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Abstract: Two electrode reactions that are coupled by a chemical reaction are
called an ECE mechanism. The model of this mechanism having unstable
intermediate is developed for staircase voltammetry on the rotating disk
electrode. It is assumed that both electrode reactions are fast and reversible and
that the chemical reaction may appear being of the second order and reversible.
The influence of the concentration of electro-inactive component of the chemical
reaction is investigated and the conditions under which the reaction turns into
the first order one and becomes totally irreversible are reported.

Keywords: an ECE mechanism; steady-state response; logarithmic analysis;
kinetic currents.

INTRODUCTION

Electrochemical reactions of p-nitrosophenol,'? adriamycin,® benzenesulfonyl
fluoride,*>  hexacyanochromate(III),*  tocopherol,” methylcatechol®® and
dopamine'® consist of two electron transfers that are coupled by a chemical
reaction between the product of the first electrode reaction and the reactant of the
second one.'""* The acronym of this mechanism is ECE and its theory is developed
for both polarography'*!® and voltammetry?*?’ on either expanding or stationary
planar and spherical electrodes. Depending on the difference between standard
potentials of two electrode reactions, the response of ECE mechanism may consist
of either two waves or a single wave.?® This mechanism can be considered as a
special case of multiple electron transfer reactions with coupled chemical
processes that are described by the extended schemes of squares.?? 2 Under
steady state conditions on rotating disk electrodes the kinetics of chemical
reaction in the ECE mechanism can be measured.**>” In this paper the
theory of ECE is extended to the general case of unstable intermediate in
cyclic staircase voltammetry on the rotating disk electrode.
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MODEL

It is assumed that an electrolytic solution contains dissolved reactant of the first electrode
reaction and an electro-inactive substance Y that cannot react with the mentioned reactant. The
first electron transfer is fast and reversible electro-oxidation. Its product cannot participate in
the second electron transfer, but it can react with the substance Y to produce a new electroactive
compound G that can be oxidized to the final product H. Standard potentials of the first and the
second electrode reactions are equal, or the one of the second reaction is lower. Hence, the
second reactant G is oxidized at the same potentials as the initial reactant A. Both chemical
reaction and the second electrode reaction are reversible in the chemical and electrochemical
senses, respectively. This mechanism can be represented by the following chemical equations:

Ao B+e (1)
B+Y<~G 2)
GoH+e 3)

On the rotating disk electrode the mass transfer and currents are defined by the following
system of differential equations and the initial and boundary conditions:
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The meanings of all symbols are reported in Table 1.



TABLE 1. The meanings of symbols.
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symbol

meaning

Cz
Cy, Cy
D
)
AE
At
Ax
E
E9 E?
F
L, 1,
v
kf' kb
K

N K B S

Concentration of species Z
Bulk concentrations of species A and Y
Diffusion coefficient
Diffusion layer thickness
Potential increment
Time increment
Space increment
Potential
Standard potentials
Faraday constant
Currents
Kinematic viscosity
Rate constants of chemical reaction
Equilibrium constant of chemical reaction
Rotation rate
Gas constant
Electrode surface area
Time
Temperature
Step duration
Flow rate of solution

Equations (4) — (8) were solved by the finite difference method.*® The current was
calculated for the staircase cyclic voltammetry. The dimensionless current is defined by the

following equations:

& = (I; + I,)84 /FSc;D
8ss = 1.61 D/3y1/6¢y=1/2

The following parameters were not changed: D = 10 cm?/s, v = 10 cm?/s, At = 107 s,

DAt/Ax*= 0.2, AE = 1 mV and 7 = 10 ms.
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Fig. 1 Dimensionless cyclic staircase voltammograms of the ECE mechanism on the rotating
disk electrode. EY = E?, D =107 cm%s, v = 10 cm%s, At = 10°s, AE = 1 mV, T = 10 ms,
w = 4mrad/s, ks = 10°s™, Kc; =1 (A) and 10° (B) and ¢y/c; = 0 (1) and 1 (2).
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RESULTS AND DISCUSSION

