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Abstract. An influence of electron transfer kinetics on square-wave voltammograms of two-step electrode
reaction is investigated theoretically. A phenomenon of “kinetic burden” of potential inversion is described for the case of equal kinetic parameters. A linear relationship between standard rate constant and
the difference between standard potentials of the second and the first charge transfers is demonstrated for
the reactions with thermodynamically unstable intermediate. (doi: 10.5562/cca2126)
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INTRODUCTION
A voltammogram of reversible electrode reaction consisting of two electron transfers depends on the stability of intermediate.1–6 For electroreduction two peaks
appear if the standard potential of the second electron
transfer is more than hundred millivolts lower than the
standard potential of the first electron transfer.7–10
Otherwise the response is a single peak.11–14 In electrochemistry of aromatic hydrocarbons the intermediate is
usually stable,15 but generally the potential inversion is
also possible.16 Thermodynamically unstable intermediate can be kinetically stabilized if the second charge
transfer is slow.17 Furthermore, the intermediate can be
stabilized by the adsorption to the electrode surface,18
or by the complexation.19 If both electron transfers are
kinetically controlled, the electrode reaction appears
slower if the intermediate is less stable. This phenomenon has been termed the “kinetic burden” of potential
inversion.20 It is caused by the fact that the rate of
electrode reaction is proportional to the concentration
of intermediate. The latter is smaller if the potential
inversion is higher. In this paper the manifestation of
“kinetic burden” in square-wave voltammetry (SWV)
is described.
THE MODEL
An electrode reaction that occurs through two consecutive steps is analyzed:
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For the stationary, planar, semi-infinite diffusion, the
following system of differential equations has to be
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Table 1. Meanings of symbols
α1, α2
cOx, cInt, cRed
cOx*
D
dE
E
E10 , E20
Esw
Est
Ep
Ep,f, Ep,b
F
f
Φ
ΔΦp
I
ΔI
If, Ib
ΔIp
ks1, ks2
λ1, λ2
R
S
t
x

The transfer coefficients of the first and the second electron transfer steps
The concentrations of the reactant, intermediate and the product
The concentration of the reactant in the bulk of solution
The common diffusion coefficient
The square-wave potential increment
The electrode potential
The standard potentials of the first and the second electron transfer steps
The square-wave amplitude
The square-wave starting potential
The peak potential
The peak potentials of the forward and backward components
The Faraday constant
The square-wave frequency
The dimensionless current
The dimensionless net peak current
The current
The net square-wave voltammetric response
The forward and backward currents
The net peak current
The standard rate constants of the first and the second electron transfer steps
The dimensionless kinetic parameters of the first and the second electrons
The gas constant
The electrode surface area
The time
The distance perpendicular to the electrode surface
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The meanings of all symbols are reported in the Table 1.
Differential equations (3)–(5) are solved by Laplace
transformations and by the method of numerical integration proposed by Olmstead and Nicholson.21 The solution is the system of recursive formulae
for the dimen1
1/ 2
*
sionless current i  I i  FScOx
Df
   , where i = 1
or 2. The sum   1  2 is reported as a function of
electrode potential.
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Table 2. The SWV dimensionless net peak currents and peak potentials of fast and reversible two-step electrode reactions for ESW
= 50 mV and dE = −5 mV

E20  E10
V

Est  E10
V

 p ,1

0.200
0.100
0.050
0.000
−0.050
−0.100
−0.111
−0.120
−0.130
−0.150
−0.175
−0.200

0.400
0.350
0.350
0.300
0.300
0.250
0.250
0.250
0.250
0.250
0.250
0.250

1.9063
1.8752
1.8184
1.6835
1.4073
0.9819
0.8805
0.8316
0.8022
0.7734
0.7596
0.7549





E p ,1  E10
V
0.100
0.050
0.025
0.000
−0.025
−0.050
−0.035
−0.015
−0.010
−0.005
0.000
0.000

 p ,2

E p ,2  E10
V
−0.080
−0.105
−0.120
−0.145
−0.175
−0.200

0.8834
0.8349
0.8049
0.7751
0.7609
0.7558

Emin  E10
V
−0.055
−0.060
−0.065
−0.075
−0.090
−0.100

  1  exp  φ1, m  5 π  λ2 2exp  α2 φ2, m  

Vm  
  λ 2 1  exp  φ  exp  1  α  φ  
1, m
2
2, m
 2


The voltammograms of kinetically controlled electrode reactions are generally smaller than the responses
on the dimensionless
(19) of reversible reactions and depend
1/ 2
λ

k
Df
, where i = 1 or 2.17
kinetic
parameters


i
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1
5 π  λ2 2exp  α2 φ2, m  1  exp  φ2, m   exp  φ1, m 
Figure 1 shows SWV responses of two quasireversible


two-step electrode reactions, which have equal kinetic
parameters but different standard potentials of the se1
Wm  5 π 5 π  λ2 2exp  α2 φ2, m  1  exp  φ2, m   (20) cond electron transfer. If E20  E10 , the net peak current


