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Abstract: This article reviews the nanomaterials that have been prepared to date by pulsed
sonoelectrochemistry. The majority of nanomaterials produced by this method are pure
metals such as silver, palladium, platinum, zinc, nickel and gold, but more recently the
syntheses have been extended to include the preparation of nanosized metallic alloys and
metal oxide semiconductors. A major advantage of this methodology is that the shape and
size of the nanoparticles can be adjusted by varying the operating parameters which
include ultrasonic power, current density, deposition potential and the ultrasonic vs
electrochemical pulse times. Together with these, it is also possible to adjust the pH,
temperature and composition of the electrolyte in the sonoelectrochemistry cell.
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1. Introduction
Nanomaterials have broad applications in a variety of fields because of their unusual and size
dependent optical, magnetic, electronic and chemical properties [1,2]. Nanoparticles are characterized
by an extremely large surface to volume ratio, and their properties are determined mainly by the
behaviour of their surface [3,4]. The applications of nanoparticles are well known in the fields of
cosmetics and pharmaceutical products, coatings, electronics, polishing, semiconductors and catalysis,
and the design and preparation of novel nanomaterials with tunable physical and chemical properties
remains a growing area. There are a range of methods of producing metallic nanosized materials
including radiation methods [5], thermal decomposition [6], vapor deposition [7], reduction in
microemulsions [8] and chemical reduction methods [9]. However most of these techniques tend to be
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expensive and time-consuming. An alternative method, simple and cost effective, is the use of
sonoelectrochemistry [10].
The application of ultrasound irradiation to electrochemistry processes date back to the 1930s [11].
However, in the last decade the expansion of the sonoelectrochemistry has become increasingly
important [12]. The variety of induced effects on electrochemistry processes by ultrasound waves can
be attributed to the generation, growth and collapse of microbubbles in the electrolyte [13]. If the
cavitation takes place close to the surface of the electrode, a jet of liquid penetrate inside the bubble
perpendicular to the electrode surface leading to the formation of high velocity microjet of liquid
toward the surface [14]. When the ultrasound intensity is higher than the threshold intensity, the
collapse of the bubbles is also associated with shock waves [15] and microstreaming [16]. All these
phenomena lead to the decreasing of the diffusion layer thickness [17,18] and can improve the overall
mass transport, increasing reaction rates, indeed of cleaning and degassing of the electrode surface
[19,20]. Chemical effects [21,22] associated with the generation of radical from the sonolysis of the
solvent also were observed. Recently there is a growing interest of the application of the
sonoelectrochemistry in environmental remediation [23,24] and in the preparation of nanopowders [25].
A number of different arrangements of equipment have been used for the introduction of the
ultrasound irradiation into the electrochemical systems. The first and simplest setup used was the
immersion of a conventional electrochemistry cell into a fixed position in the ultrasound bath [13].
Some studies were carried out using this configuration [26] but the power transmitted inside the
electrochemistry cell is low and the results depend strongly on its positioning because the distribution
of the ultrasound field is not homogeneous [27]. Another arrangement is the introduction of an
ultrasonic horn system (often referred to as an ultrasonic probe) directly into an electrochemistry cell.
This allows the ultrasonic waves to be directed onto the electrode surface and provides much more
efficient power control. Various types of sonoelectrochemistry cells using ultrasound probes have been
reported. In the most used configuration the electrodes and the ultrasound horn are immersed in the
solution with the ultrasound horn emitter is placed face to face at a known distance from the electrode
surface [13]. Another arrangement is to convert the ultrasound horn itself into the working electrode
[28]. Such an electrode is referred to as sonotrode [13] or sonoelectrode [28]. This new type of
sonoreactor was first introduced by Reisse et al. [28] to study the electrodeposition of copper and the
electroreduction of benzaldehydes [29,30] and benzoquinone [30] have also been reported using this
device. Subsequently the sonotrode system involving consecutive pulses of electrolysis (for
deposition) and ultrasound (to release the deposit) has been used in the preparation of nanopowders.
This review is focused on the preparation of nanomaterials using the pulsed sonoelectrochemistry
method. The first part summarizes the basic principle of this methodology and the different materials
including metals, alloys, semiconductors and conductive polymers that have been prepared to date
while the second part examines the effect of the different variables on the process.
2. Experimental Devices and Methodology
Reisse et al. have described a device for the production of metal powders using pulsed
sonoelectrochemical reduction [28,31]. Figure 1 shows the experimental set-up used. In these
experiments a titanium probe (20 kHz) acts both as a cathode and an ultrasound emitter. The
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electroactive part of the sonoelectrode is the planar circular surface at the bottom of the horn and the
immersed cylindrical part into the electrolyte is covered by an isolating plastic jacket. The ultrasound
probe is connected to a generator and a potentiostat using a pulse driver.
The first system used the simplest configuration of a two-electrode cell because the process is
carried out under galvanostatic conditions. The drawback of this configuration is the presence of
undesirable secondary reactions under galvanostatic control and to overcome this, an adaptation was
made. The replacement of a two-electrode configuration (cathode and anode) by a three-electrode
configuration (working, reference and auxiliary electrodes) [32] in the sonoelectrochemistry system
was carried out with the aim of applying a controlled potential to the sonoelectrode to get a better
control of the process. In the majority of cases the processes have been carried out under galvanostatic
conditions because using this configuration is simpler and it could be used for the large scale
production of nanoparticles.
Figure 1. Sonoelectrochemistry set-up used in the production of nanopowders (WE
working, RE reference and CE auxiliary electrode).

