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In this paper we present the solution to the differential equations system correspond-
ing to the problem of multistep processes and systems with several components when a
programmed current-time function is applied to planar and spherical electrodes. The
analytical solutions have been obtained in both cases, by a recurrent procedure, which
facilitates the numerical determination of results. This solution has been found for an
expanding spherical electrode, since by using simple substitutions it is transformed into
that corresponding to a stationary spherical electrode, to an expanding plane electrode
or to a stationary plane electrode.

1. Introduction

From the point of view of both electrochemistry and chemical kinetics, the study
of electrode processes in which oxidation or reduction reactions take place in sev-
eral steps is of great interest. Thus, for example, fullerenes in general and Cg in par-
ticular can present up to five reversible one electron reductions[1,2].

The theoretical study of electrode processes that involve several successive steps
in electrochemical techniques with controlled current is a very old one [3,4].
However, those papers which tackled these processes when a determined current is
applied to an electrode have only considered the case of planar diffusion. Yet plane
electrodes are not the most suitable for the study of such processes owning to their
poorly reproducible surface which tends to accumulate contamination on the elec-
trode-solution interface. More suitable, as is well known, are those electrodes of
spherical geometry, such as the dropping mercury electrode (DME) and the static
mercury electrode (SMDE), which show a clean, perfectly reproducible and con-
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tamination-free surface. Moreover, by using a time-variable current in this last type
of electrodes, it is possible to eliminate most of the double layer effects if we work
with not very high concentrations of electroactive species and/or small electrode
radii.

The main aim of this paper is to find a general analytical expression for the
response of this type of electrode processes in chronopotentiometry with a pro-
grammed current. This technique consists of applying a current that is a known
function of time through a function generator. Due to the fact that in chronopo-
tentiometry the response obtained (potential-time curve) is a function of the con-
centrations of species participating in the surface of the electrode, it is possible,
by determining the analytical expressions for these concentrations, to character-
ize the process thermodynamically and kinetically by analysis of the variation of
the potential over time [5]. We have also deduced the expression corresponding
to the response obtained for the system of several components whose deduction
turns out to be much simpler than that corresponding to multistep processes.

The general study we present is applicable to small spherical electrodes of con-
stant and variable area (SMDE and DME, respectively) and to planar electrodes,
such as a stationary plane and the expanding plane electrode model for the DME.
The solution for this type of problem is not easy. Nevertheless, certain situations do
exist where it is easy to obtain such expressions for these cases. In these situations, a
problem of k steps can be treated as k independent problems of only one step. To
this end, we must demonstrate that not only is the system of equations posed linear
but so is also the boundary value problem and, therefore, this can be expressed in
the same general form for any step; i.e. the superposition principle is fulfilled [6,7].
Taking into account the above considerations, we have deduced general expres-
sions for the concentrations of species participating in the different steps in terms of
distance and time for the electrode models mentioned above.

From these general expressions, we obtain expressions which correspond to
the concentrations at the surface of the electrode by substituting in them r = rg
(for spherical diffusion) or x = 0 (for planar diffusion). Once the surface concen-
trations have been obtained, the potential-time response of the process is
deduced immediately by substituting them in the Butler-Volmer equation or in
the Nernst equation, depending on whether the charge transfer process is irrever-
sible or reversible.

Due to the fact that these solutions have been obtained by a recurrent procedure
based only on the linearity of the operators and on the related boundary value prob-
lem, they are independent of the method applied in solving the systems of differen-
tial equations participating in the first step. Moreover, the recurrent form of the
solutions facilitates numerical determination of the results corresponding to the
different steps.

Furthermore, using simple substitutions, the solution found for the expanding
spherical electrode (DME) transforms into that corresponding to a stationary
spherical electrode, to an expanding plane electrode or to a stationary plane elec-
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trode. Thus, it can be concluded that for these processes, the superposition principle
is fulfilled in chronopotentiometry for different geometries and for whatever the
values of the diffusion coefficients of the participating species may be.

