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Abstract
Redox mechanisms in which the redox transformation is coupled to other chemical reactions are of significant interest since they
are regarded as relevant models for many physiological systems. Protein-film voltammetry, based on surface confined electro-
chemical processes, is a methodology of exceptional importance, which is designed to provide information on enzyme redox
chemistry. In this work, we address some theoretical aspects of surface confined electrode mechanisms under conditions of
square-wave voltammetry (SWV). Attention is paid to a collection of specific voltammetric features of a surface electrode
reaction coupled with a follow-up (ECrev), preceding (CrevE) and regenerative (EC’) chemical reaction. While presenting a
collection of numerically calculated square-wave voltammograms, several intriguing and simple features enabling kinetic char-
acterization of studied mechanisms in time-independent experiments (i.e., voltammetric experiments at a constant scan rate) are
addressed. The aim of the work is to help in designing a suitable experimental set-up for studying surface electrode processes, as
well as to provide a means for determination of kinetic and/or thermodynamic parameters of both electrode and chemical steps.

Keywords Kinetics of electrode reactions and chemical reactions . Surface EC′ catalyticmechanism . Surface ECrev mechanism .

Surface CrevEmechanism . Square-wave voltammetry

Introduction

In the past three decades, square-wave voltammetry (SWV)
emerged as a leading technique in the family of voltammetric
methods. Its unique features stem from the specific shape of the
applied exciting signal and the current sampling procedure that
efficiently discriminates faradaic against charging current
[1–5]. Hence, SWV is a highly sensitive voltammetric tech-
nique capable to detect miscellaneous analytes at nanomolar
concentration level [6, 7]. Due to the complexity of the potential

modulation applied, however, SWV is seldom explored as a
technique for mechanistic evaluations. In spite of the fact that
numerous theoretical models for various electrode mechanisms
are presented so far, a wide application of SWV for kinetic and
mechanistic studies is still a challenge. This holds true even for
some electrode mechanisms considered to be Bsimple^. For
instance, the so-called simple surface confined electrode reac-
tion under conditions of square-wave voltammetry is attributed
with rather complex voltammetric pattern [1, 6–10].

Enzymatic electrode reactions in the so-called protein film
voltammetry [11–17] are probably the most important exam-
ples in the family of surface confined electrode processes.
Indeed, electrode mechanisms of uniformly adsorbed redox
active biological molecules coupled with follow-up or preced-
ing chemical reactions attract significant attention as they are
considered as adequate models for some physiological sys-
tems [7, 13, 16, 17]. We have presented recently several the-
oretical models of surface processes coupled to chemical re-
actions [18–28], revealing a set of intriguing, unique
voltammetric features under conditions of SWV. In the present
work, a further attempt is made to throw a light to the specific
features of surface electrode processes coupled with a follow-
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up, preceding or regenerative chemical reaction. The nomen-
clature of these systems is surface ECrev, CrevE and EC′ (or
surface catalytic mechanism), respectively. The aim of this
cumulative work is to help experimentalists to characterize
qualitatively particular electrode mechanism and to design a
suitable experimental approach for estimation of kinetic and
thermodynamic parameters governing surface electrode
processes.

Mathematical models

We consider theoretically four electrode mechanisms ade-
quate to the redox chemistry of firmly adsorbed enzymes in
protein-film voltammetry:

1. Simple surface confined electrode reaction (E)

Ox adsð Þ þ ne−����→
←����

ksθ

Red adsð Þ ð1Þ

2. Surface confined catalytic (regenerative) electrode mech-
anism (surface EC′)

Ox adsð Þ þ ne−����→
←����

ksθ

Red adsð Þ
Red adsð Þ þ Y����→kc

Ox adsð Þ
ð2Þ

3. Surface confined electrode reaction coupled with a
follow-up reversible chemical reaction (surface ECrev)

Ox adsð Þ þ ne−����→
←����

ksθ

Red adsð Þ
Red adsð Þ þ Y����→

←����
kb

k f

Z adsð Þ
ð3Þ

4. Surface confined electrode reaction coupled with a pre-
ceding reversible chemical reaction (surface CrevE)

Yþ Z adsð Þ ����→←����
kb

k f

Ox adsð Þ

Ox adsð Þ þ ne−����→
←����

ksθ

Red adsð Þ
ð4Þ

In all mathematical models, we assume that all species are
firmly immobilized on the electrode surface and the mass
transfer is neglected. In addition, it is considered that the
immobilized species form a uniform monolayer free of lateral
interactions. In the schemes (2–4), the symbol BY^ is assigned
to an electrochemically inactive compound that is present in a
large excess. Consequently, the concentration of Y is virtually
constant at the electrode surface in the course of voltammetry,
and all chemical steps in reaction mechanisms (2–4) are con-
sidered to be of pseudo-first order. The solution of simple
surface electrode mechanism (1) under SW voltammetric con-
ditions can be found elsewhere [1, 7, 8, 17], while the corre-
sponding solutions of the surface EC′, ECrev and surfaceCrevE
mechanisms are reported in [1, 17–19, 26], respectively. The
recurrent formulas for calculating dimensionless currents Ψ of
theoretical SW voltammograms as a function of applied po-
tential are given with Eqs. (5–8):

Ψm≔

K⋅e−α⋅Φm ⋅ 1−
1þ eΦm

50
⋅ ∑
m−1

j−1
Ψ j

 !

1þ K⋅e−α⋅Φm

50
⋅ 1þ eΦm
� � ð5Þ

(5) is the recurrent formula for mechanism (1) i.e., simple
surface redox reaction.

Ψm≔

K⋅e−α⋅Φm ⋅ 1−
1þ eΦm

Kchem
⋅ ∑
m−1

j−1
Ψ j⋅Mm− jþ1

 !

1þ K⋅e−α⋅Φm ⋅ 1þ eΦmð Þ⋅ M1

Kchem

ð6Þ

(6) is the recurrent formula formechanism (2) (surfaceEC′).

Ψm≔
K⋅e−α⋅Φm−

K

50
⋅e−α⋅Φm ⋅ ∑

m−1

i¼1
Ψ j−

K⋅Keq
1þ Keq

Kchemð Þ−1⋅eΦm ⋅ 1−αð Þ⋅ ∑
m−1

i¼1
Ψ i⋅Mið Þ− Kchem

1þ Keq
⋅e 1−αð Þ⋅Φm ⋅ ∑

m−1

i¼1
Ψ i⋅Mið Þ

1þ K

50
⋅e−α⋅Φm þ K⋅Keq

1þ Keq
Kchemð Þ−1⋅eΦm⋅ 1−αð Þ⋅M1 þ Kchem

1þ Keq
⋅e 1−αð Þ⋅Φm ⋅M1

ð7Þ

(7) is the recurrent formula for mechanism (3) (surface ECrev).

Ψm≔

K⋅e−α⋅Φm ⋅Keq
1þ Keq

⋅ 1þ 1

50
⋅ ∑
m−1

j¼1
Ψ j

 !
þ Kchemð Þ−1⋅K⋅ 1

1þ Keq

� �
⋅e−α⋅Φm ⋅ ∑

m−1

j¼1
Ψ i⋅Sm− jþ1

� �
−
K

50
⋅eΦm⋅ 1−αð Þ⋅ ∑

m−1

j¼1
Ψ j

K⋅e−α⋅Φm ⋅Keq
1þ Keq

⋅
1

50

� �
þ 1

� �
− Kchemð Þ−1⋅K⋅ 1

1þ Keq

� �
⋅M1⋅e−α⋅Φm þ K

50
⋅eΦm⋅ 1−αð Þ

(8)
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(8) is the recurrent formula for mechanism (4) (surface
CrevE).

In the recurrent formulas (I–IV), the reduction current is
considered to be positive and the dimensionless current is
defined as Ψ = I/[(nFSfΓ*)]. In the last equation, I is electric
current, n is stoichiometric number of electrons, S is active
electrode surface area, f is SW frequency (f = 1/2tp, where tp
is the duration of a single potential pulse in SWV), and Γ*is
the total surface concentration (i.e., the initial surface concen-
tration of Ox species). Φ refers to the dimensionless potential

(Φ ¼ nF
RT E−Eϕ0� �

, whereEϕ’ is the formal redox potential, α is
the electron transfer coefficient, while other symbols have
their common meaning.

The dimensionless electrode kinetic parameter K = ks
o/f re-

lates the formal rate constant ks
o to the SWV frequency. For

the surface ECrev and CrevE mechanisms, Kchem = ε/f is the
dimensionless chemical kinetic parameter, where ε = (kf + kb)
is the sum of the first-order rate constant kf and kb of the
forward and backward chemical reactions, respectively. In ad-
dition, the equilibrium constant is defined as Keq = kf/kb. For
the surface EC′ catalytic mechanism, the dimensionless chem-
ical kinetic parameter is defined asKchem = kc/f, where kc is the
first-order rate constant of the regenerative (catalytic) chemi-
cal reaction.