It is worth mentioning that before any sonoelectrochemistry experiment the ultrasound power
delivered inside the cell should be measured using calorimetric methods [33]. The fundamental basis
of the pulsed sonoelectrochemical technique for the production of nanopowders is massive nucleation
[34]. At the cathode, a pulse of current (or potential) reduces a number of cations, depositing a high
density of metal nuclei on the sonoelectrode surface, and the titanium horn works only as an electrode
during this time (TON). This short electrochemical pulse is immediately followed by a short pulse of
high intensity ultrasound (TUS) that removes the metal particles from the cathode surface and
replenishes the double layer with metal cations by stirring the solution. Sometimes, a rest time (TOFF),
without current or ultrasonic vibrations, follows the two previous pulses and it is useful to restore the
initial conditions close to the sonoelectrode surface.
Figure 2 shows the distribution of the pulses with the time. Electrochemical and ultrasound pulses
typically ranges between 100 and 500 ms and the rest time lasts no more than 1 s.
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Figure 2. Distribution of the ultrasound and current pulses with the time (TON current pulse
time, TUS ultrasound pulse time and TOFF rest time).

In most commercial systems the ultrasound horns are made from titanium alloy (Ti:Al:V 90:6:4). In
air, titanium forms a surface oxide layer, consisting of a mixture of TiO2, Ti2O3 and adsorbed oxygen.
Under an oxidation process a passivated film can grow on the sonoelectrode surface and this acts as an
insulator [13,35]. This limitation restricts the use of the sonoelectrode to reduction process. Before
each experiment, the titanium sonoelectrode should be polished [35] as a normal electrode used in
electrodeposition process, to remove any contamination on the surface that could affect to the process
of nucleation.
This new electrochemical method has since been employed to produce numerous pure metals
[32,36,37] or alloys nanopowders [38,39] and semiconductor nanoparticles [40]. More recently,
conductive polymer nanoparticles [41] have also been synthesized by pulsed sonoelectrochemistry.
The metal powders obtained are in a finely divided state with high surface areas, an average particle
size of 100 nm and high chemical purity [42]. Table 1 summarizes the experimental conditions used in
the synthesis of different materials by pulsed sonoelectrochemistry.
Table 1. Experimental conditions for the pulsed sonoelectrochemistry synthesis for
different nanomaterials using a 20kHz titanium horn as working electrode.
Species

Solution

TUS/ms

IUS/
-2

W cm
Cu

0.16 mol/L

62

Electrochemistry

TON/ms

TOFF/ms

conditions
100-600

Experiment

440-480 mA cm

250-900

150-300

30 min

With PVP 29-34

CuSO4 5H2O,

nm

1.84 mol/L

Without PVP 200

0.1M K2PtCl4,

Ref.

duration
-2

H2SO4, pH 0.5
Pt

Size

[44]

nm aggregates
62

300-500

-2

50 mA cm

200-500

-----

1h

10-20 nm (some

0.5M NaCl

aggregated 100

pH 1

and 200 nm)

[10]
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Table 1. Cont.

Au

2.8 10-4M

Not

HAuCl4·nH2O

100

indicated

-850 to -1300

10-50

100-200

5h

5 -35 nm

[32]

mV/ NHE

1g/L MPEO
pH 1
Mg

Grignard

62

300

5 mA cm-2

6 105

600

NI

4.5±0.5 nm

[52]

NI

Cont.

60-80 mA cm-2

Cont.

----

2h

80 nm diameter

[57]

reagents
(EtMgCl and
BuMgCl),
AlCl3 in THF
and DBDG
CdSe

CdCl2 2.5H2O,
NTA,

nanotubes

Na2SeO3 with
PVP
Co65Fe35

Sulphate bath

62

300-500

8-380 mA cm-2

300-500

Not used

90 min

based on

3-D structures

[39]

300 nm

Aotani’s
formulation
pH 3
PANI

0.5M aniline,

62

NI

0.5M HCl
Cu2O

0.45 mol L

+1V/ Ag/AgCl

8 106

800

2h

20-40 nm

[62]

200-400

NI

8 nm

[56]

(3M)
-1

110

CuSO4 5H2O

100-400

-0.65, -1.2V/

100-300

SSE

+ 3.25 mol L-1
lactic acid
pH 9.1

Abbreviations: NI = Not indicated; Cont. = Continuous.

