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Abstract 

 

A semiempirical model to describe the voltammetry of non-topotactic solid-to-solid 

redox processes occurring in the voltammetry of immobilized particles (VIMP) 

electrochemistry is described. It is applied to the reduction of solid metal compounds to 

the corresponding metal in contact with suitable electrolytes. The model is based on the 

assumption that the transferred charge is a logistic function of the applied potential, a 

situation that applies for reversible redox processes involving strongly adsorbed 

reactants. The model satisfactorily applies to reproduce linear potential scan curves 

recorded for graphite electrodes modified with different lead compounds (PbO, 

PbCl2·2H2O, lead-tin yellow, lead white) in contact with 0.10 M H2SO4 aqueous 

solution. 
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1. Introduction 

 

The voltammetry of species confined to electrode surfaces is of crucial importance in 

electrochemistry.
1,2

 Theoretical models have been focused on different types of 

adsorption isotherms and degree of electrochemical reversibility.
3-5

 The 

electrochemistry of surface-confined species, however, is not limited to adsorbates, and 

theoretical studies include nanoparticles
6
 and droplets

7
 anchored to -or impacting onto- 

electrodes, porous electrodes
8
 and microparticulate deposits of insulating or 

semiconducting solids.
9
 Recently, interactions between immobilized redox centers,

10,11
 

semiconductor electrode voltammetry
12

 giving rise to phase transitions,
13

 and charge 

transfer in solid state redox processes
14

 have been treated. 

 

Much research in solid state electrochemistry has been developed by application of the 

voltammetry of immobilized particles (VIMP), a solid-sate electrochemical technique 

developed by Scholz et al.
15

 that provides analytical information on sparingly soluble 

nonconducting solids via their abrasive transference to inert electrodes.
16,17

 The VIMP 

mainly involves three types of processes, topotactic solid state transformation 

accompanied by ion intercalation/deintercalation, reductive/oxidative dissolutions of 

solids, and solid-to-solid transformations with segregation of different phases. The first 

group of processes, of obvious importance for electrointercalation, has been modeled 

under conditions of reversibility and diffusion control.
18-23

 The modeling of 

reductive/oxidative dissolution of nonconducting solids was based on the kinetics of 

solid state reactions.
24,25

 The third group of processes, however, has received much less 

attention, theoretical modeling being limited to that developed by Jaworski et al.
26

 for 

the reduction of silver halides to silver. This model assumes that mixed metal salt/metal 

crystal are formed during the voltammetric experiments and provides numerical 

simulations of linear potential scan voltammograms in satisfactory agreement with 

experimental data. 

 

Much solid-to-solid redox processes are topotactic transformations; i.e., does not 

involve structural changes in the solid phase during electrochemical cycles. In general, 

however, this type of processes involves non-topotactic transformations where 

structurally different phases are formed following a complex electrochemical pathway. 

Given the importance of such processes in mineralogical
15-17

 and archaeometric
27,28
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analysis, including metal dating,
29-31

 the disposal of analytical models reproducing 

voltammetric curves is of interest in these research fields, in particular, in order to 

characterize different solid compounds.
16,17

 Here, an operational, semiempirical 

approach based on the modeling of the charge transfer process in terms of logistic 

equations is described. These equations were introduced by Verhulst in the 19
th

 century 

to describe population growth
32

 and have been further expanded to describe not only 

social phenomena but also a variety of biological and physicochemical phenomena.
33

 A 

common characteristic of these phenomena is the existence of size limitation of the 

growing system, just a property of solid-to-solid electrochemical processes. For our 

purposes, the essential idea is that the complex pathway involved in this kind of 

processes can in principle be modeled in terms of solid state reaction kinetics, one of 

whose possible mathematical formulations is logistic. The flexible nature of the logistic 

equations and its suitability to provide analytical (rather than numerical) voltammetric 

curves favor their use for modeling the aforementioned solid state processes. 

