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Theoretical Aspects of a Surface Electrode Reaction
Coupled with Preceding and Regenerative Chemical Steps:
Square-wave Voltammetry of a Surface CEC’ Mechanism
Pavlinka Kokoskarova[a] and Rubin Gulaboski*[a]

Abstract: Large number of lipophilic substances, whose
electrochemical transformation takes place from adsorbed
state, belong to the class of so-called “surface-redox
reactions”. Of these, especially important are the enzy-
matic redox reactions. With the technique named “pro-
tein-film voltammetry” we can get insight into the
chemical features of many lipophilic redox enzymes.
Electrochemical processes of many redox adsorbates,
occurring at a surface of working electrode, are very often
coupled with chemical reactions. In this work, we focus on
the application of square-wave voltammetry (SWV) to
study the theoretical features of a surface electrode
reaction coupled with two chemical steps. The starting
electroactive form Ox(ads) in this mechanism gets initially
generated via preceding chemical reaction. After under-
going redox transformation at the working electrode,
Ox(ads) species got additionally regenerated via chemical
reaction of electrochemically generated product Red(ads)

with a given substrate Y. The theory of this so-called
surface CEC’ mechanism is presented for the first time
under conditions of square-wave voltammetry. While we
present plenty of calculated voltammograms of this
complex electrode mechanism, we focus on the effect of
rate of regenerative (catalytic) step to simulated voltam-
mograms. We consider both, electrochemical reactions
featuring moderate and fast electron transfer. The
obtained voltammetric patterns are very specific, having
sometime hybrid-like features of voltammograms as
typical for CE, EC and EC’ mechanisms. We give
diagnostic criteria to recognize this complex mechanism in
SWV, but we also present hints to access the kinetic and
thermodynamic parameters relevant to both chemical
steps, and the electrochemical reaction, too. Indeed, the
results presented in this work can help experimentalists to
design proper experiments to study chemical features of
important lipophilic systems.

Keywords: surface redox reactions · CE mechanism · EC’ mechanism · kinetics of chemical reactions · square-wave voltammetry.

1 Introduction

In the last 40 years, voltammetry is recognized as a cheap,
simple and powerful electrochemical technique that
enables insight into the chemistry of many important
substances [1–6]. Valuable theories of many simple and
complex electrochemical mechanisms are presented under
conditions of various voltammetric techniques in well-
recognized works [1–56]. Many classes of lipophilic
compounds undergo electrochemical transformation at
working electrodes that can be described with the theories
of so-called “surface electrode mechanisms” [1–13,25–
29,31–41,44–47,49,52]. The “protein-film voltammetry”,
which is a powerful electrochemical methodology de-
signed to study chemistry of lipophilic redox enzymes
[7,57–60], also belongs to the family of surface redox
reactions. Electrochemical reactions with coupled chem-
ical reactions are very important systems, because they
can give valuable information about chemical features of
many substances [1–32,35–54]. The determination of
kinetics and thermodynamics parameters linked to certain
chemical interactions give information about the rate of
chemical reactivity and stability of important “surface-
active” substances [1–6]. Indeed, recognizing the nature of
particular electrode mechanism is a crucial step in order

to apply defined methodologies for the determination of
relevant kinetics and thermodynamics parameters. In the
last 3 decades, our group [4,5, 7–38,49,54,55] and others
[1–3,6,39–53] provided valuable theoretical methodolo-
gies in SWV to deal with these problems, even for very
complex electrochemical mechanisms. In this work, we
focus on specific surface electrochemical reaction, in
which both electroactive participants, which are firmly
immobilized at the surface of working electrode, are
involved in different type of chemical reactions. While the
starting redox active form gets created via a preceding
reversible chemical reaction, the electrochemically gener-
ated redox product undergoes irreversible (catalytic)
chemical reaction that contributes to regeneration of the
starting electroactive material. The abbreviation of this
mechanism is a “surface CrevEC’ ” (“rev” stands for
reversible) or simply “surface CEC’ mechanism”. This
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mechanism has not been considered theoretically so far in
the literature under voltammetric conditions, although
one finds several experimental works related to this
mechanism [61–63]. Commonly, this mechanism is met by
surface redox reactions of many coordinative complexes,
whose dissociation provides starting material for the
electrochemical reaction. We explore square-wave vol-
tammetry as a working technique due to its superior
features in respect to speed, and its ability for significant
discrimination of charging currents [4–6]. Moreover, SWV
allows inspection of three current components independ-
ently, i. e. the forward, the backward and the net SWV
currents [1,2, 4–6]. These features provide more degrees
of freedoms to the experimentalists in evaluating impor-
tant physical parameters by using SWV.