equals 1.621 and the peak potential is −0.005 V vs. E10 .
These values are similar to those reported in Table 2, for
λi  ks ,i ( Df ) 1/ 2 (i  1, 2)
(21)
reversible electrode reaction. The extremes of components are the following: Φp,f = −1.0464, Ep,f  E10 =
0.005 V, Φp,b = 0.5837 and Ep,b  E10 = −0.010 V.
sk  k  k  1
(22)
However, if E20  E10 = 0.4 V and the kinetic parameters
are the same, the net peak current decreases to 0.4405
1 m  M
(23)
and the peak potential is 0.130 V vs. E10 , which is 70
mV lower than the medium potential  E10  E20  / 2.
M  50  Estart  Efinal  / dE
(24)
Furthermore, the components are also diminished:
Φp,f = −0.5038, Ep,f  E10 = 0.115 V, Φp,b = 0.0251 and
Ep,b  E10 = 0.205 V. All these are characteristics of the
response of irreversible electrode reaction.22 Hence,
RESULTS AND DISCUSSION
Figure 1 is an example of “kinetic burden” of potential
inversion in SWV.
Square-wave voltammogram of fast and reversible twoUnder equilibrium conditions, the stability of instep electrode reaction depends on standard potentials of
termediate
is the best estimated at the medium potential:17
individual electron transfers and on the parameters of












SWV excitation signal. If E20  E10  0.110 V, the response is a single peak appearing at the medium potential  E10  E20  / 2. Dimensionless
net peak currents
1
*
Φ p  ΔI p  FScOx
  Df 1/ 2 are reported in Table
2, for ESW = 50 mV and dE = –5 mV. They are diminished proportionally to the decreasing of the difference
E20  E10 . The voltammograms are split into two peaks if
E20  E10  0.111 V. The potential of minimum between
two maxima of the split response is equal to the medium
potential. The potentials of two peaks are equal to the
corresponding standard potentials if E20  E10 < −0.150 V.





cInt,eq, E  ctot 1  2exp F  E20  E10  / 2RT 



1

(25)

In this equation ܿ௧௧ is the sum of concentrations
of the reactant, intermediate and product. If E20  E10 ,
cInt,eq , E ctot = 0.333 and if E20  E10 = 0.4 V, cInt,eq , E ctot
= 2.08 × 10−4. So, the stability of intermediate decreases
1600 times if the difference E20  E10 increases from
zero to 0.4 V. This is one of reasons for the difference
between the voltammograms in Figures 1A and 1B.
Croat. Chem. Acta 85 (2012) 569.
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Figure 1. Theoretical square-wave voltammograms of two-step electrode reaction (1) and (2); λ1 = 3, λ2 = 3, α1 = 0.5, α2 = 0.5,
ESW = 50 mV, dE = −5 mV and ( E20  E10 ) / V = 0 (A) and 0.4 (B). A dimensionless net current (  ) and its forward (Φf) and
backward (Φb) components are shown.

The dependences of net peak currents and peak
potentials on the logarithm of kinetic parameter λ1 are
shown in Figures 2 and 3, for E20  E10 and E20  E10 =
0.4 V, respectively. They are characterized by two critical parameters  λ1 1/ 2 and  λ1 cross which depend on the
difference E20  E10 . All peak currents depend on log λ1
sigmoidally. In Figure 2 the net peak current reaches the
half of limiting value for log  λ1 1/ 2 = −0.27, which is
marked by the small vertical line above the abscissa. In
the same figure the net peak potentials and the peak
potentials of forward component depend linearly on
log λ1 , with the common slope Ep,f /  log λ1 = 0.118 V.
The peak potentials of backward component are also
linear function of log λ1 , with the slope −0.107 V. These
relationships are approximated by the straight lines 1
and 2. The intersection of these lines is defined by
log  λ1 cross = −0.519, which is also marked. For some

quasireversible reactions, these critical parameters can
be measured by the variation of frequency. Considering
that α1 = 0.5 and α2 = 0.5, Figure 2B shows that for
equal kinetic parameters ( λ1  λ2 ) the slope Ep,f /
 log f = 2.3 RT / 2αF suggests that a single electron
is transferred. This confirms earlier findings that the
response of some two-step electrode reactions may
resemble the response of one-electron reaction.3,8,11 This
phenomenon is a consequence of equal kinetic parameters λ1 and λ2 , and not of equal standard potentials E10
and E20 , which can be concluded from the fact that for
ܧଶ െ ܧଵ = 0.4 V the slope of the straight line 1 is also
0.118 V (see Figure 3B). Moreover, this slope is independent of standard potentials within the interval -0.2 
( E20  E10 ) / V ≤ 0.6. It is different with the slope Ep,b
/  log λ1 which is equal to –0.029 V in Figure 3B and
−0.030 ± 0.005 V within the interval 0.2  ( E20  E10 ) /

Figure 2. Dependence of dimensionless net peak current and peak currents of forward and backward components (A) and net
peak potential and the potentials of extremes of components (B) on the logarithm of kinetic parameter λ1 . E20  E10 , λ2  λ1 and
all other parameters are as in Figure 1. The straight lines 1 and 2 are linear approximations.
Croat. Chem. Acta 85 (2012) 569.
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Figure 3. Dependence of dimensionless net peak current and peak currents of forward and backward components (A) and net
peak potential and the potentials of extremes of components (B) on the logarithm of kinetic parameter λ1 . E20  E10 = 0.4 V,
λ2  λ1 and all other parameters are as in Figure 1.

