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In this work we apply cyclic chronopotentiometry to analyze charge transfer reactions at spt
electrodes, highlighting the influence of electrode curvature and the formation of amalgam «
potential-time response. Moreover, methods are proposed for determining the formal potent
the kinetic parameters of the electrode reaction. Equations obtained for the dropping mercur
trode are transformed to those corresponding to a static mercury drop electrode and a plane el
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As we have recently demonstrated, the use of a blank pggiatinon-stationary elec-
trodes such as the dropping mercury electrode (DME) offers, among other advar
the possibility of applying a current steffhe application of the cyclic chronopotentic
metry at the DME is also possible. In this technique, which can be considered
extension of current reversal chronopotentiomefrysuccessive current steps are &
plied. Their sign is alternately changed at potentials taken at the transition time |
corresponds to each potential-time response. This technique is very useful f
evaluation of thermodynamic and kinetic parameters of the reduction and oxic
processes. Until now, however, the theoretical development of this technique ha:
limited to plane stationary electrodes.

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

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

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

THEORETICAL

Cyclic chronopotentiometry is a powerful electrochemical technique based on th
plication of a constant current which is alternately reversed (and its absolute
changed, or not) at potentials taken at the transition times of the various wav
shown by the Scheme 1 (r&fs),

I, t

ScHEME 1

wherel; (j = 1, 2,..) is the absolute value of one of the successive current step
plied, andr; is the transition time of the process taking place wheij-thes applied.
For the study of a charge transfer reaction

Kt
A+ne —— B A

K

by cyclic chronopotentiometry, we have demonstrated in a previous paper th;
superposition principle is applicable independently of the geometrical characterist
the electrod®. The expressions for the surface concentrations of species A and
duced for any current step (J'-T)j with j = 1 are given by

Ch(ro)
Cx

' +1,,0
=1- NDMEZ( 1™ (t) 2 Dﬁl " Ham €
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Chgﬁ’t) ES + Yo z (=)™ )™ aﬁgmm : @
where
tmj:ZrkHj k<j (3
t =t (4)
lob=0 ()
Npve = L (6)
NFA{)VD, CR

y=VD,/Dg . @

The area of a DMEA(t), is given by Eq.§)
A = Ag(top + D?° ®

wheret,, is a blank period preceding to the application of the first current. Stéye
timetin Eq. ) refers to the time elapsed between the beginning of the electrolysi:
any instant of which the current step is applied, i.e.

t=ty =T+ T+ ...+t . ©)
TheH; ,, series where is equal either to A or B is given by

Him=FoBn) ¥ & nF1(Br) + G mFaBr) ¥ .- 10
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a= E}HB (13
1 11 0
FolPr) = Vna Pt orht 5ot s padi T g (149
Fi(Br) :j§+jsﬁn+1168%+ -0 (14b
1g,2.,
P = i+ o (149

Throughout this paper, the upper sign in any equation refers to a reaction proc
(Eg. (A) which is soluble in the electrolyte solution while the lower sign correspc
to a product B dissolved in the amalgam (this is equivalent to cl&apder —<; ).

Equations 1), (2) and (0) are simplified in the following particular cases:

Expanding plane electrode (EPE) model for the DM makingg; ,, = 0 (which is
equivalent to supposing the radius of the DME- ), Eqg. (L0) takes the form

HE == Fo(Bm) (19

and, therefore, Eq4d) and @) are notably simplified.
Static mercury drop electrode (SMDBy makingt,,>>t or B, - 0, which implies
that A(t) = Aot23 = A, Egs 6) and (0) are simplified to

20,

- 16
nFAVD, CY (19

Nsmpe =
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1 1 1 1
Hfr'r\fDE_ﬂ:F Zai,m+ﬁ ﬁm:F ?Zaﬁm+"':

:i_lg—exp i’mg %x erf%%, 17

where erf X) is the Gauss error function rf
Static plane electrode (SPEy makingg; ,= 0 andt,,>>t in Eq. (L0) we obtain