2 Theoretical Model

We consider in this theoretical work a so-called “surface
CEC’ mechanism” under conditions of square-wave
voltammetry. This complex electrode mechanism com-
prises an electrochemical reaction “E” that is coupled by
one reversible preceding chemical reaction “C” and with
an irreversible (follow up) regenerative chemical step C’.
The entire mechanism can be described by following
reaction scheme.

In the mathematical model, we assume that the initial
amount of starting electroactive material Ox(ads) is gen-
erated via chemical reaction (commonly dissociation) of
compound B. At the beginning of the experiment, only
species “B” are present in the voltammetric cell. More-
over, we assume that B(ads) species are strongly adsorbed
in a form of monolayer at the surface of working
electrode. We also suppose that B(ads) species do not show
electrochemical activity in the range of applied potentials.
In addition, we assume that no interactions occur between
all adsorbed species at the working electrode. The
electrode transformation (reduction) of Ox(ads) produces
Red(ads) electrochemically active species, which react
selectively with “Y” substrate in a way of regenerating
Ox(ads). We suppose that there is no chemical reaction
between “Y” and B(ads) species, since any type of chemical
reaction between Y and B can turn the CEC’ mechanism
into a more complex one. We also consider that “Y”
species do not show electrochemical activity in the range
of applied potentials. Both electrochemically active spe-
cies Ox(ads) and Red(ads) are firmly adsorbed at the working
electrode surface, and there is no mass transfer taking
place via diffusion. Mathematically, this electrode mecha-
nism is described with following equations:

ðdGðBÞ=dtÞ ¼ kbGðOxÞ� kfGðBÞ (1)

ðdGðOxÞ=dtÞ ¼ ½� I=ðnFSÞ�� kbGðOxÞ þ kfGðBÞ þ kc
0

GðRedÞ
(2)

ðdGðRedÞ=dtÞ ¼ ½I=ðnFSÞ�� kc
0GðRedÞ (3)

The differential equations (1–3) have been solved
under following conditions:

t ¼ 0; GðBÞ ¼ G *ðBÞ; GðOxÞ ¼ Keq½GðBÞ�;

GðRedÞ ¼ 0
(4)

t > 0; GðBÞ þ GðOxÞ þ GðRedÞ ¼ G *ðBÞ;

½GðRedÞ ¼ G *ðBÞ� GðBÞ� KeqGðBÞ�
(5)

At the working electrode, the Buttler-Volmer formal-
ism has been applied, which links the current with the
applied potential, the kinetics of electrode reactions and
the surface concentrations of electroactive species Γ(Ox)
and Γ(Red).

ðI=nFSÞ ¼ ks
�expð� aFÞ ½GðOxÞ� expðFÞ GðRedÞ� (6)

It is worth to note that Marcus-Hush theory gives
similar results as the Buttler-Volmer theory (in pulse
voltammetric techniques) for redox reactions with moder-
ate and fast electrode kinetics, as demonstrated in recent
work of Compton et al. [29]. Numerical solution of
equation (6) was obtained by using the method of
Nicholson and Olmstead [64]. All parameters and the
recurrent formulas for calculating the square-wave vol-
tammograms of this mechanism are given in the Supple-
mentary material of this work.

3 Parameters Affecting the Features of Calculated
Voltammograms

The dimensionless current of calculated SW voltammo-
grams is defined as Ψ = I/[(nFSfΓ*(B))]. With I we define
the electric current, while n is the number of electrons
exchanged between working electrode and the electro-
active species. In all calculations, we set n=1. S is the
active area of working electrode, while f is the SW
frequency defined as f=1/(2tp), where parameter tp is
defined as time duration of a single potential pulse in
SWV. “Γ” is a symbol of the surface concentration. With
Γ*(B) we define the total surface concentration, which is,
in fact, the initial surface concentration of adsorbed
species B. Φ is a symbol of dimensionless potential
defined as Φ =nF(E� E°’/RT), where E°’ is the standard
redox potential of Ox(ads)

