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Abstract

The complete theory corresponding to a CE mechanism when applying cyclic
chronopotentiometry to a spherical electrode of any size is developed. The influence of
several variables on the transition time ratios, such as the electrode radius, rate constants
of the homogeneous chemical reaction and current density, is discussed. A simple and
practical criterion based on the variation of current density applied to the electrode is
proposed for the detection of a CE mechanism.

Keywords: CE mechanism, cyclic chronopotentiometry, spherical electrodes, transition
time ratios.

Introduction

The study of a CE mechanism, in which the charge transfer reaction follows a
homogeneous chemical reaction, has been reported in the literature using several
chronopotentiometric techniques such as constant current chronopotentiometry
[1], chronopotentiometry with programmed current [2-4], and alternating current
chronopotentiometry [5], and with planar and conventional sized spherical
electrodes. In these techniques, only one current signal is applied to the electrode.
However, electrochemical techniques in which the electrical perturbation
(potential or current) is applied more than once are of great interest both

analytically and kinetically [6,7]. Thus, a more exhaustive study of this type of
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processes with kinetic complications can be made using cyclic
chronopotentiometry, a classical electrochemical technique consisting of the
application of several successive current steps of alternating signs to a
determined electrode without the balance being recovered in the electrode-
solution interphase. This technique was introduced by Herman and Bard in 1963
[8], who applied it to plane electrodes, and its use has been shown for the
qualitative and quantitative study of electrode processes [9-13]. The technique
was extended to conventional sized spherical electrodes in references [14-16].

In this paper, we have developed the theory concerning a CE mechanism in
cyclic chronopotentiometry for spherical electrodes of any size, including planar
electrodes and spherical ultramicroelectrodes as particular cases.

From this general theory, we analyse the response obtained in cyclic
chronopotentiometry for a CE process and we discuss the influence of several

variables, such as the electrode radius, on the transition time ratios (z,,,; /7,1 ),

the evolution of which with the number of current steps applied can be used as a
criterion to establish the presence of kinetic complications. We have proved that
the characteristic behaviour of the transition time ratios corresponding to a CE
process with the chemical rate constants can be also attained by changing the
density current applied, something that is very easy to do experimentally. We
also indicate how to obtain kinetic information of the process, and we conclude
that cyclic chronopotentiometry has real advantages over other techniques for the

study of a CE mechanism.

Theory

The reaction scheme for the CE mechanism can be written as (see notation)
4 K . D
—><_k O+ ne —><_k R
2 b

We will consider a spherical static electrode of any size, and we will analyse the
response of CE processes in cyclic chronopotentiometry. This technique consists

of applying successive and alternating sign current steps in the following way
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I,, 0<t <t (IT)

where, for the sake of simplicity, it has been supposed that all the current steps

have the same absolute value, /;. In this scheme, ¢, is the time during which a
current step j (=1 to k) is applied, and 7, is the time for which the change in

sign is produced, being the transition time corresponding to any reduction of

species O (forward transition times, z,, z,, 75, ...) or to any oxidation of species
R (reverse transition times, z,, 7,, 7, ...). Thus, during the application of the jth

current step, the total time elapsed from the beginning of the experiment is given

by
t=7,+7,+... 47, +1, (H

Under these conditions, when the jth current step is applied, the following
equation system must be solved in order to obtain the expressions for the

concentration profiles (¢/(r,t,) , i= 4, O, R) of species involved in a CE process

S,ch =—kc! +kyc) )
S i J
OoCy = kel —kyc,

SRcé =0

with &, being the operator for the second Fick’s law in spherical diffusion

. 2 (3)
5.2 _p(o,22
ot or- ror

where D, is the diffusion coefficient of species i, and 7 is the distance from the

centre of the electrode to any point in the solution.
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The boundary value problem is given by

t,=0,r=r 4

ch(rt) =ci (r0), ch(rt) =5 (r0), ci(rt) =i (r,0) (j>1)
t,>0,r = J J J

C,lél(r’tl):c,:’Clo(r’tl)zcgﬂcjz(r’tl):c; (=0

J J _1\J+Hl (5)
t.>0,r=r1,: D, a& =-D, 8& =(1)—10
J or - or - nFA
p[%i) _g ©)
A\ or .

where ¢/”'(r,t) (i= A, O or R) are the solutions for the (j—1)th current step
applied and 7, is the electrode radius.

