on bare SiO2. Additionally, the photoconductivity of ZnO grown on
top of graphene compared to Si increased substantially, and is
shown in Fig. 4(e). In case of noble metals, choice of substrate plays
a vital role in enhancing their sensing and catalytic property [81].
Size, orientation, density etc. of such nanometals that affects their
property relies on the surface where they are grown; and use of
substrates such as: graphene, CNT, chitosan etc. with high-surface
area has proved to improve their growth and features.



Fig. 5. A simple sonochemical setup for nanomaterial synthesis.
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2.6. Physical Effect of Ultrasound

As sonochemistry basically pertains to the chemical effect of
ultrasound, we have dedicated this section to discuss the effect of
shock waves and microjets and applications derived from them.
The effect of shockwave is more prominent than microjet and can
induce diverse structural changes – brittle material break down to
fragments, ductile materials deform while layered materials exfoli-
ate [23,25,82,83]. Zinc, iron, tin, chromium and similar transition
metal microparticles (�50 lm) show to form dumbbell-like
structures upon sonication of their respective slurry [23]. However,
sonicating a slurry of nickel micro particles (�160 lm) showed very
low interparticle coalition due to the large size. Increasing the
particle size increases the drag and consequently decreases the
kinetic energy generated by shock wave acceleration. The tempera-
ture at the collision point can reach as high as 2890 K, as evidenced
by coalition between molybdenum particles [23]. Metals with low
melting point coalesce while the ones with high melting point frag-
ment. Tungsten micro-particles expectedly showed no significant
physical change upon sonication [23]. The exfoliating effect of ultra-
sound has become more popular among sonochemists due to its
potential application in synthesis of graphene and similar contem-
porary materials. Reports demonstrate significant improvement in
the physical and chemical property of sonochemically prepared
graphene compared to conventional methods [26,29,30]. Graphene
exfoliated from graphite flakes as reported by Xu et al. show major-
ity of graphene with less than 5 layers and with very low surface
roughness and damage [26]. Similarly, Lisa et al. report a novel
method to prepare carbon nanoscrolls by exfoliating graphite with
the help of alkali metals and ultrasound [25]. Additionally, synthe-
sis of single to few layers molybdenum disulfide (MoS2), tungsten
disulfide (WS2) and boron nitride (BN) has also been simplified by
ultrasonic exfoliation [84]. In addition to interparticle collision,
shockwave can interact directly with particle of suitable size and
induce fragmentation [24]. Eliminating other means of collision,
Zeiger et al. report the effect of coupling between aspirin crystal
and shock wave that lead to fragmentation [24].

Contrary to shockwave, the effect of microjet is perturbing to
sonochemists as the rushing jet produces undesired effect such
as surface erosion, pitting, deformation etc. The effect of microjets
can however be controlled and utilized for many applications such
as cleansing, activation of metal, catalysis, drug synthesis etc.
[38,85]. For activating metal and reactive compounds, microjets
remove oxide and other surface coating easily and thoroughly,
offering a better alternative to heating and conventional methods
[38]. Microjets have also found its use in engineering – Barton
et al. report the fabrication of microelectrode array sensor via
controlled pitting [86].

3. Synthesis and Application

The type and class of materials synthesized sonochemically has
become so extensive that reviewing one class will fill in a review.
In this section, we have therefore categorized their synthesis into
respective group to make the information easily accessible. This
helps reader understand the process similarity and us to focus on
their importance and applications. The mechanism for sonochem-
ical synthesis corresponds to the chemical effect of ultrasound,
except for cases where the physical and chemical effects act
simultaneously. With the inherent understanding of chemical
bond and bond formation and dissociation, the underlying
chemical reactions for the formation of a material is easy to grasp.
This basic understanding makes the sonochemical process easy to
analyze and improve.

While other methods ask for high temperature, pressure and
strict conditions to be fulfilled in prior, inevitably complicating
the process, sonochemistry elegantly makes use of the availing
conditions entailed by the process. On top of being efficient, sono-
chemistry is affordable, convenient and runs economical. A typical
sonochemical setup consists of an ultrasound probe and a signal
generator as shown in Fig. 5. The ultrasound probe (Fig. 5A) when
dipped into the solution and activated with a source (Fig. 5B) sets
up the flowing condition for material synthesis naturally. Series of
chemical reaction precedes the formation of a nanomaterial, the
nature of which depends on the participating reactants. High vapor
pressure precursor when used in concert with low vapor pressure
solvent help the precursor undergo primary sonochemical reac-
tions and improve sonochemical yield [22]. Upon implosion, the
matter inside, in such case, is cooled at an incredible rate of
�1010 K/s, due to which it solidifies before crystallizing [7,16].
Therefore, by simply analyzing the crystallization of product, one
can surmise the type of sonochemistry that underwent as well as
get an understanding of the precursor vapor pressure with respect
to solvent. A synthesis reaction between tungsten hexacarbonyl
and diphenylmethane (DPhM) for the formation of tungsten car-
bide is shown in Eqs. (4)–(6) [87]. The low vapor pressure of DPhM
helps in the primary decomposition of tungsten hexacarbonyl. The
thus liberated metal forms metal nanostructures via self-assembly
or combine with other chemicals produced during sonication to
form metal compounds. This process depends on the detached
metal – (1) whether it is an atom or ion, which is also influenced
by the type of its precursor bond, and essentially (2) the ability
of such metals to form a stable metal structure by itself.

ðC6H5Þ � CH2 � ðC6H5Þ�!C2H2 þ CH4 þH2 ð4Þ

WðCOÞ6�!Wþ 6CO ð5Þ

Wþ C2H2�!WCX þH2 ð6Þ

The formation of oxide, carbide etc. can be useful, as most metal
nanoparticles are unstable and volatile in nano form. However, for-
mation of such compounds limit the reactivity of metal nanoparti-
cles desired for many applications and may require post processing
such as annealing, purging, chemical washing etc. To overcome the
natural instability and preserve their applicable property, chemical
stabilizers can be used, and is quite popular in sonochemistry
[68,88]. The decomposing organic solvents, in some case, itself
forms a protective layer on top of metal and helps the product
stabilize. Methane derivatives and similar compound, as shown



Table 1
List of commonly used chemicals for sonochemistry and their physical characteristics – vapor pressure data corresponds to measurement at 25 �C except for DPhM (at 151 �C)
[35–37,90–92].

Low vapor pressure Property Primary compound/radical High vapor pressure Property Primary compound/radical

Dimethylformamide B.P. �150 �C, V.P. �498 Pa Amine C2H6—N� Acetone B.P. �56 �C, V.P. �30.6 kPa Methane CH�3
Decane B.P. �174 �C, V.P. �195 Pa Alkane CNH�2Nþ1 Ethanol B.P. �78 �C, V.P. �25 kPa Hydroxide OH�

Diphenylmethane B.P. �298 �C, V.P. �3.9 kPa Alkyne CNH�2N�3 Isopropanol B.P. �83 �C, V.P. �5.3 kPa Hydroxide OH�

Isodurene B.P. �197 �C Alkane CNH�2Nþ1 Carbonyls B.P. �103 �C (Iron) Methane CH�3
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in Table 1, formed due to sonolysis of solvent can form surficial
bond with the active metal and develop a thin protective enclosure
[36]. For the option of various stabilizing and growth directing
chemical agents and solvents, the increasing sonochemical control
has helped obtain nanoparticles with desirable physical and
chemical properties [69,90,91].

3.1. Metal Compound

Transition metal and metal compounds are popularly synthe-
sized as they possess good electrical, magnetic and other applica-
ble properties, are easy to synthesize and are of good commodity
[93–97]. Metal carbides synthesized from their carbonyl precur-
sors are generally amorphous while metal oxides synthesized from
acetates are crystalline. The transient nature of cavitation also
helps such amorphous metal and metal compounds grow in porous
form and achieve high surface area, which enhances their
absorption, useful for catalysis, sensing and other applications
[18–20,89,98,99]. Oxygen incorporation and excess carburization
during the synthesis process, however, can destroy the catalytic
property of such metal nanoparticles [18,19]. In order to prevent
contamination, the sonochemical process is carried under an inert
gas flow followed by controlled annealing in a closed and inert sys-
tem [18,87]. The annealing process induces crystallization and
agglomeration that may result in higher particle size, but essen-
tially improves the overall stability of metal nanoparticles.

Organic solvents such as DPhM, decane, isodurene etc. is com-
monly used for synthesis of metal and metal compound nanopar-
ticles. Compared to decane and durene, DPhM can also function
as a growth capping agent in addition to a carbon reagent [87].
As a result, sonicating W(CO)6 and DPhM produces fine, well dis-
persed and unagglomerated W2C nanoparticles [87]. Sonicating
the W(CO)6 and DPhM solution in presence of oxygen, however,
results in the formation of tungsten oxide (WO2) nanoparticles
instead of W2C [115]. Similarly, adding sulfur to the W(CO)6 and
DPhM solution changes the product from W2C to tungsten sulfide
(WS2) [116]. The ability to change the result as drastically with a
slight tweak exemplifies the ease sonochemistry offers to the
synthesis of metal nanomaterials.

