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Ultrasound is defined as sound with a frequency that is beyond the range of human hearing
and this is generally considered to be above 20 kHz (20 000 hertz, hertz = cycle per
second). The ultrasound frequency range can be broadly subdivided into two categories
(Figure 1.1):

CO
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R

(i) Diagnostic ultrasound operates at very high frequencies (above 5 MHz); it is used
in foetal scanning and in general for the non-destructive testing of materials. The
important feature of diagnostic ultrasound is that the energy involved is too low to
produce cavitation in tissues and so is safe to use in medical scanning.
(ii) Power ultrasound is mainly in the frequency range between 20 and 100 kHz (but
can be extended up to 2 MHz). The energies involved are sufficiently high to produce cavitation in liquids and thus can be used to influence chemistry and processing
(see later).
The origins of ultrasound can be traced back to the late nineteenth century with the
discovery of the piezoelectric effect by Curie and the ultrasonic whistle by Galton in
1893. However, the first commercial application of ultrasonics did not appear until 1917
with Langevin’s echo sounding technique. Langevin’s discovery was the direct result of a
competition organised in 1912 to find a method of detecting icebergs and so to avoid any
repetition of the disaster which befell the Titanic. Essentially all imaging, from medical
ultrasound to non-destructive testing (flaw detection), relies upon the same pulse echo type
Power Ultrasound in Electrochemistry: From Versatile Laboratory Tool to Engineering Solution, First Edition. Edited by Bruno G. Pollet.
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Figure 1.1 Sound range.

of approach, that is, a pulse of sound is transmitted through a material and is reflected
from a boundary. The time of flight from emission to reception of the echo is then used
to compute the distance to the boundary using the speed of sound in that medium. High
frequency ultrasound (>1 MHz) is therefore employed for modern medical imaging and
non-destructive testing.
The potential of using acoustic cavitation to create changes in materials was identified
in the USA in the late 1920s [1–3]. Over the succeeding years some more research went
into the applications of ultrasound in chemistry and the first review of this type of work
was published in the 1940s [4].
By the 1950s, industry had adopted power ultrasound (which at that time was known as
‘Macrosonics’) for a range of applications that were gathered together in a series of five
publications [5]. At that time there were six general industrial applications and these are
listed in order of commercial turnover in Table 1.1.
The majority of the applications shown in Table 1.1 can be considered to be ‘engineering’
and the whole area of ultrasonic applications in the chemistry laboratory, which had been
identified in the 1940s, did not really develop until the 1980s. This renaissance is generally
considered to be due to chemists becoming aware of potential alternative uses of ultrasonic
equipment which was then appearing in the laboratory in the form of cleaning baths and
ultrasonic probes (the latter more commonly in biological laboratories in the form of
biological cell disruptors).
From Table 1.1, it can be seen that power ultrasound can be used in two basic ways to
bring about changes in a material and these are:
(i) Direct mechanical transmission of vibration from the transducer onto a solid to induce
vibrations in the surface of the material.
(ii) Indirect transmission of energy via cavitation induced in a fluid by the transmission
of acoustic vibrations.
Each of these has a relevance to electrochemistry since (i) can be taken to represent
induced vibrations at a solid electrode surface and (ii) can be taken to represent sonication
of an electrolyte. In many cases both will occur simultaneously and influence the overall
electrochemical process.
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Table 1.1 Industrial applications of macrosonics: the major established areas. Reprinted
with permission from Ultrasonics, Macrosonics in Industry 1. Introduction by E. A. Neppiras,
10, 1, 9–13 Copyright (1972) Elsevier Ltd.
1

Cleaning

2

Plastic Welding

3

Metal Welding

4

Chemical Processing

5

Metal Forming

6

Machining

1.2

Dispersing loosely held non-soluble particles and coatings
Dissolving solid surface coatings
Degreasing
Descaling
Remote welding of rigid thermo-plastics
Insertion
Staking
Splicing
Continuous welding of sheet material
Microbonding
Continuous welding of sheet material
Bonding metals to non-metals
Extracting: – perfume from flowers
essential oils from hops
juices from fruits
chemicals from plants
biomacromolecules from cells
Wire-drawing
Tube-drawing
Plastic-forming of sheet metal
Ultrasonic machining with abrasive
Vibration-assisted ECM
Vibration-assisted milling, turning, drilling, grinding,
polishing
Teeth descaling
Vibration-assisted rotary drills

Applications of Power Ultrasound through Direct Vibrations

The application of power ultrasound through the introduction of direct vibrations onto a
solid surface is the basis of many engineering applications including welding, drilling,
cutting and tube drawing. The drilling and cutting applications have now also become an
important development in surgery.
1.2.1