 

This view is consistent with the proposal of logistic equations to model electroinsertion 

processes in inorganic films.
34,35

 Although the validity of this approach for replacing 

conventional electrodynamic equations was questioned,
36

 the modeling presented here 

can be seen as an operational approach able to provide theoretical voltammetric curves 

in satisfactory agreement with experimental data. A series of lead compounds, namely, 

litharge (yellow PbO), massicot (red-yellow PbO), lead white (2PbCO3·Pb(OH)2), 

PbCl2·2H2O, Naples yellow (Pb2Sb2O7), and type II lead-tin yellow (Pb(Sn,Si)O3), was 

selected for testing the model. These compounds are of interest by their historical use as 

pigments and their widely studied electrochemistry in contact with aqueous 

electrolytes.
16,17,27,28,29,37

  

 

2. Experimental 

 

Litharge (Carlo Erba), Massicot (Kremer 43010), PbCl2·2H2O (Carlo Erba),  lead-tin 

yellow of type II (Kremer 10120), Naples yellow (light yellow, Kremer 43125), and 

lead white (Cremnitz white, Kremer 46002) were used. Voltammetric measurements 

were carried out at microparticulate deposits of the lead compounds on commercial 

paraffin-impregnated graphite bars (Alpino Maxim HS type, 2 mm diameter) in contact 

with 0.10 M H2SO4 (Probus) aqueous solution. A conventional three-electrode cell 
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connected to a CH 660c potentiostat was used. The electrolyte solution was 

deoxygenated by bubbling Ar during 10-15 min prior to voltammetric measurements. 

Electrode modification was performed by pressing the graphite bar, previously polished 

over paper as described in ref. 
16

, over a fine layer of the solid distributed onto the plane 

face of an agate mortar. Then, the electrode was put into contact with the electrolyte 

solution and electrochemical measurements were carried out using linear potential scan 

voltammetry (LSV). 

 

3. Results and discussion 

3.1. Voltammetric response 

Figure 1 shows the LSVs recorded at litharge-modified graphite electrodes in contact 

with 0.10 M H2SO4 aqueous solution at potential scan rates of 1, 5, 10, and 20 mV s
1

. 

At low scan rates, a sharp cathodic peak is recorded with almost symmetrical ascending 

and descending branches in the current/potential curve. Upon increasing the sweep rate, 

the cathodic signal becomes negatively shifted and displays a progressively less acute 

descending branch. 

 

Figure 2a illustrates the variation of the peak potential (Ep) with the logarithm of 

potential scan rate (lnv) in LSVs at sweep rates between 1 and 60 mV s
1

. The peak 

potential shifts negatively on increasing v yielding a curved Ep vs. lnv representation. In 

turn, the peak currents increase on increasing potential scan rate as shown in Figure 2b. 

Under our experimental conditions, the peak potential recorded in replicate experiments 

at a given potential scan rate remains essentially constant (maximum dispersion in ±10 

mV), but the peak currents display variations between 10-25 % in replicate 

measurements. This is due to the fact that, in this type of experiments, performed by 

means the usual VIMP abrasive conditioning of the electrode, the net amount of solid 

transferred onto the graphite electrode cannot be controlled. Despite this relatively large 

uncertainty, it appears that peak currents increase linearly with potential scan rate 

between 1 and 5 mV s
1

. 

 

3.2. Electrochemical pathway 

Conjointly considered, the above data suggest that there is a change in the 

electrochemical pathway depending on the time scale of the experiment. Overall, the 
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electrochemical reduction of a microparticulate deposit of lead oxide can be represented 

as: 

 

PbO solid + 2H
+
 aq + 2e


    Pb solid + H2O liq   (1) 

 

This process was described by Hasse and Scholz
35

 in terms of the topotactic PbO to Pb 

transformation mediated by proton insertion resulting in the formation of an ionophoric 

intermediate layer as schematically depicted in Figure 3. Formally, this process can be 

divided into different elementary steps, namely: 

 

a) Proton diffusion from the bulk solution to the PbO particle surface followed by 

insertion and transport into the solid lattice forming an ionophoric layer: 

 

H
+
 aq (bulk solution)    H

+
 aq PbO surface    H

+
 aq PbO     (2) 

