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A new method to detect the uncompensated resistance, the capacitance and the Faradaic current at an electrode exposed

DOI: 10.1039/x0xx00000x to ultrasonic cavitation is presented. The method enables these parameters to be resolved with a 2 microsecond resolution
www.rsc.org/ and relies on the detection of the impedance of an electrode recorded as a function of time with a suitable AC excitation
signal (here 500 kHz). Data obtained from an aluminium electrode, held under potentiostatic control, is used to illustrate
the technique with particular relevance to the effects of cavitation bubbles generated by ultrasound. Analysis of the data
recorded shows that the cavitation bubbles form close to the surface of the electrode and collapse, causing damage to the
passive film formed at the aluminium surface. The capacitance, uncompensated resistance and Faradaic signals are used to
explore the dynamic processes and show expansion and collapse of bubbles prior to erosion/corrosion. The close proximity
of the bubbles to the surface is deduced from the reductions in capacitance and increases in resistance prior to bubble
collapse, which is then shown to trigger the onset of a Faradaic signal, thus confirming the erosion/corrosion mechanism

previously assumed.

Furthermore, it is desirable to have a physically non-invasive
Introduction characterisation technique. Hence, to the experimentalist,
these systems pose an interesting challenge while pertaining to
be of significant use if the processes can be optimised for a
particular application.  Thus many different approaches
involving high-speed imaging'3, acoustic measurements?3,
chemical measurements'®, photonic characterisation?* and the
study of surface damage are among the studies that can be
found in the literaturel. Amongst the measurement techniques
available, electrochemical characterisation of cavitation is
noteworthy?>. The data obtained from an electrochemical
investigation can be broadly assigned to the characterisation of

Gas bubbles in liquids can be produced and activated in a variety
of ways; these include natural phenomena where flow fields
entrap or induce bubble activity; they can be generated through
the application of a suitable forcing regime (for example an
ultrasonic field!) or they can be produced by chemical and
electrochemical reactions®™.  Cavitation effects are also
generated in the natural world by a variety of organisms;
including the mantis shrimp which are thought to use this
phenomenon®. From a technological perspective, the

generation of cavitation can be extremely useful for cleaning b ficall ¢ p 20
- . . three main areas, specifica surface damage mass
surfaces’ %0 and for the generation of unusual chemical***? and » SP Y g ’

i~]25,30,31 H 16
physical effects®1%in liquids with an ambient bulk temperature. transfer of material or chemical change®®. Unfortunately,

These effects can be extreme with high localised temperatures
and pressures (often quoted®! in the many 1000s of Kelvin and PLE
100s of atmospheres'??°) resulting from the collapse phase of :[

bubbles generated during these experiments. These unusual
conditions have been harnessed and used in the broad field of
sonochemistry for the destruction of toxic materials'®'7 or the
generation of particles, for example!®'®. However, although
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Figure 1. Schematic representation of the generation of bubbles close to the
electrode surface by an operating ultrasonic source (PLE, T shows vibrating
motion). ‘S’ represents the stainless steel reference/support. These perturb

this inertial cavitation process can be useful, it is also an

extremely difficult phenomenon to fully characterise?%?!. This
is because the dynamics of the processes involved are often in S .
the ps time domain, the effects are extremely local'! and the

media is often opaque due to the dynamic nature of the bubbles
produced and the myriad of events generated at one time?2.
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without complementary data3?33 or more elaborate electrode
geometries3?, electrochemistry on its own can only provide
some of the experimental evidence needed to fully understand
these complex environments. For example, mass transfer can
be stimulated in these cavitation systems by bubble motion34,
bubble oscillation3*3> and bubble collapse!® while surface
damage has been attributed to bubble collapse and shock
generation®3. In all cases rich current time histories are
obtained, the origin of which remains somewhat elusive
without other supporting333® measurements. However, it will
be shown here that by employing an AC technique within these
vastly improved set of experimental
is possible from a single electrochemical
The approach adopted will focus on the
simultaneous  measurement of the uncompensated
resistance3’, the apparent electrode capacitance and the
Faradaic current passed at a disk electrode. Figure 1 shows a
schematic representation of the electrode, electrochemical
ionic atmosphere, sound source and bubbles generated by the
sound field deployed. In order to obtain useful information on
the cavitation phenomena in question, the technique is shown
to be able to resolve changes in these parameters on the
microsecond timescale. The technique, described here and
explored for the first time with the use of a passive aluminium
substrate as a sensor for surface erosion from cavitation?627,

environments a
observations
measurement.