Welding

A large proportion of ultrasonic equipment currently in industry is devoted to welding or
riveting plastic mouldings for the consumer market. The equipment generally operates at
around 20 kHz and a shaped tool or horn transmits (and amplifies) the vibrating motion
to a shaped die pressing together the two pieces of material to be welded. The vibrational
amplitude is typically 50–100 microns (μm).
Ultrasonic welding is generally used for the more rigid amorphous types of thermoplastic.
It is particularly important that the vibrational energy is primarily transmitted to the joint
rather than be absorbed by the body of the material, producing heat. This is because any
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warming of the bulk material can lead to a release of internal moulding stresses and produce
distortion. Thermoplastics have two properties which make them particularly suited to
ultrasonic welding: (a) low thermal conductivity and (b) melting or softening temperatures
of between 100 and 200 ◦ C. As soon as the ultrasonic power is switched off the substrate or
bulk material becomes a heat-sink, giving rapid cooling of the welded joint. When the more
traditional conductive heating is used for welding, however, the thermal gradient has to
be reversed before cooling occurs, leading to long heating/cooling process cycles. Another
major advantage of the use of ultrasound is the high joint strength of the weld, reaching
90–98% of the material strength. Indeed, test samples usually break in the body of the
material and not at the weld itself.
1.2.1.1

Machining (Drilling and Cutting)

Ultrasonic drilling and cutting were originally introduced and developed for the accurate
profiling of brittle materials such as ceramics and glass. It has been used in the aerospace
industry since the 1970s for cutting glass and carbon fibre composites and has found many
applications in the food industry. In dentistry it is used for removing plaque from teeth and
in medicine it is used to improve the efficiency of scalpels and for bone cutting.
Ultrasonic cutting uses a knife-type blade attached through a shaft to an ultrasonic source.
Essentially the shaft with its blade behaves as an ultrasonic horn and is normally operated
at a frequency of 20 kHz. The cutting action is a combination of the pressure applied to the
sharp cutting edge surface and the mechanical longitudinal vibration of the blade. Typically
the tip movement will be in the range 50 to 100 microns peak to peak. Several advantages
arise from this technology:
(i) The ultrasonic vibration of 20 kHz applies an intermittent force to the material to be
cut and generates a crack (cut) at the tip, controlling its propagation or growth, and
thereby minimising the stress on the bulk material.
(ii) The repeated application of the cutting tip to the product applies a local fatiguing effect
which reduces significantly the overall force required to break the bonds of the bulk
material.
(iii) In conventional cutting the blade has to compress the bulk material to allow a gap
the width of the blade to pass through and this applies a tensile rupturing force at
the crack tip. With ultrasonic cutting the whole blade moves or vibrates continuously
as it stretches and contracts. This very high frequency movement effectively reduces
the coefficient of friction to a very low level, enabling the blade to slide more easily
through the bulk material.
1.2.1.2

Metal Forming

This is a rather specialised application of ultrasonics in which the circular die used for
tube drawing (or extrusion) is radially vibrated. The vibrations provide an easier passage
of the material through the die thus permitting a greater diameter reduction with each pass.
It is also claimed that the surface finish produced using this technique is better than that
obtained using conventional cold drawing techniques.
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Applications of Power Ultrasound through Cavitation

There are very few references to ultrasound in chemistry from about 1955 to 1970; then in
1970 a major renaissance in the subject began to occur, which then accelerated. This revival
of interest is undoubtedly due to the more general availability of commercial ultrasonic
equipment. In the 1960s the ultrasonic cleaning bath began to make its appearance in metallurgy and chemical laboratories and in this period biology and biochemistry laboratories
also began using ultrasonic cell disruptors on a regular basis. The next major reviews came
in the late 1980s [6, 7].
Almost all of the technologies associated with cleaning and chemical processing depend
upon the phenomenon of acoustic cavitation. Like any sound wave, ultrasound is propagated
via a series of compression and rarefaction waves induced in the molecules of the medium
through which it passes. At sufficiently high power the rarefaction cycle may exceed the
attractive forces of the molecules of the liquid and cavitation bubbles will form. It is the fate
of these cavities when they collapse in succeeding compression cycles which generates the
energy for chemical and mechanical effects (Figure 1.2). This is a remarkable phenomenon
induced throughout the liquid at ultrasonic frequencies that is, 20 kHz or above. In aqueous
systems each cavitation bubble acts as a localised ‘hotspot’ generating temperatures of
about 4000 K and pressures in excess of 100 MPa. The implosion happens with a collision
density of 1.5 kg cm−2 and pressure gradients of 2 TPa cm−1 , with lifetimes shorter than
0.1 μs and cooling rates above 1010 K s−1 are involved.