V ≤ 0.6. For the difference E20  E10 = 0.4 V the critical
parameters are bigger than in Figure 2: log  λ1 1/ 2 = 1.30
and log  λ1 cross = 1.06. The dependence of these critical
parameters on the difference between standard potentials is shown in Figure 4. These functions are defined
as in Figures 2 and 3. For E20  E10 > 0 these relationships can be approximated by the following equations:
log  λ1 1/ 2 = 4.28 × ( E20  E10 ) – 0.45 and log  λ1 cross =
4.15 × ( E20  E10 ) – 0.62. Physical meaning of these
equations is that it is not possible to determine the
standard rate constants of two-step electrode reaction
with unstable intermediate by the variation of squarewave frequency. However, they show the relationship
between the rate constant, the difference E20  E10 and
the critical frequency. If it is possible to measure linear
relationships between Ep,f , Ep,b and the logarithm of
frequency, one can determine the logarithm of critical

frequency log f cross at which these lines intersect. This
frequency is related to the standard rate constant as
follows:

1
1
logks,1  log  fcross   4.15  E20  E10   0.62  logD (26)
2
2
Equation (26) applies under the conditions used in
this work, namely that both electron transfers are equally fast ( λ2  λ1 ), that α1  α2 = 0.5 and that ESW = 50
mV and dE = −5 mV. The first condition is most probably fulfilled if a single SWV net peak appears at all
frequencies. This is because the SWV response of electrode reactions with thermodynamically unstable intermediate may split into two peaks at highest frequencies
if the second electron transfer is much slower than the
first one.17 If the first charge transfer is slower than the

Figure 4. Dependence of critical parameters determining the half-height of net peak currents (A) and the intercept of linear dependences of E p , f and E p ,b on log λ1 (B) on the difference between standard potentials of the second and the first charge transfers. All parameters are as in Figure 1.

Croat. Chem. Acta 85 (2012) 569.

574

M. Lovrić and Š. Komorsky-Lovrić, Theory of Square-wave Voltammetry

Figure 5. Theoretical square-wave voltammograms of two-step electrode reaction (1) and (2); λ1 = λ2 = 0.2, ( E20  E10 ) / V =
−0.1 (A) and −0.2 (B) and all other parameters are as in Figure 1.

second one, the response may also split in two peaks
because of the influence of the backward component.23
Figure 4 shows that critical parameters of two-step
electrode reaction with stable intermediate deviate from
eq. (26). This is because of the separation of steps, as
can be seen in Figures 5 and 6. In the first phase of this
process, for E20  E10 = −0.1 V, the backward component of the first electron transfer is separated from the
forward component of the second charge transfer (see
Figure 5A). The net response is a single peak appearing
at the potential which is close to the potential of minimum of forward component. Minimum separation between peak potentials of components is Ep,b,1  Ep,f,2 =
55 mV. This is shown in Figure 6A. Note that in Figure
2B this separation is only 5 mV. The slope of line 2 in
Figure 6A is −0.113 V. If E20  E10 = −0.2 V the two
steps are fully separated and the response consists of
two peaks (see Figure 5B). The relationships between
all peak potentials and the logarithm of kinetic parame-

ter λ1 are shown in Figure 6B. As λ2  λ1 and α2  α1 ,
the straight lines 1 and 3 are parallel. The slope of the
line 2 is −0.126 V. This figure shows that the influence
of kinetics on two separated steps of electrode reaction
with stable intermediate can be analyzed independently.
The transfer coefficients α1 and α2 can be determined
from the dependence of the first and the second net peak
potentials on the logarithm of frequency, and the standard rate constant of the first electron transfer can be
estimated from the critical kinetic parameter:
1
1
logk s ,1  logf cross  0.66  logD, which applies for the
2
2
conditions reported in Figure 6.
CONCLUSIONS

In this paper we described square-wave voltammograms
of a particular type of two-step electrode reactions in
which the charge transfers were equally fast and sym-

Figure 6. Dependence of net peak potential and the potentials of extremes of components on the logarithm of kinetic parameter
λ1 . ( E20  E10 ) / V = −0.1 (A) and −0.2 (B), λ2  λ1 and all other parameters are as in Figure 1.
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metrical. The apparent stability of intermediate of such
reactions can not be changed by the variation of frequency. In the case of unstable intermediate, the apparent reversibility of electrode reaction depends on the
difference between standard potentials of the second
and the first charge transfers. This means that the critical kinetic parameters, which determine ideal transitions
from reversible to irreversible reactions, depend on the
difference E20 − E10 . The consequence is that the standard rate constants can not be estimated by the variation
of frequency. However, our calculation shows that there
is a linear relationship between the logarithm of standard rate constant and the difference in standard potentials, which is defined by equation (26).
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