 

b) Electron injection and transport into the solid coupled, by reasons of charge 

conservation, to proton insertion: 

 

PbO solid + e

 electrode    PbO (e


) solid     (3) 

 

c) Formation of metal nuclii segregated from the ionophoric layer: 

 

2H
+
 aq PbO + PbO (e

-
) solid    Pb nucli + H2O ionophoric layer     (4) 

 

d) Growth and coalescence of metallic nuclii forming a microparticulate deposit of lead 

crystals: 

Pb nucli    Pb solid     (5) 

 

e) Water release from the ionophoric layer: 

 

H2O ionophoric layer    H2O liq     (6) 
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The above equations summarize a first possible pathway (in the following, mechanism I) 

to interpret litharge to lead electrochemical reduction. Here, the rate-determining step 

will be the solid state charge transfer described by Eqs. (3) and (4), necessarily coupled 

by reasons of charge conservation. 

 

A second electrochemical pathway (mechanism II) can alternatively be proposed 

assuming that the electron transfer step involves ‘free’ Pb
2+

 ions formed in the 

ionophoric layer. Then, after the processes represented by Eq. (2), there is release of 

Pb
2+

 ions towards the ionophoric layer: 

 

2H
+
 aq PbO + PbO solid    Pb

2+
 ionophoric layer + H2O ionophoric layer     (7) 

 

These ions are subsequently reduced with the concomitant growth and coalescence of 

metallic nuclii: 

Pb
2+

 ionophoric layer + 2e

    Pb solid     (8) 

 

Alternatively, Pb
2+

 ions may pass into the electrolyte solution, 

 

Pb
2+

 ionophoric layer + H2O ionophoric layer    Pb
2+

 aq + H2O liq     (9) 

 

where they are reduced: 

 

Pb
2+

 aq + 2e

    Pb solid     (10) 

 

In this second model, it is conceivable that the rate-determining step was the process 

described by Eq. (7). Ultimately, this process can be described in terms of inter-

diffusion of H
+
 and Pb

2+
 through the ionophoric layer. 

 

This is a complex situation where different steps can be rate-determining depending on 

the composition of the electrolyte, the shape and size distribution of the parent solid on 

the electrode surface. Accordingly, the description in terms of the usual electrodynamic 

equations is considerably difficult. Available models refer to diffusive control of ion 

insertion,
18-23

 solid state reaction kinetics,
38

 and nucleation/growth models.
39

 Two 
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aspects, however, can be underlined: a) Since the process involves a microparticulate 

deposit of PbO crystals, the charge transport must reach a maximum limiting value; b) 

the flow of ions throughout the solid phase(s) has characteristics of a nonlinear, 

feedback-influenced dissipative process.
34,35

 As will be discussed below (vide infra), 

these two characteristics are consistent with the use of logistic formulations. 

 

3.3. Theoretical approach, reversible case 

In the classical treatment
2
 of surface-confined electron transfer processes, the Butler-

Volmer kinetics for an n-electron transfer is expressed as: 

 

)11(ee)(

)'º()1(

rd

)'º(

xo 







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

RT

EEF

RT

EEF

nFAkti



 

 

where k is the rate constant of the electrochemical reaction (s
1

), and ox, rd, are the 

surface concentrations of the oxidized and reduced forms of the electroactive species 

(mol cm
2

), A the electrode area (cm
2
), and the other symbols have their customary 

significance. The coefficient  equals to n'+α where n' is the number of electrons 

transferred before the rate determining step and  (0 <   < 1) is the electron transfer 

coefficient of the latter. The formal electrode potential of the redox couple, Eº’, has to 

be redefined. Following Laviron,
40

 this quantity can be related to the standard potential, 

Eº, and the Gibbs free energies of surface attachment of the oxidized and reduced forms, 

Gºsa ox, Gºsa rd) by means of the relationship, 

 

)12(
ºº

º'º
rdsaoxsa
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
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
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
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The cathodic current is expressed in terms of the gradient of surface concentration as:
2
 

 

)13(
d

d
)( ox








 


t
nFAti  

 

In the reversible case, the current-potential (i-E) voltammetric curves can be obtained 

merely combining Eq. (13) with the Nernst equation and assuming ox + rd =  
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(constant) and that the adsorption follows the Langmuir isotherm.
40

 The general 

expression of the current in a voltammetric experiment performed at a potential scan 

rate v when the system behaves reversibly is:
1-3
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Remarkably, this solution is formally equivalent to that obtained assuming that the 

transferred charge varies with the applied potential following a logistic growth. 

