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Abstract: Surface electrode reaction (E), coupled with reversible preceding and reversible follow up chemical steps (C), or so-called “surface 
CEC mechanism” is considered theoretically under conditions of square-wave voltammetry. Large set of square-wave voltammograms of 
considered electrode system are calculated as a function of thermodynamics and kinetics of chemical steps involved in this complex mechanism. 
The surface CEC mechanism can be simplified to a surface CE, or a surface EC mechanism, if one assumes defined magnitudes of the equilibrium 
constants of chemical steps involved. Although the influence of the square-wave frequency to the voltammetric patterns is quite complex, a 
frequency analysis can reveal important aspects to recognize this mechanism. While we present important differences that can distinguish 
between the effect of the kinetics of both chemical steps, we also give the readers hints on how to design experiments in order to get access 
to all relevant kinetic constants. Theoretical results elaborated in this work are quite important, since there are important experimental systems, 
such as redox enzymes and metal-ligand complexes, whose voltammetric behaviour fits to this mechanism. 
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INTRODUCTION 
N the last 30 years, square-wave voltammetry (SWV) 
emerged as one of the leading electrochemical 

techniques to monitor relevant mechanistic, kinetics and 
thermodynamic aspects of important redox systems.[1–8] 
The measuring performances of the SWV, outlined mainly 
in the measuring speed and the capability for significant 
distinction of the Faradaic vs. the capacitance currents, 
make this technique suitable tool for getting access to 
relevant electrochemical features of important chemical 
systems[1–4] Electrochemical systems that are associated 
with chemical equilibria attract significant voltammetric 
interest, since they are commonly encountered in 
chemistry, biochemistry and physiology.[1,4,5,9–13] Many of 
these systems are considered as adequate models that 
provide insight into relevant physiological functions of 
pertinent compounds such as the redox enzymes.[5,6,10–13] 
Principally, for the so-called “surface-active” chemical 
systems, voltammetry is recognized as very efficient 

technique, capable to provide mechanistic, thermodynamic 
and kinetic information for large set of lipophilic 
compounds.[1,5,9–11] When it is about electrochemistry of 
the so-called “lipophilic redox enzymes”, the protein-film 
voltammetry (PFV)[5,6,11–13] is recognized as a very simple, 
cheap and systematic methodology. This technique is 
designed to enable access to important physical para-
meters associated to the chemical behavior of many redox 
enzymes.[5,6,12,13] The distinctive capabilities of PFV are 
mainly reflected in the simple experimental set up used in 
this technique.[12,13] In several recent theoretical works, this 
technique, under conditions of square-wave voltammetry, 
has been applied for understanding a large set of complex 
electrochemical aspects of surface-confined substrates and 
redox proteins, whose electrode transformation was assum-
ed to be associated with various chemical equilibria.[6,14–21] 
Electrochemical systems, which comprehend electron 
transfer step that is coupled with two different chemical 
reactions, show rather complex behavior under voltam-
metric conditions.[9,10,14,22] This is because of the 
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simultaneous interplay of both chemical steps to the 
electron transfer reaction, but also due to eventual mutual 
interaction of both chemical steps.[14,22] Although there are 
important experimental electrochemical systems, in which 
preceding and follow up chemical reactions are both 
associated to a given electrode reaction,[5,9,12,13] the 
voltammetric theories of such mechanisms are rather 
rare.[2,14,22] In this work, we consider theoretically, under 
conditions of SWV, a surface electrode reaction that is 
associated with reversible preceding and reversible follow-
up chemical steps. The common electrochemical abbrev-
iation of this mechanism is a “surface CEC mechanism”. We 
present in this work a large set of calculated SW 
voltammetric patterns, which might help the readers in 
resolving relevant aspects of this complex mechanism. 
Importance of the theoretical results evaluated for this 
mechanism is seen in the redox chemistry of important 
biomolecules such as quinones and some neurotrans-
mitters,[23] redox enzymes,[12,13] thiols,[24,25] and some 
lipophilic metal-ligand complexes.[26–30] 