Figure 1.2 Sinusoidal wave form and bubble collapse.
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Figure 1.3 Cavitation collapse in a homogeneous medium.

1.3.1

Homogeneous Reactions

The mechanical and chemical effects of the collapsing bubble will be felt in two distinct
regions: (a) within the bubble itself, which can be thought of as a high pressure and
high temperature microreactor, and (b) in the immediate vicinity of the bubble where the
shockwave produced on collapse will create enormous shear forces (Figure 1.3).
The cavitation bubble does not enclose a vacuum – it contains vapour from the solvent
or any volatile reagent in the solution. Under the extreme conditions generated on collapse
of the bubble the molecules in these vapours suffer fragmentation to generate reactive
species of the radical or carbene type. The sonochemical decomposition of water into
radicals is important in a number of applications. In environmental remediation the hydroxyl
radical is a key species in the decomposition of chemical contaminants because it is an
extremely strong oxidant and can attack aromatic compounds. Radicals can also attack
and kill bacterial cells in sonochemical sterilisation. The generation of radicals can also
be used to initiate emulsion polymerisation in aqueous systems, thus avoiding the use of
chemical initiators.
1.3.2

Heterogeneous Reactions Involving a Solid/Liquid Interface

When the acoustic cavitation bubble collapses close to or on a solid surface it can only do
so asymmetrically due to the surface, which leads to a microjet of liquid being directed
towards the surface of the material at speeds of up to 200 m s−1 (Figure 1.4). This effect is
equivalent to high pressure jetting and is the reason why ultrasound is used for cleaning. The
jets can be sufficiently powerful to cause pitting of the surface (erosion). It can also serve
to activate solid catalysts and increase mass and heat transfer to the surface by disruption
of the interfacial boundary layers. It is primarily as a result of this jet that almost any
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Figure 1.4 Cavitation collapse near to a surface.

electrochemical process can be improved by the application of power ultrasound, a field of
research which has now become known as sonoelectrochemistry.
Cavitation in powder dispersions can cause deaggregation and fragmentation, which can
increase the surface area available for reaction and provide efficient mixing.
1.3.3

Heterogeneous Liquid/Liquid Reactions

In any system involving immiscible liquids, cavitation bubble collapse at or near the
interface between the two liquids will cause disruption and mixing – resulting in the
formation of very fine emulsions. In chemistry such emulsions provide enormous interfacial
contact areas between immiscible liquids. For this reason it has been used in conjunction
with phase transfer catalysis. Ultrasonic emulsification has also been used for many years in
the food industry for the production of tomato sauce, mayonnaise and other similar blended
items. Emulsification also has an important role in the plastics industry because a significant
proportion of synthetic polymers (over 50% of elastomers) are produced industrially by
emulsion polymerisation.

1.4

Electrochemistry

In its simplest form electrochemistry is a study of reactions that take place as the result of
applying an electrochemical potential to a chemical system. Electrochemical reactions take
place at the interface between an electrode and the electrolyte solution. They involve the
transfer of electrons between the electrode surface and the electrolyte or species in solution
together with associated chemicals reaction(s) (see Figure 1.5).
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Scheme of the electrochemical processes on the electrode surface.

Sonoelectrochemistry – The Application of Ultrasound
in Electrochemistry

Sonoelectrochemistry is the coupling of ultrasonic radiation to an electrochemical system.
The first application of ultrasound in an electrochemical process dates back to the 1930s
and the work of Moriguchi [8] who showed that under sonication water electrolysis using a
platinum electrode took place at lower voltages and faster rates than under normal (silent)
conditions. In succeeding years research in this field was carried out mainly by metallurgists
[9] who were concerned with improving the efficiency of electroplating and the quality of the
deposits. However, the term ‘sonoelectrochemistry’ did not appear in print until 1990 [10].
It might be thought that the effects of ultrasonic irradiation upon an electrochemical
process would be limited solely to considerations of the heterogeneous system involving
the electrode surface and the electrolyte layer close to this surface, but this is not entirely
true. Homogeneous processes that take place in the bulk solution must also be taken into
account since the electroactive species in the bulk solution can suffer reactions under the
extreme conditions generated during the cavitational collapse and new mechanisms of
reaction can arise [11]. In addition, if the electrolyte consists of immiscible liquids then
sonication will generate and maintain a very fine emulsion.
The benefits of sonoelectrochemistry have been reported for a number of processes,
including electrosynthesis, electroanalysis, bioelectrochemistry, the synthesis of conducting
polymers, electroplating, nanomaterial preparation and electrocatalysis [10, 11].
The particular advantages which accrue from the use of ultrasound in electrochemistry
include:
(i)
(ii)
(iii)
(iv)

degassing at the electrode surface,
disruption of the diffusion layer, which reduces depletion of electroactive species,
improved mass transport of ions across the double layer,
continuous cleaning and activation of the electrode surfaces.