Experimental

An aluminium disk electrode was constructed by casting an
aluminium wire (250 um diameter, Advent Research materials)
embedded in epoxy resin (Struers, Epofix) inside a stainless steel
tube (6 mm OD). The electrode was polished to a mirror-like
finish (1 um and 0.3 um, Struers, on microcloth, Buehler). The
stainless steel outer support was utilised as the
reference/counter electrode. The electrode was positioned
under a piston-like emitter (PLE) (Microson, 3.2 mm diameter)
in a face-on configuration controlled with an XYZ manual stage.
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Figure 2. Plots showing the AC excitation voltage (==) and current response
(==) recorded for a 250 pum diameter aluminium electrode exposed to
ultrasonic cavitation produced by a 3.2 mm diameter tip of an ultrasonic
piston-like emitter operating at ~23 kHz. The distance between the tip and the
electrode was maintained at 0.7 mm. The aerobic solution contained 0.2 mol

dm3 Na,SO, at 19 °C. The labels ‘E," and ‘E,’ correspond to two erosion/
corrosion events detected by the electrode during this time window.
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The aluminium disk was aligned to the centre of the tip of the
PLE employed (in the horizontal or XY plane) and the Z position
was controlled and is reported in the appropriate figure
legends. The potential of the working electrode was
maintained at 0 V vs. the steel reference. An AC perturbation (a
500 kHz sinusoid, 100 mV zero-to-peak amplitude) was applied
using a function generator (Handy scope HS3, Tie Pie). A current
follower (employing an AD817 opamp, Analogue Devices) was
utilised and had a fixed gain of 10* V A%, a high gain bandwidth
product (50 MHz) and a small offset (~ +2-4 pA) under these
conditions. Both the voltage perturbation and the current
passed at the electrode were captured on an oscilloscope
(Owon, SDS7102) and transferred to a PC for analysis. A
program, which used an FFT analysis routine (National
Instruments, Measurement studio), was written (Visual Basic 6)
to determine the impedance, the uncompensated resistance
(Ru), the capacitance of the electrode (Ce) and the Faradaic
current (/) every 2 ps from the data recorded. All electrolyte
solutions were aerobic and consisted of 0.2 mol dm™ Na,SO4
(Fisher Lab reagent used as received) in pure water (Purite, > 15
MQ cm) at 19 + 1 °C. In order to measure the effects of
cavitation bubbles on the surface of the aluminium electrode, a
fixed frequency AC modulation technique was employed. Here
the AC perturbation was imposed on the DC bias of the system
(O V vs. stainless steel). This was measured to correspond to -
0.493 V vs. mercury/mercurous sulfate sat. K,SO;. The
electrochemical response of the electrode was monitored as a
function of time by simultaneously recording both the voltage
perturbation imposed and the current time history of the
electrode. Itis important to note that both recorded signals are
required in order to elucidate the desired parameters
(specifically, the local uncompensated resistance, the electrode
capacitance and the Faradaic current). A FFT approach (applied
to both the current passed and the applied AC voltage
excitation) allows for the magnitude of the frequency
components (targeting the 500 kHz signal in particular) and
phase angle between these two signals to be gathered. Figure
S1 shows a schematic of the approach adopted here. It is
important to note that in order for the appropriate information
to be extracted from the experimental data, care must be
placed on the sample rate in relation to the excitation signal and
the time resolution required in the experiment. Here, a sample
frequency of 10 MHz was employed and the data was analysed
over a 20 data-point window (corresponding to 2 us in time).
This window was stepped through the entire data set to extract
the relevant parameters as a function of time. A discussion of
calibration experiments and overall accuracy of this technique
(compared to a conventional approach) is shown in the SI.

Results

Figure 2 shows a section of the current time and associated
voltage excitation captured for an aluminium electrode exposed
to inertial (or transient) cavitation. As a result of the time scales
employed on the x-axis, this data appears as a block of ‘noise’.
However, the current time data (here in red, ==) shows distinct
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Figure 3. Plots showing the measured capacitance of the electrode (C,,—), the uncompensated resistance (R,

) and Faradaic current (ir, ==) as a function of time

calculated from the current time history and voltage perturbations. The highlighted sections (==) and the annotations (‘a’, ‘b’, ‘c’ etc.) refer to bubble events
discussed in the text. All experimental conditions are as reported in figure 1. ‘ET’ represents the single erosion/corrosion transient seen in this time window.