Mathematical Model 
Surface electrode mechanism, in which the electron 
exchange step between the working electrode and the 
redox active substrate is associated with preceding and 
follow up chemical reaction, is considered theoretically 
under conditions of square-wave voltammetry. The 
abbreviation of corresponding electrochemical system is a 
“surface CrevECrev” mechanism (or simply “surface CEC 
mechanism”). The term “E” stays to denotate the electron 
transfer step taking place between the working electrode 
and the redox active substrate, while “C” refers to the 
chemical reactions involved in this mechanism. In the 
mathematical model, we assume that all relevant species 
are firmly adsorbed (“ads”) to the surface of the working 
electrode, while forming a uniform monolayer of adsorbed 
molecules. We also assume that both chemical reactions 
involved in this mechanism are of reversible nature. The 
initial electrochemically active species Ox(ads) are created 
via dissociation from A(ads) species. The electrochemical 
step “E” encompasses an electron exchange between the 
working electrode and the chemically generated redox 
form Ox(ads), which gives as products reduced form of 
electrochemically active species-Red(ads). In a final chemical 
step, the species Red(ads) are involved in a chemically 
reversible reaction with the substrate Y, while creating 
Z(ads) species. Z(ads) is a symbol of electrochemically 
inactive species, emerging as a final product in this complex 
mechanism. A simplified scheme of the elaborated surface 
CrevECrev mechanism is as follows:  

31
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 For solving of this model, we suppose that only the 
species “A”, and “Y” are present in the electrochemical cell 
at the point t = 0 of the voltammetric experiment. In the 
second approximation of the mathematical model, it is 
assumed that there are no interactions between substrates 
“A” and “Y” of any kind. This holds true also for the species 
“A” and “Z”. In addition, it is supposed that there is absence 
of any kind of interactions between all species that stay 
immobilized at the working electrode surface. “Y” is a 
symbol of the substrate that is present in excess in the 
voltammetric cell, and exhibits no electrochemical activity 
in the potential region explored in the voltammetric 
experiments. “Y” is supposed to react in a selective and 
chemically reversible fashion with Red(ads) species, while 
generating the electrochemically inactive species Z(ads). 
Mathematically, this mechanism can be represented with 
following sets of equations:  

t = 0; Γ(A) = Γ*(A)/ (1 + Keq, preceding);  and  

Γ(Ox) = Keq, preceding Γ*(A)/ (1 + Keq, preceding);  Γ(Red) = 0 (a) 

t > 0;  Γ(A) + Γ(Ox) + Γ(Red) + Γ(Z) = Γ*(A); (b) 

t > 0;  Keq, preceding = k1/k2;  Keq, follow-up = k3/k4 (c) 

 For t > 0, the following differential equations (d–f) 
link the surface concentrations with the current and the 
kinetics and thermodynamics of preceding and follow-up 
chemical steps:  

dΓ(A)/dt = k1Γ(A) – k2Γ(Ox) (d)  

dΓ(Ox)/dt = –I/(nFS) – k2Γ(Ox) + k1Γ(A) (e)  

dΓ(Red)/dt = I/(nFS) – k3Γ(Y) + k4Γ(Z) (f)  

 The electric current, the applied electrical potential 
difference, the surface concentrations of the electrochem-
ically active species, and the other parameters relevant to 
electron transfer step are assumed to be interrelated via 
the Butler-Volmer equation, having the following form:  

= −( ) [ ]/  ( ) (Ox) –  ( ) (Red)sI nFS k exp αΦ Γ exp Φ Γ  (g) 

 In the supplementary material of this work, we 
provide the readers entire working MATHCAD file. It 
contains all recurrent formulas, and all relevant parameters 
needed for simulations of theoretical voltammograms of 
the surface CEC mechanism. We ascribed the positive sign 
to the forward (reduction) currents (blue color), and 
negative sign (red color) is ascribed to the backward 
(oxidation) currents. The resulting net-SWV currents are 
designated with black color at all voltammograms. In all 
simulations, the starting potential was set to positive value, 
and it runs toward negative final potentials in all 
experiments.  
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Description of the Relevant Parameters 
that Affect the Features of Theoretical 

Square-wave Voltammograms  
In the mathematical model, the dimensionless current  
Ψ of calculated SW voltammograms is defined as  
Ψ = I/[(nFSfΓ*)]. In last definition of Ψ, symbol “I” stays for 
the electric current, while “n” designates the number of 
electrons involved in the electron-exchange step between 
the working electrode and the redox active species. With 
“S” we assign the active area of the working electrode, 
while “f” is the frequency of SW pulses. The SW frequency 
f is defined as f = 1/(2tp), where tp is a time-duration of a 
single SW potential pulse. The symbol “Γ*” stays for the 
initial surface concentration of adsorbed A(ads) species, 
and it equals the total surface concentration of all adsorbed 
species. The dimensionless potential ϕ is defined as ϕ = 

