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ABSTRACT 

 

 Electrodeposition of PbO2 on glassy carbon electrodes was studied in the stationary 

conditions and on the rotating disk electrode using chronoamperometric technique.  The kinetics of 

electrodeposition was significantly retarded by the hydrodynamic mass transport flow.  This 

observation is in agreement with the mechanism involving formation of soluble Pb(III) or Pb(IV) 

species, which may, subsequently, form PbO2. The kinetics of the nucleation and crystal growth 

was determined by the analysis of the initial part of the transients and of the whole curves.  This 

process proceeds through the 3 dimensional progressive nucleation and crystal growth mechanism 

with an induction time. The growth rate constant is strongly affected by convection while the 

nucleation process and the induction time are much less influenced. 
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INTRODUCTION 

 

In our recent studies preparation and characterization of various anodic materials such as 

C/PbO2 [1], Ti/PbO2
 [2,3], and Ti/Pt [4] was carried out. These materials may be used in different 

electrochemical applications such as the treatment of wastewater [5], purification of high value-

added organic products via electrodialysis [6] and organic electrosynthesis [7].  In the preparation 

of films onto a substrate by means of electrodeposition, it is important to understand the process of 

nucleation and growth of the deposit and its relationship with the properties of coating. 

 

 Cathodic stripping voltammetry (CSV) of metal ions is the least commonly used of the three 

main electrochemical stripping techniques, which is surprising considering its potential benefits: 

sensitivity, selectivity, and attractive approach to the analytical determination of trace metals that 

eliminates intermetallic interferences, which sometimes plague anodic stripping voltammetry 

(ASV).  This technique involves first electrooxidation (electrodeposition) of the corresponding ions 

from aqueous solution followed by the stripping step, which is provides the analytical information 

[8].  Both processes can be carried out in quiescent solution, however, for many applications it is 

important that the electrode is located within a flow system to permit continuous monitoring and to 

enhance the speed of the analysis.  Nowadays, different approaches to increase the mass transport 

to the surface electrode are being investigated: ultrasonic field [9], wall-jet [10] and channel 

electrode [11] geometries.  Accordingly, the question arises as to whether the introduction of 

convection as a dominating contribution to the transport leads to significant changes in the process. 

 



The electrodeposition of lead dioxide from aqueous solutions of Pb(II) has been extensively 

studied and its thermodynamic and kinetic behavior was analyzed.  This process was first studied 

by Fleischmann et al. [12-15] who proposed a mechanism involving intermediate adsorbed species.  

However, other authors [16, 17] detected soluble species and modified mechanisms are nowadays 

being proposed, such as these proposed by Velichenko et al. [18-20] 
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or by Chang and Johnson, [21, 22] involving Pb(OH)2
2+ or PbO2+ intermediates. 

 

The electrodeposition of lead dioxide on electrodes of glassy carbon is being studied in our 

laboratory, both in static and sonicated solutions [23].  In the latter, a strong influence of the effects 

of the ultrasound field has been found in the electrodeposition mechanism.  In literature, many 

effects of the ultrasound field on the electrode processes have been described [24, 25].  One of the 

most relevant is increased mass transport towards the electrode [26, 27]. 

 

Various studies found in the literature, focused on the study of the electrocrystallization of 

lead dioxide in convection-diffusion conditions, employing almost exclusively disk or disk-ring 

electrodes [16-22, 28-31], but no quantitative determination of the kinetics of the process (No, A, k) 

was made in these conditions. 

 



In our recent paper [1] we have studied PbO2 deposition on glassy carbon (Le Carbone 

Lorraine) without forced mass transport and found a mechanism of partial inhibition of the 

progressive three dimensional nucleation and growth. 

 

This paper studies the nucleation mechanism of lead dioxide both with and without mechanical 

agitation (rotating electrode) on a glassy carbon (Radiometer) electrode in order to quantitatively 

analyze the effects of pure convection-diffusion in the nucleation process and in the growth of the 

lead dioxide.  Therefore, the classical models [28-30] will be applied, both at initial transient (initial 

20% of current at steady state) as it is found in the literature in static conditions, and at prolonged 

transients, analyzing the complete curve.  The validity of the model is verified and kinetic studies 

are carried out both in the presence of and in the absence of convection-diffusion in the process. 

 

EXPERIMENTAL SECTION 

 A standard two-compartment electrochemical cell with a volume of 50 mL was used for the 

experiments.  The chemicals were Analar quality and were used as received.  The cell was filled 

with an aqueous solution of 0.1 M lead(II) nitrate + 1M nitric acid, prepared using ultrapure water 

(Millipore Milli-Q system).  A platinum wire acted as the counter electrode.  A SCE served as the 

reference electrode. 