changes in amplitude as a function of time while the excitation
voltage (==) remains constant as expected. The changes in the
current time signal are a result of the cavitation processes
occurring at, or close to, the solid/liquid interface of the
aluminium electrode. Two points should be noted; first,
although the zero-to-peak amplitude of the current time signal
under these conditions is ~150 pA, many reductions in this
amplitude can be seen over the ~5.5 ms time window shown;
and second, currents in excess of this 150 uA amplitude are also
observed but at a far lower rate compared to the reductions in
amplitude. Figure 2 shows two such current spike events,
labelled ‘E;1,’. In order to elucidate the mechanistic detail
contained within this data, it is useful to employ a FFT approach.
This enables the magnitudes and phase angles of the signals
recorded to be determined. These parameters are then used to
extract (see Sl figures S1 and S2) the uncompensated resistance
of the electrode (R,), the apparent electrode capacitance (C,)
and the Faradaic signal (/) as a function of time. Figure 3 shows
the results of such an analysis for an aluminium electrode
exposed to cavitation. Figure 3 shows that the apparent
capacitance of the electrode was initially ~1100 pF. However,
the capacitance falls below this level while the uncompensated
resistance increases above a baseline of ~600 Q in a transient
These changes are attributed to the generation,
motion and collapse of cavitation bubbles near the electrode
surface. The bubbles under these conditions change the
environment around the electrode and as a result can be
expected to alter the uncompensated resistance etc. as a
function of time. Figure 3 shows that for this data set all
uncompensated resistance changes are accompanied by
capacitance reductions.
significant proportion of the apparent capacitance measured
using this single frequency AC technique is perturbed during
these transient events.

manner.

The data analysis implies that a

However, only the bubble collapse
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associated with transients labelled a and a’’ in figure 3 are
responsible for the erosion of the surface which led to the
subsequent corrosion transient at 50 ms in figure 3. The current
transient (labelled ‘ET’) occurred directly after bubble collapse
(as inferred from the resistance and capacitance transients, a
and a” respectively). Transient a corresponds to ~79 us in
duration which is comparable to the periodicity of bubble
dynamics3® in the sound field employed. This is clear evidence
that the current transient (/¢) observed here and those reported
elsewhere?®3® are a result of bubble action which in turn
induces (visible?®) surface damage to the electrode. These
individual erosion events are accompanied by an anodic current
transient?® as a result of the ensuing passivation of the exposed
surface and are not simple charging events. This supports the
arguments presented earlier regarding these events?®. Other
resistance and capacitance transients are also seen in figure 3.
For example, b, b” and c, ¢” represent just two examples from
the set that are presented. However, these transients are not
accompanied with a subsequent corrosion transient even
though they are of a significant magnitude. Hence these are
expected to represent bubble events which, although close to
the solid/liquid interface, do not produce conditions sufficient
for the erosion of the passive layer on the electrode surface (as
depicted by the break in the layer seen under a bubble event on
figure 1). Clearly the number of erosion/corrosion events is
relatively small compared to the number of capacitance and
associated uncompensated resistance changes observed.
Further to this, the largest capacitance and resistance events
are not necessarily associated with erosion of the interface.
This has two important consequences. First, erosion of the
passive layer from cavitation close to the interface could be
related to position over the interface so that collapse of the
bubbles not only needs to occur but needs to be in the correct
position with respect to the structure of the passive regions on
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the electrode. However, further complimentary evidence
would be required to support this proposal. Second, when
surface erosion occurs, the shape of the uncompensated
resistance (R,) and apparent capacitance changes (C,) are as
expected from bubble dynamic considerations which also show
a marked asymmetric nature. For example, if we compare the
uncompensated resistance of the electrode during bubble
growth and collapse it is apparent that although bubble growth
is rapid (see transient a for example), it is still slower than
collapse. This is in agreement with the bubble dynamics?
predicted in these systems and provides further complimentary
evidence to support the assumption that these events are
linked to the cavitation process itself.

Finally, the technique presented here could be employed in
many different systems where transient changes in local
impedance are expected (e.g. particle impact, which is
important from a technological perspective, and bubble
evolution from an interface). This method may have significant
benefit and provide mechanistic detail for many complex
systems. These are currently under investigation and will be
detailed in due course.

Conclusions

A powerful technique able to determine, with a 2 us temporal
resolution, the dynamic changes in the uncompensated
resistance and capacitance of an electrode as well as the
Faradaic current passed, has been presented. The results
indicate that the erosion/corrosion transients reported in the
literature are indeed associated with bubble growth and
collapse and not capacitance changes themselves.
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