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1. Introduction 
 
 In the past decade, the synthesis, characterizations, and applications of 
nanodimensional materials have been the focus of interest of many 
researchers in various fields including chemistry, physics, materials science, 
biology, and corresponding engineering [1-4]. The rapid development of 
nanoscience and nanotechnology will bring us a new world. Exploring new 
methods that involve mild conditions and convenient operations for the 
preparation of nanosized materials with desirable properties and controllable 
dimensions and morphologies is currently a great challenge to both synthetic 
chemists and materials scientists. 
 Currently, ultrasound irradiation has become an important tool in 
chemistry. It provides an unusual sonochemical mechanism for generating 
high-energy chemistry with extremely high local temperatures and pressures 
and an extraordinary heating and cooling rate. 
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 Sonochemistry is the research area in which molecules undergo a 
chemical reaction due to the application of powerful ultrasound radiation         
(20 kHz–10 MHz)[5]. The popularization of ultrasound in life and society is 
linked to its widespread usage in medicine [6]. Most recently, there have 
been impressive developments in the field of chemical synthesis, including 
materials science, aerogels, food chemistry, and other research areas assisted 
by ultrasound. Recent and innovative applications illustrating the mildness 
and non-hazardous character of these waves relate to their potential in Green 
Chemistry.   
 The chemical effects of ultrasound do not come from a direct interaction 
of sound with molecular species. Ultrasound has frequencies from around 13 
kilohertz to tens of megahertz. In liquids, this means wavelengths from 
centimeters down to microns, which are not molecular dimensions. Instead, 
when sound passes through a liquid, the formation, growth, and implosive 
collapse of bubbles can occur, as depicted in Figure 1. This process is called 
acoustic cavitation [7]. An acoustic wave is a pressure wave made of 
alternate compressions and rarefactions able to break the intermolecular van 
der Waals forces maintaining the cohesion of the liquid. The collapse is 
accompanied by the emission of light flashes in the 200–700 nm window [8]. 
This sonoluminescence, which occurs for both aqueous[9] and non-aqueous 
liquids [10], constitutes a means to determine which are the actual physical 
conditions inside the bubble.   
 

 
 

Figure 1. Transient cavitation 
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 Two different theories are currently used to explain sonochemistry and 
sonoluminescence. In the thermal (”hot spot”) theory, when solutions are 
exposed to strong ultrasound irradiation, bubbles are implosively collapsed 
by acoustic fields in the solution. High-temperature and high-pressure fields 
are produced at the centers of the bubbles. The implosive collapse of the 
bubbles generates a localized hotspot though adiabatic compression or shock 
wave formation within the gas phase of the collapsing bubbles. The 
conditions formed in these hotspots have been experimentally determined, 
with the transient temperature of ~5000 K, pressure of >1800 atm and 
cooling rates in excess of 1010 K/s. These extreme conditions enable many 
chemical reactions to occur. Ultrasound irradiation differs from traditional 
energy sources (such as heat, light, or ionizing radiation) in duration, pressure 
and energy per molecule. 
 However, the alternative electrical theory claims that lower temperatures 
and pressures are involved but electrical discharges accompany the 
collapse.[11] This theory, based on a double-layer model, has been the 
subject of numerous criticisms,[12] essentially because in sonicated water the 
hydrated electron (eaq

-, or H2O-•),[13] which should form under such 
conditions, can not be detected unambiguously.[14]  
 The use of high-intensity ultrasound irradiation to enhance the reactivity 
of metals as stoichiometric reagent has become a synthetic technique for 
many heterogeneous organic and organomatellic reactions, [15] especially 
those involving reactive metals, such as Mg, Li, or Zn. This development 
originated from the early work of Renaud and the more recent breakthrough 
of Luche [16]. The effects are fairly general and apply to reactive inorganic 
salts as well. Suslick et al. found a variety of sonochemical reactions in 
liquid-solid mixture synthesis, i.g. intercalation into layered inorganic solids, 
[17] synthesis of amorphous metal powders, [7] and metal semicarbides [18]. 
Ultrasound irradiation has also been used to induce hydrolysis to produce 
various metal oxide nanoparticles [19].  
 Ultrasound irradiation also offers a very attractive method for the shape-
controlled preparation of various nanomaterials. In recent years, it has shown 
very rapid growth in its application to materials science due to its unique 
reaction effects. The advantages of this method include a rapid reaction rate, 
the controllable reaction conditions, and the ability to form nanoparticles with 
uniform shapes, narrow size distributions, and high purities. It has been 
extensively used to generate novel materials with unusual properties, because 
in many cases it causes the formation of particles with a much smaller size 
and higher surface area than those reported by other methods. It has been 
known that during the sonochemical process, three different regions [20] are 
formed: a) the inner environment (gas phase) of the collapsing bubbles, 
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where the elevated temperatures and pressures are produced; b) the interfacial 
region between the cavitation bubbles and the bulk solution where the 
temperature is lower than in the gas-phase region but still high enough to 
induce a sonochemical reaction; c) the bulk solution, which is at ambient 
temperature. Among the three regions mentioned above, it appears that the 
current sonochemical reaction occurs within the interfacial region, yielding 
nanoparticles, because of the very high quenching rate experienced by the 
products. These products present either nanoamorphpous or nanocrystalline 
nature, [21,22] as the results of different conditions formed during ultrasound 
irradiation. 
 A wide range of commercial equipment is now readily available for 
sonochemical research. High-intensity ultrasonic probes (50 to 500 W/cm2) 
of the type used for biological cell disruption are the most reliable and 
effective source for laboratory-scale sonochemistry and permit easy control 
over ambient temperature and atmosphere. Ultrasonic cleaning baths are less 
satisfactory, owing to their low intensities (about 1 W/cm2). For larger-scale 
irradiations, flow reactors with high ultrasonic intensities are commercially 
available in 20kW modular units [7]. 
 