$Red(ads) electrode reaction. α is
a symbol of the electron transfer coefficient. We set α to
value of 0.5 in all calculations. With T we define the
thermodynamic temperature (it was set to 298 K in all
simulations), while R is the universal gas constant, and F
is the Faraday constant. Calculated SW voltammograms
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are affected by several dimensionless parameters. The
dimensionless electrode kinetic parameter K=ks°/f re-
flects the influence of standard rate constant of electron
transfer (ks°) to the time duration of potential pulses in
SWV. In addition, the features of calculated SW voltam-
mograms are affected by the equilibrium constant of
preceding chemical reaction Keq= (kf/kb), and by two
dimensionless chemical parameters: ɛ and Kcatalytic. ɛ is
dimensionless chemical parameter related to the rate of
preceding chemical step. It is defined as ɛ= (kf+kb)/f,
where kf and kb are the first order rate constant of
forward and backward steps of preceding chemical
reaction, respectively. The dimensionless catalytic param-
eter Kcatalytic is related to the rate of regenerative
(catalytic) reaction. It is defined as Kcatalytic=kc’/f, where
kc’ is the first order rate constant of the regenerative
(catalytic) chemical reaction. At this stage, it is worth to
emphasize that catalytic constant kc’ is of pseudo-first
order since it depends on concentration of substrate “Y”:
kc’=kc°’ c(Y). In last equations, kc°’is a real chemical rate
constant of regenerative reaction.

In all simulations, we used following parameters of
applied potential: SW frequency f=10 Hz, SW amplitude
Esw=60 mV, and potential step dE=4 mV. More details
of the algorithms used can be found in the Supplementary
of this work. We used MATHCAD 14 software for
calculating the SW voltammograms [65,66]. The net
currents in all simulated voltammetric patterns are
represented by black colour, while the forward (reduc-
tion) currents are assigned with blue colour. Red colour is
associated with the backward (reoxidation) current
branches at all simulated voltammograms. The starting
potential is always set to positive values in all calculations.

4 Results and Discussion

At the beginning of this section, it is worth to emphasize
several aspects important to this particular electrode
mechanism. The initial amount of species (Ox) available
for electrochemical transformation at the working elec-
trode is governed by the value of equilibrium constant
Keq of preceding chemical step. However, the chemical
equilibrium at the electrode surface gets disturbed during
each applied potential pulse via the electrochemical
reaction, but also via occurrence of preceding and
regenerative chemical steps, too. While a fast preceding
chemical reaction might influence the thermodynamics of
the electrode reaction (by displacing the redox equili-
brium), a fast regenerative chemical reaction may affect
the rate of overall mechanism. Actually, the kinetics of
preceding chemical reaction during each potential step is
affected by the values of ɛ and Kcatalytic,. When we discuss
about terms “fast” and “slow”, related to the rate of
electrode transformation and the chemical reactions rates
in voltammetry, we have to note that these terms are
relative. This is because the time-scale at each applied SW
potential pulse is important factor affecting all rates of
chemical and electrochemical steps. As defined in pre-

vious section, the dimensionless chemical rate parameters
in this complex mechanism are affected both by the SW
frequency, and by the concentration of substrate “Y” (via
Kcatalytic, for the catalytic chemical reaction). Since the SW
frequency affects simultaneously all chemical and electron
transfer parameters, we point out that all calculations in
this work are performed at a constant SW frequency f.
Therefore, we consider in our simulations mainly the
effect of concentrations of “Y” to the features of SW
voltammetric patterns. The SW voltammograms are
calculated for various electrode kinetics, and different
chemical rates (ɛ) and equilibrium constants (Keq) of the
preceding chemical reaction. Bearing in mind the mutual
interplay of chemical steps in considered surface CEC’
mechanism, we should expect SW voltammetric patterns
that will be some sort of hybrids of surface CrevE, EC’
and ECirr mechanisms.