( – / )nF E E RT , where E  is the standard redox potential 
of Ox/Red couple, while α is the electron transfer 
coefficient (it was set to α = 0.5 in all simulations). T is 
symbol of the thermodynamic temperature (T was set to 
298 K in all calculations), R is the symbol for universal gas 
constant, and F is the Faraday constant. In addition, the 
relevant characteristics of calculated SW voltammograms 
are affected by several dimensionless parameters. The 
dimensionless electrode kinetic parameter ET /K ks f=   
relates the standard rate constant of electron transfer kso 
to the time duration of potential pulses applied in SWV. 
Furthermore, the relevant attributes of calculated voltam-
metric patterns are affected by two dimensionless chemical 
kinetic parameters, Kchem-preceding, and Kchem-follow up defined 
as: Kchem-preceding = ε/f, and Kchem-follow up = z/f. In last two 
equations, ε = (k1 + k2) and z = (k3 + k4), are cumulative 
chemical rate parameters of the preceding and follow up 
chemical reaction, respectively. Kchem-preceding reflects the 
rate of the preceding chemical step relative to the time-
frame of current measurement in SWV. The chemical para-
meter “z”, which appears in the definition of Kchem-follow up, is 
related to the rate of the overall follow-up chemical 
reaction, and it is defined as: z = (k3 + k4)/f. However, since 
we assume an excess of “Y” substrate in electrochemical 
cell, the concentration of “Y” will be held constant at the 
working electrode surface in the course of voltammetric 
experiment. Therefore, the chemical step in the follow-up 
reaction is considered to be of pseudo-first order, and the 
chemical rate parameter of follow up reaction (z) can be 
also written as: 3 4 [ (Y) ] / .z k c k f= +  In the last equation, 
c(Y) is the molar concentration of substrate “Y” present in 
excess in voltammetric cell, while 3k  is a real rate constant 
of the forward step of follow-up chemical reaction. In 
addition, the features of calculated SW voltammograms are 
function of two chemical equilibrium constants: one of 
preceding chemical reaction Keq, preceding, defined as 
Keq, preceding = k1/k2, and one of the follow-up chemical 

reaction Keq, follow up, defined as Keq, follow up = k3/k4. The 
magnitudes of both chemical equilibrium constants are 
linked to the quantities of Ox(ads) and Red(ads) that stay 
available for electrode transformation. If not otherwise 
stated, we set in all simulations the SW potential 
parameters to following magnitudes: frequency f = 10 Hz, 
amplitude ESW = 50 mV, and potential step dE = 4 mV. More 
details about the algorithm used are reported in.[1,11] 
“MATHCAD 14” commercial software was explored for 
calculating the SW voltammograms reported in this work.  
 

RESULTS AND DISCUSSION  
The protocol in which theoretical data are treated for given 
electrode mechanism depends primarily upon whether the 
technique explored can provide a direct access to the 
parameters affecting the relevant features of elaborated 
mechanism. A conventional way of handling the theoretical 
data in SW voltammetry commonly considers construction 
of working curves that allow insight into some aspects of 
the reaction mechanism. Such working curves also offer 
protocols to develop methodologies for estimation of 
relevant physical parameters.[1,4,11] The most common 
analysis in theoretical voltammetric studies is related to 
time-dependences (i.e. frequency or scan rate dependence) 
of the voltammetric responses. However, the time-analysis 
in voltammetry can often lead to misinterpretation of the 
obtained data, especially if considered electrode mechanisms 
are associated with chemical equilibria. This is due to 
simultaneous effect of frequency (or scan rate) to both-to 
the kinetic parameter of electron transfer step, and to the 
rates of chemical reactions of CEC mechanism as well. Since 
the elaborated surface CEC mechanism is quite complex, a 
better strategy is to simplify it to its limiting situations. The 
voltammetric complexity of considered surface CEC 
mechanism can be initially simplified, by taking into 
consideration defined magnitudes of both equilibrium 
constants of chemical reactions: (1) If Keq-follow up < 0.005 and 
for Kchem-follow up < 0.05, the entire surface CEC mechanism 
turns into a surface CrevE mechanism; (2) If the magnitude 
of Keq, preceding > 10, then the surface ECrev mechanism comes 
out as a limiting case of the surface CEC mechanism; (3) In 
scenario when Keq, preceding ≤ 1, and Keq, follow up ≤ 1, one obtains 
very complex voltammetric patterns. In such cases, the 
shape and the position of calculated voltammetric outputs 
is a complex function of the kinetics and thermodynamics 
of both chemical steps.  
 (1) If Keq, follow up < 0.005, and for values of Kchem-follow 