2. Recent development in sonochemical syntheses and 
characterizations of bio-functional nanomaterials 
 

2.1. Carbon nanostructures 
 
 The unique physical and chemical properties of single-walled carbon 
nanotubes (SWCNTs) make them valuable for numerous applications. Their 
potential applications include electron field emitters, [23] quantum wires, [24] 
molecular filters, [25] artificial muscles, [26] etc. Although various methods 
of producing SWCNTs, such as arc discharge, [27] laser ablation, [28] and 
chemical vapor deposition, [29] have been developed, until now synthesizing 
SWCNTs under ambient conditions remained a great challenge.  
 Jeong et al. have developed a sonochemical route to SWCNTs of high 
purity in a liquid solution at atmospheric pressure and room temperature [30]. 
Their method offers a facile route to high-purity SWCNTs without 
specialized equipment and does not require a multistep purification process to 
eliminate the amorphous carbon and multiwalled carbon nanotubes. The 
typical process of this method for SWCNT growth is depicted in Figure 2. 
Silica powder was added in a mixture solution of ferrocene and                     
p-xylene.solution. Ferrocene was chosen as a precursor of Fe catalyst for 
nanotube growth. The carbon source for SWCNT growth was provided by    
p-xylene as well as by ferrocene, while silica powder acted as a nucleation 
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site for SWCNT growth. HR-TEM confirmed that these structures mainly 
consisted of SWCNT bundles as shown in Figure 3b. The average diameter 
of SWCNTs based on TEM data was 1.5 ±0.1 nm.  
 Katoh et al. have produced the carbon nanotube by applying ultrasound 
to liquid chlorobenzene with ZnCl2 particles and to o-dichlorobenzene with 
ZnCl2 and Zn particles.[31] It is considered that the polymer and the 
disordered carbon, which are formed by cavitational collapse in 
homogeneous liquid, are annealed by the interparticle collision induced by 
the turbulent flow and shockwaves. 
 

 
 
Figure 2. Schematic of sonochemical route to SWCNTs. Silica powder is immersed 
in the solution (ferrocene-xylene mixture). Ultrasonication then was done for 20 min 
at room temperature and atmospheric pressure. Sonication produces high-purity 
SWCNTs on the surface of silica powder.  
 

 
 
Figure 3. (a) SEM image of SWCNT bundles on polycarbonate filter membrane. (b) 
HR-TEM images of SWCNTs. Most SWCNTs exist in bundles. For the 
measurements of diameters of SWCNTs, individual SWCNTs (inset) are also imaged 
by HR-TEM.  
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 Preparation of carbon nanosheet via ultrasound irradiation of carbon 
black under ambient conditions was reported by Li et al. [32]. The 
experimental results showed that the carbon nanosheet is composed of ordered 
graphite carbon layers with a thickness of several nanometers (Figure 4).   
 Nanocomposites with multi-walled carbon nanotubes (MWNT) and 
polystyrene (PS) were synthesized via an in-situ bulk sonochemical 
polymerization under the application of ultrasonication [33]. Sonication of 
vinyl monomers such as styrene leads to radical initiation of polymerization. 
 Functionalization of carbon nanotubes (CNTs) is important for 
enhancing deposition of metal nanoparticles in the fabrication of supported 
catalysts. A facile approach for oxidizing CNTs is presented by Xing et al. 
using a sonochemical method to promote the density of surface functional 
groups [34]. Figure 5 shows typical TEM images of the sonochemically 
treated CNTs at varied treatment times. After surface oxidation, the surface 
of the CNTs became heterogeneous due to the attack by the oxidative acids. 
TEM images showed that the surface morphology changed from a smooth 
surface of the original CNTs to a rougher surface of the sonochemically 
treated CNTs. The sonochemical method effectively functionalized the 
CNTs. 
 A facile solution-chemical method has been developed to be capable of 
encapsulating a multiwalled carbon nanotube (MWCNT) with ZnS 
nanocrystals without using any bridging species (Figure 6) [35]. The 
MWCNT/ZnS herterostructures were synthesized by a mild solution-
chemical reaction using TAA and Zn(CH3COO)2 as S2- and Zn2+ sources, 
respectively, as well as using MWCNT as a substrate. In comparison with 
previous studies on metal-sulfide nanoparticles,        the probable reaction process 
 

 
 

Figure 4. HRTEM images of (a) carbon black and (b) sheet-like materials. 
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Figure 5. TEM Images of sonochemically-treated CNTs, showing the surface 
morphology changes at (a) 2 h, (b) 4 h, and (c) 8 h. 
 