3.1.1. Metal Carbide
Metal carbide nanoparticles, popular for their catalytic applica-

tions, synthesized sonochemically from their carbonyl precursor
possess high chemical and physical stability [44]. Tungsten and
molybdenum carbide nanoparticles are popularly used as an eco-
nomical alternative to platinum and ruthenium for their similar
catalytic properties [20,97,100]. Commonly used for dehydrogena-
tion of organic compounds, sonochemically synthesized molybde-
num carbide nanoparticles powder show excellent selectivity
towards alkanes over a wide range of temperature. As reported
by Hyeon et al., the sonochemical Mo2C sample activated the
C–H bond of cyclohexane without hydrogenolysis – a challenging
test for non-platinum catalysts and produced comparable
results to commercially available ultrafine Pt and Rh powder
[18]. Absence of carbon and coke deposits in the end product
alludes to a deactivation-free catalysis, unlike in Pt and Rh based
dehydrogenation [101]. Such prominent catalytic property can be
attributed to the process that produces ultrafine Mo2C nanoparti-
cles (2 nm – TEM) with high surface area (188 m2/g – BET) in the
form of porous clusters that enhances chemical absorption. Unlike
methods that require multiple step, long processing time, use
chemical stimulants etc., sonochemistry imparts an appealing
simplicity to the metal carbide synthesis process [102–104].

Metal carbide nanoparticles are also used for dehalogenation,
essentially to mitigate the severe effects of chemicals such as CFCs,
chlorophenols, chlorobenzenes etc. [100,105]. Catalytic hydrode-
halogenation (HDH) has shown to be easier, safer and more
efficient than conventional processes such as activated carbon
absorption, incineration, catalytic oxidation etc. [105–107].
However, inability of conventionally synthesized metal carbide
nanoparticles and commercial catalytic metals to overcome deacti-
vation due to residual effect and their dehydrogenation tendency
limits the potential of HDH [15,16]. Sonochemically synthesized
Mo2C and W2C nanoparticles feature high surface area that can
simultaneously dissociate higher number of carbon-halogen bonds
to prevent deactivation [100]. As reported by Oxley et al., sono-
chemical Mo2C and W2C sample show little to no dehydrogenation
and produce simple organic compounds upon dehalogenation of
aryl halides [100]. The result provide potential boost to metal car-
bide based HDH process over conventional Mo2C and W2C
nanoparticles and common catalysts such as Pt, Pd, Rh and Ni
[100]. In a different note, ultrasound can be applied directly to
organic halide solution to induce dehalogenation via sonolysis
without the need of physical catalysts; and is widely used in water
treatment, dechlorination, environment remediation and similar
processes [108–114].

Compared to other transition metals, magnetic transition metal
carbide nanoparticles are commonly used in ferro-fluids, sensing,
magnetic storage, magnetic hyperthermia, magnetic resonance
imaging etc. in addition to catalysis and chemical modification
[117–120]. Carburization and carbon coating not only helps stabi-
lize these ferromagnetic nanomaterials, which are naturally pyro-
phoric in nano form, but also prevents them from inter-magnetic
coupling [117,121,122]. Moreover, metal carbide possess high mag-
netization and magnetic susceptibility compared to metal oxide
desirable for magnetic applications [117]. Therefore, formation of
carbide is useful, and can be achieved along the process with sono-
chemistry that otherwise requires long processing time, stringent
conditions and chemicals, post treatment etc. [98,121–125].

Iron, for its highest magnetization and expedient magnetic
property, bear especial significance in soft-nanomagnet based
applications. Pure and stable iron carbide can be simply synthe-
sized by sonicating the commonly available iron carbonyl precur-
sor in an oxygen-free solvent such as DPhM [98,121,122]. The
as-synthesized carbide from carbonyl feature small amount of iron
oxide due to the participating oxygen coming from precursor
decomposition. The oxide can however be removed completely
by heating the sample to 1073 K, which ensues important changes
to its magnetic property and air resistance [121]. Nikitenko et al.
report on a thorough study of the changing physical, chemical
and magnetic property of iron carbide nanoparticles synthesized
from iron carbonyl with respect to changing temperature [98].



Fig. 6. SEM images of MoS2 nanoparticles prepared from (A) sonochemistry (B) thermal decomposition. Reprinted with permission from [20].
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Annealing performed in an inert environment stabilizes the
sample and gradually removes oxygen and other impurity. The
as-prepared amorphous and super paramagnetic iron carbide grew
in size, stability and its natural ferromagnetic property with heat
as it sintered and crystallized. (1) The structure of samples
annealed at 973 K and higher featured a core–shell geometry
consisting of an iron carbide layer (�5 nm thickness) on top of a
crystallized iron core. (2) The magnetization value of the core–shell
nanoparticle at 1073 K increased to an extent higher than the point
where a bulk iron saturates magnetically. Property (1) and (2) is
ideal for applications such as drug delivery, magnetic hyperther-
mia, ferro-fluid etc. that require high control and responsivity from
well-dispersed magnetic nanoparticles. To simplify such applica-
tions, the need of purification and high temperature annealing
can be obviated with the use of oxygen free iron precursors.
Miyatani et al. report on the use of ferrocene/DPhM solution pre-
sents an improved alternative to iron carbide synthesis [125].
The ferrocene based solution produced fine iron carbide nanoparti-
cles �10 nm composed of iron carbide and alpha iron, and showed
no trace of oxygen. Similarly, ultrasonication of nickel carbonyl
produces amorphous, paramagnetic nickel nanoparticles compris-
ing of carbon and oxygen [17]. The high toxicity of nickel carbonyl
however forbids its use and calls in the need of precursors such as
nickel acetylacetonate, nickel cyclooctadiene etc. for sonochem-
istry [126,127]. Sonication of nickel cyclooctadiene has shown to
produce an oxide-free, nickel based amorphous compound com-
prising of nickel and carbon in near equal proportion [126]. The
as-synthesized carbonaceous compound produced poor magnetic
response that gradually improved with annealing as it crystallized
while morphing into a core–shell structure. Due to the chemical
inertness, nickel and cobalt do not readily react to from carbide
and similar compounds, therefore their sonochemical synthesis is
particular and limited.

3.1.2. Metal Oxide
Compared to carbides, nitrides and other metal compounds,

sonochemical synthesis of metal oxide has been more diverse in
terms of the variety of metal as formation of oxide is easy and
common [41,68,69,88,89,99,128–135]. The broad synthesis is
mainly driven by the availing properties of oxide nanoparticles
that render vastly useful applications across multiple fields
[69,88,89,94,136,59]. Metal oxides are generally synthesized from
their acetate precursor [41,68,135,137]. In most sonochemical
case, the low vapor pressure metal acetate is dissolved in water
to form a homogenous solution, which upon sonication, produces
crystalline metal oxide nanoparticles. Contrary to hydrophobic
metal carbonyls, the secondary oxygen ion in acetates’ carbonyl
group enables easy dissociation of metal from metal acetate when
dissolved. As a result, the homogeneous metal acetate solution
enables the use of low energy methods such as hydrothermal,
solvothermal etc. [93,135,138]. The slow synthesis reaction taking
place in liquid phase allows molecules sufficient time to
crystallize.

Kumar et al. report the synthesis of ZnO, CuO, Co3O4 and Fe3O4

nanoparticle crystals from respective acetate compounds in vary-
ing solution [41]. The ionic metal acetate undergoes chemical
breakdown in a homogeneous solution depending on the solvent
property. In order to investigate the changing chemistry, the
growth mechanism was studied for each metal using two solvents:
(1) DI water and (2) dimethylformamide (DMF) and 10% DI water,
by analyzing the morphology and yield. The similar aprotic polarity
of DMF to water allows easy and alike dissolution of metal acet-
ates, however its low vapor pressure reflects on the cavitation pro-
cess inducing apparent changes to nanoparticle morphology. The
DMF based product, however crystalline, featured nanoparticles
with smaller size and higher surface area compared to the ones
synthesized from water. Addition of chemical agents and stabiliz-
ers can strike similar morphological variation [88,68]. CuO
nanoparticles synthesized via sonication of copper acetate mono-
hydrate and DMF in presence of polyvinylalcohol (PVA), embed
into the polymer and show distinct morphological variation based
on the amount of PVA used [68]. In a different case, use of
polyvinylpyrrolidone (PVP) alongside urea/sodium hydroxide,
changed the crystallization pattern of CuO nanoparticle while
changing the reducing agent, as shown in Fig. 7 [88]. These CuO
nanoparticles possess valuable chelating feature in addition to
the common catalytic property.

