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ABSTRACT: A theoretical study of an electrode mechanism where the electrode reaction
(E) is preceded by a chemical reaction that takes place solely at the electrode surface
(Cher) is presented under conditions of square-wave voltammetry (SWV). Rigorous
mathematical solutions in the form of integral equations derived by means of Laplace
transforms are presented for the surface concentration of all species involved in the
electrode mechanism, yielding explicit recurrent formulas for the simulation of the
voltammetric response. The theory approximately predicts that the chemical reaction
starts at the beginning of the voltammetric experiment, disregarding its occurrence in the 1
short time period between inserting the electrode in the solution until starting the |

voltammetric experiment. It is demonstrated that SWV can differentiate between the

common CE mechanism, where C is a homogeneous chemical reaction taking place in the vicinity of the electrode, and the current
CheE mechanism, which is relevant for plethora of electrocatalytic processes at electrodes modified with catalytically active enzymes
and/or noble-metal nanoparticles, as well as for electrocatalytic processes of fundamental importance such as CO,, N,, O,, and H*
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1. INTRODUCTION

Studying chemical reactions coupled with electrode processes is
one of the main tasks of voltammetry.'”> The theory of
voltammetry encompasses a plethora of electrode mechanisms
involving chemical reactions, which either precede or follow the
electrode reaction, resulting in well-known reaction schemes
abbreviated as CE, EC, EC’, ECE, and many more, where C is
the symbol for a chemical reaction and E signifies an electrode
reaction. Commonly, the chemical reaction is assumed to be a
homogeneous process taking place in the electrolyte solution in
the vicinity of the electrode surface.*”” In some cases, the
chemical reaction can be confined to the electrode surface,” as,
for instance, in electrode mechanisms coupled with surface
complexation,”'? or ion-exchange reactions at surface-modified
electrodes.'"'* Moreover, in adsorption, complicated electrode
mechanisms where the redox species are involved in adsorption
equilibrium, the accompanying chemical reaction can be either
of surface or volume nature.'”'* Specifically, the surface
chemical reaction involves adsorbed redox species, whereas
the volume chemical reaction is related to the dissolved species.
Laviron initiated a remarkable discussion whether these two
closely similar, but not identical, chemical reactions can be
differentiated."® Later, it has been demonstrated that these two
types of chemical reactions can be clearly differentiated under
conditions of square-wave voltammetry (SWV) for an
adsorption complicated EC mechanism, owing to the notable
sensitivity of the technique to the adsorption equilibria.">~"”
In the light of contemporary electrochemistry focused on
electrode processes at surface-modified electrodes,'® in
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particular electrodes modified with enzymes,'”*® and/or

nanoparticles,”' the intrinsic nature of the accompanying
chemical reaction is becoming an important question. The
strong catalytic activity of surface-confined enzymes or noble
metal nanoparticles prompts chemical reactions taking place at
the electrode surface only,n’23 which either precede or follow
the electrode reaction. A remarkable example is the electrode
mechanism of hydrogen peroxide reduction at a carbon
electrode modified with noble metal nanoparticles (e.g., silver”*
or palladium™®), where disproportionation of hydrogen peroxide
takes place on the surface of nanoparticles only. Thus,
chemically generated oxygen on the electrode surface is the
electroactive reactant, completing a Cy.E electrode mechanism,
where Cy designates a heterogeneous chemical reaction
preceding the electrode reaction. Hence, the question arises
whether CyE can be differentiated from the conventional CE
mechanism under voltammetric conditions. The question is also
relevant for other electrocatalytic processes of fundamental
importance such as the reduction of CO,,** N, 7% 0,,*
and H*,** where electron transfer is frequently preceded by a
chemical rearrangement (e.g., chemisorption, complex forma-
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tion, hydration, dehydration, etc.). The aim of the current study
is to provide a theoretical background for the simulation of the
CheE mechanism, in order to find specific voltammetric features
for differentiation from the common CE reaction scheme. The
study is conducted under conditions of SWV®® applying
rigorous mathematical modeling by means of Laplace trans-
forms, for the case of a quasireversible electrode reaction of a
dissolved redox couple at a conventional macroscopic planar
electrode.