 

 The working electrode was a glassy carbon disc mounted in Teflon (EDI10000 Rotating 

Disc Electrode, Radiometer Copenhagen, diam. 3 mm).  Before each experiment, it was polished 

first with fine emery paper, followed by decreasing size alumina particles in suspension on a 

polishing cloth until a mirror finish was obtained.  After that, electrode was thoroughly rinsed with 

water. 

 



 Solutions were thoroughly purged of oxygen prior to running the experiment by bubbling 

with nitrogen N50 (Air Liquide) for 20 minutes.  During measurements a flow of gas was 

maintained over the solution surface.  Lead dioxide deposits were removed with 1:1 H2O2/Acetic 

acid followed by rinsing it thoroughly with water. 

 

 All experiments were carried out using a Voltalab Electrochemical system consisting of a 

DEA 332 potentiostat and an IMT 102 Electrochemical Interface.  The system was connected to a 

personal computer for recording and treatment of curves.  Temperature was kept at 25 ºC. 

 

RESULTS 

 

Theoretical models 

 

Lead dioxide electrodeposition on glassy carbon is characterized by a marked crystallization 

overpotential (cop) [35].  In such a case theories of nucleation and kinetic growth [32-34] are 

particularly valid.  These theories provide mathematical expressions for j-t transients obtained by 

means of chronoamperometry for the different cases of nucleation (instantaneous and progressive) 

and growth (two- or three-dimensional).  Table 1 presents a summary of such equations j-t, found 

in the literature for a process of nucleation and growth under kinetic control (no mass transport 

effects), both for the initial transient, where the nuclei grow independently from each other, and for 

the longer times when the overlapping between the nuclei takes place.  Presented equations do not 

include possible induction time.  The predicted transients depend on the geometry of the nuclei.  

For a progressive three-dimensional growth of right circular cones, the j-t transient increases to a 

plateau.  In the case of growth of hemispheres, the curve presents a maximum followed by a plateau 

and the ratio of the peak current to the plateau is 1.33.  If the geometric form considered is 



cylindrical it presents a maximum followed by a plateau but the ratio of the peak to plateau current 

densities, for progressive nucleation, is 1.79. 

 

Influence of the forced convection 

 

As previously mentioned, different authors have studied the process of the electrodeposition 

of lead dioxide in convection-diffusion conditions.  The work of Chang and Johnson [21, 22] has 

furnished important conclusions regarding the qualitative effects involved in the mass transport by 

convection-diffusion on the j-t response.  Under certain experimental conditions, the steady-state 

current decreases with increase in the rotation velocity.  This fact has been explained by Chang and 

Johnson [21] and other authors [18-20] assuming that the process is under kinetic control and that 

there are soluble intermediates that are removed from the electrode surface by convection.  

Nevertheless, even in detailed studies such as that presented by Chang and Johnson [21], no 

mathematical treatment has been carried out, applying the classical theories of nucleation and 

growth, to characterize the nucleation and growth under these conditions. 

 

Figure 1 show the j-t curves obtained on a glassy carbon disk at 0 and 2500 rev min-1 for 

different final step potentials into the region of kinetic control [1], in a solution 0.1 M lead (II) 

nitrate + 1 M nitric acid.  As the step potential increases, the chronoamperometric responses 

obtained with the glassy carbon disk in static conditions present S-shaped curves similar to those 

predicted for some classical models of nucleation and growth, leaving a perfectly defined plateau at 

high potentials. This shape differs from those presented in previous works [1, 23], obtained with 

other different vitreous carbons [40].  Similar curves registered in the rotating disk electrode 

conditions display much lower currents and a small drop in a steady-state current with time.  This 

effect is more pronounced as the final step potential increases. It is interesting to note that, for all 



the potentials studied, in the presence of rotation, the slope of the current-time curves (at shorter 

times) as well as their steady state values are lower in comparison with the curves recorded in static 

conditions at the same rotating disk electrode. 

 

Analysis of prolonged transients (with overlap) 

 

The chronoamperometric curves of the electrodeposition of lead dioxide, obtained at 0 rpm, 

display clearly formed plateux at longer times, suggesting an application of the model of growth of 

the straight circular cones, equations (18) and (19) in Table 1. Figure 1 shows the comparison of 

the experimental curves and the fit to the progressive nucleation and growth model of three-

dimensional cones (equation 19 of Table 1) with the outward growth on a substrate base plane 

surface not covered by growing nuclei [41]: 
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 Other models including generalized electrocrystallization model [42] were also tested but no 

better approximation was found.  