2. Theory

Let us suppose that species O, is reduced in k stages in line with the following
scheme:
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Process (I) can only be studied with techniques using programmed current for
the case in which the reduction potentials for the individual charge transfer steps
are sufficiently well separated so that the chronopotentiometric response or poten-
tial-time curve shows perfectly defined k waves, each of which corresponds to indi-
vidual steps in the overall process [4]. In any other case the initial and boundary
conditions of this problem cannot be established reliably in terms of time.

If we apply a cathodic current-time function /(¢) of the form

I(t) = e with I > 0,u>0,w>0, (1)

when O is the only species initially present in the solution — which contains an
excess of any electrolyte so that transport through conduction need not be taken
into account —mass transport from the bulk of the solution to the electrode surface,
for process (I), is described by the differential equation system

60,Co, =0 for i=1,2,... . k+1, (2)

where b, is the diffusion transport operator given by Fick’s second law. For an
expanding spherical electrode (i.e., the dropping mercury electrode, DME) the
above operator is given by [8,9]
2 0 o 290 a
= —— ] e e e — — 3
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where Dy, is the diffusion coefficient of species O; and v is the convection velocity
of the electrode whose value is given by
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_¢
V=30 ()
with ¢ being the radius of the DME for #; = 1 s (see Notations and definitions).
Ifineq. (3) the following change in variable is introduced:

x=r— (13, (5)

and if it is supposed that the thickness of the diffusion layer, which is of the order
of \/Dy,t, is substantially less than the radius of the sphere and the second term in
the square brackets on the right hand side of (3) is neglected, then this equation
becomes [9]

0 & 2x 0
o Poea 3 A ©
This operator corresponds to the model of the planar electrode in the expansion
for the DME, which has been widely used for this electrode.

For stationary or constant area electrodes, the convective term must be
removed, which yields

bo

2 0 ? 290

b0 =5~ Of[ﬁﬁg;} @)
for a stationary spherical electrode, fromeq. (3), and yields

- 0 o?

601_'67—D055x_2 (8)

for a stationary planar electrode, from eq. (6).

As the operators defined by eqgs. (3) and (6)—(8) are linear, the system of differen-
tial equations (2) is linear in all cases [7]. In this paper, we consider the operator cor-
responding to a DME (eq. (3)) since it is the most complex and, it is possible to
deduce solutions which correspond to remaining, simpler models (egs. (6)—(8)) as
particular cases of the solutions found for eq. (2).

We will suppose that by using a function generator [10] we apply the current-time
function given by eq. (1), which is reduced to a power function of time whenw = 0
(I(t) = Ipt*), to an exponential function of time when u = 0 (I(¢) = lhe*'), and to a
current step or constant current when u = w = 0 (I(¢) = Iy). In general, this cur-
rent-time function must be used after a blank period, if it is applied to dynamic elec-
trodes such as the DME. This blank period has no physical significance in
stationary electrodes (egs. (7) and (8)).

In order to analyse the response of process (I) to the application of a pro-
grammed current given by eq. (1), we will suppose, as hitherto expounded, that the
normal potentials corresponding to the different steps fulfill the condition

B, < B <E, ©)
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and that step j takes place during a time ¢; (0 <t; <7op,), 7o, being the transition time
of species O;. When t; = 7¢,, the electrode surface concentration of species O;
becomes zero. We must keep in mind, moreover, that the reduction of O; (species
produced in stepj — 1) is accompanied by the reduction of the previousj — 1 species
(01, 0y, . .., Oj_1), whose surface concentrations are null, due to their correspond-
ing transition times (7o, Oy -+ TOL ) having been already reached. When the tran-
sition time of step ], 0, 18 reachcd the potential evolves to values of the order of
E‘)+1 , for which species O (produced in step ) starts to be reduced.

Thus, the total time elapsed from the application of the current to step j is given
by

t:¢0,+roz+...+froj_,+tj,}

0<l‘j<7‘0j. (10)

For any step prior toj, t; = 0, while for any step after j, ¢; is constant (= 7¢,).