The solution of equation system (2) with the boundary value problem given by
eqs. (4)-(6) has been carried out in the Appendix of this paper and the
expressions for ¢/(r,z;) have been obtained. From these, the equations for the
special case r=r, (electrode surface) can be deduced. Thus, we find that the

equations for the surface concentrations of species participating in the CE

mechanism corresponding to the jth (/=1 to k) current step are

Cﬁ Ty>t; K, V2 L L L (7
C:(+C:)) - 14K, {I_NCE{(tl,j)/ [So(ézo" ) =187 1 ):""
231", )" [SO@J;J)—TO@S"",;{W)JH
cH(nt;) 1 P oo (®)
S = N ()P [0+ KT ' 2]+
2y -1, ) [So@z:’f'nKAOTO@;J,ﬂf)]}}
ch (ro,tj) c; 9)

* * *
c,tc, c,tc,

== +7Ng {Ol,ﬂ‘“SR(é;f)+22(—1)”“(tn,»‘”SR(é;’f)}
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where ¢, (i= 4, O or R) are the initial concentrations of species i, K, is the

equilibrium constant of the chemical reaction for the CE mechanism, which is

given by
K ky _ c, (10)
AO *
1 Co
and
21, (11

CcE =

nFADY (¢, +c)

(Dojl/z (12)
y=| Do

+..+t, (13)
6, =t (14)

The functions S,(&") and T,(Es7, ™) (i= O or R) are given by the following

expressions
SN =F (1 exp(£7/2) erfc(é“/2)) (1
Ty (& ) = expl- )l o
’ X T ni seni~2
o0&l x P(=Xo pE (5,11)
nJ nJ nJ (Zn ])1/2 n,j\l/2
exp( /2) erfc( /2) exp( ) 1- o erf((;( ) )

with variables £/ and "/ given by equations (A69) and (A70) in the Appendix
by changing ¢, in these equations by ¢, . (eq. (13)).

It is worthwhile highlighting that, due to the compact form of eqgs. (15) and (16),
the solutions presented in this paper are valid for spherical electrodes of any size,

from spherical ultramicroelectrodes to planar electrodes.
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For planar electrodes (r, — ©, i.e. £ —0), egs. (15) and (16) become

. 1> (17)
0 Si(& > 0)=%
6 erf (")) (18)
1/2 n,j nj\_ ™J
tn,j TO( 0/ _)O’Z j)_ 2(/}{;1,‘]‘)1/2

and if "/ >>1, then eq. (18) can be written as

1 (19)

Ay =
20k, + k)"

n,j n,j
n,j O( o _)O:Z >>1)

For conventional sized spherical electrodes, when y"’/ >>1, from eq. (16) we

obtain

_ 1ok +k)"” - DPry (20)
252 (k, +k,)-2D,

T, (53’1,;("’-" >> 1)

For ultramicroelectrodes (r, — 0 and &™ >>1), egs. (15) and (16) are simplified

to

n,j n,j n,j 7 (21)
t711/21 S; (‘fl v>> 1) = tiﬂ, T, (‘fo’] >>1, 7" ) = 2D0.1/2

The potential-time response for the jth (j=1 to k) current step can be deduced
by substituting the expressions obtained for the surface concentrations of the

oxidized and the reduced species, ¢/ (r,t;) and c;(r,,t,) (egs. (8) and (9)), in the

Butler-Volmer equation

—1)*r : . (22)
(n)T‘)=kfca<ro,t,)—kbc,é(ro,t,)

Thus, we obtain the following expression
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{H}( [I—NCE {(rl,_»l/z [So(&)+ Kol (&5 ,z“)]+22< 17, )2 [So& )+ K ioTo &5 ,z"ﬂH—

ﬂ’»ﬂ{ —+7Neg {(rl )1/2SR<§;f)+22(—1)"“(rn,,)l/ZSR(fz’UH}
c 't Co n=2

(23)
with

n(t,)= ;F(E(t) EO) 24

Eq. (23) can be simplified in two limit cases:

— When £° > (reversible charge transfer reaction) we obtain, for any

current step applied, the following expression

CE{(ZU I/ZI:S ( )+KA0T( ’llj):l+2z( 1)n+1(t,11 1/2|: O(ggj)_i_ To(ég,jjln,j):l}
In

5

(1 +KA0){*?* +7Neg {(tl,j)l/ 2Sp (&) +ZZ,(—1)”*1 (t,) S (& )H

4 TCo
(25)
— When &° <<1 (totally irreversible charge transfer reaction), the response
obtained depends on the sign of the current step applied:
a) If j is odd (the sign of the current is positive and a reduction

process takes place)

| N {(rl,,-)l/z [So@};f')+KAOT(;@;;’,;&/’)]+2i<—1)"+‘<zn,,)‘/2 [So(fgf'>+KAOTO@S*&;("”')]}

D2
(14K, ) Ney =2+

2%°

(26)
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b) Ifj is even (the sign of the current is negative and an oxidation process

takes place)

C* j / n+ n
Rty N, {(a,f)“ Se(EN)+2D (=D (2, )" Se( )}
1 N c,te, oy
a-1 " D)’
CE !
2k°

27)

The expressions corresponding to the transition time of the jth current step
(j>1) can be obtained by making c/(r,t,)=0 in eq. (8) if j is odd and

cx(r,t;) =0 ineq. (9) if j is even. Thus, we find

y2 _
Todd =

1= N {(a,,-)“z (S0 + K T 2 ]+ 23 (-1, )2 [SoE8) + K T, (%J,z"’f)]}

n=2

NG [ So(ED+ K oTo (3 1) ]

(28)
C* i & n+ n,j (29)
oty N {(rl,j)l/z Sp(&xN+22 (D", )" S, (g’R”)}
V2 c tCo n=2
2 Nes S4(E0)
In the particular case j=1, from eq. (8) we obtain
V2 1 (30)

o=

Nee[ S0+ Kol (8.7

The equations deduced for the surface concentrations, potential-time response
and transition time of a CE mechanism become those corresponding to a simple

charge transfer reaction (E mechanism) when K,,=0. This behaviour also
occurs, for K,,#0, when 7"/ =0 or y"/ — o (see Results and discussion). In

these cases, our equations coincide with those obtained in reference [14].
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Experimental
In cyclic chronopotentiometry, successive current steps are applied according to
scheme (II). Their sign is alternately changed at a time which may be less than

the transition time corresponding to the jth current step, 7, or equal to it. We
will consider that the current is reversed when the transition time 7, is reached,

which is actually the most common case in practice.

Fig. 1.a shows the variation of the surface concentration of species O and R,
participating in the electrochemical reaction. In a CE mechanism, O is the
oxidized species and its concentration becomes zero at the surface of the

electrode at odd transition times (z,, z,, 7, ...), while R is the reduced species

and its concentration becomes zero at the surface of the electrode at even
transition times (z,, 7,, 7, ...).

Figs. 1.b and 1.c show the typical potential-time response for a CE mechanism in
a cyclic chronopotentiometric experiment in the case of a reversible charge
transfer reaction (Fig. 1.b) and in the contrary case of an irreversible
electrochemical reaction (Fig. 1.c). In these figures, the values of the transition
times can be also observed.

In cyclic chronopotentiometry, it is of great interest to study the variation of the
transition time ratios, defined with respect to the transition time of the first

electrochemical reaction, 7,, as

T, 31

with the number of alternating current steps applied, j, since it allows us to
characterize the electrode process. It is useful to plot the transition time ratios vs.

j for the CE mechanism, as well as those obtained for an E mechanism, which is

taken as a reference.
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Figure 1.a. Variation of the surface concentration of species O (solid line) and R
(dashed line) with time in cyclic chronopotentiometry (j=1, 2, 3, 4, 5) for a CE

mechanism (egs. (8) and (9)). K,, =1, k,+k, =15 s', N, =1.5 s D, =10" cm’

s'l, y=1, cZzO, ;~0=10’2 cm.