This equation contains four parameters: t0 (s) is the induction time, j0 (mA cm-2) is the 

current density, k (mol cm-2 s-1) constant of the growth rate, N0 number of nuclei. They are 

displayed, together with their standard deviations, in Table 2.  It should be added that j0 is not very 

important in the whole approximation and the rate constant k is clearly determined when a well-

defined current density plateau is observed.  The values present the trend normally found in the 

literature: as the step potential increases, a decrease in induction time and an increase in the growth 

and nucleation constants is observed. 

 



The curves registered at 2500 rpm (rev min-1) fit much better at all the potentials than those 

reordered in static conditions (0 rpm), although the curve registered at Ef= 1520 mV is not 

completely devepoled (time of experiment insufficient).  Therefore, although a good fit of the 

values was obtained, precautions must be taken. 

 

It is important to emphasize that the plateau on the curves registered in static conditions at 

lower potentials (Ef= 1520 mV and 1540 mV vs. SCE) is not well developed and the fit cannot be 

complete.  For higher potentials (Ef= 1560 mV and 1580 mV vs. SCE) the fit is better and it could 

provide representative values of k. 

 

From the superposition of the theoretical and experimental curves it is clear that fit is worse 

at the foot of the curve and close to the plateau.  This effect is more noticeable in static conditions 

where in addition, full overlapping of centers is delayed. 

 

 

Analysis of initial transient (without overlap) 

 

In order to obtain further information regarding the process, traditional analyses found in the 

literature has been carried out, studying only the initial part of nucleation and growth curves, before 

overlapping, (20% of the current of the plateau or steady state current density) following the 

induction time. In this case, the modeling has been carried out with only three parameters, as the 

values of k obtained in the complete analysis have been introduced as a constant.  Figure 2 shows 

the superposition of the theoretical and experimental curves and Table 3 presents the obtained 

parameters.  The approximations, both for the static and the RDE conditions are much better, 

providing values of the parameter (chi) an order of magnitude lower. 



 

DISCUSSION 

 

In the literature, the analysis of the j-t responses for the electrodeposition of lead dioxide has 

been concentrated on the initial instants of the nucleation process and growth [12, 16, 30, 40], by 

means of the different mathematical equations, displayed in Table 1.  The conclusions presented 

indicate that the process takes place via a progressive nucleation and three-dimensional growth of 

the nuclei.  The latter part of the curve has never been analyzed earlier.  In the present study, we 

have carried out analyses using the same equation (19) for the whole curve and for the initial 

growth part.  It is interesting to compare the information obtained at high step potentials (Ef = 1560 

and 1580 mV vs. SCE) with that obtained at low step potentials (Ef = 1520 and 1540 mV vs. SCE).  

At low potentials, during the time in which the experiment was carried out, the value of the plateau 

current density was not reached which reveals the difficulty of the process of nucleation and growth 

and the fact that complete overlap of the nuclei was not reached.  As the step potential increases, 

the nucleation and growth become faster and the fit between the theoretically predicted and the 

experimental curves improves.  Figures 3A and 3B show the values of t0, k and N0A as functions of 

the step potential for analysis at long and short time intervals, respectively.  From these results, 

important conclusions can be drawn.  The presence of agitation mainly affects the constant of 

growth k, decreasing it, independently of the step potential.  The values of the three-dimensional 

constant of nucleation, N0A, are not particularly affected by the agitation, although they are slightly 

greater in the absence of agitation.  The values of the induction times in the presence of and in the 

absence of agitation are similar, however, discrepancies exist when our data are compared with 

those of other authors [21, 22] at short time intervals and at low step potentials. 

 



Certain critical concentration of lead species is necessary to start grows of nuclei. With 

increase in agitation rate (rotation rate) soluble lead III or IV species are removed more quickly 

from the electrode surface and the crystal growth is slowed down. At more positive potentials their 

concentration is larger and the crystallization rate increases. The induction time may be related to 

the formation of adsorbed OH species and depends on the electrode potential but it is practically 

independent of the rotation rate indicating that it is determined by a surface process. 

 

CONCLUSIONS 

 

The introduction of convection as a dominating contribution to the transport leads to 

unexpected changes in the lead dioxide electrodeposition under these experimental conditions.  

Therefore, increase of convection does not enhance deposition of lead dioxide on the electrode 

surface, as it is expected in CSV experiments with forced convection in the preconcentration step. 

 

In this context, we think that the study of the influence of the forced convection on the lead 

dioxide crystallization using RDE can provide useful information in order to compare with other 

mass transport enhancement methods, such as ultrasounds. 