An ECE mechanism can be recognized by performing the electrochemical
experiments in the absence and the presence of the electro-inactive compound Y
if it is possible. An imaginary response is presented in Fig. 1 for reversible and
irreversible chemical reactions. It is also assumed that the standard potentials of
the first and the second electrode reactions are equal and that both reactions are
electrochemically reversible as well as that the rotation rate of disk electrode is
rather low. In the absence of Y the voltammogram is characterised by the limiting
current that is determined by the single electron transfer and the concentration of
the initial reactant A (see eq. 20). Dimensionless peak currents (®pox = 1.29 and
D, red = -0.29) appear at 0.039 V and -0.039 V vs. EL, respectively. If the bulk
concentrations of A and Y are equal, the dimensionless limiting current increases
to 1.74, which can be explained by the increasing number of exchanged electrons,
and the peak currents depend on the dimensionless equilibrium constant Kc,. The
chemical reaction is reversible if Kc; = | and irreversible if Kc; = 10°. In the first
case the peak currents of the oxidation and reduction are equal to 2.28 and -0.49,
respectively, and the peak potentials are 0.048 V and -0.042 V vs. E?. The rate of
chemical reaction depends on the product kgc, and the value assumed in Fig. 1
corresponds to rather fast reaction that can transform the second reactant G into
the first product B in the reverse branch of the voltammogram. This is the origin
of the reduction peak at -0.042 V. However, if Kc; = 10° the backward rate
constant of chemical reaction is very small and the second voltammogram in Fig.
1B exhibits the oxidation peak at 0.031 V, but no reduction peak in the reverse
branch. This form of the response is the indication of irreversible chemical reaction
in the ECE mechanism.

Figure 2 shows the voltammograms influenced by the decreasing
stability of the intermediate G. If EY — E? = -0.1 V the second reactant G
is.oxidized at the electrode surface as soon as it is produced by the chemical
reaction and the response exhibits some characteristics of the concerted
transfer of two electrons. Comparing to the curve 1, the oxidative maximum
1s higher and the reductive minimum is deeper, while the peak separation
decreases from 90 mV to 67 mV and the median of peak potentials of curve
2 is -0.043 V vs. E?, which is close to (E? + E2)/2 that is predicted for
infinitely fast chemical reaction.>® However the further decreasing of the
difference EY — EY causes the diminishing of the reductive peak in the
reverse branch of the voltammograms. Although the medians of peak
potentials of curves 3 and 4 are -0.083 V and -0.130 V, the peak separation
increases to 126 mV and 220 mV, respectively. This is caused by the
diffusion of the final product during the reverse scan, as can be seen in Fig.
3. Depending on the second standard potential, the peak potential of
reduction of H is lower than -0.042 V and more time is needed to reach it.
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During this time the concentration of H near the electrode surface .is
diminished and lower current is obtained by its reduction. This is another
reason that the ECE may appear irreversible.

02 03

Fig. 2 Dependence of the ECE response on the second standard potential. Kc; = 1, ¢y = ¢}
and E — EY / V=0 (1),<0.1.(2), -0.2 (3) and -0.3 (4). All other parameters are as in Fig. 1.
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Fig. 3 Dimensionless concentrations of the final product H (1) and the second reactant G (2)
during the reverse scan in cyclic voltammetry at -0.076 V (A) and -0.239 V (B). Ey — E? / V
=-0.1 (A) and -0.3 (B). All other parameters are as in Fig. 2.
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Fig. 4 Influence of the electrode rotation rate on the ECE responses. EY = E? and w /rad s =
4m (1) and 407 (2). All other parameters are as in Fig. 2.

Under the influence of increasing rotation rate, the maximum and minimum
of the voltammogram of ECE mechanism gradually vanish and the response
acquires the form of polarographic wave. This is shown in Fig. 4. The half-wave
potential of the oxidative branch of polarogram is -0.003 V vs. E{ and the one of
the reductive, reverse branch is 0.003 V. This difference appears because the
calculated response corresponds to the near steady-state conditions. At lower scan
rates two branches are overlapped and Ej/, — EY? =0 V for equal diffusion
coefficients. The limiting current of polarogram is lower than the limiting current
of voltammogram because the reactants spend more time near the electrode surface
if the rotation rate is lower. Hence, the chemical reaction appears faster at lower
rotation rate.
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Fig. 5 Influence of the second standard potential on the logarithmic analyses of the ECE
responses at high rotation rate. Kc; = 1 (A) and 10° (B), w = 40w rad/s and EY —EY / V=0
(1),-0.1(2),-0.2 (3) and -0.3 (4). All other parameters are as in Fig. 2.

Figure 5 describes logarithmic analyses of oxidative branches of steady state
voltammograms that correspond to various standard potentials of the second
electrode reaction. If EY = E? and chemical reaction is reversible this function is
a straight line with the slope of the inverse function A(E — EY)/Alog(®/(Prim-P))
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=0.062 V and E; /, — E? =-0.003 V. So, two parallel single electron transfers
appear as a simple one electron wave. If EY — EQ = -0.1 V this analysis is a ctirve
with two parallel asymptotes and a steeper middle part. The inverse slope-in the
middle is 0.044 V and the one of asymptotes is 0.062 V. This is in agreement with
the theory of a simple EE mechanism with unstable intermediate.*® The half-wave
potential is -0.041 V, which is close to the median of peak potentials of curve 2 in
Fig. 2. The half-wave potentials of curves 3 and 4 in Fig. 5SA-are -0.054 V and -
0.055 V, respectively. This is similar to the potentials of maxima of curves 3 and
4 in Fig. 2 which are -0.020 V and -0.019 V, respectively. This shows that the
oxidation of the second reactant G can start only after the first reactant A is
oxidized, regardless of the standard potential of the second electrode reaction.