The logistic functions were originally introduced by Verhulst to describe the kinetics of 

the growth of a population tending to a limiting value or carrying capacity.
32,33

 This 

formulation can be used as a flexible mathematical tool replacing time by other quantity 

representative of the growth (or decay) of the physical system under study.
41

 

Accordingly, the charge passed throughout a voltammetric experiment involving 

surface-confined species can be expressed as the ratio between the charge passed q at 

the potential E applied at a time t, and the limiting charge, qo (x(E) = q(E)/qo). Then, the 

logistic equation can be written as: 

 

  )15()(1)(
d

)(d
ExEgx

E

Ex
  

 

where g represents a constant parameter (in the following, logistic constant) 

representative of the rate of variation of q with E. Integration of Eq. (15) yields: 
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/)(1
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o HgE
qtq
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H being the integration constant. Taking H = gEº’, one can write: 
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The current will be: 
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Accordingly: 
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This equation is formally equivalent to Eq. (14) so that taking g = nF/RT, Eq. (19) 

equals to Eq. (14). This means that, taking this value of the logistic constant g, the 

current/potential response theoretically predicted assuming the logistic variation of 

charge with the applied potential is equivalent to that predicted from the Butler-Volmer 

kinetics. With this regard it is pertinent to emphasize that, as discussed in detail by 

Compton et al.,
42

 the Butler-Volmer equation is ‘phenomenological’ as far as it is not 

derived from a thermodynamic, fundamental theory such as the Marcus-Hush one.
43

 

The ‘phenomenological’ character of the BV-equation stems from beeing based on a 

Linear Free Energy Relationsship, which is a phenomenological relationship. Similar 

‘phenomenological’ nature can be attributed to the different adsorption isotherms 

(Langmuir, Frumkin, …) used to reach Eq. (14) and their analogues.
6
 Accordingly, the 

introduction of the logistic approach is, in principle, formally reasonable although, 

obviously, it will need of a clarification of the underlying physicochemical meaning. 

 

According to Eq. (19), the voltammogram consists of a symmetric i-E curve at a peak 

potential equal to the formal electrode potential (Ep = Eº’) and peak current equal to 

vqog/4. Then, the generalized voltammetric curves can be expressed as: 

 

 
)20(

e1

e4
2)'º(
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EEg

EEg
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
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This equation permits to obtain a family of voltammetric curves taking different values 

of the parameter g. Ideally, these curves can be expanded to include deviations from 

electrochemical reversibility taking g = F/RT. This is based on the assumption that the 

quasi-reversible i-E curves can be expressed in terms of different values of the 

coefficient. Figure 4 depicts the theoretical voltammetric curves in terms of i/qogv ratio 
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vs. E for three different values of  (= +n’). Of course, the logistic approximation 

retains its semiempirical character. Figure 4 reflects, simply, that theoretical reversible 

and non-reversible i-E curves can also be reproduced inserting the appropriate 

numerical parameters into the logistic equations. 

