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In this work we apply cyclic chronopotentiometry to analyze charge transfer reactions at spherical
electrodes, highlighting the influence of electrode curvature and the formation of amalgam on the
potential–time response. Moreover, methods are proposed for determining the formal potential and
the kinetic parameters of the electrode reaction. Equations obtained for the dropping mercury elec-
trode are transformed to those corresponding to a static mercury drop electrode and a plane electrode.
Key words: Chronopotentiometry; Slow charge transfer reactions; DME; SMDE.

As we have recently demonstrated, the use of a blank period tbp at non-stationary elec-
trodes such as the dropping mercury electrode (DME) offers, among other advantages,
the possibility of applying a current step1. The application of the cyclic chronopotentio-
metry at the DME is also possible. In this technique, which can be considered as an
extension of current reversal chronopotentiometry1–4, successive current steps are ap-
plied. Their sign is alternately changed at potentials taken at the transition time which
corresponds to each potential–time response. This technique is very useful for the
evaluation of thermodynamic and kinetic parameters of the reduction and oxidation
processes. Until now, however, the theoretical development of this technique has been
limited to plane stationary electrodes5–11.

In this paper we describe an application of cyclic chronopotentiometry in the study
of a charge transfer reaction at a DME, considered both as an expanding plane and an
expanding sphere. As the general expression deduced for the DME can be applied to
other electrodes after simple transformations, static spherical and planar electrodes
were considered as well.

The electrode curvature should not be ignored when this technique is used for a
DME or a static mercury drop electrode (SMDE). Moreover, we have analyzed the
influence of amalgamation on the potential–time response and make possible to deter-
mine the amalgam formation from measurements of the transition times. From the re-
sults obtained in this paper, cyclic chronopotentiometry has been found to be one of the
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best electrochemical techniques for showing both qualitatively and quantitatively the
presence of amalgamation.

From the analysis of potential–time curves it is possible to determine the formal
potential and the kinetic parameters of the charge transfer reaction.

THEORETICAL

Cyclic chronopotentiometry is a powerful electrochemical technique based on the ap-
plication of a constant current which is alternately reversed (and its absolute value
changed, or not) at potentials taken at the transition times of the various waves, as
shown by the Scheme 1 (refs9–11),

where Ij (j = 1, 2,…) is the absolute value of one of the successive current steps ap-
plied, and τj is the transition time of the process taking place when the j-th is applied.

For the study of a charge transfer reaction

A + n e          B (A)

by cyclic chronopotentiometry, we have demonstrated in a previous paper that the
superposition principle is applicable independently of the geometrical characteristics of
the electrode12. The expressions for the surface concentrations of species A and B de-
duced for any current step (–1)j+1Ij with j ≥ 1 are given by
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CB
j (r0,t)
CA

∗  = 
CB

∗

CA
∗  + γNDME ∑ 

m=1

j

(−1)m+1(tmj)
1⁄2 





Im + Im−1

I1




 HB,m  , (2)

where

tmj = ∑τk
k=m

j−1

 + tj     k < j (3)

tjj = tj (4)

I0 = 0 (5)

NDME = 
2I1

nFA(t)√DA CA
∗ (6)

γ = √DA/DB   . (7)

The area of a DME, A(t), is given by Eq. (8)

A(t) = A0(tbp + t)2/3  , (8)

where tbp is a blank period preceding to the application of the first current step1. The
time t in Eq. (8) refers to the time elapsed between the beginning of the electrolysis and
any instant of which the current step is applied, i.e.

t = t1j = τ1 + τ2 + … + tj  . (9)

The Hi,m series where i is equal either to A or B is given by

Hi,m = F0(βm) −+  ξi,mF1(βm) + (ξi,m)2F2(βm) −+  … (10)
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βm = 




tmj

tbp + t





1/3

(11)

ξi,m = ξ0,i
√tmj

(tbp + t)1/3 (12a)

ξ0,i = 
2√Di

a
(12b)
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4πd





1/3

(13)
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(14b)

F2(βm) = 
1

6√π



1 + 

2
5

βm
3  + …




  . (14c)

Throughout this paper, the upper sign in any equation refers to a reaction product B
(Eq. (A)) which is soluble in the electrolyte solution while the lower sign corresponds
to a product B dissolved in the amalgam (this is equivalent to change ξi,m for –ξi,m).