Although this surface mechanism is quite complex, we
can easily distinguish two limiting situations; A) if Keq>
10, then the square-wave voltammograms show features
of unperturbed “simple” surface mechanism and there is
no influence of chemical parameter of preceding reaction
ɛ [31]. In such scenario, the simulated voltammograms of
surface CEC’ mechanism are identical to those of a
surface EC’ mechanism (Figure S1 in Supplementary
material), whose features are elaborated in details else-
where [4,9,32]; B) If catalytic parameter Kcatalytic <0.001,
then the calculated square-wave voltammograms have the
same features as those of a surface CrevE mechanism as
described in [4, 31]. In this work we focus mainly on
studying the effect of catalytic parameter Kcatalytic to the
calculated SW voltammograms featuring moderate and
fast rates of electrode reaction. In the theoretical calcu-
lations, we consider situations of moderate and small
values of equilibrium constant Keq, and small, moderate
and large rates of preceding chemical reaction ɛ. When
considering chemical complexes (metal-ligand, for exam-
ple), the dissociation is the chemical step that supplies the
starting electroactive species in CE mechanisms. In
respect to the rate of electrode reaction, we consider in
this work two cases: A) situation with moderate rate of
electrode reaction: and B) situation with fast rate of
electrode reaction.

4.1 Surface CEC’ Mechanism Featuring Moderate
Kinetics of Electrode Reaction

Shown in Figures 1 and 2 (and also Figure S2 in
Supplementary material) is a series of calculated SW
voltammograms representing the effect of catalytic pa-
rameter Kcatalytic in case of electrode reaction featuring
moderate kinetics of electron transfer (K=0.1). The
voltammograms are calculated for Keq=0.1, and for
three values of chemical parameter of preceding reaction
i. e. ɛ=0.1 (Figure 1), ɛ=1 (Figure S2) and ɛ=100 (Fig-
ure 2). For slow rates of preceding chemical reactions (ɛ�
0.1, Figure 1), an increase of catalytic parameter Kcatalytic

leads to decrease of backwards and net SWV current
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components. For Kcatalytic>1, there is no longer influence
of catalytic parameter to calculated SWV patterns (see
Figure 1e–f). The value of peak current of forward
(reduction) SWV peak remains almost unchanged by
increasing catalytic parameter Kcatalytic from 0.0001 to
1000. This is quite non-specific phenomenon for the
surface catalytic EC’ mechanisms [4,9,32]. It is important
to point out that an increase of catalytic parameter in EC’
mechanism is followed by a simultaneous decrease of the
backward, and concomitant increase of the forward
current branch (see Figure S1, for example) [9,32]. In
scenario elaborated in Figure 2 and Figure S2, we observe
influence of Kcatalytic to the backward (reoxidation) SW
current component mainly. The forward (reduction) SWV

current branch is affected only in the after-peak regions at
more negative potentials, which gets slightly elevated by
increasing of Kcatalytic. The SWV patterns in Figure 2 and
Figure S2 resemble much more to a surface ECirr
mechanism [4,35] rather than to a surface EC’ regener-
ative mechanism. As the catalytic parameter contributes
to regeneration of initial electroactive species Ox(ads),
expected voltammetric outputs should feature increase of
the forward SW current branch by increasing of Kcatalytic as
presented in Figure S1. The cause for the observed
phenomena in Figure S2 is the chemical conversion of
regenerated Ox(ads) to electrochemically inactive B(ads)

species during the current measuring time-frame at given
potential SW pulses. As the rate of preceding chemical

Fig. 1. Surface CEC’ mechanism: sscenario with moderate value of equilibrium constant of preceding chemical reaction and small
kinetics of preceding chemical reaction: Square-wave voltammograms of a surface CEC’ mechanism showing the effect of rate of
catalytic reaction to the features of calculated voltammetric patterns. The simulations are performed under following conditions:
standard rate constant of electron transfer ks=10 s� 1; SW frequency f=10 Hz (dimensionless electrode kinetic parameter K=1);
equilibrium constant of preceding chemical reaction Keq=0.1, dimensionless rate parameter of preceding chemical reaction ɛ=0.1,
electron transfer coefficient α=0.5, number of electrons exchanged n=1. Other potential modulation parameters were set to: potential
increment dE=4 mV, and square-wave amplitude Esw=60 mV. The values of the dimensionless catalytic parameter Kcatalytic are given
in the charts.
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step increases (Figures S2, and Figure 2), by increasing
the rate of regenerative reaction we observe voltammetric
patterns that resemble closely to those of a surface EC’
mechanism in SWV. In such sequence of events, an
increased rate of catalytic step is followed by increase of
forward (and net) SWV current branches, and concom-
itant decrease of the backward SWV currents (Figure S2
a–e and Figure 2a–e). For Kcatalytic>1, there is no further
effect of catalytic rate on calculated voltammetric patterns
and steady-state voltammograms are obtained, independ-
ent on Kcatalytic (Figure S2e–f and Figure 2e–f). Obviously,
the obtained voltammetric patterns in such scenario
(Figures S2 and Figure 2) are sort of “hybrid-like”
voltammograms of a surface CE and surface EC’ mecha-
nisms. This is because the complex interplay of the two
chemical rate parameters ɛ and Kcatalytic, whose absolute
values determine the shape of voltammetric patterns.

