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Results from theoretical analyses of a two-step double-regenerative electrochemical mechanism
(schematically expressed as the EC'EC” mechanism) are presented here and examined for the first time
under conditions of square-wave voltammetry. The primary emphasis is on the relevance of this complex
mechanism in terms of gaining a more comprehensive understanding of analogous mechanistic pathways
that frequently operate under physiological conditions. Such complex mechanistic schemes are typical of
many biologically important pathways in which coupled electron-transfer steps are linked to homogene-
ous regenerative reactions mediated by catalytic substrates, enzymes, stable radical species, or certain re-
dox cofactors. Through systematic analysis of the forward and backward square-wave current compo-
nents, we elucidate the role of the regenerative loops associated with both electron-transfer steps in affect-
ing the voltammetric response and generating distinct electrochemical —catalytic signatures. The proposed
framework is the first to encompass the interplay between electron-transfer kinetics, chemical regenera-
tion rates, and mass transport within the time scale imposed by a square-wave excitation signal. The re-
sults establish a useful framework for a unified mechanistic interpretation of complex bioelectrochemical
systems, while offering a robust theoretical basis for kinetic analyses of multistep redox pathways rele-
vant to metabolic processes, enzymatic catalysis, and redox signaling in living organisms.

Keywords: EC’ catalytic reaction mechanism; enzyme-substrate kinetics; multistep redox mechanisms;
electrochemical-catalytic loops; EC'EC” electrochemical mechanism.

JEKOJIUPAIE HA KAPAKTEPUCTUKUTE HA BUOXEMHUCKHUTE NOBEKECTEIEHH!
EJIEKTPOIHU MEXAHU3MHU TPEKY CBOJCTBATA HA IBOCTEINEH ABOJHO PETEHEPATUBEH
EJIEKTPOXEMHUCKHN MEXAHU3AM BO YCJIOBH HA KBAIPATHO-BPAHOBA BOJITAMETPUJA

Pesynrature 0o TCOPETCKUTE aHAIM3M HA ABOCTEICH BOjHOPCTCHEPATHUBCH EJICKTPOXEMUCKH
MexaHmaMm (nedunrpan kako EC'EC”) 3a mpBnar ce Npe3eHTHpaHud BO paMKHTE Ha OBOj TPy, HpH IITO
Ce HANPABCHH AHAJIM3H BO YCJIOBH Ha KBaJpaTHOOpPAaHOBATa BONTAMETpHja. [ TaBHUOT aKIEHT BO TPYIOT €
CTaBEH Ha PEJICBaHTHOCTA HAa OBOj KOMIUICKCCH CIICKTPOXCMHCKH MEXaHM3aM BO HacoKa Ha Momo0po
pa3Oupame Ha AHAJIOTHA MEXAHUCTUYKH MATEKH INTO YEeCTO CE OJBHMBAAT Kaj royieM Opoj OHOXEMHUCKH
CHUCTEMH TIPU (PMBUOJIONIKH YCIOBU. BakBHUTE KOMIUIEKCHA MEXaHUCTHYKH IIEMH CE KapaKTePHCTUIHH 32
BaKHU OHOJIOIIKYM HPOLECH, Kaje IITO MPOLECHTE HA MPEHOC HA EJCKTPOHHM HAjUeCTO Ce MOBP3aHH CO
pereHepaTHBHH XEMUCKH pEaKl{, CO TOCPEJCTBO HA KATAIMTUYKH CYICTPATH, €H3MMH, CTAOWIHH
pavKaTy WM OAPENCHH PeTOKC-KO(PaKTOPH.

Ilpeky cucTeMarcka aHalM3a Ha JMPEKTHUTC M MOBPATHUTE BOJTAMOIPaMU HA CTPYjHUTE
KBaJ[paTHO-OpaHOBH KOMIIOHCHTH C€ HalpaBeHH OOWAM aa ce 00jacHHM yyorara Ha percHepaTHBHHUTE
OpOLECH MOBP3aHA CO J[Bara YeKOpa HA CJCKTPOHCKH TpaHc(ep, Kako BO OOIMKYBambeTO Ha
BOJITAMETPHCKH OJIFOBOP TakKa U BO TCHEPHPAHETO HA KAPAKTCPHCTUYHH EJICKTPOXEMHUCKO -KaTaTUTHIKU
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OTIIEYATOLM 3a OBOj CJIOXKEH MeXaHm3aM. lIpeqyo’KeHHOT anropuram 3a MpBIAT ja pasriienyBa
MefyceOHaTa MHTEepaKkIWja MmoMely KMHETHKaTa Ha NMPEHOCOT Ha €JICKTPOHH, NMPOICCHTE Ha XEMHCKaTa
pereHepaimja ¥ TPaHCTIOPTOT Ha MacaTa BO TEKOT Ha BpEeMEHCKaTa cKana Je(UHUpaHa MpeKy KBaJpaTHO-
OpaHoBara (ppexBeHimja. JJoOueHuTe pe3ynTatd OJ OBHE AHANM3M TPETCTABYBAaT KOPHUCHA OCHOBA 3a
yHUDHIMpaHA MEXaHHCTHYKA HMHTCPIPETAlMja Ha KOMIUICKCHH OMOEJEKTPOXEMHUCKH cucTeMH. Ilokpaj
TOA, Pe3yNTaTUTEe OJl OBOj TPYH NPETCTaBYBAaaT CTaOMIIHA TEOPETCKA MOJJIOTa 32 KMHSTHYKA aHANIM3a Ha
NOBEKECTEIIEHN PEAOKC-MEXaHU3MHU PEJICBAHTHU 32 METa0OJIMYKHUTE MPOLECH, 3a NPOLIECUTE Ha EH3UMCKa
KaTaJlm3a, Kako ¥ 3a 00jacHyBame HA peAOKC-CUIHAIM3AIM]aTa BO KUBHUTE OPTaHI3MH.