 

3.3. Generalized logistic curves 

In general, the kinetics of electrochemical solid state transformations can be considered 

as parallel to that of solid state reactions and, in particular, to that of the 

dissolution/precipitation of ionic solids. Roughly, the modeling of the solid-to-solid 

electrochemical transformation must account for deviations from reversibility in the 

electron transfer and the solid state kinetics, as well as changes in the volume of the 

system under study. One simple way to incorporate such effects is the use of a variant of 

logistic growth proposed by Richards,
44
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where  is an exponent whose value has to be decided by experiment. This coefficient 

condensates the effects due to deviations from reversibility, volume changes and solid 

state kinetic complications. Integration of Eq. (21) yields: 
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Taking, as before, H = gEº’, one can write: 

)23(
e1

e
1

)'º(

)'º(

o























EEg

EEg

qq  

Accordingly: 
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The peak potential and peak current are, 
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respectively. Then: 
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Eq. (27) reduces to Eq. (20) when  = 1. Extending the formal similarity between the 

‘canonical’ Eq. (14) and Eq. (19), Eq. (24) can be equaled to Eq. (14) taking g =  F/RT 

and  = 1. Notice that, in the generalized logistic formulation represented by Eqs. (24)-

(27), the peak potential of the i-E curves differs from the formal electrode potential of 

the redox couple. Here, there is a progressive cathodic shift of the peak potential and a 

decrease of the peak current on decreasing. Figure 4b compares the theoretical q/qo vs. 

E (a,b) and  i/qogv vs. E (c,d) graphs taking Eº’ = 0.0 V Eqs. (17) and (19) taking  = 

1.0, 0.7, and 0.5 and the general case, inserting  = 0.50 into Eqs. (23) and (24) and 

taking  = 1.0, 0.7, and 0.5.  

 

3.4. Tafel-type analysis 

In the initial portion of the voltammetric curve, when E >> Eº’, Eq. (24) can be 

approximated by: 

 

  )28()'º(lnln o EEggvqi   

 

This corresponds to a linear variation of lni with E; i.e. a Tafel-type relationship (notice, 

that, strictly, Tafel relationships apply for quasi-equilibrium conditions
45

). When E << 

Eº’, Eq. (24) can be approximated by, 
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In VIMP experiments the net amount of solid transferred onto the electrode surface 

varies from one to another experiment. On the other hand, the formal potential is in 

general unknown, so that, for practical purposes, it is convenient to express this 

dependence in terms of the peak potential. Then, the Tafel-type relationships in 

generalized form can be expressed as: 
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Contrary to Eqs. (28), (29), the above equations are independent on the net amount of 

electroactive material transferred onto the electrode surface. 

 

In the central region of the voltammetric curve, when g(EEº)  0, one can 

approximate e
g(EEº’)

   1 + g(EEº’). As before, it is convenient to eliminate qo taking 

the i/ip ratio and replacing the formal potential by the peak potential. In the central 

region of the voltammetric peak, the (ip  i)/ip ratio can reasonably be approximated by 

the relationship: 
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This equation defines a linear variation of the (ip  i)/ip ratio with E  Ep, corresponding 

to the so-called modified Tafel-type analysis of voltammetric curves previously 

introduced to electrochemically characterize different solid compounds.
46

 

 

3.5. Comparison with experimental data 

Figure 5 compares the experimental and theoretical LSVs for litharge-modified graphite 

electrodes (normalized in terms of i/ip vs. E  Ep representations) in contact with 0.10 M 

H2SO4 at potential scan rates of a) 2 and b) 8 mV s
1

. One can see that experimental 
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data fit well to theoretical current/potential curves from Eq. (28) taking a) g = 34.9 V
1

, 

 = 1.05, and b) g = 31.5 V
1

,  = 0.40. 

 

Our data (vide infra) clearly suggest that the values of the parameters g and  

significantly vary with the potential scan rate. Interestingly, the g values are near to 

those corresponding to the ideal case (at 298 K, 38.96 V
1

 for n = 1). This suggests the 

possibility of some correlation with the Laviron equation for the irreversible redox 

processes involving strongly adsorbed species
2
 and the Brainina equation for the 

oxidative dissolution of metals,
47,48

 taking, 
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where kd is the rate constant for the electron transfer process depending not only on the 

composition of the electrolyte and the solid, but also on factors such as the shape and 

size distribution of the solid particles. 