All of these effects combine to provide enhanced yield and improved electrical efficiency.
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Given the remarkable effects recorded in the early years of the study of sonoelectrochemistry, it is perhaps surprising that the subject took so long to become accepted. This is
almost certainly due to the complexity of the processes induced by ultrasound and the high
sensitivity of the results to the experimental conditions such as cell geometry, electrode
position and electrode–ultrasound emitter distance as well as the effects of the ultrasonic parameters themselves, such as acoustic power and frequency [12]. However, in recent years,
the development of new electrochemical and sonochemical equipment has encouraged a
resurgence of this technology and new applications are being developed [13, 14].
There is particular interest in the applications of ultrasound to electrochemistry as a means
of making such processes more environmentally friendly. This includes the minimisation
of waste and the replacement of toxic components, for example, alternatives to mercury
electrodes, and the reduction or replacement of chemical additives. Sonoelectrochemistry
can also be used for pollutant degradation and remediation, and to provide more efficient
sensors for the detection of various species in water and in the atmosphere.
1.5.1

Ultrasonic Factors that Influence Sonoelectrochemistry

When the ultrasound field intensity is above the cavitation threshold, the collapse of the
bubbles is also associated with the formation of shock waves [15] and microflows [16]
among other phenomena [17]. In this section the mechanisms that impinge directly on
electrochemistry as a result of cavitation will be considered.
1.5.1.1

Acoustic Streaming

When an acoustic wave travels through a medium, part of its energy will be absorbed
inducing circular flow in the electrolyte. This phenomena is known as acoustic streaming
[17]. Acoustic streaming can occur in three different regions [18]:
(i) in the bulk solution the pattern is as shown in Figure 1.6(a).
(ii) on the surface of solids for example, the reactor walls as shown in Figure 1.6(b);
(iii) at the boundary layer as shown in Figure 1.6(c).
The strength of acoustic streaming is directly proportional to the ultrasonic intensity,
the attenuation coefficient of the medium and the surface area of ultrasonic emitter, and is
inversely proportional to the bulk viscosity of the electrolyte and the speed of sound in the
medium [18].
Acoustic streaming can reach parts of the electrolyte away from the direct influence of the
ultrasonic emitter because the liquid driven by the radiation pressure can move away from
this region [19]. Thus an increase in mass transfer can be observed even when the working
electrode is located outside the volume directly affected by high intensity ultrasound [20].
The main effect of the acoustic streaming is to promote the movement of the solution,
enhancing mass transfer of electroactive compounds to the electrode surface, and to reduce
the diffusion boundary layer [11, 20].
1.5.1.2

Turbulent Flow

The movement of the cavitational bubbles under the influence of the ultrasound field can
cause a chaotic and disorderly movement of the solution, giving rise to a turbulent flow.
The levels of turbulence are high near to the emitting surface and decrease rapidly with
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Figure 1.6 Typical ﬂow patterns of acoustic streaming. Reprinted with permission from Journal
of Sound and Vibration, Acoustic Streaming by Sir James Lighthill, 61, 3, 391–418 Copyright
(1978) Elsevier Ltd.

increasing distance from it [21]. Turbulent flow is effective in improving mass transport
processes within the solution and at the electrode surface and thus it can cause similar
effects to acoustic streaming.
1.5.1.3

Microjets

Microjets are formed at any surface dipped in a liquid when the liquid is subjected to
acoustic cavitation (see Section 1.3.2) [22]. If the surface is an electrode and collapse
takes place close to the surface the liquid jet will directly impinge upon it, as shown in
Figure 1.7 [23].
The formation of the jet and its shape was predicted theoretically by Plesset and Chapman
[24] and subsequently confirmed through experimental observation by Lauterborn and Bolle
[25]. These studies showed that bubbles that collapsed close to a surface do not remain
spherical and so the final temperatures and pressures reached after collapse will be lower
in comparison with the values reached during the symmetrical collapse of a bubble in the
bulk solution.
Bubbles close to the electrode surface will also give rise to microstreaming (see Section
1.5.1.1) [26]. The combined effects of microjets and microstreaming contribute to the
enhanced mass transport of electroactive compounds to the electrode. However, there are
two other effects – electrode cleaning and surface activation. These effects will prevent
fouling of the electrode surface and can also improve any electrodeposition processes [27].
1.5.1.4