Knyuynu 360poBu: EC' Katamurmaky eNekTpoJeH MeXaHW3aM; KMHeTHKAa Ha ESH3WMCKO-CYNCTPaTHH
peaKiy; TOBEKeCTeTNeHH EJEKTPOXEMUCKN MEXaHW3MU; €JIEeKTPOXEMHUCKU-KAaTAIMTHYKH OTICYaTOLH,

EC'EC" eneKkTpoXxeMHUCKH MEXaHI3aM

1. INTRODUCTION

Electrochemical mechanisms that involve a
regenerative chemical reaction following an elec-
tron-transfer step, commonly referred to in electro-
chemistry as EC' mechanisms, play a fundamen-
tal role in the interpretation of the redox processes
that occur in important chemical and biological
systems.15 The electrochemical concept of the EC’
mechanistic pathway is based on the idea that the
product of the electron transfer undergoes a subse-
quent irreversible homogeneous reaction with a
chemical species present in solution, while regen-
erating the initial electroactive reactant.13-7 This
type of electrochemical-catalytic (or regenerative)
loop produces a specific current amplification and
distinct voltammetric signatures, making EC’ reac-
tion mechanisms easily recognizable under volt-
ammetric conditions.x” The EC’ mechanistic
pathways are of the utmost importance for the
study of enzymatic catalysis, redox mediation in
various multistep electrode transformations, and
bioelectrochemical sensing.1256 Extensive theoret-
ical studies of various aspects of the EC' mecha-
nism under voltammetric conditions have been
conducted, and valuable contributions related to
this mechanism can be found in.18 Most of the
theoretical studies of EC' mechanisms have aimed
to elucidate how the chemical kinetics shapes volt-
ammetric responses, and how voltammetric tech-
niques can be employed to evaluate the kinetic pa-
rameters relevant to a wide range of biochemical
and physiological systems.

In many physiological systems, important
redox molecules undergo not one but two consecu-
tive electron-transfer steps, while forming stable
intermediate  species with different oxidation
states.®-16 Each of the redox products formed in
this sequence may subsequently participate in a
distinct regenerative reaction with a specific chem-
ical substrate, thereby giving rise to a double-
regenerative electrochemical pathway, referred to

in this work as the EC'EC" mechanism. Many bio-
chemical systems naturally exhibit behavior that is
consistent with the scheme represented by double-
regenerative EC’EC” mechanisms. Important redox
cycles that include the electron transformation of
quinone and semiquinone,4-19 such as those in-
volving ubiquinone (coenzyme Q10)16-20 in mito-
chondrial electron transport, commonly undergo
two sequential one-electron transformations. In a
multi-step redox transformation of coenzyme Q10,
both the intermediates (semiquinone radicals) and
final products react rapidly with molecular oxygen
under physiological conditions, while regenerating
the parent compounds and producing a dual cata-
lytic effect.1418 Flavin cofactors (FAD/FADH.)*-
16 are chemical systems that are central to flavopro-
teins and oxidative enzymes, and form both stable
intermediate radical species and fully reduced spe-
cies that participate in separate regenerative reac-
tions with oxygen, hydrogen peroxide, or other
reactive oxygen species. Ascorbic acid (vitamin C)
is oxidized through two one-electron steps, in
which both oxidized forms (i.e., semidehy-
droascorbate radicals and dehydroascorbates) en-
gage in irreversible reactions with other radicals or
metal ions, while creating two catalytic feedback
cycles.0 In NADH/NAD*-mediated biochemical
systems, electrochemical oxidation often proceeds
through radical intermediates that are enzymatical-
ly regenerated, resulting in multi-level catalytic
behavior analogous to the EC’EC” mechanism.514-
1620 Similar double-regenerative electrochemical
patterns appear in environmental redox molecules,
such as various aromatic systems containing qui-
none moieties, phenols, arylamines, imines and
many more.16-20 These important examples demon-
strate that EC’EC"” mechanisms are not only theo-
retically significant,1-620-23 byt also highly relevant
in terms of describing the redox behavior of bio-
logically and environmentally important mole-
cules.
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In the theoretical framework of the EC'EC”
mechanism considered in this work, both electron-
transfer steps are coupled to irreversible chemical
reactions that regenerate earlier redox forms, while
producing two electrochemical-catalytic loops.
Although "simple" single-step EC’ systems have
been extensively analyzed,®* the double-
regenerative EC’EC” mechanism has not yet been
theoretically resolved under the kinetic regime of
electron transfer steps under square-wave voltam-
metry (SWV) conditions. Unlike previously treated
EEC’ or sequential EE systems coupled to a single
catalytic loop, the EC'EC"” framework considered
here explicitly incorporates two independent re-
generative cycles, each of which feeds a different
oxidation level. In view of the sensitivity of SWV
to kinetic systems,® a theoretical framework for the
EC’EC"” mechanism is necessary in order to under-
stand the various coupled multi-step electrochemi-
cal reactions in biological and environmental
pathways. Finally, it is important to emphasize that
the algorithm wused for the EC'EC” mechanism
considered here is different from both the well-
established one-step catalytic EC’ mechanismi-6
and from the EEC’' mechanism.23 Moreover, this
mechanism is distinct from multistep models that
have been primarily developed for systems involv-
ing thermodynamically reversible electron-transfer
steps.13

