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Theory

A theory of square wave voltammetry of three step electrode reaction of amalgam forming ions is devel-
oped for a thin mercury film electrode. It is assumed that the first and the second electron transfers are
kinetically controlled while the third one is reversible and that the intermediates are thermodynamically
unstable. The responses to the cathodic and anodic scan directions are analyzed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The exchange of three electrons between an electrode and a
redox center can occur in three consecutive steps if the center con-
tains three electronic levels that can accommodate one electron
each [1-3]. In voltammetry the response may consist of one, two
or three peaks, depending on the stability of intermediates [4,5].
The theory of this type of reactions is developed for the single
and double pulse chronoamperometry [6-8], chronopotentiometry
[9,10], polarography [11-13], cyclic voltammetry [14-16] and
square wave voltammetry [17]. Electrode reactions of bismuth
[18-26] and antimony [27] were analyzed. The responses of charge
transfers that are kinetically controlled depend on the standard
rate constants and transfer coefficients of all slow steps
[6,11,12,15,17]. Under these conditions the intermediates could
be additionally stabilized by the electrode kinetics and the form
of response may change with the frequency or scan rate [17]. In
this paper electrode reactions that are influenced by the kinetics
of the first and the second step are analyzed theoretically for the
direct and reverse square wave voltammetry. In the latter tech-
nique the scan starts at the potential at which the reactant is not
stable at the electrode surface [28,29]. The possibility to determine
the second transfer coefficient is investigated.

2. The model

An electrode reaction that occurs through three consecutive
steps is analyzed. It is assumed that the final product is an atom
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that is dissolved into a thin mercury film that covers a stationary
working electrode surface and that only the reactant M>" is initially
present in the solution. Furthermore, we assume that the first two
charge transfers are kinetically controlled while the third one is
fast and reversible. The rates of electron transfers are described
by well established Butler-Volmer equation, assuming that trans-
fer coefficients may vary between 0.25 and 0.75 [1,6,12,15,16].

M e = M* (1)
M* +e” =2 M' (2)
M* + e~ = M°(Hg) 3)

The uniform concentration of atoms in the thin film is assumed. For
the stationary, semi-infinite diffusion of ions, the following system
of differential equations has to be solved:

Acyp /Ot = D(8*Cppi | OXP) (4)
Iy /Ot = D(9*Cppo | OX?) (5)
Acy /Ot = D(8%cyyr /OX?) (6)
t=0,x>0: Cpr =Cpa,Cppr =Cy» =Cp =0 (7)
t>0,x—o00: Cpe — Cpi G — 0,6y — 0 (8)
x=0: D(dcys /9x), o= —I1/FS 9)
D(dcy2: /0X), o = (I — L) /FS (10)
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D(9cy+ /0X)y_o = (I — I3)/FS (11)
o =L /0 t(Ig/FS)dr (12)
I1/FS = —ks1exp(—01. 1) [(Cyp+ )xog — (Cp+ )x_o€XP(91)] (13)
I /FS = —kaexp(—020,) [(Cpp+ )x_g — (Cu+ )u0€XP(P3)] (14)
(Cu+)x=0 = Cuo€XP(P3) (15)
@, = (F/RT)(E - EY) (16)
@, = (F/RT)(E - E}) (17)
@5 = (F/RT)(E - E3) (18)

The meanings of all symbols are reported in Table 1. Differential
Egs. (4)-(6) are solved by Laplace transformations and by the
method of numerical integration proposed by Olmstead and Nichol-
son [30]. The solution is the system of recursive formulae for the
dimensionless current,®; = I;(FSc;;s.) ' (Df)"/?, where i=1, 2 or 3.
The sum, & = @; + &, + @3 is reported as a function of electrode
potential.

P11 = —5/T/2K1eXp(—01 (1 1) {5\/71/2 +Z3} B (19)

m—1
Dim = [*5\/5/2161 exp(—01 @ym) —Z3 ) P1jSmoji1

=

m—1 m-1 m-1
12850050 128 (zq»g_jsm,m fz%)} svazz) " (20)

j=1 j=1 j=1

Dy 1 = K2eXp(— 0Py )2, P14 (21)

m—1
Dym = KZEXP(—OCZ(Pz,m>Z§] <@1‘m + Z¢l,}sm]’+l>
=

m-1 m-1 m-1
- ZGZ¢2JSm—j+1 +2Z7 <Zq)3.j5mj+l - Z‘I’a.]') (22)
j=1 j=1 J=1

Table 1
Meanings of symbols.

o, Oy Transfer coefficients of the first and the second electron
transfer steps

Cpp+ Cp2+ - Cy+» Gy Concentrations of the reactant, intermediates and the

product

Crppe Concentration of the reactant in the bulk of solution

D Common diffusion coefficient

dE Square wave potential increment

E Electrode potential

E9 E9, ES Standard potentials of the first, the second and the third
electron transfer steps