Bearing in mind the above, the boundary value problem for the first step
0y < To.) supposing that there is no accumulation of matter at the electrode sur-
face, is given by

C h=0rzr, } Cé)l(r,t)-——Ca, 1
H>0r— o0, C},i(r,t)zo, i=2,3,...k+1, (1)

L >0r=r,

aClo aC'lo Iotue‘wtl
0o () ~-oo()_ 285 :
'\ or ), '\ or J,., mFA(1) (12)
with

A(t) = A, (13)
L=ty +11. (14)

Henceforth, the superscript in the concentrations of different O; species (with
j=1,2,...k+ 1) refers to the number of the step being considered (see Notations
and definitions).

The problem for the first step given by eq. (2) for i = 1, 2 and egs. (1 1)-(14) has
been solved in a previous paper [11] in which solutions Co (r,t) and CO (r,t) were
obtained. The partlcular values of these solutions at the surface of the electrode,
CO (ro,t) and Cy, (ro, t), are given in Appendix (eqs (A.1) and (A.2)). The transi-
tion time for the ﬁrst step, To,, is attached when Co (ro,70,) = 0. For t; = 79,, the
potentxal evolves to values of the order of EY and it is then that the reduction of spe-
cies O occurs.

In the second step, the species participating are Oy, Oz and Oj; (see scheme (I)).

As differential equations (2) are linear, any linear combination of their solutions
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is also a solution for them. Thus, we will suppose that C} (r,?), C2 (r,) and
C, (r, t) have the form

Cgl (r,t) = Cél (r,0) + fi%l (r, 1),
C% (r,1) = Ch (r,t) + C4 (1, 1), (15)
C% (r,1) = Ch (r,1),
where t = 7o, + t; and #; = 15, + ¢, with 0< 1y SToz, Co, (r, t) and Cy, (r, t) are the
solutions found in ref. [11] for the first step and Co (r, t) CO (r,?) and C3 ,(r, 1) are

the new unknown quantities to be determined in this second step.
The boundary value problem for the second step is given by

1 =0;rzr, } Co,(r, 1) = Cp,(r, 1), Cp, (r, 1) = Co,(r,1),
(16)
t2>0;r_’00a C%a(r’t)zo’
> 0r=rg,
Cél(ro,f) =0, (a7
acy, 9C%, forre”
DO] (nl +n2)( ’ )r—m +D02n2( ar )r:ro - FA({;) ’ (18)
acy, 9C3, 9C

D 3 = 19

DOI( or )r=r0+D02( or ),=,0+ 03( or )rzro ( )
with

Is=tlyp+70 + 1. 20

Condition (17) refers to the fact that for r > 7,, the surface concentration of spe-
cies Oy is zero for any step after the first one. Egs. (18) and (19) refer to the surface
flow produced by the current applied and the non-accumulation of matter at the
electrode surface, respectively.

By introducing egs. (15) into egs. (16)-(19) and taking into account that
Cp, (r, 1) and Cy, (r, 1) fulfill condition (12) for any #, we obtain the following simpli-
fied initial and limit conditions for the second step; these conditions have the
advantage that they have null initial values:

tr=0;r=r, .
Cé‘.(r;t) :0) i[= 112131 (21)
ty > 0;r— o0,

t; >0;r=r,
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C3, (ro, 1) = —Cp, (r0,1), | (22)
aC2 aC2

Do, (n1 + nz)( o )rzm + Doznz( “o. )Ho —0, (23)

3 D oCs, =0 24

’z:l: O; or o = Y- ( )

This problem has been recently solved for a dropping mercury electrode [12]
and the solutions for this step, C5 (r,f), Ch (r,2) and C} (r,1), are given in
Appendix (egs. (A.16)—(A.18)) for r = ry. Furthermore, the expression correspond-
ing to the second transition time, 7p,, is given in eq. (A.22).

For t = 19, + 7o, + t3 (With 0< 13 <7p,), the third step takes place and species
0; is reduced.