2. THEORETICAL FRAMEWORK

2.1. Short explanation of the EC’'EC" reaction
mechanism

The EC'EC" mechanism involves a two-step
consecutive electrochemical transformation, in
which the product of each electron-transfer step
enters into an irreversible homogeneous chemical
reaction that regenerates the previous reactant. The
electrochemical process begins with a one-electron
oxidation of an initial redox active species R
(where R is the only electroactive reactant present
in the electrochemical cell at the beginning of the
experiment), which creates a stable intermediate
species Ox1 via a one-electron transfer step at the
electrode/electrolyte interface. Immediately after
its formation, the Ox1 species can undergo an irre-
versible chemical reaction with a reagent Y (as-
sumed to be present in excess in the voltammetric
cell), while regenerating the initial reactant (i.e.,
species R) through a first catalytic pathway charac-
terized by the rate constant kc1 (the EC’ step). In
parallel, in the second electrochemical step, Ox1
can be further oxidized by a second one-electron
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transfer, forming the final product, i.e., the species
Ox2 (for simplicity, the charges of all species are
omitted). This newly generated species Ox2 also
participates in an irreversible homogeneous reac-
tion with the same reagent Y, while regenerating
the intermediate redox active species Ox1. This
second regenerative pathway (governed by rate
constant ke2) constitutes the second or EC” step of
the entire mechanistic scheme. Together, these
coupled electrode and chemical processes create a
double electrochemical-regenerative cycle, where
there is continuous feedback to each electrochemi-
cal sequence, as described in sequences (a)—(d) of

).

R -1le-=2 Ox1 (firstelectrontransferstep; (kg .@4))

(a)

Ox1+Y — R+ S1(C firstregenerationreaction, ke,1)

(b)

Ox1 - 1e- 2 Ox2 (second electron transfer step; (ks ,.a;))

(©

Ox2+Y — Ox1 +S2 (C" second regeneration reaction, K ,)

(d)

Scheme 1. Reaction scheme showing the sequenc-
es (a—d) of the EC’EC” mechanism, comprising
two consecutive electron-transfer steps coupled
with two homogeneous regenerative chemical re-
actions. The first and second electron-transfer steps
are characterized by the standard rate constants ks,1,
ks2 and transfer coefficients a1, a2, while the re-
generative steps are governed by the catalytic rate
constants k1 and kc2. Symbols S1 and S2 in se-
quences (b) and (d) stay for the side products, gen-
erated during the chemical regeneration steps, that
do not participate in any of the electrode transfor-
mations.

2.2. Mathematical description

The mathematical description of the electro-
chemical system represented by sequences (a)—(d)
in reaction scheme (1) is based on a series of partial
differential equations; these represent the diffusion
and chemical reaction as processes that govern the
time and space-dependent concentrations of the
redox species involved in electrode transfor-
mations (i.e., the initial reduced form R, the first
oxidized intermediate Ox1, and the final oxidized
product Ox2). In this mathematical model, it is
assumed that the transport of all redox species oc-
curs solely by semi-infinite linear diffusion toward
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a stationary planar electrode, characterized by a
uniform diffusion coefficient D. For each of the
redox species involved in the electrode transfor-
mation, the rate of change in the corresponding
concentration is described by a balance between
the diffusive flux and the appropriate homogene-
ous chemical reaction term. The concentration of
the reduced species R increases due to the regener-
ative EC’ reaction, in which Ox1 is converted back
to R, and this contribution is included through the
term ke1 - ¢(Ox1). The intermediate redox species
Ox1 is produced electrochemically at the surface
of the electrode, consumed via the first regenera-
tive chemical reaction (rate constant k1), and re-
generated again in the second step through the re-
action of the final species Ox2, governed by the
rate constant related to the second irreversible
chemical step (kc2). The final species Ox2 is
formed at the electrode in the second electron-
transfer step, while it is depleted by the second
homogeneous chemical reaction at the rate defined
by the term kc2 - ¢(Ox2). The differential equations
in (1) to (3) reflect the dynamic interplay of diffu-
sion and chemical reaction contributions that de-
fine the mathematical algorithm for the double-
regenerative EC'EC" mechanism.

dc(R) D.azc(R)

or ™ + kg - c(Ox1) (1)
dc(0x1) 9%c(0x1)
T~ D Tk e
k., - c(0x2) 2
dc(0x2) 9% c(0x2)
% =D .%— key + c(0x2) (3)

2.3. Boundary and initial conditions

2.3.1. Boundary conditions at a distance (x) far
away from the double layer i.e., for x — o

The differential equations in (1) to (3) have
been solved under the following boundary condi-
tions:

— At large distances from the electrode sur-
face (in the bulk of the solution, defined as x —
), the concentrations of the reacting species re-
main unchanged by the electrochemical process.
This is the classical semi-infinite diffusion assump-
tion used for the mathematical modeling of elec-
trochemical systems.