up < 0.05, the voltammetric patterns of a surface CEC 
mechanism are identical to those of a surface CrevE 
mechanism (Figure 1.).[1,11,15] In this scenario, the protocols 
reported in Ref. [15] can be explored to get access to the 
kinetic and thermodynamic parameters relevant the 
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electron transfer step, but also the thermodynamic and 
kinetic parameters related to the preceding chemical 
reaction, as well.  
 It is worth to note that if equilibrium constant of the 
preceding chemical reaction log(Keq,preceding) ≤ 0, one obser-
ves obvious effects of dimensionless chemical parameter 
Kchem-preceding to the features of calculated SW voltam-
mograms. As expected (see Figure 1.), an initial increase of 
Kchem-preceding from 0.01 to 1, causes significant effects to all 
current components of calculated SW voltammograms. At 
log(Kchem-preceding) ≥ 1, one gets voltammograms as typical of 
a “simple surface mechanism”, whose features get 
independent on Kchem-preceding. If log(Keq, preceding) > 2, the 
dimensionless currents get constant value, regardless of 
the value of dimensionless chemical rate parameter of the 
preceding step. In such case, there will be a strong shift of 
the equilibrium of preceding chemical step towards the 
chemically generated products (Ox(ads)), so the overall 
mechanism turns to a “simple surface electrode 
reaction”.[1] For a given value of the dimensionless kinetic 
parameter of electron transfer KET, roughly in the regions of 
–2 < log(Keq, preceding) < 1.5, one recognizes existence of so-
called “kinetic zones” in the curves of Ψnet,p and Enet,p vs. 
log(Kchem-preceding) (see linear parts of curves in Figure 2.). In 
the mentioned regions, the kinetic of preceding chemical 
step influences significantly both the net SW peak 
potentials Enet,p, and the net SW peak currents Ψnet,p of 
simulated voltammograms (see linear parts at Figures 2.A 
and 2.B). The slopes of the linear parts of the Enet,p vs. 
log(Kchem-preceding) curves (Figure 2.B) are defined as 
2.303RT/nF log[Keq,preceding / (1 + Keq, preceding)]. This implies 
that the dependence of Enet,p vs. log(Kchem-preceding) in the 
“chemical kinetic zones” presented in Figure 2.B, can be 
explored to determine the value of Keq, preceding, provided 
that the parameters of the electron transfer step of 
electrode reaction are previously determined.[15] 
 As elaborated in Refs. [1,11], a very specific feature 
of all surface electrode mechanisms is the parabolic 
dependence of the Ψnet,p as a function of the dimensionless 
kinetic parameter related to electron transfer step KET. This 
parabolic dependence of Ψnet,p vs. KET, known as 
“quasireversible maximum”, is established as a very simple 
tool to get access to standard kinetic constant related to 
the electron transfer rate.[1] In Refs. [1,15], it has been 
shown that for the surface CE mechanism, this phenomen-
on is virtually independent on Kchem-preceding and Keq, preceding 
(see Figures 3. and 4.). Consequently, the phenomenon of 
“quasireversible maximum” can be explored for the 
determination of the standard rate constant of electron 
transfer step kso of surface CEC mechanism in the 
elaborated situation, following the procedure reported in 
Refs. [1,15]. 

 

Figure 1. Theoretical SW voltammograms of a surface CEC 
mechanism, calculated as a function of the dimensionless 
rate parameter of the preceding chemical reaction  
Kchem-preceding. The parameters used in the simulations were: 
SW amplitude ESW = 50 mV, step of the potential SW pulses 
dE = 4 mV, temperature T = 298 K, SW frequency f = 10 Hz. 
In all calculations, the electron transfer coefficient was set 
to α = 0.5, while the number of electrons exchanged was  
n = 2. The magnitude of dimensionless parameter related to 
the electron transfer step of electrode reaction was set to 
KET = 0.2. The equilibrium constant of the preceding 
chemical step was Keq, preceding = 0.1. The parameters of the 
follow up chemical step were set to: Keq, follow up = 0.001; and 
Kchem-follow up = 0.001. The values of Kchem-preceding are given in 
the charts. 
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 (2) If the magnitude of the equilibrium constant of 
preceding chemical step Keq, preceding > 10, then the “surface 
ECrev mechanism” emerges as a limiting case of elaborated 
surface CEC mechanism. Since a comprehensive elabor-
ation of a surface ECrev mechanism under conditions of SWV 
is reported in our recent work,[18] we present here just 
some specific features of this mechanism. A common 
remarkable effect of dimensionless rate parameter of 
follow-up chemical step Kchem-follow up is shown in the 
simulated SW patterns at Figure 5. For values of equilibrium 
constant Keq, follow up > 10, an increase of Kchem-follow up, as 
expected, leads to decrease of the backward SW current 
component. However, for moderate values of Keq-follow up, an 
increase of the dimensionless chemical parameter in the 
region –2.5 < log(Kchem-follow up) < –1, causes appearance of 
local maxima at the sigmoidal Ψ-log(Kchem-follow up) curves 
(see Figure 6.). Even more peculiar feature in Figure 6. (in 
region –2 ≤ log (Keq, follow up) ≤ 1), is that peak current of  
re-oxidation process (which should commonly decrease by 