In addition, M is numerical integration factor defined as
M = exp.[Κchem(m/50)] − exp.[Κchem(m-1)/50], where m is
the serial number of the time intervals. If not otherwise stated,
the parameters of applied potential were SW frequency f =
10 Hz, SW amplitude Esw = 50 mV and potential step dE =
4 mVand starting potential of 0.3 V. More details of the algo-
rithms used in all models can be found in [1, 7, 17, 24, 29].
Commercially available software MATHCAD 14 was used
for calculating all theoretical SW voltammograms reported
in this work.

Results and discussions

Square-wave voltammetry is attributed with a unique shape of
the potential modulation (see Scheme 1) that makes this tech-
nique very intriguing from several aspects.

Square-wave amplitude Esw (see Scheme 1) is actually the
height of the potential pulse, i.e., a potential jump up and
down (from several millivolts to hundred millivolts) at every
single step of the underlying staircase potential. Consequently,
SWVenables inspection of both oxidation and reduction pro-
cesses at every single potential of the staircase ramp. The
overall voltammetric response consists of three current com-
ponents, i.e. forward (If), backward (Ib) and differential net
component (Inet = If − Ib). The latter enables inspecting inde-
pendently three current components as a function of relevant
parameters of a certain electrochemical experiment. The

current measuring in SWV takes place in a narrow time seg-
ment at the end of each potential pulse (If and Ib in the Scheme
1). In this way, one discriminates significantly faradaic from
the charging current. Of course, the surface concentration var-
iation of redox species prior to the current sampling in the so-
called dead time (see scheme 1) plays an important role in
overall features of SW voltammograms [25, 26]. Before we
start elaborating some relevant characteristics of surface elec-
trode processes coupled with chemical reactions, we shortly
recall to the most important features of the simple surface
mechanism (1), considered as a referent system in the context
of the current study.

Simple surface confined electrode mechanism

Shown in Fig. 1 is a series of theoretical square-wave volt-
ammograms of a simple surface reaction, simulated for sev-
eral values of the dimensionless electrode kinetic parameter
K. As the rate of the electrode reaction increases, one ob-
serves significant enlargement of all current components.
Beyond the maximum peak current reached for K ≈ 0.5
(Fig. 1b), one observes a considerable current decrease by
further increasing of K (Fig. 1c–f). At the same time, ca-
thodic (forward) peak starts to shift towards more positive
potential values, while anodic (backward) peak shifts in
opposite direction. As a consequence, splitting of the net
SWV peak appears (Fig. 1d). The potential separation be-
tween the split net peaks increases in proportion to K
(Figs.1d–f and 2b).

Shown in Fig. 2a is the relationship of net peak current as a
function of log(K), simulated for three different values of the
SW amplitude. These so-called quasi-reversible maxima im-
ply that the maximal net peak current is a function of the
electrode reaction rate (via K), as well as the SW amplitude.

Scheme 1 Schematic representation of a potential cycle in SWV
consisting of two adjacent oppositely oriented potential pulses. The
current is measured at the end of potential pulses (in the sectors
assigned with BIf^ and BIb^). In the so-called dead time, the current is
not measured, but the electrode reactions go on also in this time segment

J Solid State Electrochem (2019) 23:2493–2506 2495



This is to be expected, since the kinetics of the electrode re-
action depends not only on the formal rate constant of the
electron transfer (and on temperature) but also on the potential
applied, which is determined by the staircase potential and the
pulse applied (i.e., SW amplitude).

The phenomenon of quasi-reversible maximum emerges
when the rate of electron transfer and the duration of the po-
tential pulses in SWVare synchronized [1, 6–10].

On the other hand, the splitting of the net peak is attributed
to electrode processes with rather fast electron transfer kinetics
[1, 7, 8, 17]. When the electron transfer rate is large, the time
required for redox transformation of Ox(ads) to Red(ads) at
the potential of a given pulse becomes very short. Hence,
when the pulse duration is longer than the time needed to
achieve the redox transformation of Ox(ads) to Red(ads), the
measured current at the end of the pulse is very small,
resulting in a minute overall voltammetric response (Fig.
1e, f). Both Bquasi-reversible maximum^ and Bnet SWV peak
splitting^ can be explored to get an access to the formal rate
constant value of a studied system in a very elegant way. A
detailed overview of the corresponding methods can be found
elsewhere [1, 6–10, 17]. In [27, 28, 30–39], one can find a

detailed description how to alternatively evaluate ks
o and the

electron transfer coefficient α.