Figure 1.b. Potential-time curves corresponding to the application of five current steps
for a CE mechanism with reversible charge transfer reaction (Eq. (25)). T =298K,

n =1. Other conditions as in Fig. 1.a.

Figure 1.c. Potential-time curves corresponding to the application of five current steps
for a CE mechanism with irreversible charge transfer reaction (Eq. (26)). £ =10~ cm
s, @ =0.5. Other conditions as in Fig. 1.b.
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As can be deduced from eq. (28), the transition time obtained for a CE
mechanism when a reduction process takes place (j odd) is given as a function of
the equilibrium and rate constants of the chemical reaction. However, when an
even current step is applied (eq. (29)), the transition time does not depend
explicitly on these parameters. Thus, odd transition time ratios show a behaviour
quite different to that observed for even ones, and that is why they need to be
studied separately.

Fig. 2 shows the influence of %, +4, on the variation of the transition time ratios

with the number of current steps applied, considering a planar electrode and

K,=2.
11
a
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—~ 094
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o 084
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= 07 1
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Figure 2. Influence of the rate constants or; the variation of 7z, / 7, with j for a CE
mechanism in a planar electrode (Egs. (28)-(30) and (17), (18)). K,, = 2. The values of
k, +k, (in s™) are shown on the curves. The curve with label “E” corresponds to the
behaviour of a simple E mechanism. a) j odd; b) j even. Other conditions as in Fig. 1.a.
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Fig. 2.a corresponds to odd values of j and figure 2.b to j even. Both figures show

that relations a; are coincident with those obtained for an E mechanism (curves

labelled with “E” in figure) in two cases:

1. For k,+k, <107 s (immobile chemical equilibrium), species 4 and O do not
interconvert chemically. Consequently, 4 merely acts as a chemically inert
component of the system, and hence we observe a response which
corresponds to an E mechanism with an initial concentration of species O
equal to ¢, (bulk concentration of species O before the first current step is
applied).

2. For k,+k,>50 s, the chemical equilibrium is totally mobile, and the system
behaves as an E mechanism with an initial concentration of electroactive
species O equal to c, +c, . Thus, even though absolute transition times are
greater than those in the situation above, the transition time ratios are

identical in both cases.

For intermediate values of &, +4,, it can be observed in figures 2.a and 2.b that

a, are greater than those corresponding to an E mechanism for any value of ;.

However, both figures show a different behaviour. Thus, for even values of j, the
transition time ratios always increase with the number of current steps applied

(Fig 2.b), while, if j is odd (Fig. 2.a), the ratios a; exhibit the most characteristic

behaviour of the CE mechanism: there is a range of values of &, +4, (0 < k, +k,<

5 in Fig. 2.a) for which the transition time ratios first decrease but then increase
with the growing number of current steps applied. As can be observed, this does

not occur with an E mechanism (a; always decrease with j). Therefore, it is

possible to characterize a CE mechanism by changing the rate constants, which
can be done by modifying the experimental conditions (such as pH in the case of
the reduction of an acid in a buffered solution or the concentration of ligand in
the case of the reduction of a metal complex) if the chemical reaction is of

pseudo-first order.

266



M. Lopez-Tenés et al. / Portugaliae Electrochimica Acta 21 (2003) 255-279

The existence of a CE mechanism can be shown as well if we change the current
density applied to the electrode, that is, if we change the variable N, (eq. (11)).
In Fig. 3 we have plotted the transition time ratios corresponding to a CE
mechanism (planar electrode) vs. j (j odd in Fig. 3.a and j even in Fig. 3.b) for

several values of N, . As in Fig. 2, the curve labelled with “E” corresponds to an

E mechanism.
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Figure 3. Influence of the current density on the variation of 7, / 7, with j for a CE

mechanism in a planar electrode (eqs. (28)-(30) and (17), (18)). k, +k, =10 s'. The