Shown in Figure 3 are the dependences between the
net SWV peak currents-Ψnet,p and the peak-potentials-Enet,

p of net SWV peaks as a function of log(Kcatalytic),
calculated for several values of chemical parameter ɛ. The
dependences in Figure 3 are quite unusual, since the
trends depend on the value of chemical parameter ɛ. For
ɛ>1, the shape of the curves of Ψnet,p and Enet,p as a
function of log(Kcatalytic) resemble to those of a surface CE
reaction [31,71], while for ɛ<1, they resemble to the
shape of curves typical of surface ECirr reaction [4,35].
The dependences at Figure 3 portray the complex inter-
play between the equilibrium constant and the both
chemical parameters. A quite unusual phenomenon at
Figure 3 is observed for high values of ɛ. By increasing the
value of chemical parameter ɛ (for Keq<1), an increase
of the catalytic parameter leads to increase of the net
peak current (yellow and blue circles in Figure 3A).

Fig. 2. Surface CEC’ mechanism: scenario with moderate value of equilibrium constant of preceding chemical reaction and fast kinetics
of preceding chemical reaction: Square-wave voltammograms of a surface CEC’ mechanism showing the effect of rate of catalytic
reaction to the features of calculated voltammetric patterns. Voltammograms are calculated for ɛ=100. The values of the dimensionless
catalytic parameter Kcatalytic are given in the charts. Other simulation parameters are same as in Figure 1.
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Indeed, this effect is opposite of that observed by the
surface CE mechanism [31]. This phenomenon appears
due to the mutual interplay of both chemical parameters ɛ
and Kcatalytic that disturb significantly all equilibriums in
considered mechanism (I) during the current measuring
time-window. Moreover, we should also remember that
all steps of surface CEC’ mechanism (i.e. the chemical,
electrochemical, and regenerative step) take place also in
the so-called “dead-time” (or non-current measuring time
window) of each potential pulse [35]. As shown in our
recent works [35, 66], the chemical and electrochemical
reactions going on in the “dead-time” of many potential
pulses may lead to phenomena that are opposite than
those “expected” by EC or CE reactions. Indeed, the
specific current measuring manner in SWV also contrib-
utes significantly to the phenomena observed at this
complex surface electrode mechanism.

The catalytic parameter Kcatalytic produces similar
voltammetric patterns as those presented in Figure 1,

when Keq�0.001, for values of chemical parameter ɛ<1
(not shown). However, for Keq�0.001, and for large
values of chemical parameter ɛ, we observe very interest-
ing voltammetric patterns produced by Kcatalytic. Shown in
Figure 4 is a series of calculated voltammograms repre-
senting the effect of catalytic parameter Kcatalytic, simulated
for K=0.1, Keq=0.0001 and ɛ=100. An increase of
catalytic parameter Kcatalytic up to 0.5 produces slight initial
increase of the forward and decrease of the backward SW
current components, which is followed by increase of the
net SWV peak currents (Figure 4b–f). For Kcatalytic>1, we
observe voltammetric patterns typical to a surface EC’
mechanism characterized with large kinetics of catalytic
reaction (Figure 4g–j) [9, 32]. For large rates of regener-
ative reaction (Kcatalytic>0.5), the peak-currents of net
SWV peak increase linearly in proportion with Kcatalytic. In
such scenario, another remarkable phenomenon is a shift
of the net SWV peak-potentials towards more negative
values. This is a specific feature of a surface EC’
mechanism that is explained in more details in [32].
Shown in Figure 5 are the dependences between net SWV
peak currents-Ψnet,p (A) and the peak-potentials-Enet,p (B)
of net SWV peaks as a function of log(Kcatalytic). Curves on
Figure 5 are simulated for several values of chemical
parameter ɛ, and for Keq=0.0001. The only obvious
difference in the shape of the curves given at Figure 5,
compared with corresponding curves at Figure 3, is seen
at high values of chemical parameter ɛ=100 (curves with
yellow circles at Figure 5). For large rates of chemical
preceding reaction, the features of Ψnet,p and Enet,p as a
function of log(Kcatalytic) resemble to those of a surface
EC’ mechanism, when Kcatalytic>0.5 [32]. Obviously, high
rates of preceding chemical reaction contribute to quick
re-establishment of equilibrium of electroactive species at
working electrode surface, turning quickly the surface
CEC’ mechanism into a “simple” surface EC’ mechanism.
In such scenario, one can use the methodologies elabo-
rated in [32] to evaluate the standard rate constant of
electron transfer, and the rate constant of catalytic
reaction as well. This can be achieved by altering the
concentration of regenerative agent “Y” only, and by
using the dependences of Ψnet,p and Enet,p as a function of
substrate molar concentration c(Y) given in [32].