 
 
Figure 6. (a,b) SEM and TEM images of the formed MWCNT/ZnS heterostructures, 
(c,d) selected high-magnification TEM images of the MWCNT/ZnS heterostructures 
exhibiting a discrete ZnS layer.  
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for the formation of MWCNT/ZnS heterostructures can be summarized as 
follows:  
 
CH3CSNH2 + H2O→ CH3CONH2 + H2S             (1) 
 
H2S → H+ + HS- → 2H+ + S2-                               (2) 
 
Zn2+ + S2-→ ZnS(particle)                            (3) 
 
nZnS(particle) + MWCNT → MWCNT/ZnS         (4) 
 
 The thickness of the ZnS shell can be tuned easily by controlling the 
experimental conditions. The optical absorption spectrum indicates that the 
band gap of ZnS nanocrystallites is 4.2 eV. On the basis of the 
photoluminescence spectrum, charge transfer is thought to proceed from ZnS 
nanocrystals to the nanotube in the ZnS-carbon nanotube system. These 
special heterostructures are very easily encapsulated within a uniform silica 
layer by a modified-Stöber process and still show better stability even after 
heat treatment at 400 °C, which makes them appealing for practical 
applications in biochemistry and biodiagnostics. 
 Koshio et al. enabled SWNTs to react with monochlorobenzene (MCB) 
or poly(methyl methacrylate) (PMMA) chemically under ultrasonication 
[36]. After the SWNTs reacted with these organic materials, they turned into 
ragged SWNTs (r-SWNTs) with many defects in the sidewall when burned in 
oxygen (Figure 7). Ultrasound forms hot spots in the mixture of SWNTs        
and         organic liquids, where  the temperature  and pressure can instantaneously  
 

 
 
Figure 7. A high-magnification TEM image of r-SWNTs with many defects in the 
SWNT sidewall. 
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exceed 100 MPa and 5000 K, respectively. Organic molecules, such as MCB 
and PMMA, are decomposed at the hot spots, and reactive species are 
formed. At the same time, the sidewalls of the SWNTs are damaged, and 
carbon-dangling bonds form as a result of the high temperature and pressure. 
And the reactive organic species react chemically with the dangling bonds of 
the SWNTs .The authors think that the sonochemical reaction of SWNTs and 
organic materials is a simple method to functionalize SWNTs. 
 
2.2. Noble metals 
 
 Nanosized noble metals have attracted considerable interest in various 
fields of chemistry, because of their conspicuous physicochemical catalytic 
properties and their potential applications in microelectronics, optical, 
electronic, magnetic devices [37]. The intrinsic properties of a metal 
nanostructure can be tuned by controlling its size, shape, and crystallinity 
[38]. Therefore, it could be critical to develop an effective preparation 
method of particles with well-controlled shapes and sizes. 
 Zhang et al. have reported a simple method in which an aqueous solution 
of HAuCl4 containing α-D-glucose was ultrasonically irradiated to produce 
gold nanobelts (Figure 8) [39]. The major reactions that occur in the 
sonolysis of an aqueous solution containing HAuCl4 and α-D-glucose can be 
summarized by the following steps [Eq. (5)–(8)]:  
 
H2O→ H·+ OH·                           (5) 
 
sugar → pyrolysis radicals                 (6) 
 
AuIII + reducing radicals → Au0              (7) 
 
nAu0 → Aun                              (8) 
 
 Jiang et al. have reported a simple sonochemical route for the crystal 
growth of uniform silver nanoplates and ringlike gold nanocrystals in a N,N-
dimethylformamide solution [40]. The platelike structures were generated 
from the selective growth on different crystal planes in the presence of 
poly(vinylpyrrolidone) and the ultrasonic-assisted Ostwald ripening 
processes. The silver nanoplates in solution served as the templates for the 
synthesis of ringlike gold crystals via a displacement reaction (Figure 9). 
Both the silver nanoplates and gold nanorings were highly oriented single 
crystals with (111) planes as the basal planes.  
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Figure 8. a,b) SEM images and c,d) high-magnification SEM images of as-
synthesized gold nanobelts; [HAuCl4]=50 mg mL-1, [α-D-glucose]= 0.2 M, ultrasound 
time=1 h.   
 

 
 

Figure 9. TEM images of (a) silver nanoplates, (b) gold nanoring. 
 
 Gedanken et al. have deposited silver nanoparticles with an average size of 
5 nm on the surface of preformed silica submicrospheres with the aid of power 
ultrasound [41]. Ultrasound irradiation of a slurry of silica submicrospheres, 
silver nitrate, and ammonia in an aqueous medium for 90 min under an 
atmosphere of argon to hydrogen (95:5) yielded a silver-silica nanocomposite 
(Figure 10). The mechanism by which the silver nanoparticles are bonded to 
the silica surface is related to the microjets and shock waves created after the 
collapse of the bubble. These jets, which cause, for example, the sintering of 
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micron-sized metallic particles, push the nanoparticles toward the silica surface 
at very high speeds. When they hit the silica surface, they can react with free 
silanols, or even Si-O-Si bonds. This may result in adhesion of the 
nanoparticles to the silica even when they were not formed on the SiO2 surface.   
 The method of ultrasound irradiation is also extensively used for anchoring 
metallic nanomaterials onto the surface of substrates. In some cases, the 
sonochemically prepared, coated metallic nanomaterials were formed as 
amorphous nanoparticles, which were coated on various substrates (silica 
spheres, carbon spherules, titania, and alumina) [42]. On the other hand, the 
noble metal nanoparticles deposited on polystyrene spheres via ultrasound 
irradiation yielded nanocrystalline Ag, Au, Pd, and Pt particles [43]. 
 