Surface confined catalytic (regenerative) electrode
mechanism (surface EC′):

Ox adsð Þ þ ne−����→
←����

ksθ

Red adsð Þ
Red adsð Þ þ Y����→kc Ox adsð Þ

In the family of surface electrode processes coupled with
chemical reactions, the simplest case is probably the surface
catalytic mechanism (surface EC′) (2). Here, an irreversible
chemical redox reaction between electrochemically generated
product Red(ads) with a given reactant Y (present in a large
excess in the voltammetric cell) leads to regeneration of the
initial reactant Ox(ads). Shown in Fig. 3 are SW voltammo-
grams simulated for moderate rate of electrode reaction (K =
0.5) and several values of the catalytic (chemical) parameter
Kchem. An increase of the reduction (forward) and a decrease
of the oxidation (backward) current branch with increasing of

Fig. 1 Simple surface redox
reaction: Effect of the
dimensionless electrode kinetic
parameter K to the features of
calculated square-wave voltam-
mograms. The simulation param-
eters were SW frequency f =
10 Hz, SW amplitude Esw =
50 mV, potential step dE = 4 mV,
temperature T = 298 K. In all
simulations, the value of electron
transfer coefficient was α = 0.5,
while the number of electron ex-
changed was n = 2. The values of
K are given in the charts. In all
simulated voltammograms in this
work, the reduction (forward)
current is assigned with blue line,
the oxidation (backward) current
is assignedwith red line, while the
black line represents the Bnet^
current
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Kchem is a typical feature for this mechanism. In parallel, the
phenomenon is accompanied by an increase of the net peak
current. As the catalytic parameter Kchem gets larger, both
reduction and oxidation current gain identical sign and ap-
proach to each other with their magnitudes. It happens when
the rate of the catalytic reaction is much higher than the rate of
the redox transformation at the working electrode surface. As
a consequence, a multiple reuse of the starting electroactive
material occurs in the time-measuring segment of each poten-
tial pulse, which produces current in proportion to Kchem.
Contrary to cyclic voltammetry, where one observes a
steady-state sigmoid-shaped cyclic voltammograms for large
rates of the regenerative reaction [2, 3, 20, 40, 41], in SWV,
one finds a well-defined net SW peak for any value of the
catalytic parameter Kchem (Fig. 3c, d). This effect is a conse-
quence of the differential nature of the net SW component. In
addition, it stems from the features of the forward and back-
ward current components, which are always separated to some

extent at the potential axis, if SW amplitudes larger than
10 mVare applied [22].

For Kchem > 1, a regular shift of the net SWV peak poten-
tials in a negative direction is detected (Fig. 3d). Indeed, this is
because more energy is needed to reduce the new influx of
Ox(ads) species resupplied via chemical redox reaction of
Red(ads) with Y. This is clearly presented in Fig. 4a, where
only the net SWV peaks are shown, simulated for several high
values of the catalytic parameterKchem. In Fig. 4b, the forward
and backward current components of the corresponding net
voltammograms of Fig. 4a are presented. Obviously, both
components gain a sigmoid shape as typical for steady-state
processes. However, both currents do not merge to each other,
as in cyclic voltammetry [2, 40, 41], even for large values of
the chemical parameterKchem. The reason for this behaviour is

Fig. 3 Surface EC′ catalytic mechanism: case with moderate electron
transfer rate: Effect of the chemical (catalytic) parameter Kchem to the
features of calculated SW voltammograms. The values of the catalytic
parameterKchem were 0.0001 (a), 0.316 (b), 1 (c) and 10 (d). The value of
the dimensionless electrode kinetic parameter K was 0.5. All other simu-
lation parameters were same as those in Fig. 1

Fig. 2 Simple surface redox reaction. a Quasi-reversible maxima of sim-
ple surface redox reactions simulated for three different values of SW
amplitude. b Dependence of the potential separation of Bsplit net SWV
peaks^ as a function of log(K), simulated for square-wave amplitudes of
30mV (1), 40 mV (2) and 50mV (3). All other simulation parameters are
same as those in Fig. 1
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in the influence of applied square-wave amplitude applied, as
it is explained in more details in [22].

If the electrode reaction is very fast, then the splitting of the
net SWV peak occurs (Fig. 5a). Increasing the rate of the
catalytic reaction leads to a decrease of the backward
(oxidation) current component and corresponding increase
of the forward (reduction) current (Fig. 5b, c). Eventually,
for Kchem > 0.02, the splitting vanishes and a single net peak
is observed (Fig. 5d). This is a unique feature, which can serve
as a criterion for qualitative characterization of this mecha-
nism [18, 20].

