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A theoretical study on the application of the first cycle of alternating current to cylindrical m
electrodes is presented. The analytical expressions obtained here are applicable to electroc
radii of up to 50um, which are in the range of “large” microelectrodes. A method for determinz
of the kinetic parametet, independently ofi and methods for calculation &’ are proposed.
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In recent papers we have discussed the advantages of the application of a Ic
quency alternating current to planar and spherical electrodes. Similarly, as in c
reversal chronopotentiometry, both the direct and the inverse charge transfe
cesseb? can be studied simultaneously. However, in relation to current reversal
nopotentiometry, there are two additional advantages:

From a practical point of view, the effect of the charge current is diminished t
sinusoidal current compared to constant current. This is due to the fact that the
tial-time curves obtained in the first case are less steep both at the beginning
chronopotentiogram and at the change of the current sign.

From a theoretical point of view, given the continuity with time of the sine funct
the mathematical solution of this problem is simpler than in the case of two succ
current steps.

In this work we extend the discussion to the case of cylindrical electrodes v
have been employed extensively because of their simple fabrication. The first stuc
chronopotentiometry at cylindrical electrodes were carried out by Rius’ethal.es-
tablished the theoretical principles from which Peters and Lingane derived their eq
for the transition time in constant current chronopotentiorfietrgter studies on this
subject have been extended to the theory of small radius electrodes but, as far as w
only current step and some power of time perturbations have been corsftlered

In this paper we describe the theory of chronopotentiometry with alternating cut
I(t) = Iysin (wt) andl(t) = I,cos (vt) at cylindrical electrodes. We have derived gene
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equations for transition times of oxidized and reduced species and for potential
curves. From these expressions we deduce, as particular cases, expressions for s
planar electrodes and also for the application of a current step. These equatic
coincident with those in literatuté.

In order to evaluate the range of applicability of our equations, we have st
simultaneously the behaviour of the surface concentrations of species involved
charge transfer reaction by digital simulafioRrom our results we conclude that tf
analytical expressions are applicable to electrodes with radii of uppen5@hich are
in the range of “large” microelectrodés

Finally, particular features of the potential-time and current—potential curves ar
cussed. We also propose methods for the calculation of kinetic and thermody
parameters of the charge transfer reactions. The calculation is simplified for elec
with small radii since the magnitude of the capacity component of the current
duced! with respect to its faradaic component.

THEORETICAL

Let us consider the charge transfer reaction

ks
A+ne ——— B . A)

K

When an alternating curreft) (j can be either s or c) of the form

1(t) =g sin(wt) (D

1(t) =1, cos(wi) (2

is applied to a cylindrical electrode, the following initial and boundary conditions
valid

N N

D,C, =DgCg =0 ©)
t=0, r=ryQd A0 A0
t>0, r_,oo% Ca=Ca, CGg=Cg (4)
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t>0,r=rgy:
o, G0 _ [ BCO 10 "
A O —Up | =
or m:ro or m:ro nFA
l;(t)
e = KCalrot) ~kCa(rot) ©)

where the cylindrical diffusion operator is given by

A_Q_ DaZ 1
Di= 5 DiW+r

By using the dimensionless parameters methoae obtain the following ex-
pressions for the surface concentrations of species A and B

oQ
arg' Y

C |t
Aé;\“ = 1- Nt?2Q (84, Q) (®)
Ca(ryt
Bég o WD) | ©)
where
N, = 2lo 10
= nFADYC] "o
N2
- 2(Dit) 1)
o
Q=wt (12
M = Cg/Cy (13
m,0”

y= 83785 (14
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andQ; (§;,Q) (i can be either A or B) is a functional series which has the form

( 1)kQZk+l

QS(EHQ) Z (2k+ 1)| S(Ei) (15)
A (E) — Pak+2 _ E 1 + 5-2 3p4k+2 _
ST ok +3)  CTadk+4) " O 3204k + 3) (4k +5)
_z3 3 + %4 6334k+2

' 32(4k +4) (4k+6) ' 10244k +3) (4k +5) (4k+7)