 

 
 
Figure 10. Transmission electron micrographs of (a) the bare substrate silica 
submicrospheres, (b) sample 1, (c) crystalline silver nanoparticles deposited on silica 
submicrospheres, sample 2h, and (d) a single submicrosphere shown at a high 
resolution, sample 2h.  
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 Silver nanoparticles were deposited on the surface of natural wool with 
the aid of powered ultrasound [44]. The average particle size was 5-10 nm, 
but larger aggregates of 50-100 nm were also observed (Figure 11). The 
sonochemical irradiation of a slurry containing wool fibers, silver nitrate, and 
ammonia in an aqueous medium for 120 min under an argon atmosphere 
yielded a silver-wool nanocomposite. By varying the gas and reaction 
conditions, we could achieve control over the deposition of the metallic silver 
particles on the surface of the wool fibers. The results showed that the strong 
adhesion of the silver to the wool was a result of the adsorption and 
interaction of silver with sulfur moieties related to the cysteine group. 
 Shaped silver nanoparticles with spheres, rods, and dendrites have also been 
prepared by a pulse sonoelectrochemical technique from an aqueous solution of 
AgNO3 in the presence of nitrilotriacetate N(CH2COOH)3-NTA [45]. The effects 
of electrosonic time on particle shape have been discussed. It was found that the 
concentration of AgNO3 and NTA affects the shape of the nanoparticles.  
 Basnayake et al. have reported the properties of PtRu nanoparticles 
prepared using high-intensity sonochemistry [46]. Syntheses were carried out 
in tetrahydrofuran (THF) containing Ru3+ and Pt4+ in a fixed mole ratio of 
either 1: 10 or 1:1. X-ray diffraction measurements confirmed sonocation 
produces an alloy phase and showed that the composition of the nanometer 
scale metal particles is close to the mole fraction of Ru3+ and Pt4+ in solution 
with deviations that tend toward Ru enrichment in the alloy phase. The 
materials gave responses that are similar in terms of peak potential and 
current density, referenced to the catalyst active surface area, to those of          
bulk  alloys  in  voltammetry  experiments involving CO      stripping  and CH3OH 
 

 
 
Figure 11. HRTEM images of silver-coated wool fibers: (a) fiber image (scale 
bar=100 nm) and (b) individual particles on the surface of the wool fiber (scale bar=5 nm).  
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electrochemical oxidation in 0.1 M H2SO4. The results show that sonochemical 
methods have the potential to produce nanometer scale bimetallic electrocatalysts 
that possess alloy properties.  
 A novel sonoelectrochemical method for the size-controlled synthesis of 
spherical copper nanoparticles in an aqueous phase was developed [47]. In this 
study, poly(N-vinylpyrrolidone) (PVP) was used as the stabilizer for the copper 
clusters. The PVP was found to greatly promote the formation rate of copper 
particles and to significantly reduce the copper deposition rate, thereby making 
monodispersed copper nanoparticles. The authors could control the particle size 
by adjusting various parameters such as current density, deposition, 
temperature, and sonic power, and improve the homogeneity of the copper 
particles. The results also showed that the transfer rate of PVP-stabilized 
copper clusters from the cathodic vicinity to the bulk solution played an 
important role in the preparation of the monodispersed nanoparticles. 
 
2.3. Semiconductors 
 
 Semiconductor nanocrystals or quantum dots have been extensively 
studied because of their unique sizedependent electronic, optical, and 
electrochemical properties [48]. Highly luminescent semiconductor nanocrystals 
have gained increasing attention for use in light-emitting devices and tagging 
applications [49].  
 Miao et al. have reported a convenient sonochemical method for the 
fabrication of single-crystalline Cd(OH)2 nanorings in aqueous solution [50]. 
The fabrication process is illustrated in Figure 12. Cd(OH)2 nanoplates were 
used as the precursor. Upon exposure to ultrasonic irradiation, a hole is 
developed gradually at the center of each individual nanoplate, resulting in 
the formation of Cd(OH)2 nanorings. In this process, the high-speed liquid 
microjets induced by ultrasonic irradiation served as nanoscale chisels, which 
dug holes on Cd(OH)2 nanoplates to obtain the ring structures.  
 

 
 

Figure 12. Fabrication process of the ring. 
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 As shown in Figure 13a, after 10 min of ultrasonic irradiation, holes with 
diameter about 40 nm could be seen in the center of the hexagonal plates, 
indicating the formation of ring structures. The SEM image of the inset in 
Figure13a clearly shows a hexagonal ring structure. When the irradiation was 
prolonged to 20 min, the holes enlarged to more than 100 nm, as shown in the 
TEM image (Figure 13b). However, the hexagonal outer shapes of the 
nanoplates are still preserved. It is interesting that such sono-chiselling 
effects do not change the single-crystalline nature of the Cd(OH)2 nanorings. 
As shown in inset of Figure 13b and Figure 13c respectively, the nanorings 
exhibit almost the same SAED pattern and high resolution lattice fringes as 
the nanoplates, which indicates the nanorings are also single-crystalline 
Cd(OH)2 of monoclinic phase. It is a unique effect of the sonochemical 
process that has never been observed or investigated.  
 By using the prepared Cd(OH)2 nanoring as template, they have prepared 
CdS, CdSe and CdTe nanorings (Figure 14). 
 

 

 
 
Figure 13. Morphologies of the nanoring products. (a) TEM image of nanorings with 
15 min ultrasound irradiation. Inset in (a) is an SEM image of a single nanoring. (b) 
TEM and (c) HRTEM images of nanorings with 25 min ultrasound irradiation. Inset 
in (b) is an SAED of a single nanoring. (d–g) TEM images with higher resolution 
showing the detailed morphologies of the rings.  
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Figure 14. (a) XRD pattern and (b) TEM image of CdTe nanorings; TEM images of 
(c) CdS and (d) CdSe nanorings. 
 