For this step, the concentrations of the implicated species O, O,, Oz and Oy,
can be written in the following way:

Cgl (r,t) = C20l (r,t) + 630,("’ 1,
C%Z(r, 1) = C2 ,(r, 1) + 6'302(r, 1),
C3,(r 1) = Cp,(r, 1) + C,(r,1)
C?)4(r, ) = C04(r, 1.

As the transition times of O; and O, have already been attached, for the surface
electrode the following must be fulfilled:

C (ro, 1) = C3, (ro, 1) =0. (26)

Taking into account egs. (26), (17)-(19) and also egs. (25), the boundary value
problem for the third step is given by

(25)

ts=0;r=rp, B

C%i(r,t)z()’ i= 1,_..,4, (27)
t3 > 0;r - o0,
t3>0r=rg,
C3, (ro,1) =0, (28)
éBOZ(rO,t) = —Céz(ro,t), (29)

] (5)

I=i
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y D 6630‘ = 31
r=ry

For any stepj =2, the linearity of the system of equations (2) enables us to write
in general

Ch(r,1) = Ci(r, 1) + 8 (r,1),

. i (32)
Cp,,, (1) = Cp,, (1)
with
t=710,+...+70_, + 1. (33)
Taking into account that for any intermediate stepj > 1, the condition
Cp, (ro,1) = Cp,(ro,1) = ... = Cp_ (ro, 1) =0 (34)

for the prcvxous J — 1stepsis fulfilled, since j — 1 transition times have already been
attached, it is easily demonstrated by induction that the boundary value problem is
only dependent on the unknown quantities C’  (i=1,2,...j+1) and on the con-
centration of the species j — 1 in the previous step Thcse are given in the following
general form for any intermediate step j with 3 <j<kand t given by eq. (33):

ti=0;r=rg, -

Cor,)=0 i=1,....j+1, (35)
t;i>0;r — o0,
t;>0;r=rp,
Cjoi(ro,t)zO, i=1,2,...,7—2, (36)
C'joj_l(ro, 1) = —Cjoj_ll (ro, 1), (37)

ZDO, {Zj: n,j] (acj‘") =0, (38)

S D 86‘5 0 39
r=ry

i=1

Therefore, for j >3, the superposition principle is fulfilled [7] since the general
expressions for the boundary value problem for any step j with 3 <j <k (egs. (35)-
(39)) are identical to those for the third step (egs. (27)—(31)), i.e. we have reduced a
problem of k steps to one of k independent problems of only one step. Taking into
account the solutions found for the first and second steps and conditions (35)—(39),
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we deduce that the concentrations of the different species for j > 2 are given by the
following recurrent general expressions: .

- » My g
CJOI(rOa t) = CjOj (r(): t) + ’Yi—l\]’j—nj__j Cjaj 1("01 )GIOI_,‘Oj y (40)

Cjbj+,(ro,f) ety " Yoy l(ro,t)Gio (41)

1,051 7

where 0'0“0, series is given by eq. (A.23) and y;; is given in Notations and defini-
tions.

Owing to the simplicity of egs. (40) and (41) and the easiness of their calculation
implied by their recurrent form, they offer important advantages in finding the con-
centrations of the different intermediate species and the different transition times.
The calculation of the transition time of step j is immediate, since it suffices to make
Cjoj(ro, t) =0ineq. (40)witht =710, + 70, + ... + To;-

3. Particular cases
(a) Spherical electrodes with Do, = Do, = ... = Do,,,
In this case the following is fulfilled:
yy=1 with i=12,...,j—1 and [=(i+1)or (i+2), (42)
and the doi, o, series for the intermediate j step is simplified to
Gpo =1 with i=j—1 and I=jorj+]1 (43)

The general expressions for the surface concentrations (egs. (40) and (41)) and
the transition time for step j are notably simplified. In this case, the following is ful-
filled for any value of r and :