HSPE= 1 )
m T R

19
In this particular case, our results are identical to those previously deduced by H
and Bard.

The transition times corresponding to each reduction sfepith j = 1, 3, 5, ..) can
be deduced by making Edl)(equal to zero, while those corresponding to each oxi
tion step {; with j = 2, 4, 6,...), by making Eq.Z) equal to zero. So, we deduce f
dynamic electrodes (DME with both expanding sphere and expanding plane mod

Chi VDANFA, 23
j f?ﬁbp*"fl"' T =
= Z (_1)Wl (Tm Tt F Tj)ll2 (Im + Im—l) HA,m (19)
meL
for j odd and
C§ VDgNnFA, 23
—f;&bp*"fl"' T =
j
= Z (_1)Wl (Tm+ Tt t Tj)ﬂ2 (|m+ Im—l) HB,m (20)
meL
for j even.
Equations 19) and @0) are simplified wher,=1,._,= ... =1, and in the case of

static spherical or planar electrodég, ¢> t, with t = 1, + T, + ... +71;). Under these
conditions, Egs19) and @0) become
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=S AP 2Y D)™ T T e T Him (1)
=2

wherei = A or B forj odd or even, respectively. Hekg,,, 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
step is now easily obtained by introducing Equatiddsaqd @) in the Butler—Volmer
equation. In this way we deduce for the reductijondd) and oxidationj(even) pro-
cesses,

nFA](t)kS eon() = E:]A(ro,t) - é](t)C]B(rO!t)H(_l)Hl (22)

with

(0 = Ae(E0) - E9) @3

RESULTS AND DISCUSSION

Figure 1 shows the variation of the relatmft, with j (j odd) for reduction processe
and of the relation;/t, (j even) for oxidation processgsheing the number of curren
steps applied, as obtained from ER1)(for SMDE. The results obtained for a plan
electrode (curved) do not differ significantly from those deduced for spherical el
trodes of different radii if the reaction product is soluble in the electrolyte solu
Moreover, in this case the values of the ratigs, (j odd) ort/t, (j even) remain
practically constant. However, when the amalgamation takes place (white points
ratios increase the faster the higher is the sphericity. Apparently, the relétjof
even) is more advantageous for detection of the amalgamation process since it
sponds to reoxidation of product B and, therefore, depends on its behaviour.
From these results we can conclude that cyclic chronopotentiometry appli
spherical electrodes can be considered as one of the best electrochemical techni
indicating both qualitatively and quantitatively the presence of amalgamation pr
due to the ease with which the relatmft, (j even) can be measured. This relati
depends only on the electrode sphericity;/t , fixed whenC§f = 0. It is independent
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on the other experimental conditions (see BB ¢r (21)), such as the absolute value
of the current steps applied, the electrode area and the initial concentration of ele

tive species ACK.

In Figs 2, 3 and 5 we have plotté&t) — ECvst (t =1, + T, + ... +1) in different

conditions.

Fic. 1

Influence of the sphericity on the vari
ation of the relative transition timegt,
(j odd) andt;/t, (j even) with the number
of current steps applieq)(for a SMDE
(Eq. 1)): especies B is soluble in the
electrolyte solution{] amalgam forma-
tion, I, =1, = .= |y, CE =0,y=1, for

values ofrg (in cm): 1 0.02,2 0.03, 3
0.06,4 «

-150

Fic. 2

Electrode curvature effects on the potel
tial-time curves for a reversible proces
at a SMDE, for both species soluble i
the electrolyte solution (Eq4) (2), (16),
(17) and @2), ks - ), Ngype = 2.5 72,
T=298 K,n=1,D,=10%cn?s?, y= 1
C8=0,1,=13= 15 l,=1,=lg=1,/2 and
values of ry (in cm): .... 0.015,