Equations (1), (2) and (10) are simplified in the following particular cases:
Expanding plane electrode (EPE) model for the DME. By making ξi,m = 0 (which is

equivalent to supposing the radius of the DME r0 → ∞), Eq. (10) takes the form

Hm
EPE = F0(βm) (15)

and, therefore, Eqs (1) and (2) are notably simplified.
Static mercury drop electrode (SMDE). By making tbp >> t or βm → 0, which implies

that A(t) =  A0tbp
2/3 = A, Eqs (6) and (10) are simplified to

NSMDE = 
2I1

nFA√DA CA
∗

(16)
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  , (17)

where erf (x) is the Gauss error function of x.
Static plane electrode (SPE). By making ξi,m = 0 and tbp >> t in Eq. (10) we obtain

Hm
SPE = 

1
π1/2  . (18)

In this particular case, our results are identical to those previously deduced by Herman
and Bard5.

The transition times corresponding to each reduction step (τj with j = 1, 3, 5, ..) can
be deduced by making Eq. (1) equal to zero, while those corresponding to each oxida-
tion step (τj with j = 2, 4, 6, …), by making Eq. (2) equal to zero. So, we deduce for
dynamic electrodes (DME with both expanding sphere and expanding plane models)

CA
∗  √DA nFA0

2
 


tbp + τ1 + … + τj





2/3
 = 

= ∑ 
m=1

j

(−1)m+1 (τm + τm+1 + … + τj)1/2 (Im + Im−1) HA,m (19)

for j odd and

− 
CB

∗  √DBnFA0

2
 


tbp + τ1 + … + τj





2/3
 = 

= ∑ 
m=1

j

(−1)m+1 (τm + τm+1 + … + τj)1/2 (Im + Im−1) HB,m (20)

for j even.
Equations (19) and (20) are simplified when Im = Im-–1 = ... = I1 and in the case of

static spherical or planar electrodes (tbp >> t, with t = τ1 + τ2 + ... + τj). Under these
conditions, Eqs (19) and (20) become
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(−1)j+1 
Ci

∗√Di nFA

2I1
 = 

= (τ1 + … + τj)1/2Hi,1 + 2 ∑ 
m=2

j

(−1)m+1(τm + τm+1 + … + τj)1/2Hi,m  , (21)

where i = A or B for j odd or even, respectively. Here Hi,m is given by Eq. (17) for
SMDE and by Eq. (18) for static plane electrode.

The general expression for the potential–time response corresponding to each current
step is now easily obtained by introducing Equations (1) and (2) in the Butler–Volmer
equation. In this way we deduce for the reduction (j odd) and oxidation (j even) pro-
cesses,

Ij
nFA(t)ks

 eαη(t) = CA
j (r0,t) − eη(t)CB

j (r0,t) (−1)j+1 (22)

with

η(t) = 
nF
RT

(E(t) − E0)  . (23)

RESULTS AND DISCUSSION

Figure 1 shows the variation of the relation τj/τ1 with j (j odd) for reduction processes
and of the relation τj/τ2 (j even) for oxidation processes, j being the number of current
steps applied, as obtained from Eq. (21) for SMDE. The results obtained for a planar
electrode (curves 4) do not differ significantly from those deduced for spherical elec-
trodes of different radii if the reaction product is soluble in the electrolyte solution.
Moreover, in this case the values of the ratios τj/τ1 (j odd) or τj/τ2 (j even) remain
practically constant. However, when the amalgamation takes place (white points) both
ratios increase the faster the higher is the sphericity. Apparently, the relation τj/τ2 (j
even) is more advantageous for detection of the amalgamation process since it corre-
sponds to reoxidation of product B and, therefore, depends on its behaviour.

From these results we can conclude that cyclic chronopotentiometry applied to
spherical electrodes can be considered as one of the best electrochemical techniques for
indicating both qualitatively and quantitatively the presence of amalgamation process
due to the ease with which the relation τj/τ2 (j even) can be measured. This relation
depends only on the electrode sphericity at Ij/Ij–1 fixed when CB

∗  = 0. It is independent
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on the other experimental conditions (see Eqs (20) or (21)), such as the absolute values
of the current steps applied, the electrode area and the initial concentration of electroac-
tive species A, CA