C'gl (r’ t) + ng(n t) +...+ Cj0j+l (r, t) = CZ)I g (44)

and taking into account the expressions for Cy, (ro,?) and Cp,(ro, 1) given by egs.
(A.1)and (A.2), eqgs. (40) and (41) take the simpler form

Cjo,(ro, t) = 'n} CO n OIN 2/3 SDME O (45)
Cp,, (o, 1) = ==l ey + 2 CO, Ne—575 Some.0 (46)
5

with
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ty=1top +To, +T0, +... +To, + ¢ (47)

SpbuME,0, 18 given by eq. (A.5), tbyeq. (33) and Nsbyeq. (A.3).
In order to deduce the transition time of step j, we impose C (ro, To, + To,
+ ...+ 70;) = Oineq. (45), obtaining
(7‘0l + 7o, —]—...+Toj)u+l/2 j’:._l n;

= MN.SomE, (48)
(tbp + To, + ...+ Toj)2/3 nleSDME’O‘

where Spayk 0, has to be calculated for 1 = 79, + 70, + ... + 70,

The expression for the transition time correspondmg to a stationary spherical
electrode of constant area 4 = AO’b,/; is obtained by introducing the condition
typ > tineq. (48),

)u+l/2 - Z{':l n; (49)

(To‘ +710,+...+7T0
mN}SsmpE, 0,

with
. 210

N* =
* " mFAy/Do, Cp,

and SsmpE,o0, 1s given by eq. (A.14).

(50)

(b) Planar electrodes and any value of Do,

To obtain the general expressions for planar electrodes, we have imposed
rg — oo such that eq. (43) is fulfilled for any value of the diffusion coefficients. It is
also fulfilled for any value of distance x,

VDo, Cp,(x,1) + /Do, Cy,(x,1) + ...+ /Doy, Cp (x,1) = /Do, Cp, .
(51)

This equation is valid for the stationary planar electrode model (eq. (8)) and for
the expanding plane electrode model (eq. (6)). This equation was obtained by Testa
and Reinmuth [3] for a three step process and only for the case of stationary plane
electrodes and when I(z) is constant.

If we apply the condition ry — oo to egs. (40) and (41), we obtain the expressions
for the surface concentrations of the O; and O;, species corresponding to the
expanding plane electrode model,

; .: | i tu+l/2
Co,(x=10,1) =y, " Cp, — ’mCO,N A SEPE (52)
S

) EJ 12
Cjoj+I (x = 0, t) = —Y1j+l 'nj C;): + 71J+1C0,N 2/3 SEPE, (53)
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where Sgpr is given by eq. (A.13).

‘The expression for the transition time of the j step is obtained by making

Cp,(x = 0,70, + 7o, + ...+ 79,) = 0ineq.(52),
(To, +710, + ...+ 7"01.)u+1/2 _ jl:=1 n;

(tsp + 70, + - - . +70,)"  mNSgpe’

(54)

where Sgpr has to be calculated for t = 7o, + 79, +... + 70,
The equation for the transition time for the case of a stationary planar electrode
of constantarea 4 = Aoti[/)3 is obtained by making 1, > tineq. (54),

Y
ukl/2 _ D iy M

+ + ...+ 70, = ,
(t0, + 70, + 0,) mN*SsrE

(35)

where Sspg is given by eq. (A.15).
For the particular case of a potential current-time function (w = 0; I(1) = It*),
eq. (55) becomes

)u+1/2 _ Pupy D M

(7‘0,—{—7’02—}—...-{-7’04 nlN; ,

J

(56)

where Dup,1 is given by eq. (A.12) with & = 0. The right hand side of eq. (56) is con-
stant for a given value of u. This equation was deduced by McDonald [4] for a cur-
rent step (u = 0) for which

poo1 = V. (57)