1/2

values of N, (in s °) are shown on the curves. a) j odd; b) j even. The curve with

label “E” corresponds to the behaviour of a simple E mechanism. Other conditions as in
Fig. 2.
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This figure has been prepared with a value of the rate constants (&, +4, =10 s

for which the odd transition time ratios do not show the typical behaviour of a
CE mechanism in the conditions of Fig. 2.a. From the analysis of Fig. 3.a we can
conclude that:

a) The variation of N, has an influence on the ratios a;. This does not

occur in an E mechanism, where the transition time ratios are independent
on the current density applied for planar electrodes (and a similar
behaviour is observed for spherical electrodes).

b) The transition time ratios show the peculiar behaviour described above for

high values of N, and so we can characterize a CE mechanism by

changing the current density applied, what is very easy to do

experimentally.

Thus, an increase of N, achieves the same effect as a possible or hypothetic
diminution of &, +k,, and therefore, it is a way of externally modifying, through
an experimental variable, the mobility of the chemical equilibrium coupled to the
charge transfer reaction.

In order to analyse the influence of the sphericity, in Fig. 4 we have plotted the
variation of the transition time ratios corresponding to a CE mechanism with j,

for several values of 7.
As can be observed, the ratios a; decrease always when 7, diminishes. The

behaviour is qualitatively the same as that shown for a planar electrode, but, from
a quantitative point of view, the effect exerted by the electrode radius on the
transition time ratios is very important, and becomes greater with the growing
number of current steps applied. Therefore, it is specially important in cyclic
chronopotentiometry, and it is consequently of great interest to have deduced

equations available that take into account the sphericity of the electrode.
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Figure 4. Influence of the sphericity on the variation of 7, / 7, with j for a CE
mechanism (Egs. (28)-(30)). k£, +k, =10 s”. The values of 7, (in cm) are shown on the

curves. The curve with 7, —o0 corresponds to a planar electrode. a) j odd; b) j even.
Other conditions as in Fig. 2.

The study of the transition time ratios can also be used to calculate the rate
constants of the chemical reaction coupled to the charge transfer reaction, as has
been pointed out in reference [9]. The rate constants can be determined by

comparing theoretical and experimental z,/z, vs. j curves. This method is more

advantageous than that described in references [3, 4, 16], where constant current
and current reversal chronopotentiometry are used, because in the first case we
obtain all the kinetic information from only one transition time measurement

(7,), and in the case of current reversal, the ratio 7,/z, is independent on kinetic
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parameters. However, in cyclic chronopotentiometry we can apply as many

current steps as we want to.
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Notation and definitions
k,, k, heterogeneous rate constants of forward (reduction) and backward

(oxidation) charge transfer processes
K apparent heterogeneous rate constant of charge transfer at E”

a charge transfer coefficient
k , k, rate constants of the homogeneous chemical reaction

0 equilibrium constant of the chemical reaction (=&, /k, )

r distance from the centre of the spherical electrode to any point in the
solution

7 electrode radius of the spherical electrode

¢/ (r,t) concentration profile of species i (i= A4, O or R) when a j current step is
applied

¢/ (r,,t) surface concentration of species i (i= 4, O or R) when a j current step is
applied

c bulk concentration of species i (i= A4, O, or R)

t time elapsed between application of the first and the jth current step

(=71+Tz+---+fj)

ty) time elapsed between application of the nth and the jth current step

(=7,+7,,+..Ft;)

n+l

¢, time during which a j current step is applied (0<¢; <7;)

transition time ratios

<

=\
~.

transition time of the jth current step

number of the electrons transferred in the electrochemical reaction
Faraday constant

area of the electrode

absolute value of the current step applied

diffusion coefficient of species i (i=A4, OorRand D,=D,))
cE =21, /nFADIO/2 (c,+c,)

> 5>~ m s
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7/ = (DO/DR )1/2

e dimensionless parameter of spherical diffusion (= ZW / 1)

7" dimensionless parameter referring to the chemical reaction
(= (kl +k2)tn,,')

E(t;) time-dependent potential

E formal potential of the electrode reaction

AE =E(t,)-E"
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Appendix
1. Application of the first current step
When a spherical electrode of any size is considered, the mass transport to the
electrode surface when the first current step is applied is described by the
differential equation system (eq. (2) with j=1)

éA'Aci1 = —klci1 + kzcg (Al)

where & (i= 4, O or R) is the operator for the second Fick’s law given by eq. (3).