In addition to catalysis, iron oxide nanoparticles are known for
their magnetism based applications. The profuse availability of
organometallic iron helps the synthesis of iron oxide in desired
crystalline or amorphous form. Sonicating iron carbonyl produces
amorphous Fe2O3 nanoparticles, while use of inorganic precursors
such as iron ethoxide can help obtain them in amorphous and
mesoporous form [69,89,139]. Such form, in addition to their high
surface area �274 m2/gm helped in the oxidation of cyclohexane,
useful for various industrial applications [89]. Use of the surfactant
– cetyltrimethylammonium (CTAB) in this case plays a vital role in
producing such desirable physical feature. To study the effect of
such ionic solution and surfactants on the synthesis of Fe2O3

nanoparticles, solution of iron pentacarbonyl and decane was son-
icated separately in presence of 11-undecenoic acid, dodecyl sul-
fonic acid and octyl phosphonic acid [89]. The electrolytic
solution formed an ionic bond at the surface of iron oxide nanopar-
ticles that prevented them from agglomerating and produced fine,



Fig. 7. CuO nanoparticles (top and bottom) synthesized using organic and inorganic reducing agent: (a–c) sample prepared using urea; (d–f) sample prepared using NaOH.
Reprinted with permission from [88].
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well-dispersed iron oxide nanoparticles [89]. The use of ionic sol-
vents also helped in reducing the nanoparticle size and achieving
higher yield. In an interesting case, sonochemically synthesized
Fe2O3 nanoparticles formed a liquid core–shell structure compris-
ing of a mixture of Fe2O3 nanoparticles (2–6 nm) and an ionic
liquid 1-ethyl-3-methyl-imidazolium tetrafluoroborate encapsu-
lated by polytetrafluoroethylene (PTFE) particles [140]. The Fe2O3

nanoparticles and 1-ethyl-3-methyl-imidazolium tetrafluorobo-
rate slurry when dropped in PTFE powder, rolled due to surface
tension to form such liquid filled spheres. This hydrophobic sphere,
termed as magnetic marble, is shown in Fig. 8.

3.1.3. Metal Sulfide
Sulfur, a group VI oxygen counterpart, produces metal sulfides

that feature similar catalytic properties as metal oxides. Among
the diverse metal sulfide nanoparticles, molybdenum disulfide
(MoS2) is widely synthesized for its application in optics, electron-
ics, catalysis etc. MoS2 nanoparticles can be simply synthesized by
sonicating Mo(CO)6 and isodurene in presence of sulfur [20]. The
sonochemically synthesized MoS2 nanopowder showed prominent
catalytic property. When compared against conventionally
Fig. 8. Iron oxide based magnetic liquid marble, formed off a liquid core encapsulated
synthesized MoS2 and commercially available catalysts such as:
ReS2 and RuS2, for hydrodesulfurization of thiophene, sonochemi-
cal MoS2 produced higher catalytic activity than the conventional
sample, even better than the commercial and more-expensive cat-
alysts [20]. Analyzing the sonochemical sample revealed spherical
nanoparticles agglomerating to form clusters of �15 nm in diame-
ter as shown in Fig. 6. Compared to the conventionally synthesized
sample, the sonochemical product, featured higher edge rough-
ness, known to enhance the catalytic property of MoS2. MoS2 can
also be synthesized in spherical form, similar to organic fullerenes
[28,78]. Such MoS2 nanospheres were synthesized via prolonged
sonication of Mo(CO)6, sulfur and o-xylene that transformed the
initially formed MoS2 nanoflakes into such structures [78]. In addi-
tion to MoS2, sonochemically synthesized antimony trisulfide
(stibnite Sb2S3) nanoparticles also show interesting changes with
respect to sonication time [79]. Increasing the duration of sonica-
tion transformed the primary amorphous stibnite nanospheres to
crystalline nanorods and nanowhiskers, which eventually formed
only nanorods that crystallized along the (001) plane. Different
morphology and changes have been reported during the synthesis
of sulfide and similar chalcogen nanomaterials [141–144].
by a hydrophobic layer. Reprinted with permission from [140].
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Fig. 9. (A) TEM image showing different shape of gold nanoparticles formed upon sonication of HAuCl4. (B) TEM image of a pentagonal bipyramid gold nanoparticle at �45�
tilt angle. Reprinted with permission from [147].
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3.2. Metal

Transition metal nanoparticle in pure form is highly unstable
and difficult to synthesize. Suslick’s primary report on the sono-
chemical synthesis of amorphous iron was a ground breaking
result that attracted a lot of interest towards sonochemistry – a
milestone in this field [16]. Sonication of iron pentacarbonyl in
decane at ice cold temperature produces pure, amorphous iron.
The as-prepared sample when used for Fisher–Tropsch process
and hydrogenolysis and dehydrogenation of saturated hydrocar-
bons showed higher catalytic activity than commercially available
iron powder. Its high surface area, �150 times higher than the
commercial iron powder, was vital in enhancing the catalytic
property. Even though the amorphous sample sintered to form
crystals of �50 nm upon heating, its catalytic property was essen-
tially preserved. Amorphous nickel has been synthesized similarly
from nickel tetracarbonyl and decane [17]. The as-prepared param-
agnetic nickel showed good catalytic activity when dissolved in
hydrogen peroxide: useful for electrochemical applications. Stabi-
lizer, support etc. is otherwise required to synthesize stable metal
nanoparticles. Iron colloids synthesized from Fe(CO)5 in presence
of oleic acid/PVP showed good stability and air resistance unlike
their pyrophoric nano counterpart [145]. The as prepared amor-
phous, superparamagnetic iron colloids transformed to 3–8 nm
crystals and grew in ferromagnetism with the application of heat.

Noble metals such as gold, platinum, silver, palladium etc. is
easier to synthesize in sole form because of their natural stability
[146–149]. Due to the extreme scaling, these metals, however, lack
their normal chemical inertness in nanoform and offer applicable
properties. Chloroauric acid (HAuCl4), commonly used as precursor
for the synthesis of gold nanoparticles, shows to produce gold
nanoparticles in assorted shape and size upon sonication. These
nanoparticles seen as prism, bipyramid etc. in Fig. 9(A), were
synthesized sonochemically from an aqueous solution of HAuCl4

and DMF in the presence of pre-synthesized gold nanoparticles
(used as seed) and a stabilizing agent [147]. The role of stabilizing
agent is quite crucial in the synthesis of noble nanoparticles as it
helps to check their rapid growth rate. Varying input ultrasound
frequency can also affect the growth rate of HAuCl4 based gold
nanoparticles [51]. Without the need of seed particles, Liu et al.
report a facile way to synthesize gold nanocluster (AuNC) via
sonicating HAuCl4 in the presence of an organic protein – Bovine
Serum Albumin (BSA) – used as a stabilizer [148]. The formation
of these fine, stable and fluorescent AuNCs (~2 nm in size) was
conspicuous from the changing color of the solution during sonica-
tion. Compared to AuNC prepared via solution phase method, the
fluorescence emission of AuNC synthesized sonochemically shifted
more towards the infrared region; likely due to their drastic size
reduction. The red fluorescence of AuNC was completely quenched
by copper (II) ion, while other ions such as Fe3+, Ni2+, Co2+, Zn2+ etc.
left the solution color unchanged rendering a copper (II) ion sens-
ing application. Sonochemical synthesis of fluorescent AgNC from
an aqueous solution of silver nitrate (AgNO3) and PMAA (used as
a capping agent) has also been reported [149]. The AgNCs formed
sonochemically were stable and well-dispersed and showed
tunable optical property. AgNC can be also be simply synthesized
by replacing HAuCl4 with AgNO3 in the form of Au@AgNC in the
previous report [148]. The silver ion liberated from the dissociation
of AgNO3 interacted with the already-formed gold clusters to pro-
duce Au–Ag nanocomposites. Gold–palladium (Au–Pd) nanocom-
posites can be similarly synthesized via sonication of sodium
tetrachloroaurate (NaAuCl4�2H2O), sodium tetrachloropalladate
(PdCl2�2NaCl�3H2O) and aqueous sodium dodecyl sulfate (SDS)
[62]. The formation of Au–Pd nanoparticle, like in [148], can be
determined by observing the change in color of solution during
sonication. The absorption spectra depict subsequent formation
of each nanoparticle, with gold nanoparticles being first to form.
The synthesized product analyzed using TEM and XRD showed fine
deposition of palladium on the surface of gold nanoparticles, and
formation of traces of carbon. Thickness of Pd coating and size of
the Au core was understood to depend on their precursor concen-
tration. The Au–Pd nanocomposite showed good catalytic potential
when used for dehydrogenation of 4-pentenoic acid, which was
higher than the total dehydrogenation done by Au and Pd individ-
ually [44]. Other noble metals such as: palladium [150], platinum
[151,152], platinum-ruthenium [153] etc. have also been synthe-
sized sonochemically for their catalytic applications.