3. The Preparation of Nanoparticles by Pulsed Sonoelectrochemistry
3.1. Metallic Nanopowders
Copper electrodeposition is a well-known industrial process where all electrodeposition parameters
and electrolytes are well established [43], thus copper was one of the first metals to be synthesized
using pulsed sonoelectrochemical methods. The synthesis of a range of metallic copper nanostructures
by pulsed sonoelectrochemistry has been reported [28,31,44,45]. Haas et al. [44] synthesized copper
nanoparticles from an aqueous acidic solution of CuSO4 using polyvinylpyrrolidone (PVP) as a
stabilizer. By applying a range of current density between 55 and 100 mA cm-2 monodispersed
spherical copper nanoparticles with a diameter range of 25-60 nm were observed. A reaction
mechanism between copper ions and PVP was proposed. The first step was the formation of a
coordinative bonding between PVP and copper ions, forming a Cu2+-PVP complex. The formed
complex was present in the solution and when the current pulse was applied, the Cu2+ was reduced to
Cu0 on the polymer preventing the agglomeration of the metallic nanoparticles. IR studies showed that
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the PVP is coordinated with Cu through C-N and C=O bonds. When PVA was used as a stabilizing
agent [45] copper with dendritic morphologies was obtained.
Zin et al. [10] reported the production of platinum nanoparticles from aqueous chloroplatinic
solutions under galvanostatic conditions. The platinum nanoparticles produced were spherical with an
average size ranging from 10 to 20 nm. These aggregated into secondary structures with a mean size
ranging between 100 and 200 nm. Tridimensional dendritic Pt nanostructures [37] were synthesized
when PVP was used as stabilizer.
Stable suspensions of gold nanoparticles in water have been reported by Aqil et al. [32] using
pulsed sonoelectrochemistry. Some polymers were added to the electrolyte to avoid the nanoparticle
aggregation that is frequently observed in such sonoelectrochemistry techniques [31]. The gold
electrodeposition was carried out applying a potential in the range of −850 to −1,300 mV vs NHE and
in the presence of α-methoxy-ω-hydroxyl polyethylene (MPEO) the nanoparticles aggregated and
settled down in the electrochemical cell in a similar way to that observed without stabilizer present.
However using a MPEO/PVP polymer mixture, a stable violet suspension was obtained at the end of
the process without sedimentation. This sample showed a narrow size distribution centered on 12 nm,
together with a few larger particles (30 nm). In the presence of polyethylene oxide (PEO) disulfide
polymer a very stable suspension of gold nanoparticles with a mean diameter of 35 nm was obtained.
Table 2 summarizes the different strategies used to prepare stable suspensions of gold nanoparticles
and the average size obtained.
Table 2. Summary of experimental conditions in gold nanoparticles synthesis. Adapted from Ref. [32].
Polymer
MPEO
MPEO/PVP
PEO disulfide

E/mV vs ENH
−850
−850
−1,300

TON/ ms
50
50
20

Size/ nm
Sediment
12
35

Silver nanoparticles have also been synthesized using different electrolytes and stabilizers by the
pulsed sonoelectrochemistry method [46-49]. Shaped silver nanoparticles including spheres, rods and
dendrites were prepared from an aqueous solution of AgNO3 in the presence of nitriloacetate (NTA)
[46]. It was found that the electrolyte composition come along reaction time can greatly affect the
shape and growth of the nanoparticles. Without NTA, shaped Ag nanoparticles were not formed. If the
concentration of NTA is very low (less than 0.1 g/L) only randomly shaped aggregates were obtained
but increasing the concentration of NTA up to 1 g/L the formation of the shaped particles was favored.
Using this stabilizer concentration and varying the concentration of silver ions in the electrolyte, silver
nanoparticles were formed with different shapes. With 0.6 g/L AgNO3 the nanoparticles were spherical
and well dispersed, with a size of 20 nm with a reaction time below 5 min. Nanorod structures with a
width of 10-20 nm in diameter were obtained with 2 g/L AgNO3 after 12 minutes of reaction and when
the concentration of AgNO3 increases to 20 g/L, highly ordered dendritic nanostructured were
observed for a 25 min reaction. The authors suggested that it may be that the excess of silver ions in
the solution that favors the aggregation and growth into the dendritic structure of Ag clusters. In
subsequent work Socol et al. [47] used the same system, silver + NTA and proposed a model based on
a suspensive electrode formation to explain the growth of dendritic structures. The model involves
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expulsion of the particles from the electrode surface as a result of the ultrasonic pulse into the solution
where they can remain suspended. These suspended nanoparticles are then moved about in the solution
through the influence of the ultrasonic wave and as a result could hit the electrode and thus acquire a
charge. These charged particles travelling into the bulk solution could reach the anode and initiate
electrodeposition onto themselves and grow in size into a dendritic structure.
Jiang et al. [49] reported the synthesis of silver nanoparticles with a face-centered cubic structure in
a saturated solution of silver citrate in the presence of PVP. Under the experimental conditions used
the Ag nanoparticles were prepared as spherical and monodisperse with an average size of 20-25 nm.
In contrast, amorphous silver nanoparticles [48] of 20 nm size were prepared from an aqueous solution
of AgBr in the presence of gelatin.
Lei et al. [50] reported the synthesis of spherical nanoparticles of tungsten by pulsed
sonoelectrochemistry. The average diameter of these nanoparticles was 30 nm and some aggregated
particles were observed. Qui et al. [36] synthesized highly dispersed palladium nanoparticles by pulsed
sonoelectrochemistry methods with different sizes and shapes using a solution of PdCl2 in the presence
of cetyltrimethylammonium bromide (CTAB). The nanoparticles were mostly spherical with an
average size of 4–5 nm and for longer reaction time than 2.5 h, dendritic structured Pd was detected.
The dendritic palladium was made up of numerous spherical Pd nanoparticles with a diameter of
approximately 10 nm. Zinc [31,42,51], nickel [42,51] and cobalt [42] nanoparticles have also been
successfully synthesized by pulsed sonoelectrochemical methods.
Nanoparticles of very reactive metals with a high negative reduction potential, e.g. magnesium and
aluminum can also be synthesized using pulsed sonoelectrochemistry. The synthesis of Mg
nanoparticles [52] was carried out using two different electrolyte solutions based on Grignard reagents
(EtMgCl and BuMgCl) in ethers. The ethers used were tetrahydrofuran (THF) and dibutyldiglyme
(DBDG) and AlCl3 was added to increase the conductivity of the electrolyte. Four nm sized metallic
magnesium particles were obtained for both electrolytes. The product efficiencies in THF and in
DBDG were different at 41% and 33%, respectively, and this was ascribed to the difference in solution
viscosity. MgO nanoparticles could also be found in the product due to the ease of oxidation of the
metal.
In the case of aluminum nanoparticles [53] a solution of LiAlH4 and AlCl3 in THF was used. TEM
analysis showed the formation of aggregated particles in the range 10–20 nm and Energy-dispersive Xray (EDX) analysis confirmed that the surface of the material is mainly composed of aluminum but
there were also small peaks observed for oxygen which showed that the surface of the aluminum was
partially oxidized. This was a similar result to that obtained for the magnesium nanoparticles. The
current pulse used in the synthesis of aluminium and magnesium nanoparticles was 600 s which is
much longer than those commonly used in the other nanometal syntheses.
3.2. Alloy Nanopowders
The pulsed sonoelectrochemistry technique has been applied to the synthesis of binary and ternary
alloyed nanopowders containing iron, cobalt and nickel [25,38,39]. All these alloys were synthesized
using an electrolyte bases on Aotani’s formulation. Binary and ternary alloys were deposited
galvanostatically at 8,000 A m-2 and particles with a mean diameter of 100 nm were produced [25]. In