The boundary value problem (Egs. (4)-(6)) is given by:

t,=0,r=r, L L L (A2)
650, o0 C,=Cyy Co=Cpy, Cr=0Cp
1 1 (A3)
tL>0,r=r: D, oy =-D, %er _
or )_. or)_  nFA
! (A4)
D, (aﬁ) =0
or v

By introducing the variables:
&M(rt)=c(r,t)+ch(r.t) (A5)
8 (r.t,)=(c (r. 1) = K pch (r.1,)) e (A6)
and with the assumption

D,=D,#D, (A7)
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the differential equation system (A1) and the boundary value problem (egs. (A2)-
(A4)) are transformed into:

5,0 =6, =5,ch =0 (A8)
t,=0,r=r, . P X . . (A9)
¢ =c,+co, ¢ =0, Cr =Cg
t,>0,r > o0
! i (A10)
t>0,r=r: D, % =-D, oep _
or ) _ or)_  nFA
8—¢1 = —KAOe(k1+k2)tl [0 (Al 1)
or v nFAD,
This problem can also be solved by introducing the variables
L (A12)
c, e,
P (A13)
c, ey,
In such a way, the differential equation system (A8) becomes
50141 = 5on1 = SRc}e =0 (Al4)
where &, is now
. 2 AlS5
_0 p 0 (A13)
oo o
By supposing that ', ¢', and ¢, have the form:
SUrt)=(cireo)+ D Py, (so)&p) (2)™ (A16)
P-9=0
' (rit) =D 8,, (o))" ()" (AL7)
Pq=0
cr(rt)=cp+ D 0, ()& (2)" (A18)
P-q=0
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where
o r—r, (A19)
- 2D,
2.D:.t (A20)
é:l — il
1 ro
Zl =(k, + k), (A21)

and using the dimensionless parameters method [17] to solve the differential
equation system (A8), we obtain the following solutions:

(ky + k)" Ps 2 4

ralss)=0 unless 97! (A22)
pofe)-- e M 2y
pha(sh)=- N(k<+k ;52;) {\P gsg) (s )} (A24)
(5 = - M€ {\P (s5)_p¥i(sh) p¥ (s;)} (A25)

£ |
,013’1 (510) = _M{E‘P4 (Slo)_lPZ (S10)+ Y, (So)

(A26)
(k,+k,)"™* |32

St (Sl ): KAONCE(C:I +C:)) Yon (SIO) (A27)
0,9 o q'(k] +k2)1/2 p2q+l
5! (Sl ): K ,oNg:(c,+c,) | 2q+1 (S, )_\P (s' ) (A28)
Lg \" 0O 2(]‘(/(1 +k2)1/2 2q+2 2¢+2\”0 2¢ \P0O
Ly KN (e +c) | 4(g+1) 1 1 | (A29)
% (So) - 22!(25_'_ 22)1/20 o kS (so)—szq‘I’zq+1 (S0)+ J29% S (SO)
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51 (Sl):KAONCE(C;+C;)X
3,9\ 0 1/2
4q\(k +k,)

8q° —32¢q° +40g +15
(Zq + 4)(2q + 2)

Ya (s}))—(6q + 4)‘1’211+2 (s(l))+ (6q + 2)‘1’2,, (S(l) ) -2q¥,,, (Slo )}

(A30)

alp,l(s;)=—;/ p;,l(s;) (A31)

where y is given by eq. (12) and functions p, (s;) are given by eqs. (A22)-
(A26) by changing s, by s, (eq. (A19)). ¥(s)) (i= O, R) are the Koutecky
functions and p,, =T(1+m/2)/T((1+m)/2).