an increase of Kchem-follow up) gains in intensity, as chemical 
rate parameter gets higher values in the region –2.5 < 
log(Kchem-follow up) < –1. 
 Some of the origins of this phenomenon of surface 
ECrev mechanism in SWV are elaborated in Refs. [16,18]. 
Shortly, the interplay of specific chronoamperometric 
features of this mechanism, combined with the chemical 
and redox transformations that take place in the so-called 

 

Figure 2. Effect of the rate of the preceding chemical step 
(expressed via log(Kchem-preceding) to the net peak currents 
Ψnet,p(A) and net peak potentials Enet,p(B) of SW voltam-
mograms of surface CEC mechanism. The magnitude of  
KET = 0.1, while the magnitudes of the equilibrium constant 
of preceding chemical reactions Keq, were set to: 0.25 (curve 1); 
0.75 (curve 2); and 4 (curve 3) in both (A) and (B) patterns. 
Other simulation conditions were same as those in Figure 1. 
 

 
Figure 3. “Qusireversible maxima” of surface CEC mechan-
ism recorded as a function of the magnitude of the 
dimensionless chemical rate parameter of preceding chem-
ical reaction Kchem-preceding. The magnitude of the equilibrium 
constant of preceding chemical reaction was set to:  
Keq, preceding = 0.5, while the magnitudes of Kchem-preceding were 
set to: 0.1 (1); 1 (2); 10 (3) and 100 (4). Other simulation 
parameters were same as those in Figure 1. 
 

 
Figure 4. “Qusireversible maxima” of surface CEC mechan-
ism recorded as a function of the magnitude of the equil-
ibrium constant of preceding chemical reaction Keq, preceding. 
The magnitudes of the dimensionless kinetic parameter of 
preceding chemical reaction were set to: Kchem-preceding = 
0.05, while the magnitudes of Keq, preceding were set to: 0.05 
(1); 0.1 (2); and 1 (3). Other simulation parameters were 
same as those in Figure 1. 
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“dead time” (or non-current measuring time segment) of 
potential SW pulses, leads to the appearance of local 
maxima observed at sigmoidal curves in Figure 6. Another 
important aspect to be noticed in surface ECrev mechanism 
is the dependence of the position of “quasireversible 
maximum” as a function of Kchem-follow up (Figure 7.), which 
appears in region of moderate values of Keq, follow up.[18] 
Roughly, in the regions of –2 ≤ log(Keq, follow up) ≤ 0, an 
increase of the rate of chemical step in region –2 ≤ 
log(Kchem-follow up) ≤ –0.3, is followed by a shift of the position 
of the “quasireversible maximum” towards higher values of 
KET. This finding implies that the rate of the follow up 
chemical reaction might influence the apparent rate of 
electron transfer step of surface ECrev mechanism. Following 
the procedure elaborated in Ref. [18], it is possible to 
evaluate all relevant kinetic and thermodynamic para-
meters related to the chemical and electron transfer step 
of given surface ECrev mechanism. 

 A remarkable feature of all surface electrode 
mechanisms is the “splitting” of the net SW voltammetric 
peaks.[1,31] This phenomenon can be achieved under the 
influence of the kinetics of electron transfer step, and by 
increasing the magnitude of SW amplitude.[1] In Refs. [1,31], 
an elegant approach is elaborated to access the kinetics of 
electrode reaction, by exploring the features of “splitting of 
net SW peaks”. When the electron transfer is fast, then the 
electrochemical conversion of Ox(ads) to Red(ads) will take 

 

Figure 5. Theoretical SW voltammograms of a surface  
CEC mechanism, calculated as a function of the dimen-
sionless rate parameter of the follow up chemical reaction 
Kchem-followup. The equilibrium constant of the preceding 
chemical step was Keq, preceding = 10, while the value of dim-
ensionless rate parameter of preceding chemical reaction 
was Kchem-preceding = 100. The values of Kchem-follow up are given 
in the charts. Other simulation conditions were same as 
those in Figure 1. 
 

 
Figure 6. Ratio of the |oxidation vs. reduction| peak 
currents of the SW voltammograms of surface CEC 
mechanism as a function of the logarithm of the 
dimensionless chemical rate parameter of follow up 
chemical reaction-log(Kchem-follow up).[18] The magnitudes of 
the equilibrium constant of follow up chemical reaction 
were set to: Keq, follow up = 0.1 (1); 1 (2) and 10 (3). Other 
simulation parameters were same as those in Figure 5. 
 