4. Multicomponents systems

The reaction scheme in this case is given by
O, +me =Ry, E(l)’\
O +me™ 2 Ry, EY,

0j+nje”2Rj, EJQ,

Or +ne” 2 Ry, E,(C).)
Following a similar procedure to the one given above, it is possible to generalize
the boundary value problem for any stepj > 2 in the following way:

tj=0;r>r0a

&j r,t =éj rt =0, i=1,...,j, 58
tj>0;r-—+001} Oi( ) Ri( ) J ( )
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t;>0;r=rg,
C(ro, ) =0, i=1,2,.. -2, (59)
Céj_x(ro’t) = _ngl (l‘o,t), (60)

ZDon,(acj) =0, (61)

aC;, %,
, : = -Dp ; i=1,2,...]. 62
DO' < ar )r:ro R‘ < 8r )r:l‘o ’ l ’ j ( )

The solution to this problem is simpler than the previous one due to the absence
of reaction intermediates which might complicate the overall process (see scheme
II). Under these conditions, the surface concentration expressions for species O;
and R;, Co (ro, t) and CJ (ro, ?) are given by

CJ (r07 — / jl nj lcj 1 rO, )G;‘Oj_hOj’ (63)
(1o, 1) 1/ - "f ‘Cf ' (r0, )G, n, (64)

GVbj_l R ineq. (64) is also given by eq. (A.23) by changing Dy, to Dg,.

5. Notations and definitions

E;‘.) normal reduction potential of the jth step,
n; number of electrons transfered in the jth step,
Iy valueof I(t)atu = w =0,

C’oj (r, 1) concentration profiles of species O; in the jth step (/ >/),
diffusion coefficient of species O;,
r distance from the center of the spherical electrode,
{ electrode radius at time ¢, (= ¢z!/3) for a DME,
constant electrode radius for a SMDE,
¢ electrode radiusat ¢, = 1 sfora DME,
mygandd rate of flow and density of mercury,
top blank period used only fora DME,
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t time elapsed between current application and the jth step (= #; for
the firststepand? = 79, + ... + 7¢,_, + t;forany jthstep withj > 1),

tj time during which the jth step takes place (0<¢; < 79,),

0, transition time of species O; for which the condition
C’ (ro, To, + ...+ To,) = Ois fulfilled,

ts total time (= tb,, + 1),

A(ts) time dczpendent electrode area of a DME (= Ayt%/%),

Ay = (4m) " Bmpg /d)** incm? 723,

A electrode area (= Aotlz, 3) when 1, > t (static spherical or planar elec-
trodes),

Vil = +/Do,/Do,withi=1,2,.. . k—1land/ =i+ 1lori+2,

DME dropping mercury electrode for which the expanding sphere electrode
model (eq. (3)) and the expanding plane electrode model (eq. (6)) are
used,

SMDE stationary spherical electrode model or static mercury droppmg elec-
trode (eq. (7)),

EPE expanding plane electrode model (for the DME),

SPE stationary plane electrode.

Other definitions are conventional.
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Appendix
A.1.FIRSTSTEP
By using the dimensionless parameters method, we obtain [11] the following

expressions for the surface concentrations of the O; and O, species for the first step,
corresponding to the expanding sphere electrode model (eq. (3)):

t“+1/2
CIOl (r07 t) = CB] 1- NS 2/3 SDME O1 ( (Al)
+1/2
Co,(ro, 1) = Co,m2Ns—7- e SpME,0, - (A2)

Moreover,
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N; = A3
' mF\/Do, A)Cy,’ (A4.3)
Do,
= A4
T2 D02 ’ ( )

Souzo= 3 {Jﬁ(h,m TR (2\/1)'“0,) J2(h.5) } 14

o | Puhnl o Puht
(A.5)
Q=uwr, (A.6)
p 1/3
= , A7
5= (=) (A7)

Jo(h, B) = 1 + AY(h)B> + By(h)B° + Co(m)F +

JN(h,B) = AL(h) + BL(W)B® + CL(h)3® + .. (A.8)
J2(h, B) = A(h) + Bi(W)B +

AC(h) = 1/3(2u + 2k +3),

BO(h) = 7/[12(2u + 2k + 3)(2u + 2h + 5)], (A.9)
Co(h) =20/[9(2u + 2h + 3)2Qu + 2h + 5)(2u + 2h 4+ 7)]