In [22], we demonstrated that in the region of moderate-to-
large rate of the regenerative reaction (roughly −1.5 <
log(Kchem) < 1.5), the net peak potential Enet,p is a linear func-
tion of log(Kchem) (Fig. 6a).

While the slope of the line Ep vs. log(Kchem) is − 59mV, the
intercept is defined as follows: intercept = Eo

Ox(ads)/Red(ads) +
2.303 RT(αnF)−1 log(K). If the value of electron transfer co-
efficient α is previously known [1, 30], the latter equation
allows estimation of the electrode kinetic parameter K (hence
the formal rate constant ks

o, since K = ks
o /f) by varying the

concentration of the regenerative agent Y. This comes from
the fact that the dimensionless chemical parameter is defined
as Kchem = kc/f, where kc = kc′c(Y) and kc′ is the real second-

order rate constant of the regenerative reaction. Thus, the rate
of the surface electrode reaction can be estimated in a time-
independent experiment, i.e. at constant SW frequency.

Furthermore, from the limiting current of the steady-state
forward and backward currents (Fig. 4b), the rate of the regen-
erative chemical reaction can be estimated in a simple way.
Shown in Fig. 6b is the dependence of the limiting current of
both components as a function of the chemical parameter
Kchem. The slope of the linear function allows determination
of kc′ only by altering the concentration of regenerative agent
taking into account that Kchem = kc′c(Y).

Considering features of SW voltammograms presented in
Figs. 4 and 5, and the dependences presented in Fig. 6, it
follows that the kinetics of both electrode and chemical

Fig. 5 Surface EC′ catalytic mechanism: case with fast electron transfer
rate: Effect of the chemical (catalytic) parameter Kchem to the features of
calculated SW voltammograms. The values of the catalytic parameter
Kchem were 0.00001 (a), 0.001 (b), 0.01 (c) and 0.1 (d). The value of
the dimensionless electrode kinetic parameter K was 10. All other simu-
lation parameters were same as those in Fig. 1

Fig. 4 Surface EC′ catalytic mechanism: case with moderate electron
transfer rate: Effect of the chemical (catalytic) parameter Kchem to the
features of calculated net SW voltammograms (a) and to the correspond-
ing reduction and oxidation SW currents (b). In both cases, the values of
the catalytic parameter Kchem were 0.001 (1), 2.0 (2), 3.16 (3), 5.0 (4) and
10 (5). b The value of the dimensionless electrode kinetic parameter K
was 0.10. All other simulation parameters were same as in Fig. 1

2498 J Solid State Electrochem (2019) 23:2493–2506



reaction is accessible in a time-independent experiment. Thus,
it can be achieved at constant scan rate and frequency of the
SW voltammetric experiment, taking advantage of altering the
concentration of regenerative agent Y only.

Surface-confined electrode reaction coupled
with a follow-up reversible chemical reaction (surface
ECrev)

Ox adsð Þ þ ne−����→
←����

ksθ

Red adsð Þ
Red adsð Þ þ Y����→

←����
kb

k f

Z adsð Þ

The surface ECrev mechanism is often encountered in the
voltammetry of various immobilized enzymatic reactions, as
well as with many lipophilic drugs prone to adsorb at the elec-
trode surface [1, 6, 7, 10–17, 40–49]. We consider here a sur-
face confined electrode reaction in which the electrochemically
generated redox product is involved in a reversible follow-up
chemical reaction [26]. The analysis is focused mainly on the
ECrev mechanism featuring fast electron transfer.

Voltammetric features are mainly affected by the elec-
trode kinetic parameter K = ks

o/f, as in previous mecha-
nisms, as well as by the equilibrium constant of the chem-
ical step Keq = kf/kb and the overall rate of the follow-up
chemical reaction via the dimensionless chemical kinetic
parameter Kchem = (kf + kb)/f. As the equilibrium constant
determines the equilibrium amount of Red(ads) species,
the chemical parameter Kchem represents the rate of
removal/resupply of Red(ads) species in the time frame
of each potential pulse.