Molecules 2009, 14

4291

a recent report a series of iron-cobalt alloy nanopowders were prepared by pulsed
sonoelectrochemistry under different potentiostatic conditions [38]. Under these experimental
conditions the composition of the alloys is essentially independent of the deposition potential and is
only determined by the composition of the electrolytic bath. The smallest particles detected had a mean
diameter of 7 nm and were strongly aggregated in three-dimensional clusters.
Dabala et al. [39] calculated the cathode efficiency for production of Co65Fe35 nanoparticles as the
ratio of the produced mass of powders to the Faradaic yield. For applied currents lower than -20 mA
the efficiency was high and remained over 50% but as the applied current increased 50-fold, the
cathode efficiency decreased by 10-fold.
3.3. Semiconductor Nanopowders
Semiconductor materials are the foundation of modern electronics and are finding applications in
photochemistry, dye-sensitized solar cells, and in the photocatalytic treatment of chemical waste
[54,55].
Cu2O nanopowders have been prepared in potentiostatic mode [56]. The work was based on a
previous voltametric study which showed that at an applied potential ranged between −0.65 and
−1 V/SSE it was possible to avoid the formation of a mixture of Cu2O and Cu. The powders generated
were analyzed by XRD and only Cu2O peaks were detected indicating that neither metallic copper nor
CuO were formed at these potentials. TEM micrographs showed numerous agglomerates of
nanoparticles of a variety sizes but isolated particles were also found with diameter ranges between 7
and 20 nm.
Shen et al . have reported the synthesis of CdSe with a tubular structure [57]. This synthesis was
carried out by applying a constant current density in the range of 60-80 mA cm-2, but in this case under
continuous sonication. The CdSe nanotubes had an outer diameter of 80 nm and a wall thickness of
10 nm and were obtained through a roll-up mechanism. In the first stage 2D nanosheets were formed
on the electrode and these were then dislodged from the sonotrode surface. Due to the high surface
energy of the edges of the nanosheets, these flexible and unstable nanosheets are thought to roll-up and
form tubular nanostructures during the cavitation process.
PbTe nanorods [40] were synthesized by pulsed sonoelectrochemistry methods using NTA as
stabilizer. PbTe formation predominated when the Pb2+/NTA ratio was high, even at a very low
concentration of Te2- ions. However, for low Pb2+/NTA ratio, the thermodynamic solubility constant
limited the precipitation of PbTe even at relatively high concentrations of Te2- ions. With very low
concentrations of Pb2+ (2mM) only spherical particles were observed and the increase in the
concentration of Pb2+ ions caused the spheres to grow and rod-shaped morphologies to be formed.
PbTe nanorods showed highly uniform nanorod morphology with an average diameter of 7 nm.
Other semiconductor materials as PbSe [58], Bi2Se3 [59], and MoS2 [60] have been successfully
synthesized with different morphologies by using the pulsed method in aqueous solution at room
temperature.
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3.4. Conducting Polymer Nanoparticles
Polyaniline (PANI) and other conducting polymers such as polythiophene, polypyrrole, and
poly(methylaniline) have great potential in numerous technological applications [61]. These materials
can exist as bulk films or as dispersions but a common problem with the latter is particle aggregation
which limits the range of applications. Conducting-polymer synthesis using pulsed sonoelectrochemistry has been reported [41,62] despite the fact that oxidation of the horn surface can generate an
insulating layer when the sonoelectrode is used in oxidation process [13,35]. Ganesan et al . [62]
reported the synthesis of PANI nanomaterial by oxidative polymerization using the sonoelectrode as
anode. In this synthesis a constant potential pulse of +1V vs Ag/AgCl/3M NaCl was applied to the
sonoelectrode in an aqueous solution of aniline in HCl. After 2 h, the formation of PANI
nanostructures was confirmed by UV-Vis and TEM micrographs showed particles with a diameter of
2-4 µm made up of very small nanoparticles of average size 20-40 nm.
Mahito et al. [41] reported the synthesis of nano poly(methylaniline) by the use of a pulsed
sonoelectrochemical method, but in this case the anode was a platinum electrode placed face to face
with the ultrasound emitting surface of a horn. This arrangement overcame the drawback related to the
use of an ultrasound horn in oxidation process. Poly(methylaniline) synthesis was achieved at a
constant potential pulse of 0.75 V vs. SCE to the platinum electrode in an aqueous solution of
methylaniline in HClO4. PNMA microspheres were obtained and their size distribution depended on
the electric pulse width. Thus for a pulse width of 40 s the average size was 1.4 µm, whereas for 90 s
the average size was 2.4 µm.
4. Parameters that Control the Formation of Nanoparticles
There are many experimental variables involved in the formation of nanoparticles via the
sonoelectrochemical route in terms of particle size and process efficiency. Some of these are discussed
below together with possible explanations:
4.1. Bath Temperature
Crystal growth is slower at low temperatures, resulting in smaller crystal size at these temperatures
[63]. On the other hand at higher temperatures the quantity of powders obtained is very low. The latter
can be ascribed to the increased rate of re-dissolution of the nanoparticles with increase in the
temperature. In general therefore to obtain higher efficiencies and small particle size it is necessary to
maintain low temperatures in the system.
4.2. Current Density
Current density can affect crystal size in at least two opposing directions [58]. At lower currents a
smaller size would be expected based on the smaller amount of material deposited however lower
currents allow more time for atomic diffusion processes to occur and this can lead to larger crystal
size.
In the synthesis of CdSe [64] the current density was found to be an important factor in that a lower
current density resulted in larger crystal size, 10 nm at 100 mA cm-2 compared with 5 nm at
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250 mA cm-2. In contrast to this result the synthesis of copper nanoparticles [44] showed a particle size
variation from 29 to 10 nm when the applied current density increased from 55 to 100 mAcm-2. With
the exception of a few reports [49,64] (Figure 3) where an increase of the current caused a larger
crystal size or even aggregated particles most authors concluded that raising the current density
resulted in smaller nuclei and faster nucleation [36,37,44].
Figure 3. Silver nanoparticles prepared under different current density: (a) 70 and (b) 140
mA cm-2. Reprinted from Ref. [49] with permission from Elsevier.