 

Figure 7. “Qusireversible maxima” of surface CEC mechan-
ism recorded as a function of the magnitude of the dimens-
ionless chemical rate parameter of follow up chemical reac-
tion Kchem-follow up. The magnitude of the equilibrium constant 
of follow up chemical reaction was set to: Keq, follow up = 0.5, 
while the magnitudes of Kchem-follow up were set to 0.0125 (1); 
0.0275 (2); 0.0525 (3) and 0.0775 (4).[18] Other simulation 
parameters were same as those in Figure 5. 
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place in a very small time-segment at the beginning of 
potential SW pulses. Consequently, in time period in which 
current is measured at the end of potential SW pulses, only 
a small amounts of Ox(ads) (or Red) will remain available 
for transformation at the working electrode. This will cause 
small currents to be detected in SWV experiments of 
surface reactions featuring fast rate of electron transfer 
step.[1,31] Moreover, at higher kinetics of electrode reac-
tion, there is a shift of reduction process towards more 
positive potentials, and of the oxidation process towards 
more negative potentials. A consequence of this sequence 
of events is splitting of the net SWV response to two peaks. 
The splitting of net SW peak phenomenon is reported to be 
a useful methodology for estimation of standard rate cons-
tant of electron transfer kso as elaborated in Refs. [1,31]. 
Some relevant features of “splitting phenomena of SW 
voltammetric peaks” for surface CrevE and surface ECrev 
mechanism are elaborated in Ref. [15] and in Ref. [18], 
respectively. Shown in Figures 8. and 9. is the splitting 
feature, simulated in a set of SW voltammograms of surface 
CrevE and surface ECrev systems, correspondingly. Voltam-
mograms are calculated as a function of the corresponding 
dimensionless chemical rate parameters by both mech-
anisms. 
 Although the effect of Kchem at the voltammograms 
in Figures 8. and 9. appears very similar, one observes 
crucial differences that distinguish both mechanisms. At 
surface CrevE mechanisam, an initial increase of Kchem-preceding 
from 0.00001 to 0.03 leads to disappearance of the splitting 
phenomenon (Figure 8.a–b), which eventually reappears at 
higher values of Kchem-preceding (Figure 8.c–d). This is not the 
case for the splitting phenomenon at surface ECrev 
mechanism, where an increase of Kchem-follow up above 0.001 
causes initial (more intensive) increase of the backward (re-
oxidation) SWV current component (Figure 9.a–b). Addit-
ional increase of dimensionless rate parameter related to 
follow up chemical reaction leads to a permanent disap-
pearance of the splitting phenomenon of net peak, and 
only a single SW peak exists observed by further increase of 
Kchem-follow up (Figure 9.c–d). The patterns presented in 
Figures 8. and 9. can be explored as simple diagnostic 
criteria to distinguish between the surface CrevE and the 
surface ECrev mechanisms, in situation of fast kinetics of 
electron exchange process between the working electrode 
and the Ox/Red couple.  
 (3) If both equilibrium constants of the chemical 
steps of surface CEC mechanism feature moderate-to-low 
values, i.e. log(Keq, preceding) ≤ 0, and log(Keq, follow up) ≤ 0, then 
one observes very complex voltammetric patterns of this 
system. In such scenario, alongside to their dependence on 
the kinetics of electron transfer step, the shape and the 
position of calculated voltammetric outputs is complex 
function of the kinetics and thermodynamics of both 

chemical steps. The entire complexity, however, should be 
even more expressed in real experiments. This comes out 
from the fact that the SW frequency affects simultaneously 

 
Figure 8. Theoretical SW voltammograms of surface CrevE 
mechanism featuring fast electrode reaction (KET = 2), 
calculated as a function of the dimensionless rate para-
meter of the preceding chemical reaction Kchem-preceding. The 
equilibrium constant of the preceding chemical reaction 
was set to Keq, preceding = 10. The values of Kchem-preceding are 
given in the charts. Other simulation conditions are same as 
those in Figure 1. 
 