Esw Square wave amplitude

Eg Square wave starting potential

E, Peak potential

F Faraday constant

f Square wave frequency

D Dimensionless current

I, I, I3 Currents of the first, the second and the third electron
transfers

ks, ks Standard rate constants of the first and the second
electron transfers

K2, K1 Dimensionless kinetic parameters of the first and the
second electron transfers

L Mercury film thickness

2 Dimensionless mercury film thickness

R Gas constant

S Electrode surface area

T Temperature

t Time

X Distance perpendicular to the electrode surface

B3q =Dy (1+21)" (23)
m-1 m-1 m-1

P3m = |Pom + Z(Dzjsm—jﬂ - Z‘D3J5m—j+l *le%-j (1+2)"
j=1 j=1 j=1

(24)

Zy = 24/T/200exp( s ,) (25)

Zy = 5\/T/2 + Kaexp(~02y ) |1+ Z1xp(92,) (1 +20) | (26)

Zs = K1eXp(~019, ) [1 + exp(@1,) (1 = 126D (~ %205, ) 23"

Za = Klexp((l - oc1)(plvm) {1 — K2Z;' exp(—02 (0, )
(1+Z1exp(@,,) (1 +2) )] (28)

Zs = k1122eZ; exp (1= 01) @1 exp (1= 92)2 ) (1 4+ 21

(29)
Zs = 132, exp(~9203.) [1 + xp(9,)Z1 (14 Z1) '] (30)
2 = 12exp((1 = 02)0,) 212, (1 + 1) (31)
A=L"/D/f (32)
Ki=ka(Df)"? (i=1,2) (33)
se=VEk—vVk—1 (34)
2<m<M (35)
M = 50(Ey; — Ep)/dE (36)

3. Results and discussion

If all three electron transfers are fast and reversible, the net
response in square wave voltammetry may consist of either one
peak, or two peaks, or three peaks. The single peak appears if
ES —EY>-0.1V and ES — E) > —0.1 V. This means that both inter-
mediates are thermodynamically unstable. In the second case
either the first, or the second intermediate is stable. These
responses occur if —0.2<EJ —E<—-0.1V and —-03<E; - E) <
0V, or ES —E2>-0.1V and E3 — E? < —0.1 V. The last type of vol-
tammogram arise if EJ — ES < —0.2 V and EJ — ES < —0.1 V. The peak
potentials are equal to the standard potentials, except for the third
one that depends on the logarithm of dimensionless mercury film
thickness: E,3 = EJ — 0.040 — (RT/F) In(2) (V). For this reason the
potential of a single peak is also the function of the parameter A:
E, = (E° + E5 + E3)/3 —0.040 — (RT/3F) In(%) (V). All these
responses do not depend on the scan direction and the starting
potential. In this paper it is assumed that standard potentials are
equal: ES = ES = ES.

Fig. 1 shows the voltammogram influenced by the kinetics of the
first electron transfer. For the cathodic scan direction the response
is dominated by the forward, reductive component, while the back-
ward component gradually vanishes. The dependence of net peak
potentials on the logarithm of the first dimensionless kinetic
parameter is shown in Fig. 2A. If log(x) < —2 this relationship is
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Fig. 1. Theoretical square wave voltammogram of electrode reactions (1)-(3). A ) . 0
negative value of the dimensionless net response (—A®)and its forward (&) and Fig. 3. Square wave volgammogram of reactions (1 Hg). K2 =K, Ex=0V vs. Ey,
backward (&) components are shown. B =E=F 2,-05 0,=03, i=3, i/ o =0.3 and k; =5 x 10% All other parameters are as in Fig. 1.

fe1 =100, iy = 0.01, Eqy = 50 mV, dE = -5 mV and Eg. = 0.2 V vs. E.
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Fig. 4. Reverse scan square wave voltammograms of reactions (1)-(3). E? = Eg = Eg s
Fig. 2. Relationships between net peak potentials and the logarithm of the first o1 =0.5,0,=03,4=3,E=50mV,dE=5mV and Es; = —0.4 V vs. E‘l) (A) K2 = K1 and
kinetic parameter. The straight lines are linear approximations. x; = 1y and o, = 0.7 K1=5x 1072, (B) K31 =10 and x; =5 x 1074, The first, the second and the third