The current density has also been found to affect the yield of the process since at high current
density secondary reactions can take place decreasing the yield of the nanoparticles. One such
undesirable secondary reaction is the reduction of water and is the main cause of low cathode
efficiencies. Thus in the production of Co65Fe35 alloy nanoparticles [39] cathode efficiency remained
over 50% for applied currents lower than -20 mA but as the applied current increased by 50-fold, the
cathode efficiency decreased 10-fold, due to the reduction of water as evidenced by hydrogen
evolution in the sonoelectrode.
4.3. Current Pulse Time (TON)
The process requires that the deposit should be removed during the period of each sonic pulse and
therefore only new nuclei should be formed during TON. As the length of TON increases so the
formation of a stable metallic nucleus on the sonoelectrode and the growth of the formed nuclei will
take place. Therefore, in principle, to obtain a smaller crystal size a short TON is required. It has been
observed experimentally that shorter current pulses increased the process efficiency [39]. However in
the synthesis of Pt nanoparticles [10] TON was varied between 200-500 ms without any significant
effect on either the efficiency of the process or the nanoparticles size. Also in Cu2O nanoparticle
synthesis the particle size did not vary significantly when TON ranged between 100 and 300 ms [56].
4.4. Ultrasound Intensity
The intensity of the ultrasonic pulse should be high enough to remove the whole deposit from the
sonoelectrode surface and not to leave any residue on the surface of the working electrode preventing
by this way the growth of the metal particles during the next current pulse [31]. Above this value of
intensity where the deposit is removed, further increase in intensity is not expected to affect crystal
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growth significantly [34] and the extra energy will be wasted. However it should be noted that the
ultrasound pulses can affect the morphology and size of the freshly formed nanopowders in the
solution. Suslick [65,66] has shown that for ultrafine nickel powders ultrasonic irradiation causes rapid
particle movement in the bulk solution resulting in high velocity collisions resulting in the formation
of agglomerates.
4.5. Ultrasound Pulse Time (TUS)
As stated above the ultrasonic pulse time (TUS) must be sufficient to remove all metal crystallites
that are deposited on the sonotrode during electrodeposition. In Pt nanoparticle synthesis TUS was
varied between 300 and 500 ms [10] and although the efficiency decreased at higher TUS the particle
size remained constant. Also Cu2O nanoparticle size did not vary significantly with TUS between
100 and 400 ms [56]. This lack of dependence of diameter with TUS could be explained by the fact that
there is a sufficient effective ultrasonic pulse time so that all of the particles are expelled away from
sonoelectrode surface well before the end of the pulse time. It is interesting to note that
sonoelectrodeposition under continuous ultrasound irradiation leads to the formation of amorphous
material [34].
4.6. Stabilizer
In pulsed sonoelectrochemistry the nanoparticles initially formed have pure uncontaminated
surfaces. Such powders are so fine that they can agglomerate easily e.g. by impact with the wall of
electrochemical cell. The acoustic streaming associated to the propagation of ultrasound wave in the
solid suspension is also sufficient to induce the agglomeration process [31]. Several authors have used
polymer stabilizers to prevent the agglomeration [32] and to control the shape of the nanoparticles
[46,49] (Figure 4).
Figure 4. Silver nanoparticles prepared (a) without PVP and (b) 0.1 g/l PVP. Reprinted
from ref [49] with permission from Elsevier.