 
Figure 9. Theoretical SW voltammograms of surface ECrev 
mechanism featuring fast electrode reaction (KET = 1.25), 
calculated as a function of the dimensionless rate 
parameter of the follow up chemical reaction Kchem-follow up. 
The equilibrium constant of the follow up chemical reaction 
was set to Keq, follow up = 10. The values of Kchem-follow up are 
given in the charts. Other simulation conditions are same as 
those in Figure 1. 
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all kinetic parameters, i.e. Kchem-preceding, Kchem-follow up, and 
KET. Although the SW frequency affects all rate parameters 
in a same way, yet all of them (Kchem-preceding, Kchem-follow up, 
and KET) exhibit quite different influence to the features of 
calculated SW voltammograms. In general, for an overall 
reductive mechanism, a decrease of KET causes a shift of the 
net SWV peak potentials to more negative values. While an 
increase of the dimensionless rate parameter of preceding 
chemical reaction Kchem-preceding leads to shifting of the net 
SWV peak potentials to more negative values,[15] opposite 
holds true for the dimensionless rate parameter of follow 
up chemical step Kchem-follow up.[18] In addition, all three 
dimensionless rate parameters exhibit rather complex 
influence to the current components of simulated SW 
voltammograms, as reported in Refs. [1,6,7,15,18]. Since 
many methods developed to access relevant kinetic param-
eters in SWV rely on frequency (or time) analysis,[1–4,12–13] 
such a survey applied to a surface CEC mechanism is 
supposed to generate complex voltammetric scenarios, 
when both log(Keq, preceding) ≤ 0, and log(Keq, follow up) ≤ 0. 
However, the SW frequency analysis can reveal important 
aspects about recognizing the surface CEC mechanism, and 
can help in designing proper experiments for getting access 
to all relevant parameters affecting this complex system. 
Two examples of a theoretical SW frequency analysis in 
surface CEC mechanism are shown in Figures 10. and 11. 
SW voltammograms are simulated at equal equilibrium 
constants of both chemical steps i.e. Keq, preceding = Keq, follow up = 
0.1, and magnitudes of rate parameters of chemical steps  
ε = 1 s–1 and z = 0.1 s–1 (for the preceding and the follow up 
chemical steps, correspondingly). Voltammograms in 
Figure 10. are calculated for a value of the standard  
rate constant of electron transfer of 1

s = 1 sk  − , while 
1

s = 100 sk  − was set for the voltammograms in Figure 11. 
As the SW frequency gets values between 0.01 Hz and 1 Hz 
(Figure 10.a–c), one observes that the kinetics of preceding 
chemical step has a dominant effect. This is obvious from 
the features of all current components of simulated SW 
voltammetric patterns that resemble to those of a surface 
CrevE mechanism. In addition, in this region of SW 
frequencies, the net SW peak potential shifts to more 
positive potentials by increasing f, a feature typical for 
surface CrevE systems.[1,15] However, as the SW frequency is 
higher than 1 Hz, then the kinetics of the follow up chemical 
step starts to have major effect, which is visible via the 
diminishment of the backward current component,[18] as 
expected for a surface ECrev mechanism (Figure 10.d). 
Finally, for SW frequencies larger than 20 Hz (Figure 10.e–f), 
the slow kinetics of the electron transfer step (small KET) 
controls the overall kinetics of the surface CEC mechanism, 
resulting with low currents measured. The voltammograms 
in Figure 10. imply that in a relatively small range of SW 
frequencies, roughly between 1 Hz and 30 Hz, one detects 

three different kinetics exhibiting the dominating effect to 
the simulated voltammograms. Even more complex 
voltammetric patterns exist at surface CEC systems in 
which the electron transfer steps feature large values of sk   
(Figure 11.). Although rate constant of electron transfer is 
rather high, which should result in splitting of the net SW 
voltammogram at small frequencies, this is not the case at 
Figure 11.a–d. Again, for small frequencies in region 
between 0.01 Hz and 10 Hz, the kinetics of preceding 
chemical step is major rate parameter that controls the 
features of simulated voltammograms. Only in a small 
frequency region between 20 Hz and 50 Hz one observes 
the splitting of the net SWV peaks (Figure 11.e). The 
splitting phenomenon vanishes at frequencies larger than 
50 Hz, and the voltammetric patterns get shape in which 
the kinetics of electron transfer step dictates mainly the 

 

Figure 10. Theoretical SW voltammograms of a surface CEC 
mechanism, calculated as a function of the SW frequency. 
Voltammograms are calculated by assuming equal 
magnitudes of both equilibrium constants, i.e. Keq, preceding = 
Keq, follow up = 0.1, and for values of rate parameters of the 
preceding and follow up chemical steps of ε = 1 s–1, and z = 
0.1 s–1, correspondingly. The standard rate constant of 
electron transfer was set to 1

s = 1 sk  − . The magnitudes of 
the SW frequencies applied are given in the charts. SW 
amplitude was set to ESW = 60 mV, while other simulations 
parameters were same as those in Figure 1. 