— The reduced form R exists in the bulk of
the solution, and its initial concentration is not de-
pleted far from the electrode during the electro-
chemical measurement. Its concentration in the

bulk of the solution (c(R), 1)) is therefore equal to
its initial analytical concentration c*(R), i.e.,

C(R)e= = c*(R) (4)

— The intermediate redox species Oxl is
formed only near the electrode during the first
electron-transfer step, and its bulk concentration
remains zero, i.e.,

C(OXD)(w, =0 (5)

— The final species of the electrode trans-
formation Ox2 is also generated solely at or near
the electrode, and does not exist in the bulk solu-
tion. Hence, its concentration in the bulk of the
solution is:

C(OX2)(w, =0 (6)

2.3.2. Boundary conditions at time t > 0 at the
electrode/electrolyte interface (x = 0)

Relevant conditions for the theoretical mod-
el in (1) that hold at time t > 0 and a distance x = 0
(i.e., at the electrode/electrolyte interface) are de-
scribed by Equations (7) to (9):

t>0, and x = 0; ¢(R) +c(Ox1) + c(0Ox2) = c*(R)
(1)

In addition, at t > 0, and x = 0, the flux of
each electrochemically active species is directly
related to the faradaic current associated with its
electron-transfer reaction. According to Fick’s first
law,1 2 6 the flux is proportional to the concentra-
tion gradient at the surface of the working elec-
trode, and is defined by Equation (8):

e® Joclox1) _ n1(»
ox ox  nFA

D (8)

The condition in (8) implies that the con-
sumption/formation of redox species in the first
electron transfer step at the working elec-
trode/electrolyte interface is governed by the cur-
rent of the first electron transfer step 1.

The equation that relates the interfacial flux
of Ox1 to the faradaic current of the second elec-
tron-transfer step, in which Ox1 is further oxidized
to Ox2, is defined by Equation (9):

Joe0xy) _ g Joclox2) _ 12()
ox ox  nFA

D 9)

Together, the boundary conditions given in
Equations (7)-(9) above link the interfacial elec-
trochemical reactions with the mass transport of
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redox-active species. This coupling ensures a phys-
ically meaningful solution to the differential equa-
tions in (1)-(3), which relate to both the diffusion
and the homogeneous chemical reactions in the
entire EC'EC"” mechanism.

Within the framework of the proposed
mechanism, if kinetic constraints are assumed for
both electron transfer steps, then corresponding
forms of the Butler—\Volmer relation at the elec-
trode surface (x = 0, t > 0) can be applied to both
electron transfer steps, as formulated in Equations
(10) and (11):

I1
n-F-A

= k- e®™® - [c(R) —e™®! - c(0x1)]
(10)

12
n-F-A

= k- e ®% . [c(0x1) — e™%?. ¢(0x2)]
(11)

In Equations (10) and (11), symbols @1 and
@2 represent dimensionless potentials, defined as
@1 = % (E —E®) and &2 = %(E — E2), where
E:® and Ez* are the formal redox potentials of
R/Ox1 and Ox1/0Ox2 redox couples, respectively.
In the definitions of @land @2, R is the symbol for
the universal gas constant, T is the thermodynamic
temperature, n is number of electrons exchanged (n
is set to one for both electron transfer steps), and F
is the Faraday constant. A represents the effective
area of the working electrode, while the parameters
ol and a2 in Equations (10) and (11) are the elec-
tron transfer coefficients for the first and second
electron transfer steps, respectively. Within the
framework of the considered EC'EC” mechanism,
the active surface of the working electrode can be
formally regarded as a boundary at which two dis-
tinct faradaic processes take place. Accordingly,
the first faradaic current (I11) can be formally at-
tributed to the interfacial electron transfer between
species R and Ox1, whereas the second (12) corre-
sponds to the interfacial electron transfer between
Ox1 and Ox2. The homogeneous irreversible re-
generative reactions Oxl + Y — R and Ox2 + Y
— Ox1 occur in the bulk solution, and their contri-
butions are therefore incorporated into the diffu-
sion—reaction differential equations (1) to (3). In
contrast, the electrode kinetics are introduced ex-
clusively through the interfacial boundary condi-
tions expressed in Equations (10) and (11). The
system of differential equations in (1)—(3) corre-
sponding to the EC’EC"” mechanism was solved
under the defined initial and boundary conditions
by exploring the mathematical protocols described

Maced. J. Chem. Chem. Eng. 45 (1), 31-44 (2026)

in.6 A complete Mathcad working file developed
for the calculation of square-wave voltammograms
of the considered EC’EC"” mechanism is provided
in the Supplementary Material of this study. A de-
tailed description of the simulation protocols for an
electrode mechanism in SWV, implemented in the
Mathcad commercial platform, can be found in.22

2.4. Definition of major parameters affecting
the voltammmetric patterns

Before starting an analysis of the theoretical
results for the EC’EC” mechanism, it is important
to note that the analyzed effects will be interpreted
primarily through the features of the forward and
backward SWV current components. This ap-
proach enables a clearer insight into how variations
in the governing kinetic parameters influence the
voltammetric response. It is worth mentioning at
this stage that the shapes and positions of the volt-
ammetric profiles are affected by the square-wave
amplitude (Esw), the potential step (dE), the tem-
perature T (T = 298 K in all simulations), the num-
ber of electrons exchanged in each electron trans-
fer step (n), and the electron-transfer coefficients
al and o2 (both of which were set to 0.5 in all
simulations).