 

Accordingly, Eq. (25) can be rewritten as, 
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Equation (34) predicts a linear variation of Ep on lnv that, as judged by data in Figure 2a, 

diverges from experimental data obtained for litharge-modified electrodes. This 

relationship, however, is approximately valid to describe the Ep vs. lnv data at scan rates 

below 10 mV s
1

. In turn, the generalized Tafel-type relationship at the foot of the 

voltammetric peak becomes: 
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Figure 6 shows ln(i/ip) vs. E  Ep obtained for litharge at different potential scan rates. 

Experimental data satisfactorily fit with the expected linear relationship between these 
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parameters, both the slope and the intercept varying with the potential scan rate. The 

corresponding slopes (TS) are represented vs. the logarithm of potential scan rate in 

Figure 7. According to Eq. (35), such slopes must vary with potential scan rate as: 
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One can see here that, as is also suggested by peak potential and peak current data in 

Figure 2, the obtained data diverge from the expected linear dependence of TS on lnv. 

The graph in Figure 7 can be interpreted as asymptotically tending to linear TS vs. lnv 

representation at low scan rates. The slope of this representation (dotted line in Figure 7) 

is 16±1 V
1

. Inserting this value into Eq. (36) yields  (= +n’) = 0.41±0.03, a value 

near the typical values of this parameter (ca. 0.50).
2
 

 

The nonlinear variation of TS with lnv, consistent with experimental data in Figures 2, 6 

and 7, suggests that the g value approached by Eq. (33) is representative of the behavior 

at low scan rates but not of the voltammetric response at relatively high scan rates. One 

possible way to interpret this problem is to consider the presence of uncompensated 

ohmic drops in the cell. These effects can be significant in the case of gross 

microparticulate deposits of nonconducting materials, a frequent situation in VIMP 

experiments. Following the studies in solution phase
49

 and surface-confined 

reactants,
50,51

 the current for a reversible electron transfer process can be rewritten as:
52
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where r is the uncompensated ohmic resistance and veff is the effective potential scan rate 

defined as veff = v + r(di/dt). Following the same line of reasoning, one can rewrite Eq. 

(24) as: 
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Assuming that both the current and its variation with time are small (a situation 

reasonable at low scan rates), veff  v, a reasonable approximation for the Tafel-type 

relationship at the foot of the voltammetric wave is: 
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In turn, when the applied potential is near the formal electrode potential: 
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Finally, in the descending branch of the cathodic peak, E << Eº’ and the current can be 

approached by the expression: 
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For practical purposes, the most interesting result is that the Tafel-type relationship 

derived from Eq. (39), 

 

)42()'º(
e1

lnln
)'º(

o

2

o EEg
rqvg

vgq
i

EEg

















 

 

significantly modifies that described by Eq. (28). A more detailed consideration of 

uncompensated resistive and capacitive effects expressed as a non-Faradaic current can 

be made following the classical treatment of Bard and Faulkner.
53

 Interestingly, this 

treatment allows to justify an experimental relationship reported for the reduction of 

mixed crystals of CuSxSe1x in contact with aqueous media to Cd metal:
54

 the linear 

variation of peak potentials with the charge passed through the voltammetric peaks. 
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The non-Faradaic current associated to the double-layer charging and uncompensated 

resistance accompanying Faradaic processes occurring during a LSV experiment 

initiated at a given potential, Es, can be expressed in terms of the differential equation: 
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where R and C represent, respectively, the uncompensated ohmic resistance and double-

layer capacitance of the electrochemical cell. Then, the non-Faradaic current iNF 

becomes,
53
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Assuming that the net current flowing through the cell is the sum of this current and the 

Faradaic component given by Eq. (24), one can write, 
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The peak potential can be determined imposing the condition di/dE = 0; i.e.: 
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Assuming that the peak potential is near the formal electrode potential, it is possible to 

take: 
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and, assuming that the (EEs)/vRC ratio is small, it is possible to approximate 
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In a LSV experiment performed at a potential scan rate v, this equation defines a linear 

relationship between Ep and qo, in agreement with experimental data  reported by Meyer 

et al.
54

 for the reduction of mixed crystals of CuSxSe1x in contact with aqueous media. 