Logarithmic analyses of the ECE waves that are influenced by irreversible
chemical reaction are shown in Fig. 5B. If both standard potentials are equal, the
slope in the middle is lower than the slopes of asymptotes and the half-wave
potential is -0.030 V vs. E{. The chemical reaction is consuming the first product
B and the whole ECE response appears at lower potential. Also, a small separation
of two electron transfers can be noted. If EY — EQ = -0.1 V the logarithmic
analysis acquires a regular form and the half-wave potential is -0.060 V. This is
because the mechanism becomes irreversible.
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Fig. 6 Relationship between limiting currents of the ECE responses and the logarithm of the
product kecy. EY = EY, Kc; =1, w =40m rad/s and ¢; = ¢; (1) and kyc; = 1 s (2). All other
parameters are as in Fig. 1.



LOVRIC

1.5

0.5

-0.2 -0.1 0 0.1 0.2 0.3
[, |

Fig. 7 Polarograms of the ECE mechanism; ky¢;/s' =0 (1), 6x10* (2) and 1 (3) and ¢y/c; = 0
(1), 1 (2) and 5x10* (3). All other parameters are as in Fig. 6.
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Fig. 8 Half-wave potentials of the ECE mechanism with reversible chemical reaction; ¢y = ¢
(1) and kgcy = 157 (2). The straight line is defined by eq. (22). All other parameters are as in
Fig. 6.

Figure 6 shows the dependence of dimensionless limiting currents of the
waves on the logarithm of the product of the forward rate constant and the bulk
concentration of the compound Y. This product can be achieved either by the
variation of the product krcy, keeping the ratio cy/cy = 1, or by the variation of
the ratio cy/c;, keeping the product krcy = 1 s'. Note that log(krcy) = log(krcy)
+ log(cy/cy). The results of these two procedures are not equal because of the
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diffusion of Y. Experimentally, these procedures can be performed if the
concentrations of A and Y can be changed freely and independently. If the bulk
concentration of Y is fixed, then the product k¢ cy is also fixed and the kinetics of
the ECE mechanism can be changed only by the variation of the rotation rate of
electrode. In this paper it is assumed that the concentration of Y can be changed.
The basic difference between compounds A and Y is that the currents of both
electrode reactions depend on the concentration of the first reactant A, but not on
the concentration of compound Y. The latter is determining the forward rate of
chemical reaction only. If the ratio cy/c, is low, the chemical reaction consumes
Y regardless of the bulk concentration of A. The higher is c,, the higher are
currents and more Y is consumed. The change of Y concentration can be neglected
only if the ratio cy/c, is very high. Fig. 6 shows that for cy = c; the variation of
reactant A concentration causes the increasing of limiting current to @i, = 1.50 if
kgcy =50 s and that this current increases to 1.86 if krcy = 6x10*s™'. For krc; =
1's™! the variation of Y concentration results in ®im = 1.52 if krcy = 20s™ and ®iin
=1.98 if krcy = 5x10* 5. Fig. 7 shows that the ratio of concentrations of Y and
A influences the form of the ECE responses. The corresponding half-wave
potentials are shown in Fig. 8. If cy = c; the wave looks like a single electron
polarogram and its Ey; changes from -4 to -1 mV. If cy/c; = 5x10* and kgcy = 1
s'!, the response consists of two poorly separated waves and the half-wave potential
is -0.054 V vs. EY - Within the interval 1 < log( kscy) < 3 there is a linear
relationship:

Eyj — EY = -0.016 x log(kscy) +0.012 V (22)

The bulk concentration of Y influences only the forward rate of chemical
reaction, making the latter irreversible. This could mean that the responses
corresponding to high values of dimensionless equilibrium constant do not depend
on the concentration of the compound Y. Figure 9 shows that this hypothesis is not
true. The limiting currents marked by 1 in Fig. 9A
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Fig. 9 Dependence of limiting currents (A) and half-wave potentials (B) of the ECE responses
on the logarithm of the product krcy. Kc; = 10% and ¢y = ¢; (1) and kecy = 157 (2). The
straight lines 1 and 2 are defined by eq. (23) and (22) respectively. All other parameters are as
in Fig. 6.