In addition, the features of the voltammetric
responses depend on four dimensionless Kinetic
parameters. The dimensionless rate parameters for
both electron transfer steps (K1 and K2) are de-
fined as K1 = k,2/(Df)¥2 and K2= ki,2/(Df)*2. Both
parameters (K1 and K2) combine the rates of elec-
tron transfer steps (via the standard rate constants
of electron transfer k1 and ks,2) and those for mass
transport (represented by the diffusion coefficient
D, which was set to 0.000005 cm?2s1), relative to
the time scale imposed by the square-wave fre-
quency f. Furthermore, the chemical catalytic ef-
fects included in the EC’EC"” mechanism are de-
scribed by two dimensionless catalytic parameters
(Kchem,1 and Kchem,2), which are defined as fol-
lows: Kchem,1 = k¢a/f and Kchem,2 = ke2/f, where
kei = kea-c(Y) and Kz = ke2'-c(Y). In the latter
equations, kci1' and kc2' are the intrinsic catalytic
rate constants for the corresponding regenerative
steps, while c(Y) is the molar concentration of the
catalytic agent Y (assumed to be present in large
excess in the voltammetric cell).

At this stage, it is important to emphasize
that in biologically relevant enzymatic systems, the
catalytic rate constants (kc') span several orders of
magnitude, reflecting the diversity of biochemical
turnover processes. Hence, slow catalytic steps
associated with conformational rearrangements or
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weak substrate interactions typically exhibit k¢’
values in the range 103-10"" s7',> whereas the ma-
jority of redox-active enzymes, including dehydro-
genases, flavoproteins, and quinone-mediated sys-
tems, operate in an intermediate regime of approx-
imately 0.1-102 mol3 L/s.24 Highly efficient en-
zymes, such as peroxidases and components of
respiratory electron-transfer chains, can reach
much higher catalytic rates, on the order of 102-104
mol3L/s,> 15 while diffusion-controlled biochemi-
cal reactions may have apparent rate constants of
10°-10® mol3L/s.> We note that the intermediate
range of k¢’ values is the most relevant and experi-
mentally accessible in voltammetric studies of EC'-
type mechanisms,1-6 where catalytic regeneration
can be clearly resolved and quantitatively ana-
lyzed.

In the first series of analyses, a peak separa-
tion of 300 mV is imposed to allow for clear dis-
tinction of the features associated with each peak
under different conditions. Although some of the
simulated voltammograms correspond to condi-
tions that may be difficult to realize experimental-
ly, their analysis is valuable in terms of gaining
deeper insight into the behavior of the entire
EC’EC” mechanism. The main objective of this
theoretical analysis is to evaluate the catalytic ef-
fects by varying Kchem,1 and Kchem,2 and to dis-
cuss representative voltammetric patterns that facili-
tate a mechanistic interpretation and Kinetic assess-
ment of this complex electrode mechanism. During
the simulations, all parameters are kept constant,
except for a selected one that is varied to enable an
unambiguous assessment of its specific effect on the
voltammetric response. The complete Mathcad sim-
ulation file for the EC'EC” mechanism is given in
the Supplementary Material of this work.

3. RESULTS AND DISCUSSION

3.1. Voltammetric patterns of the EC'EC"
mechanism simulated at a negligible rate
for the first chemical regenerative reaction

In the first series of simulated results (Fig.
1), the catalytic parameter of the first chemical re-
generation step is kept negligible (i.e., Kchem,1 =
0.0005), and the first peak associated with the
R/Ox1 electrochemical conversion therefore re-
mains largely unchanged across all of the condi-
tions. Its forward and backward square-wave cur-
rent components preserve the initial features over a
large range of applied catalytic rates linked to the
second electron transfer. This implies a scenario
where no substantial homogeneous regeneration is

coupled to the first electron-transfer step. In con-
trast, increasing the catalytic parameter of the sec-
ond chemical regenerative step (with values of
Kchem, 2 varying in the range 0.0005-0.75, for
example) produces a pronounced and systematic
modification of the second peak. As Kchem,2 in-
creases, the second peak becomes progressively
more intense, and gains a typical “catalytic-like”
voltammetric signature. This is a consequence of
enhanced chemical recycling involving feedback
of the electroactive intermediate (Ox1), which is
repeatedly oxidized in the second electron-transfer
event. This enhancement is accompanied by a no-
table change in the balance between the forward
and backward current components at the second
peak, where the forward component becomes in-
creasingly dominant and the backward component
tends to become attenuated and reshaped. These
features indicate that the system increasingly de-
parts from a purely diffusion-controlled reversible
response, and moves toward a chemical regenera-
tion-controlled regime.346 The resulting voltam-
metric pattern shows stronger peak amplification
and a more persistent current contribution in the
region of the second peak. Although a selective
catalysis of only the second step is challenging
from an experimental perspective (since the cata-
Iytic agent Y would normally influence both
peaks), it provides a useful theoretical illustration,
as it helps to isolate the behavior of the second re-
generative loop and to clarify how the forward and
backward components affect the increasing contri-
bution of the catalytic chemical step in a controlled
manner, while reducing the entire considered
pathway to simpler EEC’' mechanistic scheme.?3
Under the circumstances considered here, the first
peak has the features of a simple “E” mecha-
nism,16 while the second peak has attributes of an
EC’ mechanism.49 At this stage, it is worth empha-
sizing that in the SWV of an EC’ mechanism, the
forward and backward current components differ
from those observed in cyclic voltammetry because
the current is sampled at the end of two successive
potential pulses separated by a finite square-wave
frequency. This time separation introduces a Kinet-
ic “memory” into the measurement, such that the
electrochemical system does not fully relax be-
tween the forward and backward pulses, leading to
a systematic separation of the two current compo-
nents.? In contrast, under steady-state conditions in
cyclic voltammetry involving catalytic EC' mecha-
nisms, the forward and backward currents often
collapse into a single curve, since the system con-
tinuously adjusts to the applied potential and
reaches a quasi-equilibrium at each point.> Conse-
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quently, the intrinsic time discretization imposed
by the square-wave frequency in SWYV, coupled
with the effect of the square-wave amplitude, al-
ways creates a measurable spacing between the
forward and backward currents, whereas in cyclic
voltammetry, these components may coincide

when steady-state conditions are established. It
should also be noted that when the rates of the re-
generative chemical reactions in both electron-
transfer steps are negligible, the overall mechanism
is effectively reduced to a simple two-step sequen-
tial EE mechanism24 (curve “a” in Fig. 1).