(A) and 0.3 (B). All other parameters are as in Fig. 1. peak are marked as 1, 2 and 3.
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linear, with the slope AE,/Alog(x1) = 2.3 RT/o4F. This slope is inde-
pendent of the transfer coefficient of the second electron if k, > ki,
ES > EYandES > EJ. However, if the first intermediate is kineti-
cally stabilized, the response may split into two peaks. An example
is shown in Fig. 3. It corresponds to equal standard rate constants of
the first and the second electron transfers, but the transfer coeffi-
cient of the second electron transfer step is assumed to be smaller
than the transfer coefficient of the first step. Under this condition
both transfer coefficients can be determined from the slopes
AE, 1/Alog(ky) = 2.3 RT|ayF and AEp,/Alog(x,) = 2.3 RT/ooF, as can
be seen in Fig. 2B. The second equation is the consequence of the
fact that in this figure r, = ;. Considering the definitions of kinetic
parameters, these equations indicate the relationships between
peak potentials and square wave frequency: AE,;/Alog(f)=—2.3
RT[204F and AE,>[Alog(f) = —2.3 RT[20,F.

If the reverse scan is applied, the response may split into two or
three peaks. This is shown in Fig. 4. The first peak originates from
the reversible oxidation of amalgam into M* intermediate. This is
indicated by well developed backward, reductive component of
this peak. The other two oxidations appear totally irreversible.
Fig. 5 shows the relationships between peak potentials and the log-
arithm of the first kinetic parameter for the case of equal kinetic
parameters. This figure corresponds to voltammograms that con-
sist of only two peaks, as the one in Fig. 4A. The first peak potential
is independent of the kinetic parameter because it is assumed that
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Fig. 5. Dependence of peak potentials on the logarithm of the first kinetic
parameter; K, = k7 and o, = 0.3 (A) and 0.7 (B). All other parameters are as in Fig. 4.

this electron transfer is fast and reversible. Within the range
—1<log(k1) <1 this peak corresponds to quasireversible transfer
of all three electrons. If log(x) < —1.5 the second peak appears.
Its potential is linear function of log(x). In Fig. 5A the slope of this
straight line is AE, »/Alog(ic1) = —2.3 RT/(1 — o4 )F and in Fig. 5B the
slope is AEp;/Alog(k,)=—2.3 RT/(1 — a,)F. This is because in the
first case o > o3 and in the second one o, > o;. The slope depends
on the slower oxidation and for «, = k7 the third oxidation is the
rate determining step if 1 — «; <1 — . The consequence is that
from this type of response one cannot know which transfer coeffi-
cient, o or aj, is determined. Reverse scan voltammograms with
two peaks also appear if x,/x; =100 and in this case the slope
AE,»/Alog(k1) = —2.3 RT/(1 — oy )F is independent of o, because
the range of frequency is limited and the second kinetic parameter
is varied only within the quasireversible range. This means that by
the application of anodic scan direction the transfer coefficient o,
of the first electron transfer is the most probably determined, as
in the case of cathodic scan direction.

Voltammograms with three peaks are special case, which
enables the determination of both transfer coefficients. They
appear if x,/k; =10 and o, < o;. Fig. 6A shows linear dependence
of potentials of the second and the third peak on the logarithm
of the first kinetic parameter. Note that log(x,) =1 +log(x). The
slopes of these relationships are AE,,/Alog(k,)=-2.3 RT/
(] — OCz)F and AEp’g/AIOg(K])= -2.3 RT/(] — Oﬁ)F. If oy >0 and
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Fig. 6. Dependence of peak potentials on the logarithm of the first kinetic
parameter. (A) ES =E) =Ej, Eq=-04V vs. E) and r,/i;=10. (B) ES =EJ,
E)—E9=-02V, Ex=-02V vs. E) and K, = ;. Two asymptotes of the second
peak are marked as 2 and 3. All other parameters are as in Fig. 4.
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the other parameters are the same, the second and the third peaks
merge into a single peak. Another special type of response is shown
in Fig. 6B. It should be compared with Fig. 5A. The difference is in
standard potentials that make intermediates thermodynamically
less stable. In this case the second and third peaks are not sepa-
rated, but the dependence of the second peak potential on log(r;)
is not linear. Instead, it exhibits two asymptotes with the slopes
AE,»/Alog(k,) = —2.3 RT/(1 — a2)F and AEp;/Alog(kq)=—2.3 RT/
(1 — o1)F. They are marked as 2 and 3 in Fig. 6B.

4. Conclusions

Square wave voltammetry can be used for the determination of
transfer coefficients of the three step electrode reaction in which
the first and second electron transfers are kinetically controlled
and the intermediates are thermodynamically unstable. Generally,
the relationship between peak potential and the logarithm of fre-
quency depends on the first charge transfer, but in some special
cases the responses split into two peaks and the second transfer
coefficient can be determined as well. The condition is that the sec-
ond coefficient is smaller than the first one.
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