3.3. Metal and Metal Compound with Support

To aid sonochemical processing, micrometer spheres have been
widely used as support/template [28,130,134,154–156]. Micro-
spheres of silica are commonly used for such role as it offers a
benign and adhesive surface for material growth, and can be
removed simply through etching. The added controllability cou-
pled with the improved dispersion that comes with the use of
microspheres has shown to improve catalytic property of active
nanomaterials such as Fe, Ni, Mo etc. [19,28]. As demonstrated
by silica-supported Fe and MoS2 nanoparticles synthesized
sonochemically, catalytic property of the sonochemical sample
was much higher than the ones synthesized conventionally
[19,28]. When tested for hydrogenation of CO (Fisher–Tropsch



Fig. 10. TEM images, at different magnification, of molybdenum oxide nanoparticles synthesized over silica microspheres. Reprinted with permission from
[156].
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reaction), the sonochemical iron-silica product showed ten times
higher catalytic activity than iron-silica powder prepared via
incipient-wetness method [19]. Even at temperature below
250 �C, the sonochemical sample worked actively towards CO
hydrogenation, while the conventional sample showed no activity.
Similarly, MoS2-silica nanocomposite displayed high catalytic
activity towards hydrodesulfurization (HDS) of thiophene over a
wide range of temperature [28]. Washing the MoS2-silica with
HF removed the silica core to form a hollow MoS2 nanosphere.
The excellent HDS of thiopene shown by such hollow MoS2 was
highly eminent and unmatchable for commercial and conventional
MoS2 nanoparticles. In addition to contributing to such improve-
ments, sonochemical synthesis of MoS2 was simple, efficient and
fast – completes in a single step. Furthermore, following a model
for one growth and deposition, the process can be easily impro-
vised to achieve different results. As reported, Mo2O5 nanoparticles
were synthesized and successively coated over silica in a single
step by sonicating a slurry of Mo(CO)6, decane and silica micro-
spheres [155]. Sonicating similar mixture under Ar, instead of air,
produces Mo2C nanoparticles instead of Mo2O5 that successively
coat the silica microspheres [155]. Both Mo2O5 and Mo2C nanopar-
ticles (5–10 nm) were amorphous and porous in nature, but Mo2O5

nanoparticles, as seen in Fig. 10, showed better dispersion and
coating over silica with coating as thick as 20 nm. Changing the
solvent from decane to isodurene, Mo(CO)6 produces a more stable
version of molybdenum oxide – MoO3, which in presence of sulfur
produces MoS2 nanoparticles instead of MoO3, both of which sub-
sequently coat the silica microspheres [28]. Alumina microspheres
can also function as a viable support, especially in case of metals
such as nickel that do not grow uniformly over silica [156].
Alumina offers a conducive surface and facilitates a uniform
growth/deposition of nickel nanoparticles, which otherwise
agglomerate and adhere poorly. Nickel nanoparicles grown on
top of alumina forms a surficial bond that builds with temperature
as seen in Fig. 11 [130]. The amorphous nickel in 11(a) upon heat-
ing subsequently crystallizes and reacts with the alumina surface
to form NiAl2O4 as illustrated by Fig. 11(f). Therefore, following
the basic guideline, new and different type of core-shell nanostruc-
ture can be simply synthesized in a collective sonochemical cycle.

3.4. Bimetal Alloy

Sonochemistry offers a facile way to synthesize metal alloy
nanoparticles. Inferring from the growth of metal and metal
compounds from the decomposing precursor, adding two or more
metal precursor such as ‘iron acetate and copper acetate’ or ‘iron
carbonyl and nickel carbonyl’ or ‘iron acetate and nickel car-
bonyl’ should form an alloy of respective metals upon sonication.
Shafi et al. report on the synthesis of iron-nickel alloy - NiFe2O4,
via sonication of iron carbonyl and nickel carbonyl [157]. Participa-
tion of each metal in the alloy formation process depends primarily
on the vapor pressure i.e. volatility of its precursor, which signifi-
cantly determines the proportion of each in the alloy. As vapor pres-
sure of nickel carbonyl is higher than iron carbonyl, sonicating nickel
carbonyl and iron carbonyl yields more nickel [90,92]. Quantity of
nickel in NiFe2O4 was higher as expected, and therefore the amount
of iron carbonyl had to be increased in order to obtain a proportional
amount of both metals [157]. Both metal oxide, in nanoscale, being
superparamagnetic, the as-prepared nanocomposite was similarly
superparamagnetic, which after heating became ferrimagnetic and
changed its state from amorphous to crystalline. Shafi et al.
subsequently reported on the synthesis of iron-cobalt oxide
nanoparticle following a similar approach. Cobalt tricarbonyl nitro-
syl (Co(CO)3NO) used alongside iron acetate produced amorphous
and superparamagnetic CoFe2O4 nanoparticles with high surface
area [158]. The as-synthesized product featured an average
size of less than 10 nm and surface area of 176 m2/gm. These
sonochemically prepared ferrimagnetic nanocomposites display
thin hysteresis loop signifying low loss and easy magnetization-
demagnetization. Such unique magnetic field response, given the
control to customize the quantity of each metal in the sonochemi-
cally synthesized alloy, is a coveted feature useful for various
magnetic applications [159–161].

3.5. Zinc and Titanium

For their vast property and applicability, a separate section for
the sonochemistry-based discussion of zinc and titanium is
deemed important. ZnO exhibit the largest variety of structures
and is one of the most promising and researched material [93].
From 1D and 2D materials such as dots, flakes, rods, flowers etc.
to 3D spheres, hierarchical and hetero structures, ZnO can be syn-
thesized in various morphology simply with a slight tweak, like a
change of substrate, precursor, solution concentration, sonication
time etc. in give rise to a different shape [21,52,162]. It can also
be synthesized in conjunction with a different compound to form
nanocomplexes using sonochemistry [45,141]. Like its morphol-
ogy, application of ZnO nanomaterials is equally extensive; and is



Fig. 11. Change in XRD pattern of Ni nanoparticles deposited on alumina upon
annealing (a) as-synthesized amorphous nickel (b) crystallizes upon heating at
400 �C in Ar (c) and (d) forms NiO upon heating at 500 �C and 700 �C respectively in
air for 4 h (e) forms NiAl2O4 and NiO upon heating at 800 �C (f) distinct peak of
NiAl2O4 upon heating at 1000 �C (g) NiAl2O4 prepared separately for reference.
Reprinted with permission from [156].
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being used in making sensors, FETs, photo anodes, nanocantilevers,
resonators, PZTs, purifiers, antibacterial bandages, sunscreens and
many such practical applications [21,42,93,163]. Virtue of their
small size, high surface area and purity imparted by sonochemical
processing, use of such ZnO nanomaterials help improve the per-
formance of such appliances and systems compared to the use of
conventionally synthesized ZnO nanomaterials.

Zinc acetate dihydrate (ZAD) and zinc nitrate hexahydrate
(ZNH) are commonly used precursors for sonochemical synthesis
of ZnO nanoparticles. Both are ionic compounds and form
crystalline ZnO nanomaterials when sonicated. In order to enhance
the synthesis process, hexamethylenetetramine (HMT) is used
alongside ZAD and ZNH that readily yields the hydroxyl ion neces-
sary for ZnO synthesis. Our group members have synthesized var-
ious 2D and 3D ZnO nanostructure on different substrates using
ZAD, ZNH and HMT [21]. The synthesis process is based on growth
from and involves two steps: (1) Formation of seed layer via
sonication of ZAD and isopropanol (2) Growth of ZnO on top of
the seed layer via sonication of ZNH and HMT. ZAD and
isopropanol is stirred vigorously to form a homogeneous solution
and then sonicated to form a seed layer on a substrate. The seeded
substrate is then immersed into an aqueous solution of ZNH and
HMT, and sonicated under desired power and time. Depending
on the concentration, time of sonication and choice of substrate,
various forms of ZnO was obtained (as shown in Fig. 3 and 4).
Utilizing the influence of such input parameters, 2D ZnO nanorods
and 3D ZnO nanoflakes were grown with optimal features for mak-
ing cortisol immunosensors [37]. This Anti-Cab based portable sen-
sor showed better detection towards cortisol than conventional
and more expensive ELISA device. The chemical mechanism for
ZnO formation basically involves reduction of ZNH to produce zinc
ion that reacts with the hydroxide ion produced by HMT to form
ZnO as shown below [164].

C6H12N4 þ 6H2O�!4NH3 þ 6HCHO

NH3 þH2O�!NHþ4 þ OH�

ZnðNOÞ3 � 6H2O�!Zn2þ þ 2NO3�

Zn2þ þ 2ðOHÞ��!ZnðOHÞ2

ZnðOHÞ2 ��!ZnOþH2O

ZnO nanowires synthesized accordingly on glass have shown to
exhibit good UV and oxygen sensing property [111]. The effect of
multiple cycle growth increased the nanowire density and
decreased UV transmission – useful for sunscreen applications.
The effect of concentration of ZNH and HMT has also been
reported, as it induces explicit changes on the structure of ZnO
[52]. Nanorods, nanocups, nanoflowers, nanodisks and nano-
spheres were produced specifically at specific concentration of
ZNH and HMT, and with addition of certain chemical at calculated
amount as shown in Fig. 12. The choice of solvent has also shown
to influence the property of ZnO nanomaterial, not only shape but
also its photocatalytic property [163]. Zinc acetate when added to
an aqueous solution of methanol, ethanol and isopropanol formed
nanoflakes, nanodisks and nanorods respectively [163]. Rate of
photocatalytic reduction of chromium in water under sunlight
was found to be higher for ZnO-ethanol based sample i.e. ZnO nan-
odisks compared to others. The increase in photocatalysis was
assigned to its morphology, as samples prepared from ethanol
were disk-like and exhibited higher surface area compared to
others. ZnO nanoparticles also show distinct change in its size
and formation with respect to temperature and sonication power.
Sonicating a solution of ZnCl2 and KOH under increasing power and
temperature, in the range of 298–343 K and 0–45 W respectively,
reduced the size of ZnO nanoparticles, their agglomeration, and
also reduced the size distribution [50]. Samples at 343 K and
45 W showed smallest particle size (70 nm in average), better
dispersion and distribution compared to other samples.