5. Conclusions
Pulsed sonoelectrochemistry techniques, which use 20 kHz ultrasound horn both as working
electrode and ultrasound emitter, have been used to prepare nanopowders. The majority of
nanomaterials produced by this method are pure metals. More recently the syntheses have been
extended to include the preparation of nanosized metallic alloys, metal oxide semiconductors and
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conductive polymers. Factors which affect the process yield and particle size are the ultrasound pulse
time and the current density. In general, decreasing temperature, shorter pulse duration, high current
density and high ultrasound intensity will lead to a reduction in crystal size. These parameters need to
be optimized in order to maximize the nanoparticles production yield and to obtain the lowest size of
the products depending of the applications.
Nanomaterials that have been prepared to date by pulsed sonoelectrochemistry have been reviewed
in this article. Nanoparticles aggregated were formed but the shape and size of the nanoparticles can be
adjusted by controlling the various electrodeposition and ultrasound parameters and using the suitable
stabilizer.
Acknowledgments
The authors are grateful to the EU for support of part of their work through the FP6 grant
“Development of multifunctional nanometallic particles by Sonoelectrochemistry – SELECTNANO”
Contract No. NMP3-CT-2005-516922.
References
Schmid, G. Large clusters and colloids. Metals in the embryonic state. Chem. Rev. 1992, 92,
1709–1727.
2. Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M.A. Chemistry and properties of nanocrystals of
different shapes. Chem. Rev. 2005, 105, 1025–1102.
3. Narayanan, R.; El-Sayed, M.A. Effect of catalysis on the stability of metallic nanoparticles:
Suzuki reaction catalyzed by PVP-palladium nanoparticles. J. Am. Chem. Soc.
2003, 125 ,
8340–8347.
4. Hodes, G. When small is different: Some recent advances in concept and applications of
nanoscale phenomena. Adv. Mater. 2007, 19, 639–655.
5. Yeh, M.S.; Yang, Y.S.; Lee, Y.P.; Lee, H.F.; Yeh, Y.H.; Yeh, C.S. Formation and characteristics
of Cu colloids from CuO powder by laser irradiation in 2-propanol. J. Phys. Chem. B 1999, 103,
6851–6857.
6. Kim, Y.H.; Lee, D.K.; Jo, B.G.; Jeong, J.H.; Kang, Y.S. Synthesis of oleate capped Cu
nanoparticles by thermal decomposition. Colloids Surf. A 2006, 284-285, 364–368.
7. Ponce, A.A.; Klabunde, K.J. Chemical and catalytic activity of copper nanoparticles prepared via
metal vapor synthesis. J. Mol. Catal. A Chem. 2005, 225, 1–6.
8. Haram, S.K.; Mahadeshwar, A.R.; Dixit, S.G. Synthesis and characterization of copper sulfide
nanoparticles in Triton-X 100 water-in-oil microemulsions. J. Phys. Chem . 1996, 100,
5868–5873.
9. Athawale, A.A.; Katre, P.P.; Kumar, M.; Majumdar, M.B. Synthesis of CTAB–IPA reduced
copper nanoparticles. Mater. Chem. Phys. 2005, 91, 507–512.
10. Zin, V.; Pollet, B.G.; Dabala, M. Sonoelectrochemical (20 kHz) production of platinum
nanoparticles from aqueous solution. Electrochim. Acta 2009, 54, 7201–7206.
11. Moriguchi, N. The effect of supersonic waves on chemical phenomena, (III).The effect on the
concentration polarization. J. Chem. Soc. Jpn. 1934, 55, 749–750.
1.

Molecules 2009, 14

4296

12. Walton, D.J. Sonoelectrochemistry- The application of ultrasound to electrochemical systems.
ARKIVOC 2002, iii, 198–218.
13. Compton, R.G.; Eklund, J.C.; Marken, F. Sonoelectrochemical processes. A review.
Electroanalysis 1997, 9, 509–522.
14. Mason, T.J. Sonochemistry: The Uses of Ultrasound in Chemistry ; Royal Society of Chemistry:
Cambridge, UK, 1989; p. 5.
15. Birkin, P.R.; Offin, D.G.; Joseph, P.F.; Leighton, T.G. Cavitation, shock waves and the invasive
nature of sonoelectrochemistry. J. Phys. Chem. B 2005, 109, 16997–17005.
16. Klima, J.; Bernard, C.; Sonoassisted electrooxidative polymerisation of salicylic acid: role of
acoustic streaming and microjetting J. Electroanal. Chem. 1999, 462, 181–186.
17. Compton, R.G.; Eklund, J.C.; Marken, F.; Rebbitt, T.O.; Akkermans, R.P.; Waller, D.N. Dual
activation: coupling ultrasound to electrochemistry—An overview. Electrochim. Acta 1997, 42,
2919–2927.
18. Lorimer, J.P.; Pollet, B.; Phull, S.S.; Mason, T.J.; Walton, D.J. The effect upon limiting currents
and potentials of coupling a rotating disc and cylindrical electrode with ultrasound. Electrochim.
Acta 1998, 43, 449–455.
19. Mason, T.J.; Lorimer, J.P.; Walton, D.J. Sonoelectrochemistry. Ultrasonics 1990, 28, 333–337.
20. Mason, T.J. Sonochemistry: The Uses of Ultrasound in Chemistry ; Royal Society of Chemistry:
Cambridge, UK, 1989; p.136.
21. Sáez, V.; Frías-Ferrer, A.; Iniesta, J.; González-García, J.; Aldaz, A.; Riera, E. Characterization of
a 20 kHz sonoreactor. Part II: Analysis of chemical effects by classical and electrochemical
methods. Ultrason. Sonochem. 2005, 12, 67–72.
22. Marchante, E.; Lana-Villarreal, T.; Sáez, V.; González-García, J.; Gómez, R. Sonopotential: A
new concept in electrochemistry. Chem. Comm. 2009, 27, 4127–4129.
23. Kumbhat, S. Potentialities of power ultrasound in electrochemistry: An overview. Bull.
Electrochem. 2000, 16, 29–32.
24. Lorimer, J.P.; Mason, T.J.; Plattes, M.; Phull, S.S.; Walton, D.J. Degradation of dye effluent. Pure
Appl. Chem. 2001, 73, 1957–1968.
25. Delplancke, J.L.; Dille, J.; Reisse, J.; Long, G.J.; Mohan, A.; Grandjean, F. Magnetic
nanopowders: Ultrasound assisted electrochemical preparation and properties. Chem. Mater .
2000, 12, 946–955.
26. Walton, D.J.; Phull, S.S; Chyla, A.; Lorimer, J.P.; Mason, T.J.; Burke, L.D.; Murphy, M.;
Compton, R.G.; Eklund, J.C.; Page, S.D. Sonovoltammetry at platinum electrodes: Surface
phenomena and mass transport processes. J. Appl. Electrochem. 1995, 25, 1083–1090.
27. Brett, C. Sonoelectrochemistry. In Piezoelectric Transducers and Applications ; Arnau, A., Ed.;
Springer-Verlag: Heidelberg, Berlin, Germany, 2008; Chapter 15, pp. 399–411.
28. Reisse, J.; Francois, H.; Vandercammen, J.; Fabre, O.; Kirsch-de Mesmaeker, A.; Maerschalk, C.;
Delplancke, J.L. Sonoelectrochemistry in aqueous electrolyte: A new type of sonoelectroreactor.
Electrochim. Acta 1994, 39, 37–39.
29. Atobe, M.; Nonaka, T. Ultrasonic Effects on Electroorganic Processes. Electroreduction of
Benzaldehydes on Ultrasound-vibrating electrodes. Chem. Lett. 1995, 24, 669–670.