 

A second way to rationalize the obtained experimental results can be derived from the 

consideration of the peculiar nature of VIMP experiments. Here, typically, a set of 

particles micrometer-sized remains adhered to the graphite electrode surface. The 

deposit of solid particles can be described in terms of an array of interconnected 

microspheres or microcylinders fixed onto the electrode. Since the voltammetric process 

involves charge transport through a diffusion layer near the particles, this situation is to 

a great extent parallel to that described by Compton et al.
 8

 on studying the voltammetry 

at porous electrodes. At low scan rates and/or small, well-separated particles, the solid 

deposit can be described as an array of microelectrodes displaying a thin layer response. 

At high scan rates and/or large particles, the system behaves as a uniform deposit giving 

rise to a diffusive response. This is in turn qualitatively similar to that described by 

Murray et al.
55

 for the solid state voltammetry of polymer thin films on microdisk 

electrodes. Here, there is a transition from the thick film behavior to that described in 

terms of the summation of terms of thin layer cell and microcylindrical geometries. The 

second component of the current is obtained taking different values of the parameter y = 

nFr
2
v/RTD, where r denotes the radius of the microcylinders and D the diffusion 

coefficient of the mobile ions permeating the polymer. Then, it is conceivable that the 

expression for the variation of g with potential scan rate given by Eq. (33) must be 

modified to include any diffusive term whose importance will increase with v. 

 

A third aspect to be considered is the possibility of different electrochemical 

mechanisms as described in section 3.2. In principle, the model I can be considered as 
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dominating the voltammetric behavior at low scan rates whereas the model II should 

prevail at high scan rates. For the purpose of the unambiguous characterization of solid 

compounds, the relevant point to emphasize is that the described logistic approximation 

permits to use the two phenomenological coefficients, g,  (as well as their variation 

with potential scan rate) to characterize the solid. In fact, even at relatively large 

potential sweep rates at which the peaked response vanishes, the model satisfactorily 

reproduces experimental LSVs as can be seen in Figure 8 for litharge in contact with 

0.10 M H2SO4 at v = 200 mV s
1

. 

 

Interestingly, the model permits to characterize different lead compounds even 

discriminating between different mineral forms of the same component (litharge and 

massicot for PbO) using the aforementioned parameters g and  and the slope (TS) and 

the ordinate at the origin (TOO) of the generalized Tafel-type representations as in Figure 

6 at a given potential scan rate. Figure 9 depicts the LSVs recorded for graphite 

electrodes modified with a) massicot, b) lead-tin yellow (type iI), c) lead white, d) 

PbCl2·2H2O, at a potential scan rate of 2 mV s
1

. The values of the material-

characteristic parameters determined under these conditions are summarized in Table 1. 

 

It is pertinent to note, however, that the logistic description of voltammetric curves in 

VIMP experiments proposed here involves a semi-empirical approximation to a very 

complex problem. Accordingly, there is need of clarifying the underlying 

physicochemical phenomena determining the electrochemistry of solid-to-solid 

transformations.  

 

 

4. Conclusions 

 

The well-known theory for the linear potential scan voltammetry of surface-confined 

reactants leads to current/potential curves which can be reproduced assuming that the 

passed charge varies with the applied potential following a logistic growth. This idea 

was applied here to describe electrochemical processes involving the non-topotactic 

reduction of metal compounds to the corresponding metal in contact with aqueous 

electrolytes. These are frequent processes in the voltammetry of immobilized particles 
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methodology of interest in the characterization of solid materials within a wide variety 

of contexts. The resulting semiempirical model permits to construct current/potential 

curves introducing two phenomenological parameters whose values are dependent of 

the potential scan rate. Theoretical voltammograms are in close agreement with 

experimental ones recorded for different lead compounds attached to graphite electrodes 

in contact with 0.10 M H2SO4 aqueous solution in a relatively large interval of potential 

scan rates- The values of the phenomenological parameters, easily approximated using 

Tafel-type representations, as well as their variation with potential scan rate can be used 

to characterize different solids. 
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Table 1. Peak potentials (in mV vs. Ag/AgCl), logistic parameters g, , and slope (TS) 

and intercept (TOO) of the Tafel-type representations determined from LSVs of the 

studied lead compounds attached to graphite electrodes in contact with 0.10 M H2SO4 at 

a potential scan rate of 2 mV s
1

. Averaged data from three independent voltammetric 

measurements at freshly-modified electrodes. 