In addition to ZnO, titanium dioxide (TiO2) is equally renowned
for its photocatalytic potential and is widely used in making dye
based solar cell [165,166]. TiO2 and other compounds of titanium
also possess strong piezoelectric property that is popularly used
in making many devices such as sensors, converters and transduc-
ers – the ultrasound probe used in most sonochemical apparatus is
made out of titanium alloy. Compared to ZnO, TiO2 offer higher sta-
bility when used in photocatalysis and dye-based photocells, and
their ability to grow in mesoporous form further improves their
catalytic and other applicable features [165]. However, synthesis
of mesoporous TiO2 nanomaterials via convenient methods is diffi-
cult – (a) highly toxic phosphorous is formed during the process
that binds to the TiO2 particles intrinsically, which requires
exhaustive purification. (b) Phosphorous-free methods require
prolonged processing time of up to 10 days [167–169]. Sonochem-
istry provides an expedited route to the synthesis of non-toxic,



Fig. 12. Change in morphology of ZnO nanostructures caused by varying precursor concentration. Left shows SEM and right shows TEM image of ZnO nanorods, nanocups,
nanodisks, nanoflowers and nanospheres in order from top to bottom. Reprinted with permission from [52].
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amorphous, mesoporous TiO2 nanoparticles featuring high surface
area with the use of organic amines: decylamine, dodecylamine
and octadecylamines [167,168]. Compared to the warmhole-like
framework obtained with the use of amines, Yu et al. report on
synthesis of TiO2 nanoparticles with bicrystalline framework –
anatase and brookite [168]. These sonochemically synthesized
TiO2 nanoparticles showed higher photocatalytic activity during
degradation of pentane compared to commercially available P25.



Fig. 13. Formation of single walled carbon nanotube on silica surface produced by sonication of silica spheres, paraxylene and ferrocene. Reprinted with permission from
[171].
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Fig. 14. Exfoliation of layered materials using supercritical CO2 and ultrasound. Reprinted with permission from [84].

�
C

op
yr

ig
h

t
�

20
13

,A
m

er
ic

an
C

h
em

ic
al

So
ci

et
y.

20
13

118 N. Pokhrel et al. / Ultrasonics Sonochemistry 29 (2016) 104–128
Such improved catalytic property was attributed to the high
porosity and surface area of the sonochemical sample, which
improved when synthesized in presence of triblock copolymer.

3.6. Carbon and Carbon Analog

While discussing the physical effect of ultrasound, we briefly
referred to the synthesis of 2D MoS2, BN, graphene, carbon nan-
otubes and other carbon related nanomaterials from their layered
counterparts. Synthesis of such materials is greatly helped by the
exfoliation effect of ultrasound that obviates the need of strict pro-
cessing condition required by many conventional methods. To
start, let us begin with the one widely known as the ‘magic mate-
rial’ – graphene. Graphene synthesized through conventional
means require high temperature, pressure and other stringent con-
ditions that causes surface damages, modifications of chemical and
physical characteristics, hybridization etc. While inability to pro-
cess graphene down to few layers continues to challenge many
physical methods, formation of graphene oxide that hinder gra-
phene’s conductivity remain a major concern for most chemical
based methods. Exfoliation of graphite under ambient condition
to produce few layered graphene with the use of power ultrasound
has proved to be easy and facile. Xu et al. demonstrate how few
layered graphene sheets can be obtained in a short and simple
way via sonication of graphite flakes in styrene (used as a solvent
as well as stabilizer) [26]. In this experiment, graphene sheets pro-
duced from exfoliation were successively functionalized by poly-
styrene (that formed from polymerization of styrene during the
process). Polystyrene stabilizes the exfoliated graphene sheets
and prevents them from agglomeration, multiple layer formation
and folding. Although it roughened the graphene surface and mod-
ified the sp2 hybridization, the process did not oxidize the func-
tionalized graphene and produced few layer standing graphene
sheets – 80% of the sample composed of 5 or less layers. Similarly
Lotya et al. report on exfoliation, dispersion and successive deposi-
tion of graphene in a substrate via sonication of graphite in pres-
ence of a surfactant – sodium dodecylbenzene sulfonate [29]. The
exfoliated graphene flakes consisted of mostly 5 or less layers
while �3% of them were monolayer graphene, and essentially
showed no significant defect on its basal plane. In a very similar
way, carbon nanoscrolls, a material similar to multi walled carbon
nanotubes (MWCNT), has been obtained from graphite. 2D gra-
phite sheets exfoliated from ultrasonication and with the help of
an exfoliating agent – potassium metal compound (KC8), fold to
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form carbon nanoscrolls upon sonication [12]. As reported,
graphite left for sonication for 6 h in absence of KC8 showed forma-
tion of graphite plates with modest scrolling, while the ones exfo-
liated only with KC8 showed negligible nanoscrolls. The use of
ultrasound and the time of sonication was shown to be vital for
the formation of carbon nanoscrolls. Synthesis of another material
of carbon–carbon nanotubes, with which the grand design of mak-
ing a space elevator now seems a viable proposition, has also been
reported via sonochemistry [170,171]. In this two-step process,
paraxylene (used as carbon source), ferrocene (used as catalyst)
and silica spheres (used as support) was first sonicated, which
within 20 min of sonication produced single walled carbon nan-
otubes (SWCNT) that subsequently adhered to the silica sphere
surface as shown in Fig. 13 [171]. Secondly, the sonicated solution
was washed with HF to remove the silica particles to produce a
fiber-like structure consisting mostly of SWCNT. The use of silica
powder was vital as samples sonicated without silica powders
showed no SWCNT formation. Using sonochemistry, in just 2 steps
and within an hour, highly pure SWCNT with nominal defects can
be synthesized that do not require prolonged time, extreme pro-
cessing condition or further purification like many other methods
[172,173]. Replacing silica spheres with silica nanowires, Sun
et al. report synthesis of hydrocarbon nanostructures such as
hydrocarbon nanotubes, hydrocarbon nanoonions etc. via similar
approach [174,175]. Higher interlayer spacing, of up to 59 nm,
shown by these sonochemically prepared hydrocarbons can be
thought for new applications.

Hexagonal boron nitride (h-BN) exhibit property similar to gra-
phene and is also known as ‘white graphene’. Sonochemical syn-
thesis of h-BN, MoS2 and WS2 via ultrasonic exfoliation showed
to produce single layered BN, MoS2 and WS2 sheets demonstrating
consistent property with their bulk counterparts [84]. Supercritical
CO2 used as an exfoliating agent penetrated into the respective
precursors to cause such exfoliation. The temperature of the solu-
tion did not exceed 45 �C, and no stabilizing agent was needed to
uphold the exfoliated sheets. A schematic diagram of the exfolia-
tion process is shown in Fig. 14. Sonochemistry obviates the need
of high temperature and unnecessary chemicals and offers an
appealing alternative to most conventional methods that are
known to affect the dielectric property and chemical stability of
such BN, MoS2 and WS2 2D nanomaterials [84].

3.7. Protein and Biological Compound

Ultrasonically synthesized biological materials such as protein
microspheres have found widespread applications such as in drug
delivery, biomedical imaging, tumor treatment etc. [31,39,40,125].
Fig. 15. MRI images of a rat after injection of microspheres. (a) Transverse images wi
accumulation of microspheres in the spleen. Reprinted with permission from [40].
Protein microspheres are capsule-like structure with an albumin
shell covering a non-aqueous liquid or gas. Their synthesis is
essentially helped by the ultrasonic oxidation of cysteine to form
disulfide cross-links that form the protein shell [31]. Unlike most
covalent surface modification, Toublan and co. report on electro-
static layer-by-layer assembly of a vegetable oil filled protein
microsphere synthesized from ultrasonication of bovine serum
albumin (BSA) [39]. The surface of these microspheres was succes-
sively modified to attach them to the integrin receptor overly
expressed by tumor cells. Replacing BSA with sodium polygluta-
mate (SPG), helped obtain these microspheres in submicron range
[176]. The small size of such SPG shell microspheres can easily pass
through leaky vasculature to target tumor more effectively. Protein
microspheres synthesized from BSA and filled with fluorocarbon
have been synthesized for their potential use in imaging as well.
Compared to fluorine and other fluorine based agents, micro-
spheres with fluorocarbon offer higher signal to noise ratio when
used as magnetic resonance imaging agent as shown in Fig. 15
[40]. The high signal to noise ratio was attributed to the effective
encapsulation from ultrasonication that helped to deliver the fluo-
rocarbon (imaging agent) specifically to the target, with amount up
to six times compared to conventional cases. In addition to fluoro-
carbons, wide range of potential imaging agents can be simply
encapsulated with the use of ultrasound to achieve higher contrast
and life time. The lifetime of these imaging agents can be improved
by modifying the encapsulating shell as well, which can also help
in reducing the size of such microspheres. In addition to the facile
approach and indiscrimination towards agent selection, the other
important feature of these sonochemically prepared microspheres
is their innocuousness. Typical polymer based or chemically cross
linked protein microspheres induce immune responses when sub-
jected to the body, while sonochemically synthesized ones do not
trigger any immune changes [177].