3.0~ —~— 0.03,-— -~ 0.06 and— o
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Figure 2 shows the effect of the electrode curvature on the curves correspondir
SMDE when the two species are soluble in the electrolyte solution. The effect e»
on these curves by the electrode radius (the sphericity) is very important, and be
greater with the growing number of current steps applied. Therefore, for the use
technique at spherical electrodes it is not advisable to neglect the electrode sph

100}
E(f) - E°
mv

-100

Fic. 3

Influence of the blank periodbp, on the

potential-time curves for a reversible200

process at a DME, for both species soluble

in the electrolyte solution (Eqdl); (2),

(6), (10) and @2), ks —), Noye =

sY2 = 1,= 0= 1, & _02—1/6 -300 . w . . . :
1= 127137 4 SoaA 0.0 0.3 0.6 0.9 1.2 15 1.8

Other conditions as in Fig. 2 Ls

34
Tj/1a,
Tj/t2

2.8

22 r

Fc. 4
Influence of the blank period,,, on the 1¢
variation of the relative transition times
T/1; (j odd) andtj/t, (j even) with the
number of current steps appliel for a
DME (Egs (9) and Q0), &= 0.2 s 109
and the values ofy, (in s): 1 1.20,2
1.00 and3 0.80. The black points corre-
spond to a SMDE withlry = 0.03 cm. 04 ‘ . \ \
Other conditions as in Fig. 1 4 8 12 6 ; 2
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These effects are greater for times mgand become still more important when am:
gamation takes place.

In Fig. 3, for a DME, we have plotted the influence of the blank petjgd preced-
ing the current step, on the cyclic chronopotentiogram when both species are sol
the electrolyte solution and = I, = ... =1I;. With this electrode, the transition time
obtained in the successive steps (especially those of oxidation) increase consic
with respect to those obtained for a static electrode (SMDE). This is due to the de
of the current density brought about by the electrode growth. To show this, in Fig.
have plotted the variation af/t, (j odd) andr;/t, (j even) withj when both species art
soluble in the electrolyte solution for SMDE (black points) and for DME (white poir

The E/t curves in Fig. 5 show the effects of amalgamation and reversibility of
electrochemical reaction at SMDE nf = 0.015 cm for a reversible (Fig. 5a) and
totally irreversible (Fig. 5b) process. The first reduction curve is affected by the &
gamation very little and no influence was observed for a totally irreversible pro
with 1, being insensitive to the behaviour of B (fefHowever, these effects increas
with the electrode sphericity and the number of alternating current steps applied. -
fore, when amalgamation takes place, the variant of Ef.with the lower sign can be
used since, in the contrary case, the errors become enormous. By comparing F
and 5b, it is evident that the process can be classified as reversible or totall
versible by a mere visual inspection of these curves.

150 T T T T T
: 400 | P
E(-E% o
mv E(f) -
mv
50
0 or i
-50 R 1 —200 1
-100
-400
_150 . L . ) i . \ \ \ . L s
00 03 06 09 12 15 18 00 03 06 09 12 15 1.8
ts Ls
Fic. 5

Influence of reversibility on the potential-time curves at a SMDE (Bjjs(4), (16), (17) and @2));
— both species are soluble in the electrolyte solution, amalgam formationNgype = 2.5 $*2
Iy =1,= l3= 1, ro= 0.015 cma reversible procesk{ — ), b irreversible process witky= 10%cm s
anda = 0.5. Other conditions as in Fig. 2
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Moreover, for a totally irreversible procesg< 10-3cm s?) it is possible to deduce
accurate values of thermodynamic and kinetic paramefrsi(andky from analysis
of both cathodic and anodic responses. So, from the generdZrdpr(l; = 1,= ... =,
we deduce the following expressions

RT , NFACZks RT
— O
B ="+ anF In 'i * anF

Ing’ , (249

where

j
of = (tpp + ° % - NDMEHJﬁZHA,l +2y (‘1)Wl(tmj)ﬂ2HA,m§§
me2

(24b)
for the cathodicE/t responses with= 1, 3, 5, ..., and
RT | NFACGK ~ RT
= 0 _
BO=E o™ T@-anE "9 (253

where

j
9= (tp+ P o] + yNDMEglﬂjZHB,l +25y (_1)W1(tmj)lleB,m§@ (250
=

>O|wo

for the anodic oneg € 2, 4, 6, ...).