∗ .
In Figs 2, 3 and 5 we have plotted E(t) – E0 vs t (t = τ1 + τ2 + ... + tj) in different

conditions.
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FIG. 2
Electrode curvature effects on the poten-
tial–time curves for a reversible process
at a SMDE, for both species soluble in
the electrolyte solution (Eqs (1), (2), (16),
(17) and (22), ks →∞), NSMDE = 2.5 s–1/2,
T = 298 K, n = 1, DA = 10–5 cm2 s–1, γ = 1,
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∗  = 0, I1 = I3 = I5, I2 = I4 = I6 = I1/2 and
values of r0 (in cm): . . . . 0.015,
− .. − .. − 0.03, − − − − 0.06 and −−− ∞

5                10               15               20               25

2.2

1.6

1.0

0.4

τj/τ1

τj/τ2

j

1

2

3
1, 2, 3, 4

1, 2, 3, 4

3

2

1

τj /τ2

τj /τ1

FIG. 1
Influence of the sphericity on the vari-
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Figure 2 shows the effect of the electrode curvature on the curves corresponding to a
SMDE when the two species are soluble in the electrolyte solution. The effect exerted
on these curves by the electrode radius (the sphericity) is very important, and becomes
greater with the growing number of current steps applied. Therefore, for the use of this
technique at spherical electrodes it is not advisable to neglect the electrode sphericity.
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FIG. 4
Influence of the blank period, tbp, on the
variation of the relative transition times
τj/τ1 (j odd) and τj/τ2 (j even) with the
number of current steps applied (j) for a
DME (Eqs (19) and (20), ξ0,A = 0.2 s–1/6

and the values of tbp (in s): 1 1.20, 2
1.00 and 3 0.80. The black points corre-
spond to a SMDE with r0 = 0.03 cm.
Other conditions as in Fig. 1
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FIG. 3
Influence of the blank period, tbp, on the
potential–time curves for a reversible
process at a DME, for both species soluble
in the electrolyte solution (Eqs (1), (2),
(6), (10) and (22), ks →∞), NDME = 3.5
s–1/2, I1 = I2 = I3 = I4, ξ0,A = 0.2 s–1/6.
Other conditions as in Fig. 2
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These effects are greater for times near τj and become still more important when amal-
gamation takes place.

In Fig. 3, for a DME, we have plotted the influence of the blank period (tbp), preced-
ing the current step, on the cyclic chronopotentiogram when both species are soluble in
the electrolyte solution and I1 = I2 = ... = Ij. With this electrode, the transition times
obtained in the successive steps (especially those of oxidation) increase considerably
with respect to those obtained for a static electrode (SMDE). This is due to the decrease
of the current density brought about by the electrode growth. To show this, in Fig. 4 we
have plotted the variation of τj/τ1 (j odd) and τj/τ2 (j even) with j when both species are
soluble in the electrolyte solution for SMDE (black points) and for DME (white points).

The E/t curves in Fig. 5 show the effects of amalgamation and reversibility of the
electrochemical reaction at SMDE of r0 = 0.015 cm for a reversible (Fig. 5a) and a
totally irreversible (Fig. 5b) process. The first reduction curve is affected by the amal-
gamation very little and no influence was observed for a totally irreversible process,
with τ1 being insensitive to the behaviour of B (ref.1). However, these effects increase
with the electrode sphericity and the number of alternating current steps applied. There-
fore, when amalgamation takes place, the variant of Eq. (17) with the lower sign can be
used since, in the contrary case, the errors become enormous. By comparing Figs 5a
and 5b, it is evident that the process can be classified as reversible or totally irre-
versible by a mere visual inspection of these curves.
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FIG. 5
Influence of reversibility on the potential–time curves at a SMDE (Eqs (1), (2), (16), (17) and (22));
−−− both species are soluble in the electrolyte solution, . . . . amalgam formation, NSMDE = 2.5 s–1/2,
I1 = I2 = I3 = I4, r0 = 0.015 cm, a reversible process (ks →∞), b irreversible process with ks = 10–4 cm s–1

and α = 0.5. Other conditions as in Fig. 2
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Moreover, for a totally irreversible process (ks ≤ 10–3 cm s–1) it is possible to deduce
accurate values of thermodynamic and kinetic parameters (E0, α and ks) from analysis
of both cathodic and anodic responses. So, from the general Eq. (22) for I1 = I2 =  … = Ij

we deduce the following expressions

E(t) = E0 + 
RT

αnF
 ln 

nFA0CA
∗ ks

Ij
 + 

RT
αnF

 ln gj
c  , (24a)

where

gj
c = (tbp + t)2/3 







1 − NDME







t1j
1/2HA,1 + 2 ∑ 

m=2

j

(−1)m+1(tmj)1/2HA,m







 