In addition to material synthesis, ultrasound is also used for
many common applications such as cleansing, imaging, catalysis,
plating, drug delivery etc. [178–182]. It is popularly used in chem-
ical reactions to expedite the reaction rate, thereby obviating the
need of foreign chemicals or catalysts. The Nobel prized Heck reac-
tion that require up to 72 h for the formation of sp2 hybridized car-
bon bond was completed within 3 h with the use of ultrasound
[183]. Moreover, ultrasound setups (including sonochemistry) are
cost efficient and therefore can be accessed by large group of peo-
ple including individual researchers and students. Various sono-
chemical apparatus such as ultrasound bath, ultrasound tank,
immersible ultrasound horns, probes etc. capable of generating
wide range of ultrasound frequency and power are readily avail-
able, which helps in the evolution of this field.
th respect to time of the liver. (b) Coronal images taken at the same time, shows
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Fig. 16. SEM images of silver nanoparticles grown on paper with respect to time of sonication, at magnification 2 lm (A and B) and 1 lm (C and D). (A) Paper before
sonication. (B) After 30 min of sonication. (C) After 60 min of sonication. (D) After 120 min of sonication. Reprinted with permission from [34].
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4. Advancements and Engineering

In addition to assisting current technology, sonochemistry
have facilitated numerous advancements and new applications
such as: optical sensing, digital olfaction, environment remediation
through nanomaterials, MRI through protein microspheres, gra-
phene processing through ultrasound exfoliation etc. [18,116,43,
148,177,184,185]. Similarly, a diverse group of chemical and
biological materials have been synthesized sonochemically with
ease [26,29,25,31,171]. In addition to improving existing technol-
ogy, sonochemistry has unraveled new applications for making
advanced devices and systems. The benign sonochemical approach
enables the use of fabrics, and flexible and low melting point
materials, allowing sonochemistry exclusive privilege to use
them as substrate, template or support for nanomaterial growth
[21,33,34]. From graphene to cotton and nylon, even papers have
been used as substrates to grow nanomaterial on top. As a result,
sonochemically synthesized nanomaterials have reached out to
special cases in catalysis, sensing, solar energy harvesting etc.
[44,80,42,163].
4.1. Substrate Versatilty

Use of flexible and low melting point substrate for nanomaterial
growth can help boost modern electronics. Our group members
have used PET, a polymer with melting point of 250 �C, as a
substrate in addition to SiO2/Graphene and Si/Graphene for sono-
chemical seed growth of various 2D and 3D ZnO nanostructures
[21]. Depending on the type of substrate used, the morphology
and physical property of ZnO nanomaterials changed prominently.
In addition to growth, ultrasound can also be used to modify the
chemically inert surface of various polymers such as polyvinyl
chloride (PVC), polythene etc. to enable electronic printing [186].
Considering the manufacturing cost and prevalence of such poly-
mer, this improvement can greatly minimize solid state fabrication
cost in future. Kotlyar et al. report on silver nanoparticle growth
and deposition on PMMA via sonication of PMMA chips and silver
nitrate-ethanol solution [187]. The widespread use of PMMA in
making windows, protective eyewear, optical fibers, windshields
etc., along with the effective IR blocking characteristics of silver
can help advance many commercial and scientific fields. Silver
nanoparticles also feature useful antimicrobial properties that
can used for different sanitary and medical based applications
[188–191]. In addition to polymers, paper can also be used as a
viable substrate to coat silver nanoparticles [34]. In a typical case,
a parchment paper was immersed into an aqueous solution of
AgNO3, ethanol and ethylene glycol and sonicated under varying
AgNO3 concentration and sonication time. Samples were prepared
at 25, 50 and 100 mM AgNO3 concentration and 25, 30, 60 and
120 min sonication time, few of which are shown in Fig. 16. The
stability and depth of coating of the 100 mM/120 min sample
was higher, nevertheless, the antibacterial property was fairly the
same in all case. In a single and simple step, silver coated papers
showing effective antibacterial property for over 6 months can be
prepared and potentially be used for food packaging, making nap-
kins and tissue papers etc. Use of fabric can further advance these
applications. Perkas et al. report the use of ultrasound to coat nylon
with silver nanoparticles [192]. The silver coated nylon showed
steady antibacterial property over time, and even after multiple
washing. ZnO possess similar antibacterial property and is compar-
atively inexpensive than silver. The morphological diversity and
useful physical property of ZnO nanoparticles, common availability
of ZnO precursor, easiness in ZnO synthesis etc. has helped explore
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uncommon materials and fabrics for such applications [33,193a,b].
In a typical case, Perelshtein el al. report in-situ synthesis
of ZnO nanoparticles from zinc acetate and their subsequent
seeding-growth onto cotton [33]. Compared to processes that
require stabilizers and foreign chemicals, the contaminant-free
sonochemical cotton showed consistent antibacterial property
even with minimal ZnO coating because of the high adhesion
[33,194]. Given the economical nature of the process, such fabric
can not only be used in hospitals but also in general to prevent
infections and diseases. The ‘smart textile’ concept can be simply
revolutionized to uplift our health and living standard.
4.2. Sonofragmentation

In addition to materials synthesized from chemical reaction and
exfoliation, ultrasound, during sonochemistry, can help process
nanoparticles via physical collision. This application i.e. sonofrag-
mentation, is derived from the entailing effect of cavitation that
accelerate solid particles to strike and fragment [24,195]. Fragmen-
tation is caused by particle colliding with: (a) other particles, (b)
vessel wall or (c) the ultrasound probe or the vibrating effect of
shockwave that couple elastically with suspended particles. To
investigate their individual contribution, Zeiger et al. studied the
Fig. 17. Vertically aligned ZnO nanorods oriented in the [0002] crystal plane grown on t
Reprinted with permission from [199,130].
effect of each process – particle-shockwave interaction and (a),
(b), (c) by isolating the other three [24]. The effect of
particle-horn collision and particle-vessel collision was found to
be insignificant as well as the effect of increasing particle concen-
tration, which produced no remarkable change in fragmentation
yield. It was concluded that the effect of shockwave-particle inter-
action is major in inducing fragmentation considering the fact that
increasing concentration, however, increases (1) Vander Waals’
attraction (2) effect of screening, both of which hampers particle
collision. Time of experiment, applied power and frequency, use
of surfactants etc. can individually affect the overall process of
fragmentation [83,185,196]. Low frequency and addition of surfac-
tants shows to improve fragmentation yield, while increasing
power and experiment time shows to reduce the size of fragments
and produce a uniform size distribution. The ability to format the
process with applied parameters helps in engineering a sonofrag-
mentation system to overcome the limitations of conventional pro-
cesses such as ball milling, grinding etc. Sonofragmentation has
become a handy tool to prepare pure and sinterable alumina pow-
ders in the submicron range useful for common applications such
as lamination. Highly pure alumina fragments with size less than
100 nm were processed via sonofragmentation that showed good
sinterability which otherwise require high processing temperature
op of: Si wafer (a4, a6, a7), glass (b4, b6, b7) and polycarbonate (c4, c6, c7) respectively.
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of up to 1700 �C or addition of sintering aids [185]. Sonofragmen-
tation has also found its use in the commercial market – in pro-
cessing talcum powder with better absorption [198]. Talc with
low particle size and variance, low aggregation and high purity
has been processed via sonofragmentation which otherwise
require stabilizers, high power and multiple step post-processing
[185,198].

4.3. Aligned growth and patterning

Aligned nanomaterial growth offers a low-loss, continuous
transport channel that can help improve applications such as in
sensing, antennas, photo cells etc. [199]. Commonly used methods
such as vapor liquid solid, hydrothermal, self-assembly, e-beam
lithography laser ablation etc. involve complicated means that
can be simplified with the use of ultrasound [200,201]. Highly
aligned ZnO nanorods, in the form of array, have been synthesized
sonochemically on top of various substrates such as silicon wafer,
zinc sheet, flexible polymer and transparent glass as shown in
Fig. 17 [199]. The substrate, in each case, was coated with photore-
sist in a patterned way using UV lithography first and then soni-
cated. The sonicated substrate when washed with acetone,
removed the photoresist and the ZnO on top to produce ZnO
nanorods array. Following the same procedure, Jung el al. appeal
using other substrates and nanomaterials.