 Mayers et al have described a solution-based method for the large-scale 
synthesis of selenium nanowires [51]. Sonication was used as the driving 
force for both nucleation and dispersion. The trigonal Se seeds were formed 
during sonication and grew over the course of hours at the expense of the 
amorphous Se colloids in a process similar to Ostwald ripening. The resultant 
nanowires (Figure 15) were typically single crystals of trigonal Se whose 
morphologies could be tuned by adjusting the reaction conditions. A variety 
of solvents are demonstrated for use with this process. 
 Gates et al have also synthesized single crystalline selenium nanowires 
using a sono-chemical process [52]. These uniform nanowires can be grown in 
solutions or on substrates at room temperature with yields approaching 100 %. 
The nanowires could also be directed to grow into self-connecting networks, 
and to form electrically continuous connections between two electrodes. 
 A sonochemical method has been successfully used in order to incorporate 
MnO2 nanoparticles inside the pore channels of CMK-3 ordered mesoporous 
carbon [53]. As shown in Figure 16, Modification of the intrachannel surfaces 
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of CMK-3 to make them hydrophilic enables KMnO4 to readily penetrate the 
pore channels. At the same time, the modification changes the surface 
reactivity, enabling the formation of MnO2 nanoparticles inside the pores of 
CMK-3 by the sonochemical reduction of metal ions. CMK-3 with 20 wt.-% 
loading of MnO2 inside CMK-3 delivered an improved discharge performance 
of 223 mA h g-1 at a relatively high rate of 1 A g-1. Almost no decrease in 
specific capacity is observed for the second cycle, and a discharge capacity of 
more than 165 mA h g-1 is retained after 100 cycles. This is attributed to the 
nanometer-sized MnO2 formed inside CMK-3 and the high surface area of the 
mesopores (3.1 nm) in which the MnO2 nanoparticles are formed. 
 Jung et al. have demonstrated the fabrication of arrays of vertically aligned 
ZnO nanorods by a simple sonochemical route  (see Figure 17) [54].   Figure 17a 
 

 
 
Figure 15. (A) SEM image of typical t-Se nanowires synthesized by sonication of         
a-Se in ethanol at room temperature. (B) SEM image of Se nanowires grown from         
a-Se colloids in ethanol without sonication. 
 

 
 
Figure 16. The proposed mechanism of the formation of MnO2 nanoparticles incide 
the pores of CMK-3 using the sonochemical method. 
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Figure 17. a) Schematic illustration of a sonochemical route to vertically aligned ZnO 
nanorods on various substrates. b) 4 cm× 4 cm Zn sheet after 1 h of ZnO growth. c) A tilt-
view SEM image of ZnO nanorod arrays grown on a Zn sheet. Part of the ZnO nanorod 
array was peeled off with a sharp knife in order to investigate the alignment of the ZnO 
nanorods on the Zn sheet. d) A magnified view of oriented ZnO nanorods. The diameter 
and length of the ZnO nanorods vary from 50 to 150 nm and 300 to 900 nm, respectively. 
e) A TEM and f) an HRTEM image of a single ZnO nanorod detached from the Zn sheet. 
The inset shows the electron diffraction pattern of a single ZnO nanorod.  
 
shows schematically a sonochemical route to vertically aligned ZnO nanorod 
arrays on various substrates. The ZnO nanorod arrays were fabricated on a 
large-area Zn sheet (4 cm × 4 cm), as shown in Figure 17b. Figure 17c and d 
show field-emission scanning electron microscopy (FESEM) images of ZnO 
nanorod arrays grown on a Zn sheet. By SEM observation, it could be seen 
that the ZnO nanorods were vertically well-aligned over the surface of the Zn 
sheet. The length of the ZnO nanorods can be controlled by adjusting the 
ultrasonication time. The average growth rate of the samples is about 500 nm h–1. 
Compared with other solution-based approaches, the growth time is very 
short. It should be noted that this growth rate is more than 10 times that of the 
hydrothermal method at the lowest temperature. And the nanorods can be 
grown in situ over large areas at a high density under ambient conditions - 
important for nanoelectronic circuit integration and on various substrates, 
including transparent glass and polycarbonate. 
 A simple sonochemical route for the surface synthesis of CdS 
nanoparticles on ZnO nanorods is reported [55]. Ultrasonic irradiation of a 
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mixture of ZnO nanorods, cadmium chloride, and thiourea in an aqueous 
medium for 2 h yields ZnO nanorod/CdS nanoparticle (ZnO/CdS) composites 
with core/shell-type Geometry. TEM images of the ZnO/CdS composites 
reveal that the ZnO nanorods are coated with CdS nanoparticles with typical 
diameters of about 5-10 nm. The conductance of the ZnO/CdS composites 
shows an enhancement compared with that of the uncoated ZnO nanorods. 
The appealing application of the ZnO/CdS composites as ethanol sensors is 
presented and a possible sensing mechanism is discussed. 
 Geng et al have reported a convenient chemical conversion method that 
allows the direct preparation of nanocrystalline ZnE (E=O, S, Se) 
semiconductor spheres and hollow spheres, as well as their core/shell 
structures [56]. As shown in Figure 18, by using monodispersed ZnO 
nanospheres as a starting reactant and in situ template, ZnS, ZnSe solid and 
hollow nanospheres, and ZnO/ZnS and ZnO/ZnSe core/shell nanostructures 
have been obtained through an ultrasound-assisted solution-phase conversion 
process. The formation mechanism of these nanocrystals is connected with 
the sonochemical effect of ultrasound irradiation. The PL spectra of the 
hollow and core/shell nanostructures displayed enhanced emission intensity 
compared with that of solid spheres. The ECL properties of these 
semiconductor spheres were researched, for the first time, and the 
experimental results showed that the nanospheres have interesting photonic 
properties. 
 Zhou et al have reported, for the first time, a novel bacteria-templated 
sonochemical route for the in situ onestep synthesis of ZnS hollow 
nanostructures at room temperature involving artificial mineralization and 
microorganism disruption [57]. Here, the use of a bacterium as a sacrificial 
template with the assist of sonochemistry for the one-step synthesis of hollow 
nanostructures should have significant benefits: Bacteria have evolved a large 
variety of well-defined stunning morphologies controlled at the micro- or 
even nanoscopic level, among which cocci, bacillus, vibrios, spirillum, and 
square bacteria acting as templates can lead to the formation of corresponding 
three-dimensional hollow nanostructures, some of which are currently 
unattainable through any other chemical method, and materials of such 
structures may have striking properties. Moreover, the perfect combination of 
the two factors (bacteria and sonochemistry) realizes the one-step synthesis 
of hollow nanostructures, which is a great breakthrough and challenge to the 
traditional template synthesis process. Herein, two kinds of lactobacillus 
Streptococcus thermophilus (Str. theromophilus) and Lactobacillus 
bulgaricus (L. bulgaricus) were used as templates to direct the formation of 
ZnS hollow spheres and nanotubes, respectively. Figure 19 schematically 
illustrates the formation process of ZnS hollow spheres. 
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Figure 18. Schematic illustration of the chemical conversion method to Zn-based 
semiconductor solid, hollow spheres and their core/shell nanostructures. Through a 
sonochemical reaction, monodispersed ZnO nanospheres can be obtained. These as-
obtained ZnO nanospheres can further be converted to corresponding spherical 
chalcogenide nanostructures through an ultrasound-assisted substitution reaction at 
room temperature. 
 