Fig. 1. Three dimensionless voltammetric patterns (forward and backward current components) of an EC’EC" mechanism,
simulated at a low rate of the first regenerative chemical step. For this series of voltammograms, the electron transfer coefficients
were setto al= a2= 0.5, while the dimensionless kinetic parameters of both electron transfer steps were setto K1 = K2 = 5.623.
The dimensionless catalytic parameter for the first step was assumed to be negligible, and was setto Kchem,1 =0.0005, while the
dimensionless catalytic parameter of the second step Kchem, 2 was set to values of: (a) 0.0005; (b) 0.1; (c) 0.5; (d) 0.75. The other

conditions are a square-wave amplitude Esw = 50 mV, a potential step dE = 10 mV, temperature T =298.15 K, and a potential
separation between both peaks of 300 mV.

3.2. Voltammetric patterns of the EC'EC"
mechanism simulated at a negligible rate
for the second chemical regenerative reaction

In the second scenario considered here, the
catalytic regeneration is coupled primarily to the first
electron-transfer step, as Kchem,2 is kept negligible
(0.0005) while the value of Kchem,1 is increased
from 0.0005 to 1 (Fig. 2). It is worth noting that this
is a more realistic scenario than the selective catalysis
of only the second step, since a catalytic agent often
couples most strongly to the first-formed intermedi-
ate and can dominate the voltammetric response
through the first regenerative loop.

As the magnitude of the dimensionless cata-
Iytic parameter related to the first electron transfer
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(Kchem,1) increases, the first peak becomes pro-
gressively more “catalytic-like” in its signature,
followed by an increase in the overall current mag-
nitude. This is because the chemical step rapidly
converts the Ox1 species back to the initial redox
active species, R, and continuously feeds the initial
electroactive reactant during the time frame of the
square-wave pulse. This chemical regeneration
strengthens the forward component of the first
peak and changes the balance between the forward
and backward currents. The first peak also tends to
broaden and to develop a more sustained current
contribution around its potential region, a typical
signature of EC’' behavior under square-wave con-
ditions.36
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In contrast, the second peak is much less af-
fected across the series, since the catalytic pathway
linked to the second electron-transfer step is essen-
tially “switched off” by assigning a very small
(negligible) value to Kchem,2 in the model. The
forward and backward components associated with
the second interfacial conversion therefore retain a
similar shape and relative separation, and any

changes are mainly indirect, induced by the modi-
fied concentration profile of Ox1 created by the
first catalytic loop. Under these conditions, the
overall mechanism is effectively simplified to an
EC'E scheme,? in which catalysis governs the first
electron-transfer event while the second step be-
haves largely as a conventional electron-transfer
process without significant regenerative feedback.

Fig. 2. 3D square-wave voltammetric patterns for the two-step double-regenerative EC’EC" mechanism calculated at a negligible rate
of the regenerative step related to the second electron transfer (Kchem,2 = 0.0005). Voltammograms display the effect of the rate of
the first regenerative step via the magnitude of Kchem,1 which was setto values of (a) 0.0005; (b) 0.1; (c) 0.5; (d) 1.0.

The other simulation parameters were same as those in Figure 1.

3.3. Voltammetry of the EC’'EC"” mechanism
at finite and equivalent rates of both chemical
regenerative reactions

In the scenario represented by the voltam-
metric curves in Figure 3, the regenerative sub-
strate 'Y influences both electron-transfer steps
equally, since the catalytic parameters Kchem,1
and Kchem,2 are set to identical values in the mod-
el. Under these conditions, both electron-transfer
events exhibit clear EC’-type behavior, and each
peak displays characteristic  electrochemical-
catalytic signatures. As the chemical regeneration
becomes equally efficient for both steps, the for-
ward current components of both peaks are en-
hanced, while the backward components are pro-
gressively suppressed. This results in identical am-

plification and reshaping of both voltammetric
waves, characterized by sustained current contribu-
tions near the peak potentials and markedly en-
hanced currents in the post-peak region, due to the
continuous resupply of electroactive material ob-
tained via regenerative chemical reactions. The
resulting response represents the full manifestation
of the EC'EC"” mechanism, in which two coupled
regenerative loops operate simultaneously and give
rise to two catalytic waves. This scenario is partic-
ularly relevant from a mechanistic standpoint, as it
illustrates how balanced catalytic coupling in both
electron-transfer steps produces a symmetric cata-
lytic response, and provides a clear framework for
the analysis of complex multistep electrode pro-
cesses under SWV conditions
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Fig. 3. 3D square-wave voltammetric patterns for the two-step double-regenerative EC’EC" mechanism calculated at equal rates
for both regenerative steps (Kchem,1 = Kchem,2), with values setto (a) 0.0005; (b) 0.25; (c) 0.5; (d) 1.0. The other simulation
parameters were the same as those in Figure 1.