Indeed, by carrying out a linear regression analys&(®fvs Ingj (Eq. @4)) or In g’
(Eg. @9) it is evident that for the particular cabe= 1, = ... =1, the straight lines
corresponding to the reduction process as well as those corresponding to oxidatic
are coincident. This particularity allows us to characterize the electrode proces))Ec
So, from EqsZ4) and @5) we deduce following expressions

RT RT

C = a—-_ "
Pr=anr P (1-o0)nF (26)
a_ c_lD I
In ks——D O+ In——! (27)

nF o PP, o nFACH
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PaO-, — PE,02
o— 171 "j-1¥]
i S (28)
i -1
for anyj even.
600 |- 1 )
E(f), mV 2
400 | \ ]
200 | \ ]
O . N
—200 r 1 Fic. 6
4 Dependence oE(t) on gj° (Eq. @4)) and
400 L | & (Eq. @5) for a SMDE, Ngype = 3.0
5 sY2 1= 1,=...= I ry= 0.06 cm,a =
6 0.5. The values ok, (cm s%) : 10°
-600 | 1 (1,6), 104(2,5), 10°(3,4); current steps
. . .| j: even @-3), odd ¢-6). Other condi-
-6 -4 2 Fing? 0 tions as in Fig. 2
1000 . . : . . .
E(t), mv L
800 [ ]
600 | .
2
400 \ 1
200 \ 1
0+
—200 | ,’,i//""’/J .
—400 r 5 1
FG. 7
—600 - | Dependence oE(t) on gf (Eq. @4)) and
9" (Eq. @5) for a SMDE, ks= 10 cm
-800 6 1 st The values ofa: 0.75 (1,4), 0.50
1000 . . J . . . (2,5), 0.25 (3,6); current stepg: even
5 4 -3 ) -1 0 (1-3), odd @-6). Other conditions as in

In g;, In g} Fig. 6
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By this method, we obtaio and (1 —a) independently from the slopes of the ¢
thodic and anodic processes, respectively. If there are kinetic complications in &
those processes (consecutive electrochemical reactions, dismutations, etc.) tt
of a + (1 —a) will be different from unity, and such complications can therefore
detected.

As an example, in Figs 6 and 7 we have plo&&jl vs Ing’ and Ing? for j = 6 and
I, =1,=...= lg. Figure 6 shows the influence kfon these plots, while in Fig. 7 wi
have considered the influence of the transfer coeffiaient

SYMBOLS
a radius of DME for {pp+ t) = 1 s,a = (3mug/4md)*3
A electrode aread = Aotps?’>, for tpp >> t (static spherical or planar electrodes)
Ao (41T)2/3(3TT\49/d)2/3in 523
A(t) time-dependent electrode area (DME() = Ag(top+ t)23
CH, CB initial concentrations of species A and B
Ci(ro) surface concentration of speciesvith i equal either to A or B, for thieth current step
d density of mercury
Di diffusion coefficient of specieis
E° formal standard potential of electroactive couple
E(t) time dependent potential
lj absolute value of theth step current
ks, ko heterogeneous rate constants of reduction and oxidation processes, respectively
ks apparent heterogeneous rate constant of charge tran&er at
MHg rate of flow of mercury
ro electrode radius at timgp + t for a DME, ro = a(tpp + )13 or ro is constant for a
SMDE
t time elapsed between application of the first ang-thecurrent stegt, =11+ ... +Tj-1 +
top blank period used only for DME
t time during which thg-th current step is applied €t; < 1))
a electron transfer coefficient
y (DA/DB)lIZ
T transition time of th¢-th step in which a change in sign of the current takes plage.

is odd,T; corresponds to a reduction process, wherejass iévent; corresponds to an
oxidation one
Other variables and abbreviations have their usual meanings.
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