 
 
Figure 19. Schematic illustration of the in situ one-step formation of ZnS hollow 
spheres using Str. theromophilus as templates. 



 Jun-Jie Zhu & Jun Geng  20

 In the first step, ZnS nanoparticles deposit onto the cell surfaces based on 
the interaction between the functional groups of the cell surfaces and the 
precursors under sonochemical conditions. Then, ZnS nanoclusters coat cells 
to form core-shell structures. In the next step, cell disruption takes place 
under ultrasound. Ultrasound has a great effect on the metabolism of the 
bacterium, which can promote cellular metabolism at low intensity, whereas 
at high intensity, cells disrupt. In the last step, cellular fragments release from 
the porous ZnS shells and disperse in the solution, leaving the ZnS shells as 
hollow spheres. This step can be divided into three types. In type 1, cells 
disrupt under sonication, and small cellular fragments release through the 
interstices of the porous shells and disperse in the solution without breaking 
the integrity of the sphere, leaving the ZnS shells as hollow spheres without 
any breach. The proposed model can be confirmed in Figure 20a,b. Type 2 
illustrates another model of cells just at the stage of cell division. An 
individual mother cell divides into two daughter cells, and the cellular 
fragments release from the cross section and disperse in the solution; thus, the 
hollow twin sphere form. Figure 20c,d coincides with the illustration exactly. 
Type 3 indicates the formation of some broken hollow spheres. As shown in 
type 3, cells are coated with ZnS shells with a gap which probably is due to 
the incomplete coating or to the breakage of original shells, then cellular 
fragments release, and broken hollow spheres form. Figure 20e,f indicates the 
broken ZnS hollow spheres.  
 

 
 
Figure 20. a, b: FESEM and TEM images of ZnS hollow spheres corresponding to 
type 1, respectively. c, d: FESEM and TEM images of ZnS hollow spheres 
corresponding to type 2, respectively. e, f: FESEM and TEM images of ZnS hollow 
spheres corresponding to type 3, respectively.  
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 The reactions occurring during sonication which lead to ZnS formation 
are believed to be  
 

                                          (9) 
 

              (10) 
 

                           (11) 
 

                     (12) 
 

       (13) 

 
 This facile, novel, and green method has potential as a generic means of 
the one-step synthesis of various hollow nanostructures of other materials. 
 Qiu et al have successfully synthesized single- and multiple-heterojunction 
nanowires with diameters of 10-40 nm, by a simple electrically assisted 
sonochemical method in aqueous solution at room temperature [58]. As 
shown in Figure 21a, a nanowire junction with sharp interface can be clearly 
observed from the TEM image. Such structures start to emerge after 15 min 
and exist in all the samples afterward. Since the formation of the junction 
occurred simultaneously with the phase transformation, it seemed plausible 
that such structures could be a heterogeneous nanowire composed of two 
distinct phases of Bi2Se3. HRTEM images verified the assumption. Figure 21b 
shows the lattice structure of the junction. The lattice spacing indicates that 
the junction was formed by two different phases of Bi2Se3. Furthermore, in 
the longer-sonicated samples, Qiu found an even more exciting product--
multijunction nanowires (Figure 22a). The pulsed ultrasound produced 
distinct phases within the nanowires. The multijunction nanowire exhibits a 
characteristic ABAB superstructure. Thus, heterosuperstructures were 
synthesized along the growth axis of the nanowires. The sharp interfaces 
could benefit from the pulsed mode. The periodic structure may arise from 
stacking faults. Temperature could be a possible reason responsible for the 
formation of heterojunctions. Such a chemical approach provides a promising 
way to synthesize high-performance building blocks for improved devices. 
By properly controlling the reaction conditions and reactants, this method 
opens a new strategy toward the fabrication of one-dimensional superlattices 
in nanowires under ambient conditions. 
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Figure 21. (a) TEM image of a heterostructured Bi2Se3 nanowire. (b) HRTEM image 
of the heterojunction, the lattice spacing of phase 1 is 0.273 nm which corresponds to 
the [211] plane of the orthorhombic phase; the lattice spacing of phase 2 is 0.354 nm, 
which corresponds to the [001] plane of the hexagonal phase.  
 