4.2 Surface CEC’ Mechanism Featuring Fast Kinetics of
Electron Transfer Step

One of the most recognizable characteristics of surface
reactions in square-wave voltammetry is the “splitting of
net SWV peak” [4,37]. As described in [37], the phenom-
enon of “net-peak splitting in SWV” is attributed to
surface-confined electrode processes featuring fast elec-
tron exchange between working electrode and the redox
adsorbates. When electron transfer rate is large, then the
time needed for transformation of Ox(ads) to Red(ads) at
given potential of defined SWV pulses becomes very
short. Consequently, when the duration of given SW pulse
is longer than the time needed to achieve electrochemical

Fig. 3. Dependences between the net SWV peak currents-Ψnet,p

(a) and the peak-potentials-Enet,p (b) of net SWV peaks as a
function of log(Kcatalytic). The curves are calculated for several
values of chemical parameter ɛ that are given in the charts. The
value of electrode kinetic parameter was K=1 (f=10 Hz), while
the value of equilibrium constant of preceding chemical reaction
was Keq=0.1. Other simulation parameters are same as in
Figure 1.
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transformation of Ox(ads) to Red(ads), the currents that will
be measured at the end of defined SW pulses would be
very small. This will produce a small (in terms of
measured currents) overall voltammetric response. More-
over, under such circumstances, both oxidation and
reduction electrode steps require lower energy to occur.
As the kinetics of electron transfer step increases, both
reduction and oxidation peaks will start to shift towards
potentials that are equivalent of lower energy. The final
output of these events will be “splitting of the net SWV
peak” [37]. As demonstrated in several works
[4, 7,10,11,71], the phenomenon of splitting of net SWV
peak can be successfully applied for estimation of kinetics
of electrode reaction in a very simple manner. In this
work, we focus on electrode reactions featuring fast
electron transfer, and small value of equilibrium constant
of preceding chemical reaction. We evaluate the role of

the rate of regenerative chemical reaction to calculated
SW voltammograms, in situations of slow, moderate and
large rates of preceding chemical reaction. Shown in
Figure 6 is the effect of rate of regenerative reaction to
the SW voltammograms of surface CEC’ mechanism.
Voltammograms are simulated for small equilibrium
constant of preceding chemical reaction (Keq=0.001) and
very small kinetic of preceding chemical step (ɛ=0.001).
Interestingly, the SW voltammograms, simulated under
such conditions, resemble to the voltammetric patterns
typical of a surface EC mechanism [4,35,36,66]. An
increase of Kcatalytic up to value of 0.25 produces decrease
of the backward (reoxidation) SW current component
and slight increase of the forward SWV current branch
(Figure 6a–c). For Kcatalytic>0.5 the splitting phenomenon
vanishes and a single irreversible-like SW pattern is
observed (Figure 6d). Any further increase of rate of

Fig. 4. Surface CEC’ mechanism: scenario with small value of equilibrium constant of preceding chemical reaction and fast kinetics of
preceding chemical reaction: Square-wave voltammograms of a surface CEC’ mechanism showing the effect of rate of catalytic reaction
to the features of calculated voltammetric patterns. Voltammograms are calculated for Keq=0.0001and ɛ=100. The values of the
dimensionless catalytic parameter Kcatalytic are given in the charts. Other simulation parameters are same as in Figure 1.
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regenerative step from Kcatalytic=1 to Kcatalytic=100, produ-
ces no effect to the net peak currents of SW voltammo-
grams. However, it does influence the peak-potential of
net SWV peak (Figure 6d–f). In this region of rates of
catalytic reaction, a linear dependence exists between the
SWV net-peak potentials Enet,p and log(Kcatalytic), with
slope of 40 mV/log(Kcatalytic). For Kcatalytic>100, a steady-
state SW voltammograms are obtained, independent on
Kcatalytic.