5 27 1 899pys2 (16)
" 2564k + 4) (4k + 6) (4k + 8) "16 3844k +3) (4k +5) (4k+7) (4k+9)
(-1
Q) = z S M a”
_ Pa 1 3Pak
&)=+ 1) Skt & 32(4k+1) (4k+3)
_z3 3 + 54 6304

" 324k +2) (4k+4) " ' 10244k +1) (4k+3) (4k +5)

27 1 89y T

j 2564k + 2) (4k + 4) (4k + 6) " 16 3844k + 1) (4k + 3) (4k + 5) (4k +7)

The transition tima, of species A can be reached for cathodic values of the alte
ing current during its first cycle. From E®) (for C, (ro,T5) = 0 we have

1
T
AINGQEA Q) 49

If the transition time of the oxidized species is reached, the experiment mu
stopped. Under these conditions, the use of an alternating current is not subste
different from other current-time functidngiowever, there are valuesNf or o, Eq. (L0),

for which species A remains undepleted at the electrode surface. In this case the
tion time 15 of species B can be obtained after a change of sign of the current a:
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asCj is lower than a predetermined vaideThe condition for the transition ting,
Cg(rg, Tg) = 0, transforms Eq9j into

w__ K
TB yNAQj (EB,TB’QTB) ’ (20)

WhereEIT andQ, are the values d; andQ in Egs (9) and @0), respectively, fot = T;.
From Eq 0) it can be deduced that is independent o, if B is not initially present
in solution.

If neither t, nor 1y is reached during the first cycle of the alternating current,
potential-time E-t) response shows oscillations arolEfd A more detailed discussior
on transition times can be found in refs

Inserting Eqs & and Q) into Eq. 6), we obtain the following expression for th
potential-time function

JCN

| @emw—l NAt2Qi(€a,Q) - €10 [u+WAt2Q (€5, Q)] . (21)
0

where

N0 = [E0) - EY (22)

For a reversible procegks — »), Eq. 1) becomes

RT,  1-Npt"2Q(E.Q)
E)=E°+ _In '
® + nE p+VNAtl/2Q](EB*Q)

@3

In the case of a totally irreversible proceks<< 1 cm sb), there are following two
possibilities:
1. For a cathodic currentj(t) > 0), Eq. 1) has the form

E(t) = E°+ In (NFAGKg) + = In Mgath (24)

1- NAtllej (€. Q)
10 : @9

Meath=

2. For an anodic currentyt) < 0), Eq. R1) is simplified to
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E(t) = EO - ﬁ|n(n|:A<:D|<S) i RT)nF In Mznos 26)
anod— —l; (t)
M N Ea0) @

Special Cases

Planar Electrode

The equations obtained for a cylindrical electrode can be transformed into those
ponding to a planar electrode by settfig 0 (-, Eq. (L1)) in expressionsg], (9)
and @1). Then Eqs15) and (7) can be simplified to

(_1)kQZk+l

Q=2 @+ D paes 29
(-1)kQ2
Qﬁ)&wwy 9

Constant Current

Equations corresponding to this case can be obtained by skttigin the series
Q.&;,Q). Thus, Eq. 17) is simplified to the form which is in agreement with fefs

Qe(&) = A(&) = # - % &+

2_ .9 g3,
161'[1’22' 256E

21 9

. £ 633
256012 4096

6 _
286 72012 &

&+ 30

RESULTS AND DISCUSSION

In order to establish the validity range@f(¢;,?) in Egs (5) and (L7), we have carried
out a parallel study of process)(using digital simulation by the Crank—Nicolso
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method with the implicit calculation of boundary values (surface concentrfation)
Fig. 1 the dependence of the surface concentration of B;d® shown for different
angular frequenciew, obtained from Eq.9) and by digital simulation. Both proce
dures are in a very good agreement under the conditions of Fig. 1. For alter
current with amplitudé,, this agreement improves with decreasin(Eq. (), Fig. 1a) and
with increasingw for an alternating current given by EQ),(Fig. 1b. From these plot:
it is evident that in the case of chronopotentiometry with alternating current our ¢
tions are valid for “large” microelectrodes. Indeed, the maximum time of the experim
closely related to the electrode radius by Bd).(Therefore, foD; = 10° cn? st if the
time does not exceed 2.5 s, the radius of the electrode can have a value of 0§)G523)m
Obviously, the radius can be smaller if the electrolysis time decreases.