2. MATHEMATICAL MODEL

A chemical reaction taking place at the electrode surface is
described with eq 1:

A(aq) (=) @ B(aq)(,) (1)

The subscript x = 0 designates the distance measured from the
electrode surface. It should be emphasized that the preceding
chemical reaction takes place only at the distance x = 0 (i.e., at
the electrode surface), which is the main difference to the
common CE scheme, where the chemical reaction takes place in
the solution, i.e., at x > 0. Reaction 1 is characterized with
heterogeneous forward (k) and backward (k,) rate constants,
both in units of cm s}, and the equilibrium constant is defined as
K = k¢/k,. Chemical reaction 1 is followed by a common
quasireversible one-electron electrode reaction 2:

B(aq)(xzo) = C(aq)(xzo) + e )

It is assumed that all reactants are soluble in the electrolyte
solution and the kinetic equations below are formulated in terms
of the solution-phase concentrations immediately adjacent to
the electrode, not adsorbed concentrations, although for weak
adsorption of A, the distinction is academic since the adsorbed
concentrations will be proportional to the local solution phase
concentration.”* Equally for the case when the adsorbed species
reacts quickly so that the steady-state coverage is negligible, the
assumed kinetics will apply, and a pre-equilibrium operates prior
to the overall rate-determining electron transfer. The mass
transport is described by the following differential equation:

de; b o’

o o’ (3)
valid for any of the species in eqs 1—2. Initially, only the reactant
A is present in the solution. Thus, the boundary value problem is
defined as follows:

t=0,x20:cA=cj;,cB=cC=0 (4)

t>0,x—>oo:cA—>c:,cB=cc—>0 5

0
t>0,x=0: D(&) = ki(cy)o — kplep)imo
ax x=0 (6)

The boundary conditions 4—6 assume that the chemical
reaction did not take place prior to the voltammetric experiment.
In a rigorous discussion, the chemical reaction starts as soon as
the electrode is brought in contact with the solution. In the time
period between inserting the electrode, positioning in the
solution, and starting the voltammetric experiment, some
surface concentrations of A and B species are established,
which slightly deviates from the values defined in eq 4, but they
are difficult to be predicted. Thus, condition 4 is a necessary
approximation for consistent mathematical treatment by means
of Laplace transforms. In addition, it may be worth pointing out

that the initial conditions 4—6 assumed are realized when the
chemical reaction is a photo-chemical one so that the chemistry
starts once the light is switched on and not before. This is
relevant to the extensive work on solar energy. In addition, at the
electrode surface, the following conditions hold

0
t>0,x=0: D(&] -1 ke(cade=o + kp(cp)emo
x=0

Ox ES
(7)
0
t>o,x=o:D[£) -_L
Ox =0 FS (8)

For the sake of simplicity, the model assumes an identical
diffusion coefficient for all dissolved species. However, the
model is not constrained by this assumption and it can be easily
adopted for different values of the diffusion coeflicient of each
diffusion species. The conditions at the electrode surface are
additionally defined by the Butler—Volmer equation:

1

F_S = ksexp(ﬂ¢)[(CB)x:0 - (CC)x:OeXp(_¢)] (9)
Here, ¢ = F(E — E*")/RT is dimensionless electrode potential, I
is the current, S is the electrode surface area, F is the Faraday
constant, f is the electron transfer coefficient, c,* is the bulk
concentration of the reactant A, and D is the common diffusion
coefficient.

The solutions for the surface concentrations of species A, B,
and C in the Laplace domain read:
*
_b e + —2
Vs +a Vs(5 + a) (10)

3 (CA)x=O =

where  is the symbol for the Laplace transform, s is Laplace

. k k
variable, b = TbD’ anda = =

Nk
* o
S(CB)x=o = o - ! S
s(Vs +¢) 5 +c¢FSVD
_ 1 SI
V5 (5 + ¢) FS/D (11)
where c = a + b.
1 SI
S = ———.
(=0 = 2 BsyD (12)

The solutions for the surface concentration of B and C in time
domain are as follows:

#
(gm0 = ﬂ[1 — exp(c?t)erfe(c/t)]
c

: I(7) dt +(c— a)

ESJD Jr(t = 1)

I(T) 2
mexp[c (t — 7)]erfc(c/t — 7)dr

t

0
(13)

t

I(z) dr

FS\/ﬁ \/ﬂ(t - T) (14)
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Figure 1. Effect of the frequency on the real net peak-current calculated for (A) different kinetics of the chemical reaction and (B) different electrode
kinetics. For (A) the cumulative chemical rate constant € = k¢ + k;, is log(&) = =5 (a); —4 (b); =3 (c), and —2.4 (d). Standard rate constant is k, = 0.01
cm ™!, while the magnitude of the diffusion coefficientis D = 1 X 107 cm?s™". Curves (b) and (c) refer to the right ordinate. For (B), the standard rate
constant is log(k,/cm s™') = =3 (a); =2 (b); —1 (c), and 0 (d), for log(e) = —4. The other conditions are as follows: equilibrium constant K = 100,
electron transfer coefficient # = 0.5, SW amplitude E,, = S0 mV, temperature T = 298.15 K, and step potential AE = 10 mV.

