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ABSTRACT

The influence of the ultrasonic frequency on thecteocrystallisation of lead
dioxide on glassy carbon electrodes was studiet fimol dm® HNO; + 0.1 mol dri?
Pb(NG). using chronoamperometry and numerical approximatiof the current
transients obtained. The effects of the ultrasoweguency have been compared with

the effects produced by other operational variableh as electrode potential.
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1. Introduction

Lead dioxide electrodeposition is being an actesearch area [1-3], especially
in the reaction mechanism analysis.  Several mesmmsn for lead dioxide
electrodeposition involving adsorbed and/or soluipleermediates [4-15] have been
proposed highlighting its complexity. This comptgxis related to mass transport

versus lattice incorporation kinetic control foffeient experimental conditions [10, 16,
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17] and to interference caused by oxygen evolutibhigh anodic overpotentials [18].
In this context, the use of additional techniquegaproaches can be useful in order to

provide more information about the process.

Sonochemistry makes use of the mechanical and chémctions of acoustic
cavitation [19] and therefore, the reactivity innechemistry depends on the
characteristics of the bubbles. Their size argtifife, and the content of the gaseous
phase, depend on the physical properties of theumednd the parameters (amplitude
and frequency) of the wave. Hence, conductingredemical reaction implies that a
problem with a large number of operational variabkexamined and that the extreme

conditions generated by cavitation can strongly ifiydtle reaction mechanism.

A recent and useful approach has been the combmati ultrasound with
electrochemistry, i. e. sonoelectrochemistry, whigtovides several benefits: (i)
enhancement of mass transport phenomena, (ii)atitiar of absorption and surface
properties of the electrode, (iii) sonochemical egation of electroactive species, (iv)
mechanism modifications, (v) depasivation. Witls @#pproach, it is possible to obtain
mechanistic information from sonoelectroanalyticilidies [20] and analyze the
influence of its specific parameters such as tkhguency and the ultrasonic intensity
[21-23]. In this context, the use of ultrasound-B] and microwave [29] on the
electrodeposition of lead dioxide is being curngntsed in order to shed light on the
reaction mechanism. The influence of the ultrasamiensity has been analysed by the
authors in a previous work [30] and now in thisgrawe present a preliminary study of
the influence of the ultrasonic frequency on thectbdeposition process of lead

dioxide using the Sonoreactosupplied by Undatim.



2. Experimental

The chronoamperometric curves were obtained wusivigltalab electrochemical
system with a DEA 332 potentiostat and an IMT 10&cteochemical interface,
connected to a PC for data acquisition and contflglassy carbon rod CV25 (0.07
cn? electrode area) from Sofacel (Le Carbone-Lorraimas used as a working
electrode. The glassy carbon rod was sheathetvdycylinders of Teflon. The first
cylinder was fitted thermally whereas the seconel was fitted by pressing, providing a
wide sheath. The counter electrode was a spirahd@latinum wire and the reference
electrode was a saturated calomel electrode (SCGEdigmeter, Copenhagen)

connected to the electrochemical cell via a Luggipillary.

The sonoelectrochemical reactor consisted of keejad Sonoreactor(20 kHz,
100 W maximum power, diameter 68 mm, depth 84 muppked by Undatim. This
apparatus has the potential to operate under aorfetic mode” which allows one to
search for the optimal frequency, and so ensurec@amum power transmitted to the
reactor. The ultrasound power applied to the eddet was independent of the

frequency.

The system was electrically isolated and was gk by the calorimetric
method in a previous work where details about tpeamental cell can be found [31].
The electrochemical system was maintained at congtanperature by introducing in
the solution an additional cooling glass coil, cected in series to the jacket. In order
to minimise ultrasonic field perturbations the ceis fitted to the inner wall of the

sonoreactor [31]. The temperature was kept to 208(g a thermistor (Pt100



Thermometer 638 Pt, Crison). The ultrasound soisréiéted at the bottom of the cell,
so that the working electrode-ultrasound horn cpmhtion was “face on”. The
separation distance, d, between the Ti stepped &Y cni emitter area) and the

surface of the glassy carbon electrode was 1 call experiments.

Before each experiment, the glassy carbon eleetrags polished with
decreasing size alumina powder (1, 0.3 and Q@b until a mirror finish was obtained.
After that, the electrode was thoroughly rinsechwiltrapure water. All solutions were
prepared using ultrapure water from a Millipore IM@ system. Solutions 200 mL as
final volume were degassed and saturated withearstiof Ar in order to keep the same
amount of gas in the electrolytic cell during theperiments, and avoid possible
interference caused by oxygen. A stream of Ar alas maintained on the surface of
the electrolyte during the experiments. Duringomaion of the glassy carbon
electrode, no damage was detected by visual inspeahd SEM micrographs. The
concentration of the solution employed for the do@mperometry study was 0.1 mol

dm* lead (I1) nitrate (Merck a.r.) + 1 mol dfmitric acid (Merck a.r.).