Ultrasound can also be used to align or separate micro and
nanoparticles depending on their compressibility [202]. Diamond
nanoparticles (�5 nm) dispersed into a small rectangular tank
filled with water, showed to align at the node of ultrasonic stand-
ing wave when sonicated with a high frequency piezoelectric plate
transducer [202]. Such pattern depends primarily on the input fre-
quency, as the distance between each alignment lines vary with
changing frequency. The acoustic radiation force acting on the
immersed particles depends on the property of the liquid and the
particle basically, and is given by Eq. (7)

F ¼ �r 2
3
pR3 P2

qmc2
m
� P2

qpc2
p
�

3qmðqp � qmÞ
2qp þ qm

#2

" # !
ð7Þ

where R is the radius of the particle to be aligned and governs the
radiation force felt by the particles i.e. microparticles are subjected
to 109 times higher force compared to nanoparticles. P is the time
averaged pressure inside the liquid due to ultrasound and can be
derived from simple wave equation as shown in Eq. (8) Density of
the medium and the particle are given as qm and qp respectively
and speed of sound in the medium and the particle are cm and cp

respectively. Similarly # is the medium displacement velocity writ-
ten as shown in Eq. (9). In Eqs. (8) and (9), Px0 and Py0 are the max-
imum pressure at x and y direction. Similarly k and x represents the
wave number and frequency.
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4.4. Sensor

The sensor industry has been helped by nanotechnology like no
other. New and portable sensing technology have flourished
with the evolution of nanomaterial and virtuously challenged
conventional sensing methods. In case of most biomedical and
gas sensors, the sensing efficacy is mainly determined by the
amount of immobilized enzyme or chemical that react with the
chemical to be sensed. With their high surface to volume ratio,
nanomaterials enhance absorption that can help immobilize
enzyme more effectively and provide higher reaction sites than
bulk materials. Monodispersed and amorphous nature of most
sonochemically synthesized material can further enhance the
immobilization and reaction process and eventually sensing
[152,81]. Sensors as small as the size of a thumb showing excellent
sensitivity, selectivity, detection limit and range, and that which do
not require special temperature and physical condition have been
fabricated with the help of ultrasound [203]. One such case is the
sensing of ethanol where sonochemically fabricated ZnO nanorods
based gas sensor obviate the need of high sensing temperature and
produce fast and consistent results at 140 �C [203]. Whereas most
solid state sensors, even ZnO nanostructure based gas sensors fab-
ricated from other methods, demand temperature of above 300 �C
or need of surface catalyst for ideal sensing. Comparing with other
ZnO counterparts for ethanol sensing at 200 ppm concentration,
the sonochemical version showed sensitivity (S) of 224.2 against
47 and 25.2; S of �25.2 (20.5 actual) was produced at just
10 ppm concentration. The improved sensitivity and detection at
low temperature was ascribed mainly to the fine nanoparticle size
and distribution due to sonochemistry.

For their widespread applications in food processing, environ-
ment monitoring, medical diagnosis etc., glucose sensors are the
most common devices in the sensing field [204]. Monitoring glu-
cose level in blood can help prevent obesity, diabetes and various
other health conditions. To cope with the growing need, various
sonochemically processed enzyme and non-enzyme based glucose
sensors have been reported that show better sensitivity and fea-
tures [204,86,205,81]. In one case, microelectrode arrays based
glucose sensor promising ‘unrivalled sensitivity’ has been devised
in a very interesting fashion [86,205]. With respect to single elec-
trode, microelectrode array fabrication, though expensive, can
greatly improve detection limit and sensitivity, and can also be
used to sense more than one chemical. Polydiaminobenzene
coated gold substrate was sonicated to form cavities that struc-
tured the formation of microelectrode arrays, in a very economical
and elegant manner. This microelectrode sensor can supposedly be
used to sense glucose, ethanol, oxalate, pesticides and other chem-
icals. Another glucose sensor based on sonochemically grown
PAMAM-Au nanocomposite have been reported demonstrating
the significance of sonochemical processing [204]. As revealed by
TEM, sonochemically prepared PAMAM-Au samples were smaller
and well-dispersed compared to the ones grown via stirring, which
helped in improving sensing. Additionally, the increase in electrical
conductivity of PAMAM due to the inclusion of gold nanoparticles
was also significant, and the sensitivity, detection limit and
response time shown by this device was better than the ones pre-
viously reported. Therefore, for the biocompatible nature of gold
and good selectivity shown by the sensor towards glucose in pres-
ence of other chemicals like uric acid, cysteine, glutamate etc., the
author deem this sensor to be clinically usable.

Biomedical sensors are mostly based on enzymatic reaction i.e.
substances such as hemoglobin, glucose oxidase etc. are immobi-
lized to react and sense a specific chemical. These sensors offer good
sensitivity and responsivity but limited use and lifetime because of
enzyme instability and degradation [81]. As in previous case
[204,86,205], the microelectrode array and PAMAM-Au nanoparti-
cles serve to immobilize the enzyme – glucose oxidase (GOD) and
react with the glucose sample. With the advancement in nanomate-
rial processing, different catalytic metals and their alloy have been
synthesized and explored as enzyme alternatives. Platinum and its
alloy, for their high catalytic property, have shown good potential
[80,81]. Sonochemically synthesized PtM nanoparticle alloy (where



N. Pokhrel et al. / Ultrasonics Sonochemistry 29 (2016) 104–128 123
M = Au, Pd or Ru) has been used to replace GOD in making
non-enzymatic glucose sensor by modifying a glassy carbon elec-
trode (GCE) using ultrasonic-electrochemical deposition [78]. Since
the catalytic behavior of PtM depends not only on metal ‘M’ but also
on the surface where it is deposited, facile and controlled modifica-
tion of GCE surface with materials offering high surface area such as
graphene, chitosan, MWCNT etc. can help its electrocatalytic perfor-
mance. Xiao et al. understood that surface modification of GCE with
MWCNT and an ionic liquid (IL) – trihexyltetradecylphosphonium
bis(trifuoromethylsulfonyl)imide, provides better support to the
platinum alloy nanoparticles and work synergistically to improve
sensing compared to bare GCE and MWCNT/GCE. Assessing the
composite electrode with various combinations of alloy and surface
modification, the PtRu-MWCNT-IL/GCE electrode showed best sen-
sitivity towards glucose. Xiao et al. also report on non-enzymatic
H2O2 sensing based on PtAu nanoparticles deposited separately on
GCE and indium tin oxide (ITO) surface, modified with chitosan
(Ch) – IL via ultrasonication [80]. The sensitivity improved
when Pt and Au were mixed in the ratio of 1:3 and also increased
gradually from Pt1Au3/GCE to Pt1Au3-Ch/GCE and peaked with
Pt1Au3-Ch-IL/GCE showing very low detection limit of 0.3 nM. In
both cases [80,81], stability, susceptibility and repeatability shown
by each sensor was excellent. A non-enzymatic dual gas sensor
based on sonochemically synthesized SnO2 quantum dots has also
been reported, that could detect CO under 300 �C and CH4 over
300 �C [206]. Comparing against a similar sol–gel based SnO2 gas
sensor, for detection of CO at 1000 ppm concentration, sensitivity
of the sonochemically derived one was 147 – nearly 3 times that
of the sol–gel version. Such high response was mainly attributed
to the large surface area of sonochemically synthesized SnO2 quan-
tum dots that helped in gas absorption – 257 m2/g compared to
80 m2/g of sol–gel.

In addition to quality growth, the feature that makes sono-
chemistry pertinent to sensor and similar devices is its ability to
perform on-chip synthesis over a wide range of substrate. As an
alternative to on-chip synthesis, a buffer mixture comprising of
uniformly distributed nanoparticles in a selected chemical can be
prepared ultrasonically and deposited over a substrate. With this
option, nanoparticles can be deposited over desired substrates that
lack a good surface for growth. Physical methods such as vapor liq-
uid solid, vapor deposition, laser ablation etc. process under high
heat that can damage the biosensor chip and therefore cannot
facilitate on-ship synthesis. This impose the need to grow nanopar-
ticles in a different material and then transfer them to the sensor
chip. The main challenge now becomes not only to transfer these
nanoparticles without damaging but also to prevent them from
clustering, as clustering reduces the active area and hamper their
sensitivity. Sonochemistry simply obviates this concern. As dis-
cussed previously [80,81], sensitivity was improved by the large
surface area rendered by ultrasonic agitation of Ch-IL and
MWCNT-IL that facilitated uniform dispersion of nanoparticles.
Hence, ultrasound not only plays a crucial role in obtaining fine,
unagglomerated nanoparticles but also in preparing a conducive
surface. Compared to CNTs and Chitosan, graphene offers a higher
surface area, and can be used as a support to deposit nanoparticles
into sensors’ electrode [95]. In situ synthesis of Fe3O4 nanoparticles
and its successive integration into reduced graphene oxide (RGO)
using ultrasound, when deposited into GCE has shown to produce
a competitive H2O2 sensor without the use of any ionic liquids [95].
This biosensor when further modified with hemoglobin (Hb) –
Fe3O4/RGO/Hb-RGO produce excellent sensing results. Compared
to nanocomposite sample synthesized from different methods
such as, microwave heating, hydrogen reduction, conjugation
chemistry, controlled assembly etc., sonically synthesized Fe3O4