(24b)

for the cathodic E/t responses with j = 1, 3, 5, ..., and

E(t) = E0 − 
RT

(1 − α)nF
 ln 

nFA0CA
∗ ks

Ij
 − 

RT
(1 − α)nF

 ln gj
a  , (25a)

where

gj
a = (tbp + t)2/3 








CB
∗

CA
∗  + γNDME







t1j
1/2HB,1 + 2 ∑ 

m=2

j

(−1)m+1(tmj)1/2HB,m







 







(25b)

for the anodic ones (j = 2, 4, 6, ...).
Indeed, by carrying out a linear regression analysis of E(t) vs ln gj

c (Eq. (24)) or ln gj
a

(Eq. (25)) it is evident that for the particular case I1 = I2 = ... = Ij, the straight lines
corresponding to the reduction process as well as those corresponding to oxidation ones
are coincident. This particularity allows us to characterize the electrode process (Eq. (A)).
So, from Eqs (24) and (25) we deduce following expressions

Pj−1
c  = 

RT
αnF

  ,     Pj
a = 

RT
(1 − α)nF

(26)

ln ks = 
RT
nF

 




Oj
a − Oj−1

c

Pj
aPj−1

c




 + ln 

Ij

nFA0CA
∗ (27)
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E0 = 
Pj

aOj−1
c  − Pj−1

c Oj
a

Pj
a − Pj−1

c (28)

for any j even.
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FIG. 7
Dependence of E(t) on gj

c (Eq. (24)) and
gj

a (Eq. (25)) for a SMDE, ks = 10–4 cm
s–1. The values of α: 0.75 (1,4), 0.50
(2,5), 0.25 (3,6); current steps j: even
(1–3), odd (4–6). Other conditions as in
Fig. 6
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Dependence of E(t) on gj

c (Eq. (24)) and
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a (Eq. (25)) for a SMDE, NSMDE = 3.0
s–1/2, I1 = I2 =…= I6, r0 = 0.06 cm, α =
0.5. The values of ks (cm s–1) : 10–5

(1,6), 10–4 (2,5), 10–3 (3,4); current steps
j: even (1–3), odd (4–6). Other condi-
tions as in Fig. 2
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By this method, we obtain α and (1 – α) independently from the slopes of the ca-
thodic and anodic processes, respectively. If there are kinetic complications in any of
those processes (consecutive electrochemical reactions, dismutations, etc.) the sum
of α + (1 – α) will be different from unity, and such complications can therefore be
detected.

As an example, in Figs 6 and 7 we have plotted E(t) vs ln gj
c and ln gj

a for j = 6 and
I1 = I2 =…= I6. Figure 6 shows the influence of ks on these plots, while in Fig. 7 we
have considered the influence of the transfer coefficient α.

SYMBOLS

a radius of DME for (tbp + t) = 1 s, a = (3mHg/4πd)1/3

A electrode area, A = A0tbp
2/3, for tbp >> t (static spherical or planar electrodes)

A0 (4π)2/3(3mHg/d)2/3 in s–2/3

A(t) time-dependent electrode area (DME), A(t) = A0(tbp + t)2/3

CA
∗ , CB

∗ initial concentrations of species A and B
C ij (r0,t) surface concentration of species i, with i equal either to A or B, for the j-th current step
d density of mercury
Di diffusion coefficient of species i
E0 formal standard potential of electroactive couple
E(t) time dependent potential
Ij absolute value of the j-th step current
kf, kb heterogeneous rate constants of reduction and oxidation processes, respectively
ks apparent heterogeneous rate constant of charge transfer at E0

mHg rate of flow of mercury
r0 electrode radius at time tbp + t for a DME, r0 = a(tbp + t)1/3, or r0 is constant for a

SMDE
t time elapsed between application of the first and the j-th current step, t = τ1 + … + τj–1 + tj
tbp blank period used only for DME
tj time during which the j-th current step is applied (0 ≤ tj < τj)
α electron transfer coefficient
γ (DA/DB)1/2

τj transition time of the j-th step in which a change in sign of the current takes place. If j
is odd, τj corresponds to a reduction process, whereas if j is even, τj corresponds to an
oxidation one

Other variables and abbreviations have their usual meanings.
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