As it has been shown in our recent work [26], for a
given value of K and Kchem, voltammetric response is
strongly affected by the equilibrium constant (see Fig. 6
in [26] for example). Remarkable voltammetric features
emerge for fast electrode reaction. For instance, for Keq >
1, the splitting of the net SW peak is strongly affected by
the kinetics of the follow-up chemical step. Shown in
Fig. 7 are voltammograms illustrating the effect of Kchem

in the case of split net SWV peak. It is important to notice
that within a broad region of Kchem values (0.001 < Kchem

< 0.5), simultaneous increase of both reduction (forward)
and oxidation (backward) current components is encoun-
tered. Interestingly, the backward (oxidation) peak current
rises more rapidly by increasing Kchem. At the same time,
the peak potential of the backward component shifts to-
wards more positive values as Kchem increases. In such
scenario, the splitting of the net SW voltammogram van-
ishes for Kchem of 0.04. In addition, both reduction and
oxidation peaks further increase in proportion to Kchem

within the interval 0.04 < Kchem < 0.5. Eventually, for
Kchem > 0.6, both current components commence decreas-
ing, acquiring typical shape for ECrev mechanism [1–3,
26]. Hence, for moderate and high values of Keq, the over-
all rate of the chemical step influences significantly the
electrode reaction. This is also shown in Fig. 8a, where a
series of quasi-reversible maxima are presented, simulated
for Keq = 10 and several values of Kchem. As the values of
the chemical parameter Kchem increase from 0.0075 to
0.075, the position of maximum shifts from log(Kmax) =
− 0.775 to log(Kmax) = 1. At the same time, the increasing
rate of the follow-up chemical step causes the overall cur-
rents to increase, as shown in Fig. 8a. The linear depen-
dence of log(Kchem) vs. log(Kmax) (Fig. 8b) allows deter-
mination of the value of Kchem in a very elegant way as
described in [26].

As we have shown in our recent works [25, 26, 37,
39], the observed phenomena in Figs. 7 and 8 arise main-
ly from the specific chronoamperometric features of this
electrode mechanism in SWV. If the rate of electron
transfer is comparable to the overall rate of the chemical
reaction, simultaneous increase of both forward and
backward current components is observed. Similar effect
was initially observed in the case of adsorption-

Fig. 6 Surface EC′ catalytic mechanism: case with slow and moderate
electron transfer rate. a Dependence of the net SWV peak potentials as a
function of logarithm of catalytic parameter log(Kchem). The curves are
simulated for three values of dimensionless electrode kinetic parameter,
i.e. log(K) 0f − 0.40 (1), − 1.0 (2) and − 2.0 (3). b Dependence of the
limiting currents of SW voltammograms (measured at potentials of −
0.30 V) from Fig. 4b as a function of catalytic parameter Kchem, simulated
forK of 0.10. All other simulation parameters were same as those in Fig. 1
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complicated ECirev mechanism [42, 43, 48]. Pivotal role
in such scenario is attributed to the rate of chemical re-
moval of redox active form Red(ads), causing the elec-
trode reaction to proceed further and the end of potential
pulse, thus producing a larger current. The features de-
scribed in Figs. 7 and 8 are encountered with the surface
ECrev mechanism only, and they can be used as diagnos-
tic criteria for qualitative and kinetic characterization as
elaborated in detail in [26].

Surface confined electrode reaction coupled
with a preceding reversible chemical reaction (surface
CrevE)

Yþ Z adsð Þ ����→←����
kb

k f

Ox adsð Þ

Ox adsð Þ þ ne−����→
←����

ksθ

Red adsð Þ

From all surface redox mechanisms complicated with
chemical reactions, the electrode reaction coupled with a
preceding chemical step (CrevE mechanism) is, indeed,
the most complex one. As the initially available material
at the working electrode surface depends on the value of
the equilibrium constant Keq, the resupply/removal of
Ox(ads) species during the time frame of the experiment
is dictated by the chemical rate parameter Kchem. An in-
terplay between the specific chronoamperometric charac-
teristics of the surface electrode reaction and the chemi-
cal step results in a complex voltammetric outcome of

Fig. 8 Surface ECrev mechanism. a Quasi-reversible maxima simulated
for Keq = 10 and for several values of dimensionless chemical rate pa-
rameter Kchem. b Dependence between the logarithm of the chemical rate
parameter log(Kchem) and the logarithm of maximal values of the dimen-
sionless electrode kinetic parameters log(Kmax) from Fig. 8a. All other
simulation parameters were same as those in Fig. 1

Fig. 7 Surface ECrev mechanism: case with fast electrode transfer rate:
Effect of the dimensionless chemical parameter Kchem to the features of
simulated SW voltammograms simulated for a value of the dimensionless
electrode kinetic parameter K = 3.0. The equilibrium constant of the
follow up chemical reaction was set to Keq = 10, while the value of
dimensionless chemical rate parameter Kchem was 0.00001 (a), 0.0075
(b), 0.0255 (c) and 0.5 (d). All other simulation parameters were same
as those in Fig. 1

2500 J Solid State Electrochem (2019) 23:2493–2506



the experiment [19]. Here, as in the previous case, we
focus mainly to voltammetry typical for fast electrode
reaction.