 

Analysis (of the initial or prolonged transients) have led to the following conclusions: 

 

• The analysis of the whole transients reveals that the process of nucleation and growth of 

lead dioxide on the glassy carbon substrate, in the presence of forced convection on a 

RDE, cannot be fully explained by the known models, a discrepancy is observed at short 

and long times. However, a reliable value of the rate constant k is obtained from the 

plateau current. 



 

• The parameters obtained are consistent with the new reaction mechanism [18-22] 

involving the existence of a soluble intermediate species.  The values of k, clearly 

depends on agitation conditions but the dependence of t0 and N0A is not important, 

supporting the hypothesis that during the induction period, the limiting step is associated 

with the first stage of nucleation (adsorption of OH on the substrate). Therefore, the 

stability of the incipient nuclei is not influenced by the agitation.  The growth of a stable 

nucleus, via the incorporation of material on the surface of the lead dioxide, may be 

limited by the presence of this soluble intermediate on the surface of the nucleus and 

therefore affected by the agitation. 

 

• The process of electrocrystallization of lead dioxide is dependent on the nature of the 

substrate [1, 23, 40], especially, in the case of the different types of glassy carbon. In our 

earlier study on another type of glassy carbon curves with well developed maximum 

were obtained. In this latter case, the influence of the variable agitation may only be 

studied maintaining the nature of the substrate identical [42]. 

 

 

ACKNOWLEDGMENT 

 Financial support from "Consellería de Cultura, Educación y Ciencia" under project GV-

2231-94 is gratefully acknowledged. 

 

REFERENCES 

[1] J. González-García, F. Gallud, J. Iniesta, V. Montiel, A. Aldaz, A. Lasia,. J. Electrochem. Soc., 

2000, 147, 2969. 



[2] J. González-García, J. Iniesta, E. Expósito, V. García-García, V. Montiel, A. Aldaz, Thin Solid 

Films, 1999, 352, 49. 

[3] J. González-García, V. Montiel, G. Sánchez-Cano, A. Aldaz, Spanish Pat. 9401259. 

[4] J. Iniesta, J. González-García, J. Fernández, V. Montiel and A. Aldaz, J. Mater. Chem.,1999, 9, 

3141. 

[5] V. Montiel, V. García-García, J. González-García, J. R. Pérez-Mallol, G. Sánchez-Cano, A. 

Aldaz, J. New Mat. Electrochem. Systems, 2000, 3, 269. 

[6] J. A. Poquis, V. García-García, J. González-García, V. Montiel, A. Aldaz J. Membrane Sci. 

2000, 170, 225. 

[7] M. Inglés, P. Bonete, E. Expósito, J. González-García and V. Montiel, Ind. Eng. Chem. Res. 

2000, 39, 1. 

[8] A. J. Saterlay, J. S. Foord, R. G. Compton, The Analyst 1999, 124, 1791 

[9] C. Agra-Gutiérrez, R. G. Compton, Electroanalysis 1998, 10, 603. 

[10] C. M. A. Brett, A. M. Oliveira Brett, J. L. C. Pereira, Electroanalysis 1996, 8, 1169. 

[11] R. W. Andrews, D. C. Johnson, Anal. Chem. 1974, 48, 1057. 

[12] M. Fleischmann, M. Liler, Trans. Faraday Soc. 1958, 54, 1370. 

[13] M. Fleischmann, H. R. Thirsk, Electrochim. Acta. 1959, 1, 146. 

[14] M. Fleischmann, H. R. Thirsk, Electrochim. Acta. 1960, 2, 22. 

[15] M. Fleischmann, J. R. Mansfield, H. R. Thirsk, H. G. E. Wilson, L. Wynne-Jones, 

Electrochim. Acta. 1967, 12, 967. 

[16] H. A. Laitinen, N. H. Watkins, J. Electrochem. Soc. 1976, 123, 804. 

[17] S. A. Campbell, L. M. Peter, J. Electroanal. Chem. 1991, 306, 185. 

[18] A. B. Velichenko, D. V. Girenko, F. I. Danilov, Electrochim. Acta. 1995, 40, 2803. 

[19] A. B. Velichenko, D. V. Girenko, F. I. Danilov, J. Electroanal. Chem. 1996, 405, 127. 

[20] A. B. Velichenko, S. V. Kovalyov, A. N. Gnatenko, R. Amadelli, D. V. Girenko, F. I. Danilov, 

J. Electroanal. Chem. 1998, 454, 203. 

[21] H. Chang, D. C. Johnson, J. Electrochem. Soc. 1989, 136, 17. 