In Fig. 2 we have plotted the-t curves for a reversible process and several val
of N4 when there is a transition time for species B and a small cylindrical electros
0.005 cm radius is used. These curves intersect at the point corresponding to the
tial Eg defined by Eq.31) for D, = Dg (v = 1) (see Eq.23) with Q(§;,Q2) = 0)

RT

1
— 0

| 31)

This type of plot can be used to estimBfdrom Eqg. @1). In the case of planar elec
trodes, the point of intersection exists every & 1. Obviously,Eg is defined only if
species B is initially present in solution.

1.6 . ; . 1.4 : , .
Cr(0.1)/CR < Ca(0)/CA

1.4
1.2

1.2

1.0 1.0

0.8

L L L 0.8 L L L
0.0 0.5 1.0 1.5 N 2.0 0.0 0.5 1.0 15 38 2.0

Fe. 1
Variation of surface concentration of species B with paran§gtebtained from Eq.9) ( ) and by
digital simulation (- - .). a The alternating current applied is given by E; ¢ = 1,Dg = 10°cn?s?,
Ny=1sY2 p=1r,=0.005 cm. The values of: 1 0.2,2 1, 32 s’ b The alternating current
applied is given by Eq.2J. N5 = 0.5 §2 The values ofv: 1 0 (current step)? 1, 3 2 s*. Other
conditions as in &
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Figure 3 corresponds to a process Witk 10*cm s*. We have plotted the chronc
potentiograms for three valuesaffor a small cylindrical electrode of 0.007 cm radi
and for the species B initially absent in the solutjor (). In this case we can obsen
other points of intersection:

The pointlll corresponds to the valuestgandE. on coordinates. Hergis the time
at which the alternating curreiyt(t;) = 0, andE is the zero-current potential whicl
does not depend on the kinetic parameters of the ptécikssan be derived from Eq81)
or (23) in the form

E -p04 RT | 1- NAt(l:/ sz (EA,tcith) (32)
= — 1N ,
c nF " p+yN Atysz Ep Q)

150
E()-E°
mv
100 _
50 1
Fic. 2
| Potential-time E-t), plot for a reversible pro-
0 cess (Eg. Z3)). The alternating current ap-
plied is given by Eq.2). T = 298 K,n = 1,
Dp=Dg=10%cn?s?, w=2 s u=0.07,
-50 ro = 0.005 cm. The values ®M,: 1 05,2 1,
0.0 : 0 15 33s'?
600
E()-E° |
mv
400 [ ]
300 i
200 J Fic. 3
Influence ofa onE-t curves fork,= 10%cm s*
100 i (Eq. 1)). The alternating current applied i
given by Eq. {), Do =8 . 10%cm?s™®, Dy =
0 |  10%cnPstw=0858,Ny=0.15" p=0,
: : : ro= 0.007 cm. The values of. 1 0.2,2 0.4,
_100 ) P 3 0.7. Other conditions are the same as

0 4 2 t, t.4 ts 6 Fig. 2, description ofy, t,, t; andI-IlIl in text
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WhereEIt andQ,.are the values of the parametérandQ for t = t.. Figure 3 presents
two other points of intersection (gtand att,). In both case&(t;) = E(t,) = E°. Values
of t; andt, have the advantage of being independenti,obut they depend ok, as
follows from Eqs 21) and @2).

With respect to this feature, it is convenient to construct curves such as those
in Fig. 4, where we present the variatiort,dicurves/) andt, (curves//) with log k;for
several values of,. Therefore, from pointdll, | and/orll it is possible to determine
the values ofE® and k.. For a specific chronopotentiogram we can proceed in tt
steps.

1. As the timet, corresponding to a zero current is obtained from Egof (2), the
correspondingg, value can be measured and, from E2p),(the value ofE® can be
obtained.