Emission of Shock Waves

There is one more mechanical effect arising from cavitation in addition to shear forces and
jetting in the bulk liquid and that is a shock wave generated in the last stages of the violent
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Formation of the cavitation bubble

Electrode

Cavitation bubble rapidly expand

Electrode

Cavitation bubble collapse is restricted by
the electrode surface, causing an asymmetric
collapse

Electrode

A reentrant microjet forms is directed
towards the electrode surface

Electrode

The microjet formed strikes the surface

Electrode
Figure 1.7 Schematic diagram of the cavitating bubble implosion sequence at or near the
electrode surface. The arrows indicate ﬂuid pressure.

collapse [28]. The attenuation of this pressure wave is rapid and so effects on the electrode
surface will only take place when the collapse occurs close to it.
1.5.1.5

Chemical Effects

In addition to the acoustic effects above, which are mechanical in nature, there will also
be sonochemical effects (see Section 1.3). In any liquid medium highly reactive radicals
can be formed by the homolytic cleavage of any vapour contained in the cavitation bubble
during the bubble’s collapse. The nature of these radicals will depend on the solvent used
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and the presence of any dissolved gases. In aqueous media and in the presence of oxygen,
radicals such as HO• , HO2 • and O• have been detected [29].
Sonochemical effects [30–32] associated with the generation of radicals from the sonolysis of the electrolyte have been observed in several electrochemical process, for example,
the electrodeposition of lead dioxide on glassy carbon [33] and the oxidation of phenol
[34]. However, the influence of chemical effects in sonoelectrochemistry has been relatively
little studied in comparison with the physical effects referred to above.

1.6

Examples of the Effect of Ultrasound on Electrochemical Processes
under Mass Transport Conditions

The behaviour of simple electrochemistry redox agents such as Fe2+ /Fe3+ , Fe(CN)6 4− /
Fe(CN)6 3− [30] and Cr3+ /Cr4+ in aqueous media and ferrocene/ferrocinium in acetonitrile
[11, 35] has been studied under the influence of an ultrasonic field. All of these processes
exhibit a fast quasi-reversible electron transfer so that the electrode kinetics is considered
to be under mass transport control.
Figure 1.8(a) shows the cyclic voltammogram for the electrochemical behaviour of ferrocene on a platinum electrode [35]. This curve presents the typical characteristic behaviour
for a reversible one-electron transfer process. Figure 1.8(b) shows the cyclic voltammogram
obtained under ultrasonic radiation at 20 kHz with 50 W cm−2 directed at the electrode
surface with a horn electrode at a distance of 40 mm. Significant changes can be observed
as a result of sonication. The mass transport is increased considerably, as evidenced by the
greater current density in comparison with the peak current seen under silent conditions,

(a)

(b)

2.5 μA

+0.8

0.0
E/V (vs. SCE)

25 μA

+1.0

0.0
E/V (vs. SCE)

Figure 1.8 Cyclic voltammograms for the oxidation of 2 mM ferrocene in acetonitrile + 0.1 M
NBu4 ClO4 , platinum electrode (2 mm diameter), 20 mV s−1 (a) silent conditions and (b)
under 20 kHz, 50 W cm−2 , 40 mm electrode–horn distance. Reprinted with permission from
Electrochimica Acta, Dual activation: coupling ultrasound to electrochemistry—an overview
by R. G. Compton et al., 42, 19, 2919–2927 Copyright (1997) Elsevier Ltd.
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Figure 1.9 Schematic diagram of the electrode–solution interface according to the Nernst
diffusion layer model.

and also the voltammetric response is qualitatively changed [11, 12]. The typical reversible
cyclic voltammogram observed under silent conditions is transformed into a sigmoidal
shape indicative of a constant rate of transport of the electroactive species to the electrode
surface resulting in a sustained steady current.
The voltametric curve obtained under ultrasonic radiation can be further analysed using
the Nernst diffusion layer model [11]. According to this model, the electrolyte can be
divided into two zones (Figure 1.9). The closest region to the electrode surface with
thickness δ is named the Nernst diffusion layer where it is assumed that there is a totally
stagnant layer and thereby diffusion is the only mode of mass transport. In the region outside
the Nernst diffusion layer, strong convection occurs and the concentration of all species
can be considered to be constant. This model gives an approximate description of the mass
transport processes at the electrode–solution boundary assuming a laminar sublayer close to
the surface and an approximately linear concentration gradient across a thin layer close
to the electrode surface.
The limiting current density ( jlim ) based on this model is given by Equation (1.1):
jlim =