Molecules 2009, 14

4297

30. Durant, A.; François, H.; Reisse, J.; Kirsch-Demesmaeker, A. Sonoelectrochemistry: The effects
of ultrasound on organic electrochemical reduction. Electrochim. Acta 1996, 41, 277–284.
31. Durant, A.; Delplancke, J.L.; Winand, R.; Reisse. J. A new procedure for the production of highly
reactive metal powders by pulsed sonoelectrochemical reduction. Tetrahedron Lett. 1995, 36,
4257–4260.
32. Aqil, A.; Serwas, H.; Delplancke, J.L.; Jerome, R.; Jerome, C.; Canet, L. Preparation of stable
suspensions of gold nanoparticles in water by sonoelectrochemistry. Ultrason. Sonochem. 2008,
15, 1055–1061.
33. Mason, T.J.; Lorimer, J.P.; Bates, D.M. Quantifying Sonochemistry—Casting some light on a
"Black Art". Ultrasonics 1992, 30, 40–42.
34. Rao, C.N.R.; Muller, A.; Cheetan, A.K. The Chemistry of Nanomaterials Synthesis, Properties an
Applications; Wiley-VCH Verlag GmbH&Co.: Weinheim, Germany, 2008; Volume 1, p. 151.
35. Compton, R.G.; Eklund, J.C.; Marken, F.; Waller, D.N. Electrode processes at the surfaces of
sonotrodes. Electrochim. Acta 1996, 41, 315–320.
36. Qiu, X.F.; Xu, J.Z.; Zhu, J.M.; Zhu, J.J.; Xu, S.; Chen, H.Y. Controllable synthesis of palladium
nanoparticles via a simple sonoelectrochemical method. J. Mater. Res. 2003, 18, 1399–1404.
37. Shen, Q.; Jiang, L.; Zhang, H.; Min, Q.; Hou, W.; Zhu, J.J. Three-dimensional dendritic Pt
nanostructures: Sonoelectrochemical synthesis and electrochemical applications. J. Phys. Chem.
C 2008, 112, 16385–16392.
38. Mancier, V.; Delplancke, J.L.; Delwiche, J.; Hubin-Franskin, M.J.; Piquer, C.; Rebbouh, L.;
Grandjean, F. Morphologic, magnetic, and Mössbauer spectral properties of Fe75Co25
nanoparticles prepared by ultrasound-assisted electrochemistry. J. Magn. Magn. Mater 2004, 281,
27–35.
39. Dabala, M.; Pollet, B.G.; Zin, V.; Campadello, E.; Mason, T.J. Sonoelectrochemical (20 kHz)
production of Co65Fe35 alloy nanoparticles from Aotani solutions. J. Appl. Electrochem. 2008, 38,
395–402.
40. Qiu, X.; Lou, Y.; Samia, A.C.S.; Devadoss, A.; Burgess, J.D.; Dayal, S.; Burda, C. PbTe
Nanorods by Sonoelectrochemistry. Angew. Chem. Int. Ed. 2005, 44, 5855–5857.
41. Atobe, M.; Ishikawa, K.; Asami, R.; Fuchigami, T. Size-Controlled Synthesis of ConductingPolymer Microspheres by Pulsed Sonoelectrochemical Polymerization. Angew. Chem. Int. Ed .
2009, 48, 6069–6072.
42. Reisse, J.; Caulier, T.; Deckerkheer, C.; Fabre, O.; Vandercammen, J.; Delplancke, J.L.; Winand,
R. Quantitative sonochemistry. Ultrason. Sonochem. 1996, 3, S147–S151.
43. Herdman, R.D.; Pearson, T.; Long, E.; Gardner, A. Controlling the hardness of electrodeposited
copper coatings by variation of current profile. US Pat. 7329334, 2008.
44. Haas, I.; Shanmugam, S.; Gedanken, A. Pulsed sonoelectrochemical synthesis of size-controlled
copper nanoparticles stabilized by poly(N-vinylpyrrolidone). J. Phys. Chem. B
2006, 110,
16947–16952.
45. Haas, I.; Shanmugam, S.; Gedanken, A. Synthesis of copper dendrite nanostructures by a
sonoelectrochemical method. Chem. Eur. J. 2008, 14, 4696–4703.
46. Zhu, J.; Liu, S.; Palchik, O.; Koltypin, Y.; Gedanken, A. Shape-controlled synthesis of silver
nanoparticles by pulse sonoelectrochemical methods. Langmuir 2000, 16, 6396–6399.