Different SWV patterns than those in Figure 6 are
obtained under influence of regenerative reaction rates,
calculated for ɛ=0.1.

Under such conditions, up to Kcatalytic=1, we observe
SWV patterns as expected of a surface catalytic EC’
mechanism [4,9,32] (Figure 7a–d). However, a further
increase of Kcatalytic produces no effects to the currents of
simulated SW voltammograms (Figure 7e–f). Important
to stress in such scenario is the existence of elevated
currents in the after-peak region. This feature is typical
for regenerative EC’ mechanism, produced at large rates
of regenerative reaction (see Figure S1) [9, 32]. In the

region of 1<Kcatalytic<100, a linear dependence exists
between the SWV net-peak potentials Enet,p and log
(Kcatalytic), with slope of 40 mV/log(Kcatalytic), identically as
in Figure 6. It is worth to mention that the shift of net
SWV peak-potentials to more positive values (for reaction
Ox(ads)+ne� $Red(ads)) under the influence of chemical
rate parameter is a feature typical for EC mechanism
[4,35,36], but not for EC’ [32] or CE systems [31]. Again,
for Kcatalytic>100, a steady-state SW voltammograms are
obtained, independent on regenerative reaction rates.

Shown in Figure 8 is the effect of rate of catalytic
parameter Kcatalytic to the SW voltammograms calculated
for Keq=0.001, and for significant rates of preceding
chemical reaction (ɛ=1000). Under such circumstances,
we observe voltammetric patterns that are sort of

Fig. 5. Dependences between the net SWV peak currents-Ψnet,p

(a) and the peak-potentials-Enet,p (b) of net SWV peaks as a
function of log(Kcatalytic). The curves are calculated for very small
value of equilibrium constant of preceding chemical reaction
Keq=0.0001, and for several values of chemical parameter ɛ that
are given in the charts. The value of dimensionless electrode
kinetic parameter was K=1 (f=10 Hz). Other simulation param-
eters are same as in Figure 1.

Fig. 6. Surface CEC’ mechanism: scenario with small value of
equilibrium constant of preceding chemical reaction and very
small kinetics of preceding chemical reaction: Square-wave
voltammograms of a surface CEC’ mechanism showing the effect
of rate of catalytic reaction to the features of calculated
voltammetric patterns. Voltammograms are calculated for Keq=

0.0001 and ɛ=0.001. The value of the dimensionless electrode
kinetic parameter was K=3.162 (ks=31.62 s� 1; f=10 Hz). The
values of the dimensionless catalytic parameter Kcatalytic are given
in the charts. Other simulation parameters are same as in
Figure 1.
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“hybrids” SW voltammograms of surface CE, EC and
EC’ mechanisms. As the dimensionless catalytic parame-
ter increases up to Kcatalytic=100, we observe SWV
features recognizable for surface EC’ mechanism of fast
electrode reactions (Figure 8a–e). However, for Kcatalytic>

10 (Figure 8f), the forward and backward current
branches start to lose their sigmoidal shape typical of EC’
mechanism [9,32]. Under influence of high catalytic rates,
the forward (reduction) and backward (reoxidation)
current branches start to get shape as that of a surface EC
mechanism [35,36]. In the same direction, the peak
potentials of net SWV peaks shift for � 30 mv/log(Kcatalytic)
in the region 1<Kcatalytic<1000, which is typical for surface
EC’ mechanism [32]. For Kcatalytic>1000, there is no longer
effect of regenerative reaction to the shape of calculated
voltammetric patterns and steady-state SW voltammo-

grams are obtained, independent on Kcatalytic. Indeed, the
obtained patterns in Figure 8 are due to the competitive
large kinetics between the regenerative and the preceding
chemical reaction. The voltammetric patterns presented
in Figure 8 can serve as a diagnostic criterion to recognize
the surface CEC’ mechanism featuring fast electrode step
and fast rates of preceding chemical reaction.