nFD(Cbulk − Csurface )
δ

(1.1)

where jlim is the limiting current density of the electrochemical process, n is the number
of transferred electrons, F is the Faraday constant, D is the diffusion coefficient, Cbulk and
Csurface are the concentration in the bulk solution and in the surface respectively, and δ is the
diffusion layer thickness. According to Equation (1.1) the limiting current density increases
when diffusion layer thickness decreases.
Marken et al. [36] reported that under extreme conditions the minimum diffusion layer
achievable in aqueous solution is as thin as 0.7 μm. The limiting currents for the oxidation
of ferrocene in the presence of an ultrasonic field was found to increase with increasing
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Figure 1.10 Limiting currents for the oxidation of 2 mM ferrocene in acetonitrile + 0.1 M
NBu4 ClO4 , platinum electrode (2 mm diameter), 20 kHz, (a) effect of the electrode
surface–ultrasound horn distance and (b) effect of the ultrasonic intensity. Reprinted with permission from Electrochimica Acta, Dual activation: coupling ultrasound to electrochemistry—
an overview by R. G. Compton et al., 42, 19, 2919–2927 Copyright (1997) Elsevier Ltd.

ultrasonic intensity and with decreasing distance between the ultrasonic horn electrode
[37], as shown in Figure 1.10. Subsequent studies using other redox couples and a range of
ultrasonic configurations produced similar results [11, 38].
In summary, it has been shown that ultrasonic radiation enhances mass transport of electroactive materials to the electrode surface. It has been demonstrated that this enhancement
is dependent upon the geometry of the ultrasonic horn relative to the electrode surface.

1.7
1.7.1

Experimental Methods for Sonoelectrochemistry
Cell Construction

A number of experimental arrangements have been used for the introduction of ultrasound
into an electrochemical system. The most simple of these is to immerse a conventional
electrochemistry cell directly in the water of an ultrasonic bath [11]. This is shown in
Figure 1.11 and, in order to maximise the energy transfer of energy from the bath into the
electrolyte, the cell should have a flat and thin bottom. Spherical containers are not as good
since they will reduce energy transfer through some refection of the acoustic waves [22].
Other workers [39, 40] have used the whole ultrasonic bath as the electrochemical cell by
placing the electrodes directly into the bath containing the electrolyte.
Using the simple experimental set-up of an immersed electrochemistry cell, the power
transmitted inside is only between 1 and 5 W cm−2 and the results obtained depend on
the position of the cell within the bath. In addition, the electrodes will interfere with and
deflect the acoustic wave and cause an uneven distribution of the ultrasound field [41].
As a general rule it is essential, when using a bath as the source of ultrasound, that all of
the operational parameters must be fixed in the experiments otherwise the reproducibility
of results will be poor [42]. However, despite these disadvantages, a number of studies
have been carried out using this configuration [35] including polymerisation reactions and
metal electroplating.
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Figure 1.11 Electrochemical cell dipped in an ultrasonic bath. Reprinted with permission
from [33] Copyright (1998) Royal Society of Chemistry.

A method by which ultrasound can be introduced directly into an electrochemical system
is by using an ultrasonic probe dipped into it. An ultrasonic probe consists of a transducer
driving an acoustic horn which transmits the vibrational energy to its tip and, in the most
used configuration, where both the electrodes and the probe are immersed in the electrolyte solution with the horn tip facing the working electrode at a known distance [43].
This arrangement allows the ultrasonic waves to be directed onto the electrode surface and
provides more efficient power control in comparison with the ultrasonic bath. An example of a thermostatted cell with the ultrasonic horn inserted centrally, from the top and
opposite the working electrode, is shown in Figure 1.12. This sonoelectrochemistry arrangement allows the ultrasonic intensity and the distance between horn and electrode to be
varied [11].
The ultrasonic probe system has several advantages over an ultrasonic bath for sonoelectrochemistry, in particular the fact that the acoustic power applied can be several
hundred times higher. This can be applied directly to the electrochemical system and can be
controlled by both the amplitude of vibration of the tip and the electrode to probe tip
distance. This arrangement does, however, have a few limitations, such as:
(i) Erosion of the horn tip, releasing metal particles (usually titanium alloy) into the
system.
(ii) Temperature control due to the heating effect of the horn.
(iii) The need for bipotentiostat control due to the presence of the metal tip of the ultrasound
system in direct contact with the electrochemical system [11].
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Figure 1.12 Diagram showing an experimental set-up using an ultrasonic horn in sonoelectrochemistry experiments. Reprinted with permission from Electrochimica Acta, Electrode processes at the surfaces of sonotrodes by R. G. Compton et al., 41, 2, 315–320 Copyright (1996)
Elsevier Ltd.