nanoparticles were far more refined and evenly dispersed into
RGO that lends to sensing.
Sensors reviewed so far were enzyme or non-enzyme based
that relied on the electrochemical reaction between the
enzyme/non-enzyme and the chemical. Based on the reaction,
sensing is reported in the form of a signal and evaluated in terms
of detection limit, response time, SNR value etc., which is ham-
pered by electrical interference and loss. How easier would it be
if one can determine the presence of a certain chemical merely
by visualization! Optical sensors offer such convenience. These
sensors produce/change color in response to certain chemical.
Sonochemically synthesized fluorescent nanoparticles have been
used widely to make optical sensors [148,43]. Among them, silver
and gold nanoparticles are the ones popularly used because of their
intense fluorescence, biocompatibility and low toxicity [148,207].
However, control over their growth is difficult, as these nanoparti-
cles quickly form large structure and require a growth inhibiting
chemical; as a result the synthesis process can take up to 3 days
[149]. Stabilized fluorescent gold nanoclusters (AuNCs) have been
sonochemically synthesized from HAuCl4 in an expedited fashion
[148]. The sonochemically synthesized AuNCs showed excellent
sensitivity and selectivity towards copper (II) ion – a 50 lM of
Cu2+ solution completely quenched the red fluorescence of AuNC
while other ions such as Fe3+, Ni2+, Co2+, Zn2+ etc. left the solution
color unchanged. Compared to AuNC prepared via phase solution
method, the fluorescence emission of this sample shifted more
towards the infrared region. This signifies that sonochemically syn-
thesized AuNCs have low tissue absorption and can be better used
for biological applications. On replacing HAuCl4 with AgNO3, gold–
silver alloy nanoclusters (Au–AgNCs) were obtained that sported
yellow fluorescence and good sensitivity towards Cu2+ as well. Ag
nanoclusters from AgNO3 and polymethylacrylic acid (PMAA) –
used as a stabilizer that also prevents AgNCs from oxidation, has
also been separately synthesized via sonochemistry, and can be
useful in biological and chemical optical sensing [149]. In addition
to noble metals, sonochemically synthesized carbon and zinc based
nanomaterials also possess good fluorescent properties [43,45].
SWCNT stabilized with double stranded DNA (dsDNA) can function
as a dual optical sensor for H2O2 and glucose [43]. A unique feature
of these sonochemically synthesized fluorophores is their
reversibility, which allows repeated use of the same sensing solu-
tion. The bright red fluorescence flashed by the SWCNT-dsDNA was
diminished upon addition of H2O2 and glucose. The zinc nanorods
based protein sensor reported by Pan et al. however works in
the opposite way [45]. Contrary to standard decrement,
different proteins like human serum albumin (HSA), BSA, bovine
hemoglobin and egg albumin, when reacted with Zinc (II) –
bis(8-hydroxyquinoline) nanorods increased their photolumines-
cence as an illustration of sensing. These sonochemically synthe-
sized fluorescent particles continue to offer new features and
functions to make optical sensing more interesting and advanced.

4.5. Photovoltaic

The immense advantage of harvesting solar energy has led to
proliferation of different types of photovoltaic cell. Many of them
such as thin film, dye-sensitized, quantum dot, printable solar cell
etc. have benefitted with the use of nanomaterial. Photo active
nanomaterials when used in making solar cell electrodes, naturally
improve photochemical reaction due to their high surface area. In
addition to the advantage from their nanophysics, such improve-
ment can also be induced via structural variance i.e. synthesizing
hetero and hierarchical structures using sonochemistry. Hierarchi-
cal nanostructures made from two or more nanostructures helps to
abridge interparticle separation and smoothen electron channeling
[42]. Sonochemically synthesized SnO2 and ZnO hierarchical struc-
tures used in making dye-sensitized solar cells (DSSC) have shown
to produce an efficiency of 6.40% (compared to 5.21% with SnO2
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nanoparticles) and 6.42% (compared to <5% with ZnO nanoparti-
cles) respectively [208,42]. Octahedral (SnO2) and nanosheet
(ZnO) based hierarchical structure performed better than other
composites because of their high surface area. For synthesis of such
hetero structures, sonochemistry has proved to be more facile and
consistent as other methods such as precipitation, hydrothermal,
chemical/electrical deposition etc. require long processing time
and their inability to produce uniform hetero structures leads to
low efficiency. Also, utilizing the physical effect of ultrasound,
metal nanoparticles can be simply integrated into such hetero
structures to improve their conductivity. Inclusion of noble metals
helps prevent photoexcited electrons/holes from recombining and
increase the lifetime of electron–hole pair, ultimately increasing
efficiency of such hetero structure based solar cells. Kim et al.
report on mixing ZnO with Au nanoparticles, while Liu el al. report
on coating ZnO onto the surface of Ag nanowires [209,210]. In case
of Au–ZnO hetero mixture, uniform distribution of Au on ZnO was
pivotal in determining their solar cell performance. Therefore, clus-
tering and non-uniform dispersion suffered with sputtering,
solvothermal, hydrothermal method etc., had to be rectified, which
called for the need of sonochemistry [209].

ZnO and TiO2 are two widely used materials in making DSSC,
because of their proven photocatalytic property, chemical stability,
biodegradability and essentially – inexpensive and innocuous
nature [42,93,162,167]. However, poor electron mobility in TiO2

and degrading photocatalytic activity of ZnO often compromises
the efficiency of their individual systems. Using a benign
solution-based method, a combination of sonochemistry and pre-
cipitation, ZnO and TiO2 based hetero structure has shown to work
in synergy to overcome their individual limitations [166]. Such syn-
ergistic effect helped stabilize the cell, which is a concerning factor
as dye based system deteriorates rapidly with time and use. How-
ever, the major problem with DSSC still lies in its electrode configu-
ration, as the requirement to have a transparent electrode hampers
the flow of electron, as transparent materials are poor conductors.
Therefore, commonly used transparent oxides such as: indium tin
oxide (ITO)/glass and fluorine tin oxide (FTO)/glass inevitably hin-
ders electron transport and DSSC efficiency [211]. However, with
the emerging of materials such as graphene, nanotubes etc., which
are good transparent conductors, efficiency of DSSCs can be further
improved. In addition to DSSC and use of Zn and Ti, Cu based hetero
structures have also been used in making solar cell – thin film solar
cell (TFSC) that offer higher stability than DSSC but with a slight
compromise in efficiency, lowering as much as 2.62% [212]. Use of
ultrasound for the synthesis of Cu(In or Ga)(S or Se)2 hetero struc-
ture, expedites the process and also obviates the common need of
stabilizers. Thin film solar cells offer consistent efficiency and stabil-
ity, but their throughput is too low for practical consideration. On
the other hand, silicon based solar cells boast higher efficiency but
require direct sunlight to work effectively and impose high fabrica-
tion cost, while quantum-dot solar cells are yet to fulfill their poten-
tial and high theoretical efficiency (�44%). Hence, DSSCs for their
easy and inexpensive manufacturing, standard efficiency, and abil-
ity to work at low light condition or indirect sunlight are useful for
practical applications and have been synthesized extensively using
sonochemistry [211].

5. Conclusion

Region with temperature as high as the surface of our sun and
pressure as much as 100 MPa develops at the core of a millimeter
sized acoustic bubble to facilitate chemical reactions. Utilizing
such extraordinary conditions presented naturally by the acoustic
bubbles, extensive range of nanomaterials have been synthesized
sonochemically without the aid of any elaborate and expensive
equipment or facility. Sonochemistry strives to alleviate exactions
and simplify material processing. Metal, polymer, protein, gra-
phene, liquid-filled spheres and many such new and uncommon
materials continue to unleash to offer new applications or improve
existing ones. Use of sonochemistry is, however, not merely lim-
ited to processing of such nanomaterials, but also, in rendering
them useful for improved applications. From catalysis, cleaning,
sensing, solar energy harvesting to targeted drug delivery, disease
treatment, body imaging etc., scope of sonochemistry expands over
various fields of science and technology, and continues to be con-
sistent with the current trend. Sonochemistry shows to not only
avail contemporary research and processes, but in some instances,
has proved to be a better technique than the conventional and
matured ones. This survey incorporates the significant contribu-
tions and advancements, in addition to the obvious discussion on
nanomaterial synthesis.

The opportunities sonochemistry sets up are as exciting as the
process, and are imminently realizable. Understanding the mutual
effect of input parameters can not only assure control over nano-
material growth, but also help grow specific materials and unlock
new applications. Sonochemically synthesized catalytic metal
nanoparticles used in purification, can be furthered to autono-
mously rectify waste and pollution. Precise drug delivery with
the help of sonochemically synthesized protein microcapsules
has shown encouraging result in case of tumor treatment, and with
the active ongoing research can soon be applicable for other med-
ical conditions. Similarly, the facile sonochemical processing of
graphene, carbon nanotubes etc. can help achieve the immense
potential these materials promise if performed in large scale. Sono-
chemistry reaches out even farther for its ability to use different
substrates to grow such expedient materials. ZnO nanoparticles
synthesized sonochemically on paper and fabrics such as cotton
and nylon forecast the advancing smart textile industry. The effec-
tive antimicrobial property of ZnO and its UV screening, given its
biocompatibility, will not only help improve our health standard
but also the textiles we use in daily basis. Given the opportunity,
our group is working dedicatedly towards making wearable, porta-
ble and real-time biosensor that enables constant monitoring of a
person’s health. With sonochemistry, possibilities lay endlessly
for aspiring researchers.
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