[22] H. Chang, D. C. Johnson, J. Electrochem. Soc. 1989, 136, 23. 

[23] J. González-García, J. Iniesta, A. Aldaz, V. Montiel, New J. Chem. 1998, 22, 343. 



[24] R. G. Compton, J. C. Eklund, F. Marken, T. O. Rebbitt, R. P. Akkermans, D. N. Waller, 

Electrochim. Acta, 1997, 42, 2919. 

[25] R. G. Compton, J. C. Eklund, F. Marken, Electroanalysis, 1997, 9, 509. 

[26] J. P. Lorimer, B. Pollet, S. S. Phull, T. J. Mason, D. J. Walton, U. Geissler, Electrochim. Acta, 

1996, 41, 2737. 

[27] R. G. Compton, J. C. Eklund, S. D. Page, T. J. Mason, D. J. Walton, J. Appl. Electrochem., 

1996, 26, 775. 

[28] C. N. Ho, B. J. Hwang, Electrochim. Acta, 1998, 38, 2749. 

[29] I.-H. Yeo, Y. S. Lee, D. C. Johnson, Electrochim. Acta, 1992, 37, 1811. 

[30] R. G. Barradas, A. Q. Contractor, J. Electroanal. Chem. 1982, 138, 425. 

[31] K. Nishibe, Denki Kagaku, 1984, 52, 614. 

[32] J. A. Harrison, H. R. Thirsk, in: A. J. Bard (Ed.), Electroanalytical Chemistry, Marcel Dekker, 

London, 1971, p. 67. 

[33] M. Fleischmann, H. R. Thirsk, in: P. Delahay, C. W. Tobias (Eds.), Advances in 

Electrochemistry and Chemical Engineering, vol. 3, Willey Interscience, New York, 1963, p. 123. 

[34] J. A. Harrinson, H. R. Thirsk, A guide to the Study of the Electrode Kinetics, Academic Press, 

New York, 1972, Ch.3. 

[35] D. Velayutham, M. Noel, Electrochim. Acta, 1991, 36, 2031. 

[36] R. Greef, R. Peat, L. M. Peter, D. Pletcher, J. Robinson in Instrumental Methods in 

Electrochemistry, Kemp, T. J. Ed.; John Wiley & Sons: New York, 1985, p. 283. 

[37] M. Y. Abyaneh, Electrochim. Acta, 1982, 27, 1329. 

[38] E. Bosco, S. K. Rangarajan, J. Electroanal. Chem., 1982, 134, 213. 

[39] Y. G. Li, A. Lasia, J. Electrochem. Soc., 1997, 144, 1979. 

[40] A. C. Ramamurthy, T. Kuwana, J. Electroanal. Chem., 1982, 135, 243. 

[41] Y. G. Li, W. Chrzanowski, A. Lasia, J. Appl. Electrochem., 1996, 26, 843. 

[42] M.Y. Abyaneh, M. Fleischmann, J. Electroanal. Chem., 1981, 119, 197 



Captions 

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

AA

A

A

E
f
 = 1580 mV vs SCEE

f
 = 1560 mV vs SCE

E
f
 = 1540 mV vs SCE

t/ st/ s

t/ s t/ s

j/ mA cm-2

j/ mA cm-2j/ mA cm-2

E
f
 = 1520 mV vs SCE

j/ mA cm-2

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

B
B

B

B

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

 

Figure 1.-  Theoretical fit (••) of experimental curves (−) for lead dioxide electrodeposition on a 

vitreous carbon RDE.  Analysis of prolonged transient obtained at different step potentials. A) 

rotation rate 0 rev min-1. B) rotation rate 2500 rev min-1. 
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Figure 2.-  Theoretical fit (••) of experimental curves (−) for lead dioxide electrodeposition on a 

vitreous carbon RDE. Analysis of initial transient obtained at different step potentials.  A) rotation 

rate 0 rev min-1. B) rotation rate 2500 rev min-1. 
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Figure 3.-  Dependence of t0, log N0A and log k on applied potential for lead dioxide 

electrodeposition on vitreous carbon RDE. (A) Analysis of prolonged transient (B) Analysis of 

initial transient. 

 

 

 

Table 1.-  Initial and prolonged current density transient for electrocrysitallization under kinetics 

controlled growth process. 

 



Table 2.-  Kinetics parameters of lead dioxide electrodeposition derived from analysis of prolonged 

transients. 

 

Table 3.-  Kinetics parameters of lead dioxide electrodeposition derived from analysis of initial 

transients. 

 

 

 