Another configuration for a sonoelectrochemical cell is to use the horn itself as the
working electrode and was first introduced by Reisse et al. [44]. Such an electrode is
referred to as a sonotrode (or sonoelectrode) [11]. 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 [13]. Figure 1.13 shows the
experimental set-up used when a titanium probe (20 kHz) acts both as a cathode and an
ultrasound emitter. The 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.
Some sonoelectrochemistry arrangements using flow system have also been reported
[34, 45].
1.7.2

Stability of the Electrodes Under Sonication

The action of microjets from the collapse of cavitational bubbles on an electrode surface can
have both beneficial and deleterious effects. Certainly it can activate the surface and improve
the performance of the electrodes by cleaning [10] but it can also damage the electrode
surface through erosion [46]. The erosion process can change the surface area of the
electrode and so the hardness of the electrode material becomes an important consideration.
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Figure 1.13 Sonoelectrochemistry set-up used in the production of nanopowders (WE =
working electrode, RE = reference electrode and CE = auxiliary electrode).

Madigan et al. [48] reported a study relating to the effects of sonication on common
electrodes surfaces at low frequencies (20–30 kHz), including both metals and non-metals
[47], analysing the surface after ultrasonic treatment sonication by scanning electron microscopy. Applying an ultrasonic irradiation of 475 W at 20 kHz for 120 s and using 1 mm
electrode surface–ultrasound horn distance, non-metals such as glassy carbon and Ebonex
were severely pitted in aqueous media. By contrast, metals such as Pt, Au, W and Pd
remained largely undamaged and no appreciable surface roughening was observed under
the same experimental conditions.
Compton et al. [46] investigated the influence of ultrasonic irradiation on the erosion and
roughening of Pt and Al, by means of in situ AC impedance spectroscopy together with
subsequent atomic force microscopy characterisation of the sonicated surfaces. This study
was carried out applying 60 W cm−2 of ultrasonic intensity at 20 kHz and the electrode was
placed 35 mm away. The surface of these electrodic materials was roughed after sonication
in 0.1 M TBAP/acetonitrile solution even after an exposure time as short as 120 s. This
work corroborated the suggestion that electrode surface roughness increased with increased
exposure time and reduced horn–electrode distance.
Several analyses about the effects of an ultrasound field on the surface of a glassy carbon
electrode have been reported in the literature [33, 47]. When glassy carbon electrodes
were sonicated in water using high intensity (475 W) and very short distance (2 mm) a
dramatic change of the electrode surface by pitting was noticeable; by contrast, however,
surface roughness did not change appreciably when sonication was carried out in an organic
solvent such as dioxane [47]. The explanation for this lies in the difference in cavitation
collapse energy between the two solvents. Marken et al. analysed the surface state of glassy
carbon electrodes immersed in 0.1 M NaOH [48], applying an ultrasonic intensity of 30 W
cm−2 at 20 kHz and for 1 cm electrode surface–horn distance, no detectable damage was
observed after 30 minutes of sonication. Later work [33] carried out with an ultrasound
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bath at 30 kHz applying 100 W with the glassy carbon electrodes 6 cm from the transducer
showed that the surface of the electrode did not exhibit any signs of superficial pitting or
damage after 20 minutes of sonication.
Electrodes made from boron-doped diamond have been widely used in sonoelectrochemistry [49], especially in sonoelectroanalytical applications [50], due to its attractive
properties including a wide potential window, low background currents and high resistance
to electrode fouling. These electrodes exhibit remarkable resistance to etching and are
mechanically stable in sonoelectrochemical applications.
In summary, it has been shown that ultrasound can damage the electrode surface and that
the extent of damage depends on the electrode material, intensity of sonication, the distance
between the electrode and the source of ultrasound and the duration of the experiment.
In electrochemical work it is important that the electrode surface remains undamaged
throughout the experiment and this is an even more critical criterion in sonoelectrochemistry
where cavitation damage is a possibility and must be avoided. For this reason, it is important
to ascertain whether there is any surface damage to the electrodes during sonication in order
to make sure that the results are reproducible and quantitative.