In the end of this section, it is worth to mention that
the phenomenon of “quasireversible maximum” is very
useful methodology to get access to the kinetics of
electron transfer reaction between working electrode and
the redox adsorbates as explained in [4,67]. In the
elaborated surface CEC’ mechanism, the position of
“quasireversible maximum” is affected neither by chem-
ical parameters ɛ [32] nor by catalytic parameter Kcatalytic

(see Figure 9). Consequently, this phenomenon can be

Fig. 7. Surface CEC mechanism: scenario with small value of equilibrium constant of preceding chemical reaction and small kinetics of
preceding chemical reaction: Square-wave voltammograms of a surface CEC’ mechanism showing the effect of rate of catalytic reaction
to the features of calculated voltammetric patterns. Voltammograms are calculated for Keq=0.0001and ɛ=0.1. The value of the
dimensionless electrode kinetic parameter was K=3.162. The values of the dimensionless catalytic parameter Kcatalytic are given in the
charts. Other simulation parameters are same as in Figure 1.
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explored for the determination of standard rate constant
of electron transfer ks°, regardless of the values of ɛ and
Kcatalytic. For the determination of Keq and ɛ parameters,
one can use the methodologies elaborated in our work
[31], in experiments performed in absence of catalytic
agent “Y”.

It is also worth to emphasize that we do not consider
in details the effect of electron transfer coefficient, since it
will bring more complexity to this work. To get insight
into the effects of electron transfer coefficients to the SW
voltammetric outputs of surface electrode mechanism, the
readers are advised to references [4, 13].

5 Conclusions

Surface-confined electrochemical reactions, which are
complicated with chemical steps, attract significant inter-

est in many voltammetric studies. This is because
voltammetry of surface redox reactions is a cheap, simple
and fast technique to study the chemical reactivity of
many lipophilic compounds ranging from enzymes, drugs
and other important physiologically relevant substances.
In this work we report on theoretical results of a surface
CEC’ mechanism for the very first time under conditions
of square-wave voltammetry. From the calculated voltam-
metric patterns, we got a quite complex picture of this
mechanism that is a consequence of the mutual interplay
of two different kinetic chemical parameters with the
kinetics of electrode step. The situation is additionally
complicated by the specific measuring manner of the
current in SWV [4–6,35]. The surface CEC’ mechanism
can be rationalized to a surface EC’ mechanism (if
equilibrium constant of preceding chemical reaction is
large, i. e. Keq>10), or to a surface CE mechanism (if

Fig. 8. Surface CEC’ mechanism: scenario with small value of equilibrium constant of preceding chemical reaction and large kinetics of
preceding chemical reaction: Square-wave voltammograms of a surface CEC’ mechanism showing the effect of rate of catalytic reaction
to the features of calculated voltammetric patterns. Voltammograms are calculated for Keq=0.0001and ɛ=1000. The value of the
dimensionless electrode kinetic parameter was K=3.162. The values of the dimensionless catalytic parameter Kcatalytic are given in the
charts. Other simulation parameters are same as in Figure 1.
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catalytic parameter of regenerative reaction is small i. e.
Kcatalytic<0.001). In all other scenarios, we obtain rather
complex SW voltammograms that are “hybrids” of the
voltammetric patterns as typical of surface CE, EC’ or EC
reactions. The calculated voltammetric patterns at small
values of the equilibrium constant of preceding chemical
reaction are quite relevant in studying the electrochemis-
try of many metal-ligand (or other) complexes. Indeed,
the metal-ligand complexes, via dissociation step, can
produce electroactive material that serves as initial redox
adsorbate in electrochemical step of a given surface CE
mechanism [31]. As we have shown in this work, initial
task in elaborating surface electrode processes coupled
with two chemical reactions, is to recognize the nature of
mechanism going on. The next step is the evaluation of
relevant kinetic and thermodynamic parameters affecting
the voltammetric patterns. Evaluating kinetic parameters
from frequency-dependent experiments in SWV is not an
easy task. This is because all kinetic parameters of the
surface CEC’ mechanism in SW voltammetry are affected
simultaneously by the SW frequency. Therefore, variation
of the SW frequency will produce complex voltammetric
patterns due to the mutual interplay between all chemical
and electrode kinetic parameters in this particular mecha-
nism. In order to avoid such complexity in real experi-
ments, one should perform experiments at constant SW
frequency, but also at constant scan increment and
constant SW amplitude. This is because both, the scan
increment dE and the square-wave amplitude Esw also
affect the kinetics of electrode reaction [4]. The reported
voltammetric patterns in this work can be experimentally
reproduced by performing experiments at constant fre-
quency, dE and Esw, and by varying the concentration of
regenerative chemical compound “Y” only.
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