Molecules 2009, 14

4298

47. Socol, Y.; Abramson, O.; Gedanken, A.; Meshorer, Y.; Berenstein, L.; Zaban, A. Suspensive
electrode formation in pulsed sonoelectrochemical synthesis of silver nanoparticles. Langmuir
2002, 18, 4736–4740.
48. Liu, S.; Huang, W.; Chen, S.; Avivi, S.; Gedanken, A. Synthesis of X-ray amorphous silver
nanoparticles by the pulse sonoelectrochemical method. J. Non-Cryst. Solids 2001, 283, 231–236.
49. Jiang, L.P.; Wang, A.N.; Zhao, Y.; Zhang, J.R.; Zhu, J.J. A novel route for the preparation of
monodisperse silver nanoparticles via a pulsed sonoelectrochemical technique. Inorg. Chem.
Commun. 2004, 7, 506–509.
50. Lei, H.; Tang, Y.J.; Wei, J.J.; Li, J.; Li, X.B.; Shi, H.L. Synthesis of tungsten nanoparticles by
sonoelectrochemistry. Ultrason. Sonochem. 2007, 14, 81–83.
51. Jia, F.; Hu, Y.; Tang, Y.; Zhang, L. A general nonaqueous sonoelectrochemical approach to
nanoporous Zn and Ni particles. Powder Technol. 2007, 176, 130–136.
52. Haas, I.; Gedanken, A. Synthesis of metallic magnesium nanoparticles by sonoelectrochemistry.
Chem. Commun. 2008, 15, 1795–1797.
53. Mahendiran, C.; Ganesan, R.; Gedanken, A. Sonoelectrochemical Synthesis of Metallic
Aluminum Nanoparticles. Eur. J. Inorg. Chem. 2009, 2050–2053.
54. Hoffmann, M.R.; Martin, S.; Choi, W.; Bahnemann, D.W. Environmental Applications of
Semiconductor Photocatalysis. Chem. Rev. 1995, 95, 69–96.
55. Serpone, N.; Khairutdinov, R.F. Semiconductor Nanoclusters, Studies in Surface Science and
Catalysis; Kamat, P.V., Meisel, D., Eds.; Elsevier Science: New York, NY, USA, 1996; Volume
103, p. 417.
56. Mancier, V.; Daltin, A.L.; Leclercq, D. Synthesis and characterization of copper oxide (I)
nanoparticles produced by pulsed sonoelectrochemistry, Ultrason. Sonochem. 2008, 15, 157–163.
57. Shen, Q.; Jiang, L.; Miao, J.; Hou, W.; Zhu, J.J. Sonoelectrochemical synthesis of CdSe
nanotubes. Chem. Commun. 2008, 14, 1683–1685.
58. Zhu, J.; Aruna, S.T.; Koltypin, Y.; Gedanken, A. A novel method for the preparation of lead
selenide: Pulse sonoelectrochemical synthesis of lead selenide nanoparticles. Chem. Mater. 2000,
12, 143–147.
59. Qiu, X.; Burda, C.; Fu, R.; Pu, L.; Chen, H.; Zhu, J. Heterostructured Bi2Se3 Nanowires with
Periodic Phase Boundaries. J. Am. Chem. Soc. 2004, 126, 16276–16277.
60. Mastai, Y.; Homyonfer, M.; Gedanken, A.; Hodes, G. Room temperature sonoelectrochemical
synthesis of molybdenum sulfide fullerene-like nanoparticles. Adv. Mater. 1999, 11, 1010–1013.
61. Rupprecht, L. Conductive Polymers and Plastics in Industrial Applications ; William Andrew
Publishing/Plastics Design Library: New York, NY, USA, 1999.
62. Ganesan, R.; Shanmugam, S.; Gedanken, A. Pulsed sonoelectrochemical synthesis of polyaniline
nanoparticles and their capacitance properties. Synth. Met. 2008, 158, 848–853.
63. Glasstone, S. An Introduction to Electrochemistry ; Van Nostrand Company: New York, NY,
USA, 1942; p 483.
64. Mastai, Y.; Polsky, R.; Koltypin, Y.; Gedanken, A.; Hodes, G. Pulsed sonoelectrochemical
synthesis of cadmium selenide nanoparticles. J. Am. Chem. Soc. 1999, 121, 10047–10052.
65. Suslick, K.S. Sonochemistry. Science 1990, 247, 1439–1445.

Molecules 2009, 14

4299

66. Suslick, K.S. Casadonte, D.J. Heterogeneous sonocatalysis with nickel powder. J. Am. Chem. Soc.
1987, 109, 3459–3461.
Sample Availability: Samples of copper nanoparticles prepared by pulsed sonoelectrochemistry are
available from the authors.
© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).