1.7.3

Some Applications of Sonoelectrochemistry

Table 1.2 summarises a range of examples of applications of sonoelectrochemistry and
some of these will be treated in more depth in the following chapters of this book.
1.7.3.1

Electro- and Electroless Deposition

The benefits of the application of an ultrasound field to electrodeposition processes are
well established and it has been widely used. Several researchers have demonstrated that
employing ultrasound in electroplating baths enhances the deposition rate and the quality
of the deposit, increasing thickness, hardness and brightness of the deposited films. Several
metallic deposits such as silver oxide [68], silver [66] and tungsten [69], together with
bioactive calcium phosphate coating [70] and CdSe film semiconductors [71], have been
obtained under ultrasound.
Studies have also been made on the influence of ultrasonic irradiation on the electroless
plating of nickel [57], copper [72] and cobalt [73].
1.7.3.2

Electroanalysis

Several studies have reported the use of ultrasound for the electroanalytical determination
of metals [74] and organic compounds [75] using stripping techniques on different types
of electrode and in various complex matrices. For example Banks et al. [76] reported
the deposition and detection of cadmium using boron-doped diamond electrodes with the
aid of anodic stripping with square wave voltammetry in water. The detection limit was
2.5 × 10−8 M in silent conditions and in the presence of ultrasound the detection limit was
improved to 3.9 × 10−9 M. The improvement in the detection limit reflected ultrasonically
enhanced mass transport of the electroactive species to the electrode surface during the
deposition process.
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Table 1.2 Examples of applications of sonoelectrochemistry.

Sonoelectroorganic
synthesis

Sonoelectroanalysis

Electrodeposition and
electroless

Production of
nanomaterials

Environmental
protection

1.7.3.3

Advantages over silent conditions

Examples

Changes the product yield and
the selectivity
Increases current efficiency
Lower voltage applied
Avoids electrode fouling
Limiting currents increase due to
increased mass transport and
electrode surface passivation is
prevented
Uniform deposits with superior
quality are obtained
Increases deposit hardness and
brightness
Decreases of the internal stress
and the grain size of the deposit
Avoids the use of reducing agents
and surfactants
Allows the use of water as a
solvent
Size of the nanoparticles can be
adjusted by varying the
operating parameters
(ultrasonic power, current
density, deposition potential
and the ultrasonic vs
electrochemical pulse times)
Enhances mass transport of the
pollutant to the electrode
surface
Avoids electrode fouling
Possibility of new paths of
degradation

Electroreduction of
benzophenone [51] and
acrylonitrile [52]
Electrooxidation of
diacetone-L-sorbose [53]
Vitamin C analysis [54]
Determination of
manganese [55]
Electrodeposition of copper
[56] and lead [40]
Deposition of nickel by
electroless [57]
Aniline polymerisation [58]
Synthesis of CdSe
nanotubes [59]
Synthesis of copper [60],
platinum [61] and gold
nanoparticles [62]

Water disinfection [63]
Dye [64] and
organochlorine
compound degradation
[65]
Recovery of silver [66]
Cyanide degradation [67]

Environmental Protection

The application of sonoelectrochemistry to the protection of the environment is an emerging
field of research that has been applied successfully for the degradation of a range of important contaminants in water [34, 64, 65]. This technology can be used in combination with
other methods including biological treatment, ozonation, photolysis and Fenton processes
[77] in order to achieve synergistic effects and reduce the energy cost of the treatment [14].
Sonoelectrochemistry has several advantages over more conventional technologies for
the removal of contamination in that it can be carried out under milder conditions, at room
temperature and without the need for additional chemical treatment.
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1.7.3.4

Electrosynthesis

The benefits of the application of ultrasound to electroorganic synthesis includes activation
of the electrode surface, increased yield and the possibility of alteration in the mechanistic
pathway together with changed product distribution [53]. A well-known example of product
selectivity change induced by sonication is the Kolbe reaction for oxidation of carboxylate
anions to hydrocarbons [10].
1.7.3.5

Nanomaterials

Currently the synthesis of nanomaterials is one of the most active fields of research in sonoelectrochemistry [13]. Pulsed sonoelectrochemical techniques [78] have been employed
to produce numerous pure metals [79, 80], alloys [81], semiconductors [82] and polymer
nanoparticles [83]. The particular attributes of metal powders obtained using this technology are that they are produced in a very finely divided state with high surface area, high
chemical purity and with an average particle size of 100 nm [84].
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(32) Marchante, E., Lana-Villarreal, T., Sáez, V., González-Garcı́a, J. and Gomez, R. (2009) Sonopotential: A new concept in electrochemistry. Chem. Commun., 27, 4127–4129.
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