 
 
Figure 22. (a) TEM of bismuth selenide multiple-heterojunction nanowire with 
periodic phase boundaries; the thickness of the nanowire is 29.2 nm, and the aspect 
ratio is 13.2. (b) HRTEM of the nanowire junction; lattice constant of phase 1 
corresponds to orthorhombic Bi2Se3 along the [211] direction; the lattice constant of 
phase 2 corresponds to hexagonal Bi2Se3 along the [001] direction.  
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1-Thioglycerol-capped CdTe nanocrystals were used as core template to 
generate CdTe/CdS core-shell nanocrystals in aqueous solution by means of 
ultrasonic irradiation [59]. The photoluminescence quantum yields of 
CdTe/CdS core-shell nanocrystals were up to 20%, larger than the original 
CdTe nanocrystals by around 10 times. The reaction conditions, such as the 
concentration, the molar ratio of reactants, and the pH value, were 
investigated, showing that ultrasonic irradiation controlled the decomposition 
of thiourea and the formation of a gradient CdS shell around the original 
CdTe core. 
 
2.4. Luminescent nanomaterials 
 
 Luminescent nanocrystals may serve as active components in light-
emitting devices, [60a-c] low-threshold lasers, [60d] optical amplifiers, [60e] 
and as markers for biomolecules, [60f-g] provided that their photoluminescence 
quantum yield is high [60]. The main work during the past decade focused on 
semiconductor nanocrystallites since their spectroscopic data provide 
information on their electronic energy structure [61]. In recent years, strategies 
have been developed to significantly increase the quantum yield of 
nanoparticles by suppressing energy-loss processes at the particle surface. 
Many other luminescent nanomaterials have been taken into invetigetion. 
 As an inorganic scintillating crystal, lead tungstate (PbWO4) is a promising 
material with potential applications in high-energy physics. Compared to other 
well-known scintillators, PbWO4 is most attractive for its high density              
(8.3 g/cm3), short decay time (less than 10 ns for a large part of light output), 
high-irradiation damage resistance (107 rad for undoped and 108 rad for         
La-doped PbWO4), interesting excitonic luminescence, thermoluminescence, 
and stimulated Raman scattering behavior [62]. Via different sonochemical 
routes, Geng et al have synthesized PbWO4 nanostructures with various 
morphologies. For example, PbWO4 nanoparticles with diameter of 10~20 nm 
were obtained from an aqueous solution of lead acetate and sodium tungstate 
in the presence of complexing agents of trisodium citrate (TSC) [63]. When 
nitrilotriacetate acid (H3NTA) was used as complexing agents, PbWO4 
nanostructures with polyhedral, spindle-like and dot-shaped morphologies 
have been successfully synthesized [64]. And through time-dependent 
experiments, the ultrasound-induced oriented attachment growth mechanism 
has been proposed for the possible formation mechanism of spindle-like 
sample. Dendritic, flowery and star-like PbWO4 single crystals have been 
prepared via a facile, ethylene glycol (EG)-assisted sonochemical method 
[65]. The concentration of EG and ultrasound irradiation were found to play 
crucial roles in the morphology control of the final products. The oriented 
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attachment process accompanying Ostwald ripening was proposed for the 
possible formation mechanism. Geng et al have also synthesized novel 
nanosized PbWO4 hollow spindles (Figure 23) for the first time, via a 
Pluronic P123- (EO20PO70EO20-) assisted sonochemical process [66]. The 
triblock copolymer acted as a structure-directing agent and played a key role 
in the formation of the hollow spindles. An in situ micelle templating 
mechanism has been proposed for the possible formation mechanism of the 
hollow nanostructure. The optical properties of the final products were 
investigated. It is exciting that the as-prepared PbWO4 hollow structure 
shows extraordinarily high room-temperature photoluminescence intensity 
compared with the solid structures. Sb(III)-doped lead tungstate single 
crystals with controlled shapes and enhanced green emission have                  
been synthesized via a facile, Pluronic P123 (EO20PO70EO20)-assisted, 
sonochemical method [67]. The optical properties, such as the Raman spectra 
and PL spectra, of doped PbWO4 were studied. Room-temperature 
photoluminescence of doped PbWO4 samples with different morphologies at 
desired Sb doping concentrations showed greatly enhanced luminescence 
intensity compared with the undoped PbWO4. 
 YVO4 nanocrystals doped with 10.0 mol% Eu3+ have been synthesized 
from an aqueous solution of (Y, Eu)(NO3)3 and NH4VO3 with or without 
ultrasonic irradiation [68]. The ultrasonic irradiation has a strong effect on 
the morphology of the YVO4: Eu particles. The spindle-like particles with an 
equatorial diameter of 90-150 nm and a length of 250-300 nm could be 
obtained with ultrasonic irradiation, whereas only nanoparticles were 
produced without ultrasonic irradiation. The photoluminescence intensity of 
YVO4: Eu of the spindle-like particles was largely improved compared with 
that of the nanoparticles. The possible formation mechanism of the spindle- 
like  particles of  YVO4: Eu with the application of  ultrasonic       irradiation was 
 

 
 
Figure 23. (a) Typical SEM image of the as-prepared PbWO4 sample. (b) SEM 
images of several broken hollow spindles viewed from different angles. 
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discussed in this paper. In the presence of ammonium ions, during ultrasonic 
irradiation, the following reactions would occur: 
 
Y3+(aq) + 3H2O ⎯→⎯)))))  Y(OH)3 + 3H+(aq) + NH4

+(aq)          (14) 
 
VO3

− (aq) + OH−(aq)→ VO4
3−(aq) + H+(aq)                    (15) 