Shown in Fig. 9 are theoretical voltammograms of a quasi-
reversible electrode reaction, simulated for Keq = 1 and three
different values of the chemical rate parameter Kchem.
Obviously, an increase of Kchem from 0.01 to 3.16 leads to a
simultaneous increase of the overall voltammetric response.
Indeed, the effect of the overall chemical kinetics depends
strongly on the value of Keq, as shown in Fig. 10, and the
overall effect is very complex. The rate of the preceding
chemical reaction, represented by the parameter Kchem, in-
fluences the intensity, position and the shape of all current
components.

The effect of Kchem is more pronounced when the elec-
trode reaction is fast. Shown in Figs. 11 and 12 are SW
voltammograms when the net peak splitting occurs, cal-
culated for Keq = 1 and Keq = 0.01, respectively. Although,
at a first glance the situation might look similar, the
voltammetric behaviour presented in Figs. 11 and 12 is
significantly different. For Keq = 1, the overall rate of the
preceding chemical reaction (Kchem ≤ 0.05) has mainly an
influence to the peak current of the forward (reduction)
component (Fig. 11a–c). However, the rate of the preced-
ing reaction has a remarkable effect to the morphology of
both forward and backward current components, in partic-
ular at more negative potentials than the peak potentials
(see Fig. 11b, c).

Specifically, the current in post-peak potential region
of both current components is significantly elevated, the
phenomenon being proportional to the rate of the preced-
ing reaction. Such phenomena can be ascribed to the ef-
fect of additional resupply of Ox(ads) species by the pre-
ceding chemical reaction during the time frame of the
voltammetric experiment.

Fig. 10 Surface CrevE mechanism: case with moderate electron transfer
rate: Theoretical SW voltammograms simulated for a value of the
dimensionless electrode kinetic parameter K = 0.794, Kchem of 1.0, and
for several equilibrium constants of preceding chemical reaction. The
values of equilibrium constants Keq are given in the charts

Fig. 9 Surface CrevE mechanism: case with moderate electron transfer
rate: Effect of the dimensionless chemical parameterKchem to the features
of the SW voltammograms simulated for a value of the dimensionless
electrode kinetic parameter K = 1.0, and for equilibrium constant of
preceding chemical reaction Keq = 1. The values of the dimensionless
chemical rate parameter Kchem were 0.01 (a), 0.316 (b) and 3.16 (c). All
other simulation parameters are same as those in Fig. 1
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The net SWV peak splitting vanishes in the range 0.05
< Kchem < 10 (Fig. 11c, d). Further increase of Kchem > 10
leads to simultaneous increase of both reduction and oxi-
dation peak currents, while the splitting of net SWV peaks
is re-established (see Fig. 11e, f). The voltammetric behav-
iour of a fast surface electrode reaction preceded by a
chemical reaction described in Fig. 11 is unique for this
mechanism and can serve as qualitative criteria for charac-
terization of the mechanism.

Furthermore, when the preceding chemical reaction is ther-
modynamically unfavourable, attributed with Keq = 0.01
(Fig. 12), an initial increase of Kchem from 0.001 to 0.5 leads
to disproportional increase of forward and backward current
components. Unexpectedly, the oxidation (backward) peak
current gains more in the intensity than the reduction one
(Fig. 12b, c). For Kchem > 2, the splitting disappears
(Fig. 12d), while further increase of Kchem up to 500 causes
both current components to gain in the intensity almost iden-
tically. For Keq = 0.01, the net SWV peak splitting is lost and
cannot be re-established by further increase of Kchem, contrary
to the case observed for higher Keq values (compare

Figs. 11e, f and 12e, f, for example). Accordingly, the differ-
ences of the voltammetric behaviour illustrated in Figs. 11 and
12 can serve as qualitative criteria for rough assessment of the
equilibrium constant.

Although the evolution of the voltammetric pattern pre-
sented in Fig. 12 resembles the surface ECrev mechanism il-
lustrated in Fig. 7, yet the two cases differ significantly. While
the phenomenon of post-peak elevated current for both for-
ward and backward current components is typical for the sur-
face CrevEmechanism (due to the resupply of an electroactive
material), it does not appear in the case of ECrev mechanism
(compare Fig. 12b–d with Fig. 7, for example). The surface
CrevE mechanism differs from the surface ECrev mechanism
in, at least, one more relevant aspect. While for the surface
ECrev mechanism, the position of quasi-reversible maximum
is a function of Kchem (see Fig. 8a), the position of the maxi-
mum does not depend on Kchem in the case of surface CrevE
mechanism [19].