AL(R) =12+ h+1),

Bl(h) = 1/[8u+h+ 1)(u+h+2)], (A.10)
Clh)y=9/32w+h+1)(u+h+2)(u+h+3)],

AX(h) = 1/[2(2u + 2h + 3)], } (A.11)
B2(h) = 1/[(2u+2h + 3)(2u + 2k + 5)], |
2u+2h+1
HO+——T_J (A.12)

hm=mMW:F1 2u+2h+1\ -
2 2
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Egs. (A.1) and (A.2) are valid for >0 and w>0 for the current-time function
involved. :

A.1.1. Particular cases of S-series

(a) If ro — o0, the above expressions are simplified notably and become those
corresponding to an expanding plane electrode (EPE). So, eq. (A.5) is simplified
to

h
Serp = 2D

Yul\ M) ) A.13
2 punt W (A-13)

(b) By making t5, >> ¢ in egs. (A.1) and (A.2), we obtain the expressmns corre-
sponding to a stationary sphere electrode model (SMDE) of area 4 = A4, tb . Inthis
situation, eq. (A.5) becomes

S . Z 1 _ 3 2\/D0,I
SMDE.0r = P2u+2h+1 2(6u + 6h + 6) 4]
3 (2, /Do,z)2
2(6u -+ 6h + 9)p2u+2h+1 Ty

v () ) e

" 4(6u+6h+6)(6u+6h+12)\ 1y Al

(c) If ro — oo and #p, >> t, we deduce equations corresponding to a static plane
electrode (SPE) of area 4 = 4, tb;/: andeq. (A.5)is transformed to

1 Qk

0 P2u+2h+1 h!

-+

Sspg = (A.IS)

A.2. SECOND STEP

We deduced for the second step (0< 1, <7yp,) the following expressions for the
surface concentrations of the participating species [12]:

C3,(ro, 1) =0, (A.16)
C2 - Cl n+nm C] G2 A17

02(r0>t)— oz(rov )+'712 ol(r0>t) 0,0, (A. )
C%;,(’Oﬁ t) = —m, 3 Col (ro, )Go1 0 (A.18)

with
t:’rol + 1y, (A19)
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G o =1~ (1—my) {4\/\/12?;( 1 (,\2)6+...)

2 27
Doty (1 1 3
> (4 O+ ), (A.20)
1/3
A2=(—’3-—) . (A21)
tbp+7'01+t2

By making C202 (ro, 70, + T0,) = 0in eq. (A.17) we obtain the expression for the
transition time for the second step,

ny+ny
(1o, + 70,)"*" n
t ‘ -}2- 23 [m +ny ) ' h22)
(tsp + 70, + T0,) Nx[ nz Go, 0,9DME,0, — SDME,O;J

A.3.STEPj

For step j, the G’ .o, Series in the surface concentrations of the species O; and
Oj11, Co, (ro,t) and C’ ., (ro,7), is analogous to the series given by eq. (A. 20) by
changing 1, and \; to ¢; and Aj, with

Gb,.,o,=1—(1—w{4\/DT't’( L0 )

/7o 2 27

Doty (1 _ 1 43 :
- <4 FW )b iz, (A.23)

t.
Aj:(t + j
bp To,—}—...

1/3
) . (A.24)
+ TO;-1 -+ tj

A.3.1. Particular cases of G series
(a) Making t,, > tineq. (A.23) we obtain the expression for the G’ 0,0, Series cor-
responding to a stationary sphere electrode model (SMDE) of area 4 = /101be/J ,

Gp0=1-(1 -’Yi,l){l — exp (Drzlt}> erfc(——————' ?0,;)} : (A.25)
0 0

(b) For planar electrodes (ry — oo) or for planar and spherical electrodes with
vij = 1 (Do, = Do, for any i and /), we obtain

Gpo=1. (A.26)
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