were calculated by the variation of the product kc; assuming that Kc; = 10° and
cy/cy = 1. The same results were obtained for Kc; = 104, which means that the
responses in Fig. 9 correspond to totally irreversible chemical reaction. These
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kinetic currents are characterized by ®im = 1.56 if krcy = 50 s and ®iim = 1.95.if
kecy = 5x10* 5. These values are higher than those shown by curve 1 in Fig. 6,
but they are lower than the limiting currents calculated by the variation of cy/c,
ratio keeping krc; = 157 and Kc; = 10°. These currents are shown by curve 2 in
Fig. 9A. They are marked by ®iim = 1.52if krcy = 205" and ®jin = 1.97 if kpey =
10* s, These values are identical to the curve 2 in Fig. 6. So, again, one can
conclude that the effect of chemical reaction is the highest if the. diffusion of
compound Y can be neglected and the chemical reaction is totally irreversible. In
the simulation these conditions can be fulfilled if ¢y = ¢y and kj;, = 0. The results
of such simulation are reported in Table 2 and compared with the curve 2 in Fig.
9A. One can see a small difference within the interval 1 < kscy < 100. This means
that the assumption ¢y = cy is justified if cy/c; > 100. The half-wave potentials of
irreversible ECE mechanisms are shown in Fig. 9B. They can be approximated by
straight lines in the interval 1 <log(kscy) < 3. The line 1 in Fig. 9B is defined by
the following equation:

Eij — EY =-0.012 x log(kscy) +0.005 V (23)
The line 2 in this figure is defined by eq. (22).

TABLE 2. Limiting currents of the ECE waves influenced by the first order and the second
order chemical reactions.

Log(krcy) Piim (cy = cy) @iim (Fig. 9A)

0 1.068 1.064
0.3 1.126 1.120
0.48 1.175 1.168
0.7 1.255 1.247

1 1.388 1.381
1.3 1.527 1.523
1.48 1.602 1.599
1.7 1.684 1.682

2 1.771 1.771

CONCLUSIONS

The ECE mechanism consisting of two electrochemically reversible electrode
reactions that are connected by a chemical reaction of the primary product B and
the compound Y depends on the stability of the intermediate G. If two waves
appear, the limiting current of the second one depends on the kinetics of chemical
reaction and the rate constant can be estimated under certain conditions.’ In this
paper two electro-oxidations with equal standard potentials are investigated. It is
shown that the response is a single wave and that the limiting current depends on
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the kinetics of chemical reaction and its stability constant. The mechanism appears
irreversible if the second standard potential is lower than the first one, then if the
stability constant is high and if the concentration of the compound Y is-much
higher than the concentration of the initial reactant. The second order reaction
depends on the diffusion of Y, but this can be neglected at very high concentrations
and the reaction becomes of the first order and totally irreversible. Under these
conditions the mechanism is independent of the stability constant.

Dedication: Dedicated to the memory of Dr. Sebojka Komorsky-Lovrié.

H3BOJ

MOJEJTOBAIGE BOJITAMETPHIE CA TTIPABOYTAOHUM TAJTACUMA 3A
OBOEJIEKTPOHCKY U3MEHY CITPETHYTY CA XEMHWJCKOM PEAKLITMJOM HA
POTHUPAJYROJ JUCK EJIEKTPOIU

MILIVOJ LOVRIC
Divkoviceva13, Zagreb 10090, Croatia

EnexTpoxeMHjcka peakudja JBOENEKTPOHCKE U3MEHe CITPErHyTa Ca XeMHjCKOM PeaKIijoM
ce HasvBa EXE mMexanusam. Y pafly je pasBujeH Mojiesl BOJITaMeTpHje ca IpaBOyraOHUM Tajlacuma
Ha poTtupajyhoj IMCK eneKkTPOOH 3a OBakaB MeXaHM3aM KOju YKbydyje HecTaduaaH
uHTepMenujap. IIpeTrnocTaBbeHO je 1a Cy 0da eeKTpoxeMujcka CTyTba Op3a U peBep3uduinHa u
Ia je XeMHjCKU CTymalk peBep3udWIHA peakidja Apyror pena. HcnutuBaH je yTHLAj
KOHIIEHTpalllje eTeKTPOXEeMHjCKH HeaKTHUBHEe KOMIIOHEHTEe Y XeMHjCKOM CTYIbY M ofnpeheHH cy
YCJI0BY NOJ, KOjUMa Taj CTyNakk 110CTaje UpeBep3udUiIaH U MPBOT pefa.

(IIpumssero 23. HoBemOpa 2023; pesuaupaHo 12. janyapa 2024; mpuxsaheHo 1. mapra 2024.)
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