Shown in Fig. 13a is the dependence of the peak current
ratio of the absolute values of the forward and backward com-
ponents as a function of log(Kchem), estimated for several

Fig. 11 Surface CrevE
mechanism: case with fast
electron transfer rate: Effect of
the dimensionless chemical
parameter Kchem to the features of
the SW voltammograms
simulated for a value of the
dimensionless electrode kinetic
parameter K = 10, and for an
equilibrium constant of preceding
chemical reaction Keq = 1. The
values of the dimensionless
chemical rate parameter Kchem

were 0.00001 (a), 0.00316 (b),
0.0316 (c), 3.16 (d), 31.6 (e) and
316 (f). All other simulation
parameters are same as in Fig. 1
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values ofKeq. The expected sigmoid dependences, common for
this mechanism [1–4, 19], exist only for Keq > 1. However, for
Keq < 1, the sigmoid curves on Fig. 13a feature a local mini-
mum, roughly in the regions of − 1 < log(Kchem) < 0.1. The lin-
ear portions of sigmoidal curves of Fig. 13a are expanded in
Fig. 13b. The slope of the linear part of the function |Ψreduction/
Ψoxidation| vs. log(Kchem) is inversely proportional to the value of
Keq. The latter can be additionally used as a criterion for recog-
nizing the CrevE mechanism. Finally, as explained in [19], the
method of measuring the potential separation of the split net
peaks as a function of log(Kchem) can be explored for the deter-
mination of the chemical rate parameter Kchem at the CrevE
mechanism, providing that the values of dimensionless elec-
trode kinetic parameter K and Keq are known.

Conclusions

Electrochemical reactions comprise energy exchange be-
tween redox active species and an electrically conductive

material (working electrode). The kinetics of all electro-
chemical reactions depends on the type of electrode mate-
rial, temperature, concentrations of the reactants involved
in the redox processes, but also on the applied potential.
Commonly, for constant temperature and defined electrode
material, relevant kinetic data are evaluated in time-
dependent experiments (i.e. chronoamperometric experi-
ments in which the current is measured at different time
or voltammetric experiment in which the scan rate is var-
ied) [1–10, 17]. As it has been shown in this work, for
surface electrode processes complicated with chemical re-
actions, evaluating relevant kinetic parameters from time-
dependent experiments is not an easy task, as the voltamm-
etry is affected by several time-dependent critical parame-
ters. In SWV, the frequency, as the most critical time pa-
rameter, affects simultaneously both the kinetics of the
electron exchange between the working electrode and the
redox couple investigates, but also the kinetics of chemical
step, too. Consequently, variation of the frequency gives
complex voltammetric patterns that are difficult to be

Fig. 12 Surface CrevE
mechanism: case with fast
electron transfer rate: Effect of
the dimensionless chemical
parameter Kchem to the features of
the SW voltammograms
simulated for a value of the
dimensionless electrode kinetic
parameter K = 1.778, and for an
equilibrium constant of preceding
chemical reaction Keq = 0.01.
The values of the dimensionless
chemical rate parameter Kchem

were 0.001 (a), 0.056 (b), 0.316
(c), 5.62 (d), 56.2 (e) and 562 (f).
All other simulation parameters
are same as in Fig. 1
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elaborated due to mutual interplay between different kinet-
ic parameters [40, 47–54].

In order to avoid such complexity in real experiments,
efforts have been made to develop methods for kinetic
measurements with time-independent experiments under
conditions of SWV. As shown in the recent work of
Mirceski et al. [34], elegant access to the formal rate con-
stant of the electron transfer can be achieved by the method
of amplitude-based quasi-reversible maximum, or by mea-
suring the peak potential difference of the forward-to-
backward current components [37, 55] under constant scan
rate. Accordingly, for all electrode mechanisms presented
in this work, specific voltammetric features are encoun-
tered enabling kinetic and thermodynamic measurements
based on the variation of the chemical agent Y at a constant
scan rate and frequency of the voltammetric experiment.
Moreover, with the plenty of simulated SW voltammo-
grams presented in this work hints are given for recogniz-
ing particular electrode mechanism and qualitative charac-
terization. In the very recent work of Compton et al. [56],
the CEC mechanism was considered for the first time in
cyclic voltammetry, which will be our next task to be elab-
orated under condition of SWV.
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