 

 

 

 

Solid Ep g (V
1

)  TS (V
1

) TOO 

Litharge 640±5 35±1 1.0±0.1 34±2 1.4±0.2 

Massicot 645±5 59±1 1.0±0.1 59±2 2.0±0.3 

Lead-tin yellow II 660±5 25±1 0.8±0.2 29±2 2.7±0.3 

Lead white 750±10 35±1 0.6±0.1 24±2 1.4±0.2 

Naples yellow 520±10 75±3 0.9±0.2 68±3 0.2±0.2 

PbCl2·2H2O 660±5 60±2 1.5±0.2 54±2 1.0±0.2 
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Figures 

 

Figure 1. Cathodic LSVs of microparticulate deposits of litharge onto graphite 

electrode in contact with 0.10 M H2SO4 aqueous solution at potential scan rates of a) 1, 

b) 5, c) 10 and d) 20 mV s
1

. 

 

Figure 2. Variation of: a) peak potential (Ep) with the lnv, and b) peak current (ip) with 

v,  in cathodic LSVs of microparticulate deposits of litharge onto graphite electrode in 

contact with 0.10 M H2SO4 aqueous solution. Averaged values from three independent 

replicate experiments are represented. The continuous lines represent the polynomial fit 

of the entire set of experimental data while the dotted lines correspond to the asymptotic 

straight line at 1 mV s
1

 (a) and the linear fit of data between 1 and 5 mV s
1

 (b). 

 

Figure 3. Schematic for the proton-assisted topotactic reduction of PbO to Pb under 

conditions of typical VIMP experiments in contact with aqueous electrolytes. 

 

Figure 4. Theoretical a,b) q/qo vs. E and c,d)  i/qogv vs. E voltammetric curves taking 

Eº’ = 0.0 V. a,c) reversible case, current/potential curves from Eqs. (17) and (19) taking 

g = F/RT with  = 1.0, 0.7, and 0.5; b,d) general case, current potential curves from 

Eqs. (23) and (24) taking g = F/RT with   = 0.50 and different values of . 

 

Figure 5. Superimposed experimental (circles) and theoretical (solid circles and 

continuous lines) LSVs for litharge-modified graphite electrodes in contact with 0.10 M 

H2SO4 at potential scan rates of a) 2 and b) 8 mV s
1

. Theory from Eq. (28) taking a) g 

= 34.9 V
1

,  = 1.05; b) g = 31.5 V
1

,  = 0.40. 

 

Figure 6. Plot of ln(i/ip) vs. E  Ep obtained from data at the foot of the voltammetric 

waves recorded at litharge-modified graphite electrodes in contact with 0.10 M H2SO4 

aqueous solution at different potential scan rates. 

 

Figure 7. Variation of the Tafel slope (TS) determined from data such as represented in 

Figure 6 with the logarithm of scan rate in the LSVs of litharge-modified graphite 

electrodes in contact with 0.10 M H2SO4. The continuous line corresponds to the 
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polynomial fit of data and the dotted line to the asymptotic straight line at low potential 

scan rates. 

 

Figure 8. a) LSV of litharge-modified graphite electrode in contact with 0.10 M H2SO4 

at v = 200 mV s
1

. b) Superimposed experimental data points at selected potentials 

(circles) and theoretical (solid circles and continuous line) from Eq. (24) taking Eº’ = 

0.77 V vs. Ag/AgCl, qogv = 1.0  10
4
 A; g = 26.5 V

1
,  = 0.20. 

 

Figure 9. LSVs of graphite electrodes modified with a) massicot, b) lead-tin yellow 

(type iI), c) lead white, d) PbCl2·2H2O, in contact with 0.10 M H2SO4 at v = 2 mV s
1

. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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