3. Resultsand Discussion

Figure 1 shows the chronoamperometric curves I, Rleposition from Pb(ll)
solutions on a glassy carbon electrode recordedrunittasonic conditions (I = 1.84 W
cm?) and for different ultrasound frequencies at @ dteal potential of 1.470 \Ws
SCE. In these experimental conditions, the dejoosiprocess takes place in the
nucleation control zone [16]. The kinetic parameta electrocrystallization processes
can be obtained by modelling of the experimentalesi using the different models

proposed in the literature. Among the differentdels the best agreement was obtained



for the simple progressive 3D nucleation and ctygtawth model with the outward
growth on a substrate base plane surface not ab\grgrowing nuclei. The relation |

vs tis [32]:

2 2 (1)
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This equation contains four parametegs(s), the induction timejoj(mA cm?), the
current density in the induction time; k (mol éms?), the growth rate constant; angA\
(nuclei cn® s1), the three-dimensional nucleation constant. Opagameters shown in
equation 1 are density (9.38 g crit) and molar mass, M (239.2 g riplof lead
dioxide. The optimization procedure has been edraut using 6.1 Origin program.
Origin's nonlinear regression method is based an lthvenberg-Marquardt (LM)
algorithm and is the most widely used algorithmnamlinear least squares fitting. The
standard way of defining the best fit is to chotse parameters so that the sum of the
squares of the deviations of the theoretical cdreen the experimental points for a
range of independent variables is minimugf. parameter gives this information, so a
reducedy” value shows a better fit. It has been considématithe experimental data
show a good fit wherx? parameter is lower to 0.5. In our case the palameas
always lower than this limit. Figure 2 shows tlkeéationship of these parameters with

the ultrasonic frequency at several step final ipiodés.

As it can be seen in Figure 2, when the ultrasdrequency increases, the
kinetics parameters are weakly affected and difitebehaviours can be observed in this

narrow region. For lower step final potential (04mV vs SCE), WA and induction



time decrease and growth constant increases, begandependent of frequency when

step final potential increases (1510 mV vs SCE).

It has been stressed in literature that an enhagmemf frequency should
produce more hydroxyl radical (in the sonolysisvedter) with lessened cavitation
pressure effects (mechanical effects) [33], but efeects on the electrochemical
processes are subject to discussion. The majofrisfudies coupling electrochemistry
with ultrasound have employed low frequency highweo ultrasound and have
highlighted that the sole effect was the changdéhm apparent reversibility of the
electron transfer process by promoting mass trahgpd when the effect of the latter is
corrected for, no change in the heterogeneouscraistants for electron transfer was
seen in the presence of ultrasound [34]. Howef@r,a less reversible system,

ultrasound improves the reversibility [35].

On the other hand, it has been shown that sonoetbemistry at higher
frequency is based on distinctly different processthan those governing
sonoelectrochemistry at 20-40 kHz [36]. At higbduencies, the physical nature of the
phenomena occurring at the electrode-solution fexter is found to be considerably
different from low frequencies: the strong macrgscoacoustic streaming effect
decreases and a better efficiency is obtained duthé number and timescale of
cavitational events, which reaches an optimum do$#®0 kHz [37]. Other works [38]
stress that higher frequencies provide better gigddsome electrooxidation processes
although this is not straightforward to explaimca cavitation phenomena, effects of
acoustic impedance, cell geometry implications,, et change with frequency.

Cavitation is more difficult to induce at higheefuencies and, if the experiments are



performed at the same ultrasonic power, this sugdbat the observed benefits are not
cavitational in origin. It is associated to areeffof the shorter wavelength at the higher
frequency permitting a standing wave regime tol#ista in the cell. In the 500-800
kHz region the distance between nodes and antinededy of the order of millimetres
and, therefore, an increase in the number of ned#sn the active region of the
sonoelectrochemical reactor would produce more oumif and effective
sonoelectrochemical phenomena. However, in thé@®BHz frequency region, the
half-wavelength is the order of centimetres so tmy a very limited number of nodes
and antinodes span the dimensions of the cell asddhe effects produced in our work

can not be associated to an more uniform medium.

Keeping in mind the stage above and despite tlieramt lacks of the
reproducibility of the ultrasonic experiments, ioraase tendencies can be observed
from the results obtained. It can be seen thatulinasonic frequency influences on the
growth constant k and induction time, more notcslguat low step final potentials,
where the electrodeposition process is not favouldg 24-27] and they become
independent from the ultrasound frequency for higstep final potentials. These
results are consistent with those reported earl;, []. This behaviour can be
tentatively explained due to an increase in" @kbduction with frequency [33]. A
higher OH generation increases the OH adsorption on théreter surface, decreasing
the induction time. Once a nucleus is formed,|&a& dioxide deposition is favoured
onto this nucleus in front of the actives sitescambon substrate and thereforeAN
decreases. The influence on growth constant &r;cn increase in OHjeneration
favours the lead dioxide deposition for any subst{aarbon or incipient lead dioxide

nuclei). In this way, at higher step final poteigi or temperatures, the Q¥



concentration is favoured by electrochemical orrrtte¢ way and the ultrasonic

influence is not clearly notorious.

4. Conclusions

The influence of the ultrasound frequency in theggerimental conditions (low
frequency high power ultrasound, lead dioxide kasetinder incorporation of ions at
the periphery of the expanding growth centre cdntras been detected. This effect is
due to the increase in Oldeneration and, therefore, OH adsorption on théace
electrode.

A larger range of frequencies is planned to beistlih order to support the

tendencies presented.
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Figure 1.- Chronoamperometric curves for Rb@position in 0.1 mol dfhPb(NQ), +

1 mol dm® HNO; at a glassy carbon electrode for different ulmésdrequencies: (a)

[, 20409 Hz, (b}, 20150 Hz, ()0, 20169 Hz, (dX>, 20119 Hz, (€)X, 20202 Hz.

Electrode diammeter 3 mm. Step final potentialQLA8/ vs SCE.
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Figure 2.- Dependence of Aj), B) NoA and C) k on ultrasonic frequency for lead

dioxide electrodeposition on vitreous carbon etstst
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