3.4. Scenario with both electron transfer steps
occurring at the same potential: Voltammetric
patterns of the EC’'EC” mechanism at finite
and equivalent rates for both catalytic reactions

In the scenario considered in this part of the
work, the two electron-transfer steps are positioned
at essentially the same potential, so that their indi-
vidual waves merge into a single composite volt-
ammetric response (Figure 4). Although the under-
lying pathway is EC'EC", the voltammetric pat-
terns closely resemble those of a conventional one-
step EC’ mechanism, since both electron transfer
events and both regenerative loops are superim-
posed within the same potential window. As a con-
sequence, the real mechanism becomes effectively
“hidden” in the overall signal, and it is very diffi-
cult to determine from the voltammetric outputs
alone whether the system follows a simple EC’
sequence or a two-step double-regenerative
EC'EC" pathway.

The influence of catalysis in Figure 4 is re-
flected by the systematic changes observed when
Kchem,1 and Kchem,2 are increased simultaneous-
ly (for all curves in Figure 4, Kchem,1 = Kchem,2).
At very low regenerative rates (curve “a@” in Figure
4), the response is closer to a diffusion-controlled
voltammetric peak with a pronounced backward
component, indicating that regeneration is too slow
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for noticeable recycling of the electroactive species
within the time scale of the square-wave (SW)
pulses. When the catalytic parameters are in-
creased to intermediate values (curve “b” in Figure
4), the peak becomes amplified and the forward
component grows relative to the backward compo-
nent, a finding that is consistent with the onset of
efficient chemical recycling. At higher values of
the catalytic rate parameters (curves “c”, “d” and
“e” in Figure 4), the response evolves toward a
strongly catalytic regime, where regeneration is
fast compared with the SW time scale, meaning
that the current is sustained by rapid chemical re-
supply of electroactive material near the surface of
the working electrode. In this limit, the backward
component is increasingly suppressed and the
overall response becomes dominated by the cata-
Iytic loop, the typical signature of EC’ behavior
under square-wave excitation.1 3.6

From a Kinetic viewpoint, these trends re-
flect a progressive shift from a regime in which
electron transfer and diffusion define the response
to a regime where homogeneous regeneration con-
trols the local interfacial concentrations and sus-
tains the current. Since both catalytic parameters
are increased in parallel, the two regenerative cy-
cles contribute in a concerted manner, and the sys-
tem behaves as if there were a single effective re-
generation pathway. From a thermodynamic view-
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point, the coincidence of the two formal potentials
removes the most obvious diagnostic feature,
namely peak separation, and the merged wave
therefore carries limited information on the pres-
ence of two distinct electron-transfer steps. Unless

additional constraints are introduced to the theoret-
ical model, the observable response under such
conditions is expected to be indistinguishable from
that of a single-step EC’ mechanism.

Fig. 4. 3D voltammetric curves for the two-step double-regenerative EC’EC” mechanism, simulated under the assumption that both
electron transfer steps occur at same potential. Curves are calculated at equal rates of both regenerative steps (Kchem,1 = Kchem,2),
with values of (a) 0.001; (b) 0.25; (c) 2.5; (d) 5; (e) 10. The other simulation parameters were same as those used in Figure 1.

3.5. Scenario with both electron transfer steps
separated by 150 mV at the potential scale:
Voltammetric patterns of the EC’EC” mechanism for
a negligible rate of the second catalytic reaction

In this set of simulations, the catalytic re-
generation is effectively confined to the first elec-
tron-transfer step, since Kchem,2 is kept negligible
(0.001) while Kchem,1 is increased over several
orders of magnitude. At a small value of Kchem,1
(curve “a@” in Figure 5), the response still shows
two discernible waves separated by 150 mV, and
the second peak retains a relatively normal appear-
ance since it is not affected by a regenerative loop.
As Kchem,1 is increased to moderate values
(curves “b” and “c” in Figure 5), the first peak be-
comes progressively amplified and reshaped, re-
flecting the increasingly efficient chemical recy-

cling of the product of the first electron-transfer
step back to the electroactive reactant within the
square-wave time scale. In parallel, the forward
component of the first peak becomes more domi-
nant, while the backward component is suppressed
and distorted, an effect that is consistent with the
onset of EC’-type behavior.

When Kchem,1 reaches high values (curves
“d” and “e” in Figure 5), the first catalytic wave
becomes so intense and broad that its potential-
domain “footprint” extends into the region where
the second electron-transfer step would normally
produce a separate peak. Under these conditions,
the second peak becomes engulfed and effectively
merged into the tail and plateau-like region of the
first catalytic response. This occurs because the
rapid regeneration maintains a high near-surface
concentration of the electroactive species associat-
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ed with the first step, while sustaining the current
over a wider potential interval and masking the
more limited contribution of the second step
(which is assumed to remain essentially “non-
catalytic”). The net effect is a composite waveform
in which the mechanistic signature of the second
electron transfer is strongly attenuated and can no
longer be resolved as a distinct feature, despite the
nominal 150 mV separation between the formal
potentials of both electron transfer steps.