 
 
 
 P. KOKOSKAROVA et al.: Surface Electrode Mechanism Associated with … 199 
 

DOI: 10.5562/cca3768 Croat. Chem. Acta 2020, 93(3), 191–201 

 

 

 

voltammetric characteristics (Figure 11.f). The voltam-
mograms in Figures 10. and 11. imply that the frequency 
analysis, although showing a very complex effect, can help 
in recognizing the surface CEC mechanism. This is because 
this parameter will produce rather specific SWV patterns in 
relatively small range of applied frequencies. This 
information, as explained in the next section, might help to 
design proper experiments for the determination of most 
of the relevant kinetic parameters affecting this complex 
mechanism. 
 

CONCLUSIONS  
Although there are important chemical systems undergoing 
electrode transformation according to a surface CEC 
mechanism, there is a need of theoretical studies of this 
mechanism under conditions of square-wave voltammetry. 

In this work we present a set of relevant results of a surface 
CEC mechanism, in which we mainly elaborate the effect of 
rate parameters of both, the preceding and the follow up 
chemical steps to the features of calculated SW 
voltammograms. Since the interplay of all kinetic and 
thermodynamic parameters involved in this mechanism 
might result in very complex voltammetric patterns, we 
tried to simplify the surface CEC mechanism to two limiting 
simpler mechanisms. If the equilibrium constant of 
preceding chemical step is log(Keq, preceding) > 1, then the 
entire surface CEC mechanism can be approximated with a 
surface ECrev mechanism. If log(Keq, follow up) ≤ –2.3, and for 
small values of chemical rate parameter of follow up step, 
then the entire mechanism can be described with the 
relevant features of a surface CrevE mechanism. However, if 
both log(Keq, preceding) ≤ 0, and log(Keq, follow up) ≤ 0, then one 
witnesses a complex voltammetric interplay of all 
thermodynamic and kinetic parameters involved in this 
mechanism. In such scenario, it is of crucial interest to 
establish criteria first to recognize, and afterwards to 
simplify (if possible) the surface CEC mechanism to one of 
its limiting cases. Such an approach will enable to explore 
the methodologies reported for surface CrevE[15] and surface 
ECrev mechanism[18] to get access to all relevant physical 
parameters. The first indicator of occurrence of a surface 
CEC mechanism might come from a SW frequency analysis. 
Such an analysis can generate SW voltammograms that can 
change its characteristics in a certain (narrow) region of 
applied frequencies (see Figures 10.c–e and 11.c–e). Once 
the surface CEC mechanism is recognized, the second 
experimental step is to simplify it to a surface CrevE 
mechanism. This can be done in voltammetric experiments 
performed at constant frequency, and by decreasing the 
kinetics of follow up chemical step by modifying the molar 
concentration of substrate “Y” in electrochemical cell.[18] 
Once the surface CEC mechanism is turned to a simple 
surface CrevE system, then one can explore the methods 
reported in Ref. [15] to get access to kinetic and thermo-
dynamic parameters relevant to this mechanism. In the 
next step, also by modifying (increasing) the molar 
concentration of substrate “Y”, one can explore the feature 
of shifting of “quasireversible maximum” as a function of 
concentration of substrate “Y” (Figure 7.) as a mean to get 
access to the kinetic parameter of the follow up chemical 
step.[18] The feature presented in Figure 7. is specific only 
for surface ECrev mechanism,[18] since the kinetics of prec-
eding chemical step does not affect the “quasireversible 
maximum” as elaborated in Ref. [15]. For the deter-
mination of the electron transfer coefficient α, one can take 
advantage of the SWV methodology reported in Ref. [32]. 
It is worth mentioning that due to rather complex outputs 
of this mechanism, one has to take into consideration many 
specific features of simpler surface CE and surface EC 

 
Figure 11. Theoretical SW voltammograms of a surface CEC 
mechanism, calculated as a function of the SW frequency. 
Voltammograms are calculated by assuming equal 
magnitudes of both equilibrium constants, i.e. Keq, preceding = 
Keq, follow up = 0.1, and for values of rate parameters of the 
preceding and follow up chemical steps of ε = 1 s–1, and z = 
0.1 s–1, correspondingly. The standard rate constant of 
electron transfer was set to 1

s = 100 sk  − . The magnitudes 
of the SW frequencies applied are given in the charts. SW 
amplitude was set to ESW = 60 mV, while other simulation 
parameters were same as those in Figure 1. 
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systems that are extensively elaborated from our groups 
under conditions of SWV in Ref. [15] and Ref. [18], 
correspondingly. Readers are also advised to the sup-
plementary MATHCAD file provided in this work, which 
might serve as a useful playground for performing other 
valuable simulations on this complex mechanism.  
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