 
Y(OH)3 + VO4

3− (aq) → YVO4(s) + 3OH−(aq)                  (16) 
 
 Visible-light-induced photocatalysts Bi2MO6 (M = W Mo) nanocrystals 
have been successfully synthesized via a new-ultrasonic-assisted method 
[69]. Laminar structured Bi2WO6 nanoplates with size of ca. 100 nm and 
Bi2MoO6 nanoparticles with size of ca. 150 nm were prepared via ultrasonic 
pretreatment followed by calcination at 500 oC. The photocatalytic activities 
of as-prepared Bi2MO6 were about 4-6 times higher than that of the products 
prepared by traditional solid-state reaction (SSR), which were evaluated by 
the degradation of RhB dye in water under visible light irradiation (lambda > 
400 nm). It was found that ultrasonic irradiation played an important role in 
the formation of the nanomaterials with a smaller crystal size and larger 
surface area, which was beneficial to their photocatalytic activities. The 
present study suggested a promising method, as an effective improvement of 
traditional SSR-process, for the synthesis of other photocatalysts.  
 Single-crystalline PbF2 nanorods with a diameter of 100-500 nm and 
length of 1-10 µm have been successfully synthesized by a simple 
sonochemical route in a microemulsion system at room temperature [70]. The 
experimental results showed that polyethylene glycol 6000 played an important 
role in the formation of PbF2 nanorods. Room-temperature photoluminescence 
measurements indicated that the as-prepared PbF2 nanorods had strong green 
emission, which could have potential applications in optoelectronic devices. 
 The nanocrystals of CeF3 with the hexagonal structure and different 
morphologies such as the disk (Figure 24), the rod, and the dot have been 
successfully synthesized via a mild ultrasound assisted route from an aqueous 
solution of cerium nitrate and different fluorine sources (KBF4, NaF, NH4F)  
[71]. The use of different fluorine sources has a remarkable effect on the 
morphology of the final product. The luminescence and UV-vis absorption 
properties of CeF3 nanocrystals with different morphologies have been 
investigated. Compared with other shape nanocrystals, the luminescence 
intensity of the disklike nanocrystals is obviously enhanced. It is suggested 
that the function-improved materials could be obtained by tailoring the shape 
of the CeF3 nanocrystals. 
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 The sonochemical preparation of FePt/SiO2 and FePt/ZnS/SiO2 core-shell 
and hollow microspheres, as well as their self-assembly into a quasi-
monolayer, was demonstrated by Wang et al.[72] Uniform FePt nanoparticles 
can be deposited on silica microspheres modified with polyelectrolytes by a 
sonochemical process, using iron and platinum acetylacetonates as metal 
precursors (Figure 25). The amine and carboxylic functional groups in the 
polyelectrolyte layer provided nucleation sites for FePt nanoparticles. 
Alternatively, if the silica was precoated with ZnS, the nucleation of FePt 
nanoparticles on the ZnS shell can occur. A high coercivity of 12 kOe for 
these microspheres was obtained after annealing. A bifunctional microsphere 
with both luminescence and magnetic properties could be generated after the 
FePt/ZnS/SiO2 microsphere was annealed in a vacuum.  
 

 
 

Figure 24. Morphological characterization of the CeF3 nanocrystals: SEM images. 
 

 
 
Figure 25. Schematic Illustration of Sonochemical Preparation of FePt Core-Shell 
Spheres and the Self-Assembly of the FePt Microsphere Monolayer (PEI, 
poly(ethyleneimine); PAA, Poly(acrylic acid)).   
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Figure 26. TEM images of hollow spheres derived from the FePt coreshell spheres: 
(a) hollow FePt, (b) hollow FePt/ZnS double shells (inset, SEM image).  
 
 And hollow spherical FePt particles can be obtained when FePt core-
shell particles were reacted with 2 wt % HF/ethanol to remove the SiO2 core. 
The magnetic properties of hollow spheres can be tuned from soft to hard 
magnetism by controlling the annealing process. Figure 26 shows FePt and 
FePt/ZnS hollow spheres derived from the etching coreshell spheres annealed 
at 480 °C under N2.  
 
3. Conclusion 
 
 Sonochemistry is the research area in which molecules undergo a 
chemical reaction due to the application of powerful ultrasound radiation          
(20 kHz–10 MHz). The physical phenomenon responsible for the 
sonochemical process is acoustic cavitation. A number of theories have been 
developed in order to explain how 20 kHz sonic radiation can break chemical 
bonds. They all agree that the main event in sonochemistry is the creation, 
growth, and collapse of a bubble that is formed in the liquid. The stage 
leading to the growth of the bubble occurs through the diffusion of solute 
vapor into the volume of the bubble. The last stage is the collapse of the 
bubble, which occurs when the bubble size reaches its maximum value. Very 
high temperatures (5000–25,000 K) are obtained upon the collapse of the 
bubble. Since this collapse occurs in less than a nanosecond, very high 
cooling rates, in excess of 1011 K/s, are also obtained. Through the process of 
cavitation, ultrasound performs high-energy chemistry. There are applications 
of this to the synthesis of inorganic materials, metals, alloys, nanophase 
colloids, and supported catalysts. The products varied in size, shape, 
structure, and in their solid phase, but they were always of nanometer size. 
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 Though this review cannot cover all the bio-functional nanomaterials 
prepared by ultrasound irradiation ever reported in the literature, to some 
extent, it included represent the latest progress in this field. Compared with 
conventional methods, these novel sonochemical methods have a variety of 
advantages and will play an increasingly important role in materials science in 
the future. The applications of high-intensity ultrasound to materials science are 
diverse and the range of possibilities is only now beginning to emerge. 
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