From a mechanistic standpoint, this behavior
indicates that the system is approaching the EC'EC
limit,2> where the first step dominates the overall

0.6
0.4
0.2

E/V

response and it becomes difficult to diagnose the
second step from the voltammogram, especially at
high rates for the regenerative step. At a sufficient-
ly large value of Kchem,1, distinguishing this EC'E
limit from a simple one-step EC’ mechanism be-
comes challenging under the given conditions, be-
cause the dominant catalytic wave can obscure the
presence of the second electron-transfer event. In
practice, reliable discrimination would then require
additional instrumental alterations, such as chang-
ing the SW signal parameters (potential step or SW
amplitude).

3.5

Fig. 5. 3D voltammetric curves of the two-step double-regenerative EC’'EC” mechanism, simulated under the assumption that both

electron transfer steps differ by 150 mV at the potential scale. Curves are calculated at a negligible rate for the second regenerative

step (Kchem,2 = 0.001), while the rate of the first regenerative step Kchem,1 is set to values of (a) 0.001; (b) 0.25; (c) 0.5; (d) 2.5;
and (e) 10. The other simulation parameters were identical to those used in Figure 1.

4. CONCLUSIONS

In this work, the two-step double-regenerative
EC’EC” mechanism has been treated theoretically
for the first time under the Kkinetic regime in SWV.
The model presented here provides a comprehen-
sive and unified framework for analyzing multistep
electron-transfer processes coupled with dual re-
generative chemical reactions. An analysis of the
theoretical results shows that SWV is particularly
sensitive to the interplay between electron-transfer
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kinetics, homogeneous regeneration, and diffu-
sional mass transport, allowing the relevant mech-
anistic features to be defined through an analysis of
the forward and backward current components.
One of the major benefits of a theoretical consider-
ation of the EC’'EC"” frameworKk is its ability to cap-
ture, within a single mathematical algorithm, a
broad spectrum of mechanistic behaviors that
emerge as limiting cases when specific kinetic pa-
rameters are varied in a defined manner. Hence,
from a mechanistic point of view, the EC'EC”
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electrochemical scheme encompasses important
limiting scenarios, including the E, EE, EC'E,
EEC’ mechanisms, and also a single-step EC’
mechanism. This versatility makes the EC'EC”
pathway a powerful theoretical platform for gain-
ing insight into how regenerative processes affect
the voltammetric responses without the need to
reformulate the mathematical algorithm. By tuning
the relative magnitudes of the catalytic parameters
and electron-transfer rates in the model, smooth
transitions between different mechanistic regimes
can be achieved.

The relevance of this mechanism extends
beyond theoretical electrochemistry, as many phys-
iological and biochemical systems rely on sequen-
tial two-step electron transfer pathways that are
coupled to regenerative reactions by enzymes, co-
factors, or various redox mediators. The EC'EC”
framework therefore provides a useful theoretical
playground for understanding redox processes in
living organisms, such as metabolic electron-
transfer chains and redox cycling phenomena, in
which intermediate species are continuously re-
generated and reused. The ability to describe such
mechanisms within a single electrochemical model
opens up new opportunities for interpreting the
redox behavior of complex biochemical systems,
and for extracting relevant Kkinetic information
from experimental data. For experimentalists, the
extensive set of simulated voltammograms pre-
sented in this work offers practical guidance on
how different kinetic and thermodynamic parame-
ters manifest in square-wave voltammetric outputs.
The results elaborated in this work illustrate which
voltammetric features are diagnostic, which are
masked under certain conditions, and where mech-
anistic ambiguity is unavoidable. In particular, the
simulations highlight conditions under which com-
plex two-step double-regenerative behavior may be
indistinguishable from simpler mechanisms, with
emphasis on the need for careful experimental de-
sign and parameter variation when interpreting
SWV data.

At the same time, the limitations of the
EC’EC” model should be also acknowledged. The
mechanism is based on the assumption of well-
defined sequential electron-transfer steps and ho-
mogeneous regeneration reactions, and does not
explicitly account for complications such as ad-
sorption, surface-confined intermediates, or other
coupled chemical reactions. Nevertheless, within
its intended scope, the EC'EC" mechanism repre-
sents one of the very few theoretical frameworks38
that explicitly link two electron-transfer steps with

two regenerative chemical processes in a consistent
manner. As such, it provides a valuable framework
for future theoretical developments, and can be
seen as a valuable reference point for experimental
studies of complex regenerative multi-step redox
systems.

Finally, it should be emphasized that fre-
quency analysis alone in SWV is not sufficient for
extracting mechanistic or Kinetic information for
the EC'EC", as the frequency simultaneously af-
fects several of the kinetic parameters involved in
this complex mechanism.826-33 Consequently, the
use of frequency as a primary diagnostic variable is
not reliable in this case under SW voltammetric
conditions, and alternative experimental strate-
gies®#+37 are recommended for consistent mechanis-
tic and Kinetic interpretations. To obtain access to
the relevant kinetic parameters for all of the ele-
mentary steps in the EC'EC” mechanism, one may
take advantage of the experimental protocols pro-
posed in 3, as these are particularly applicable in
situations where the two electron-transfer steps are
well separated, typically by at least 200 mV on the
potential scale. In addition, in the case of multistep
catalytic mechanisms, access to the standard rate
constants of both electron-transfer steps, as well as
to the corresponding electron-transfer coefficients,
can be achieved by exploiting advanced Kinetic
analysis methods. In particular, the amplitude-
based quasi-reversible maximum approach,3> step
potential analysis,® and methodologies involving
electrochemical faradaic spectroscopy3* provide
powerful and complementary routes for extracting
these Kinetic parameters under conditions where
conventional techniques are insufficient.
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