2. OnceECis known, curves of the type shown in Fig. 4 can be used to estimat
value ofk,. One can obtain values kffor a wide range of this experimental variab
simply by changing the experimental conditions.

3. After E° and k,were determined, the value afat any point of the curve can b
obtained from Eq.q1).

For a totally irreversible process, tBet response is noticeably simplified (Egsi)
and @6)). In this case parametess k;and E® can be obtained by plotting(t) against
In Mfa™ andE(t) against INVI2"q refs-2

Figure 5 shows effects exerted by an initial concentration of species B, throug
parametei = Cg/CR, on theE-t curves plotted fok,= 5. 10°cm st (1) andk, =
2 .10%cm s (2). From curves ff we notice thatz exists whernu = 0. There is no
transition time either for species A or species B # 1, curves K). In this caseyl > W,
(refs?). Also, the cathodic branch of the curves becomes independgntvith de-
creasingksas corresponds to a totally irreversible process in agreement witR4q. |

Fic. 4
Variation oft = t;, curves/ andt = t,, curves
11 with log ks (in cm %), Dy = 10° cn? s
o = 0.5. The values oN,: 1 0.1,20.5,3
0.7,4 1 s*2 Other conditions as in Fig. 3

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



982 Molina, Ruiz, Martinez-Ortiz, Lopez-Tenes

Figure 6 shows thit)—E(t) plot, wherei(t) = I;(t)/1o, for a complete cycle of the sin
function (whentg does not exist) for various valueslQf The zero-current potenti&,
corresponds to the intercept of the right-hand branch of each curve with the zer
rent line. The value of kinetic parameters can be obtained from the difference be
the potentiaEy, corresponding td,,,,and the potentiak,, corresponding ta,,;, where

. Tt
imax=1 forty = 2w (33
ma=-1  fort,=>n (34)
600
E()-E°
mv
400
200
0 FG. 5
Dependence oE-t curves ony, for k,= 5 .
200 10°cm st (1) andks= 2 . 16%cm st (2);

Dy=10%cm?s ™ w = 0.8 §% ry= 0.05 cm,
' : o =0.5;/p =0,/ p= 1. Other conditions as
ts 9 inFig. 3

i(t)

Fic. 6
Influence ofk;on i—E curves according to Eq.
(21) (no transition time for A and B)D, =
10°cm?st w=2st Ny=1sY2 n=05,
1 ro=0.01 cma = 0.5. The values d€; 11 . 1G,
J . 21.10% 35.10°% 42 .10%cm s™. Other
conditions as in Fig. 3

0 ~300
E()-E°, mv
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AEM =E,, -E, . (35)

It is possible to determin@ andk,from AEM-log k, plot using a procedure similar t
that described in ref.

From Figs 2, 3, 5 and 6 it is apparent that dethandi—E curves are influenced by
ks so significantly that the degree of reversibility of the electrode process can be
mated by means of simple visual inspection.
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tifica y Tecnica (Projects No. PB90-0307, PB93-1134) and DREUCA de la region de Murcia (P
No. PIB 94/73).

SYMBOLS

A area of cylindrical electrode, ém

chP bulk concentration of species i, mol tm

D; diffusion coefficient of species i, ds*

Ec zero-current potential, V

= formal potential, V

E(t) time-dependent electrode potential, V

i(t) 1i(t)/lo

lo amplitude of the alternating current, A

li(t) applied alternating curremgsin (wt) for j = s orlg cos (vt) for j = c, A

ks, ko heterogeneous rate constants of the forwagdahd the reversek{) charge transfer
reaction, cm &

ks apparent heterogeneous rate constant of charge tran&rcan st

Na 2lg/nFADK2CR, s

Px 2M(1 +x2)Ir ((1 +x)/2)

r distance from the generatrix of the cylindrical electrode, cm

ro electrode radius, cm

t time elapsed between switching on the alternating current and the measurement
potential, s

w angular frequency,™s

a electron transfer coefficient

y (DA/DB)lIZ

r Euler gamma-function

u CHICR

&i 2(Dit)Y?rg

TA transition time for reduction process, s

B transition time for oxidation process, s

Q wt

All other symbols have their usual meaning.
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