2. Application of the second current step
When the second current step -7, is applied (eqs. (2)-(6) with j=2), as this

problem is linear, we assume that the expressions of the concentration profiles
can be written:

& (rty) =l (r0)+ & (r1) (A32)
& (rty) = (r) 43 (r1,) (A33)
& (rty) =k () + & (r) (A34)

where (see eq. (1))
t=1,+t, (A35)

¢;(r,t) (i= A4, O or R) are the solutions obtained for the application of the first

current step, and &’ (r,¢,) are the new unknown functions.
Therefore, if we define the new variables
=l ="+ (A36)

# (=K ) 0 =g (A3
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where ¢!

and ¢' have already been obtained for the previous step, the boundary

value problem has now the following, simplified form in terms only of the new

unknown functions ¢ and ¢°:

t,=0, r=r,

tL,>0,r=r,

=2 ~2
tL,>0,r=r,: Do(agj =—DR(%} =

72
a¢ — KAOe(lirkz)(rlHZ) 2]0
or . nFAD,

(A38)

(A39)

(A40)

As can be observed, the boundary value problem which ¢' must fulfil in the first

current step (eq. (A10)) is similar to that corresponding to ¢ in this second
current step (eq. (A39)), changing I, by -2/, while the boundary value problem

that ¢' must fulfil in the first current step (eq. (A11)) is analogous to that fulfilled
by 4* in the second current step (eq. (A40)), except for the value of the constant

_Ze(kl"'kz)fl .
By supposing that

C(r) = po (soNEN ()

P-q=0

(i)=Y 5 (so)EN ()

p.q=0

Gt =Y oo (sE) ()"

p-q=0

and proceeding as in the previous current step, we find that
Pra(80)=-2p,,(55)
5} ,(53) =278 (s3)
o, (s0) =72, ,(52)

where
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@=Ll (i= O, R) (847)
" 2D, ’
2D, (A48)
=2 @=on)
To
2=+ k)t (A49)

and functions p, (s7) and &, (s;) have the form given by equations (A22)-
(A30), by substituting s, by s, .

The mathematical treatment used for the first and the second current steps can be
easily generalised by induction for any number of current steps. Thus, for the jth
current step (j >1), by applying the superposition principle [14, 16, 18] we can
express the solution for the differential equation system (2) in the form

e (r)) =i (rt)+&) () (A50)
ch(rt))=cs () + b () (A1)
et () = e (rot)+ & (rt,) (A52)
where
=] (AS53)

7 (rt)=c (r,t)+ ). " (r.1,) (=4,0,R)

i i i >"m

|
[S}

m

Thus, if we define the functions

' =cl+c) = < +§~j (A54)
= (el K)o =g+ (a5)
with
. Ul AS56
()= () + 287 () (A56)
| e AS7
§7(r0) =4 (1) + 27 (1) (A7)

where ¢ is given by (eq (1))
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1=7+7,+...+1, (AS8)

from eqs. (A36)-(A40) it can be demonstrated that the boundary value problem
has the generalised form:

(=0, r=0, o (A59)
= =C;, =
t,>0, r=r, &=y .
oc’ ol i 21 (A60)
t.>0, r=vr: D =-D,| =& =(-1) =%
! ' ro ? [ a]" jrr ’ [ ar ]r—r ( ) nFA
a&j = (—l)fK iy 2y (A61)
- AOe T~
or ) _ nFAD,

As can be deduced from eqs. (A38)-(A40) and (A59)-(A61), the partial solutions
f*"(r,tj), Jf(r,tj) and & (r.t;) are formally identical to £*(r,1,), ¢°(r.t,) and

¢x(r.t,), i.e. the superposition principle is fulfilled. Therefore, if we suppose that

St = 2 P ()Y ()" (A62)
¢ (r )= > 8 (sOEN" () (A63)
E(rt)= D ol (SEN () (A64)

it is clear that we can express the solutions in the general form

P (s5)=2(=1"" p, (s}) (A65)
o . ) S 7 oo (A66)
5L, =2-0"e T8 ()
o), (s8)==rp,,(s7) (A67)
where
2.D:t
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Y (A69)
_N2L =o,R)

Ty

2! =k +k)t, (A70)

Thus, the concentration profiles (egs. (A50)-(A52)) are totally determined. From
the expressions for the concentration profiles, we can deduce those
corresponding to the surface concentrations of species involved in a CE
mechanism, which are given by egs. (7)-(9) in theory.
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