The recurrent formula for the simulation of the experiment
under conditions of SWV reads:

KeXP(ﬂfl?n)[f(l - e@('i—é")erfc(,{\/sio)) _

¥ =

2(1+exp(—1/))) m—1 c—a m—1
\/50_” Zj:l qusm—j+l + ( ¢ )Z,’;] lI"]'Rm—j+l:|

m

Here 4 = ﬁ is the dimensionless chemical kinetic parameter,
. . . k,
where € = k¢ + k;, is the cumulative rate constant, while x = =
N

is the dimensionless electrode kinetic parameter. Note that a/c =

Y =

1 - KeXP(ﬂcbm)[

KEXp(ﬁtﬁm)[KI—il(l — exp( erte(2 E)) -

_2(1+ exp(=4)) c=ap

NEXS ¢ l] (13)

K/(K + 1) and (¢ — a)/c = 1/(K + 1), where K = ki/k, is
equilibrium constant. Thus, the recurrent formula 15 is rewritten
as

2(1+ exp(—¢p)) xom—1 1 m-—1
NE Zj:l IIJjSm—j+1 + (K—H> Zj:l \Pij—j+1:|

m

In eqs 15 and 16

2 _
R, = 2m l[l - em(i—m]eﬁc(l\/ﬂ)}
SO0z A 50 S0

20m — 1 1[ [Az(m—n]
N 1 — exp| ———~

S0
erfc(/l m = 1 ]]
50

S = m'/? — (m— 1)1/ 2 are numerical integration parameters. ¥
=I(FScy*)"(Df) "% is the dimensionless current, where fis the
SW frequency and m is the serial number of time increments.
The time increment is defined as At = 1/(50f), ie., each
potential pulse is divided into 25 time increments.”> All

21+ exp(~4)

1 - cexp(p)|

1
Jsor + K+ 1R1]

(16)

simulations have been performed by the commercial package
MATHCAD 14.

3. RESULTS AND DISCUSSION

Voltammetric characteristics of the CyE mechanism depend
predominantly on the dimensionless chemical kinetic parameter
4, the equilibrium constant K, and the dimensionless electrode
kinetic parameter k. The physical meaning of K and « are well-
known from the grevious theory of the conventional CE reaction
scheme'”**>73" a5 well as from the theory of a simple
quasireversible electrode reaction.’ Briefly, the equilibrium
constant K determines the concentration ratio of A and B
species (eq 1) at the electrode surface in the state of equilibrium,
whereas the electrode kinetic parameter k controls predom-
inantly the electrochemical reversibility of the electrode reaction

e

N

(eq 2). The dimensionless chemical kinetic parameter 1 =

C https://doi.org/10.1021/acs.jpcc.2c07298
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represents the cumulative rate constant of the preceding
chemical step € = k; + k, (eq 1), relative to the diffusion rate
constant (D) and the critical time of the voltammetric

experiment (f), ie, the product \/Hf We note that the
parameter \/Bf with units cm s™ is different to the common
chronoamperometric parameter /Dt (cm) that represents the
diffusion layer thickness. The parameter \/Ff (em s™!) could be

provisionally understood as a diffusional rate constant, which,
relative to the electron transfer rate constant k, (in the electrode

. k, . .
kinetic parameter Kk = I%f ) and the cumulative chemical rate

constant € = k¢ + ky, (in the chemical kinetic parameter 4 = T%f ),

reveals the intrinsic role of both electron transfer and the
chemical reaction. Therefore, the rate of diffusion is critically
important for the chemical step and the electrode reaction, as
both take place at the electrode surface only. Recall that in the
conventional CE mechanism,'”**™” the chemical parameter is

defined as A = £, where the cumulative rate constant € is

f

presented relative to the critical time of the voltammetric
experiment only (ie., the SW frequency, f) as the rate of
diffusion is insignificant for the chemical reaction.

The morphology of the voltammetric response (i.e., shape,
peak current ratio, and relative position of the forward and
backward SW components) depend predominantly on the
electrode reaction (eq 2) and the electrode kinetic parameter k.
Studying the effect of A, while keeping other parameters
constant, one finds a sigmoid-like dependence of the net peak
current (A¥,) vs log(4) over the interval — 3 <log(4) < 1. The
intensity of the voltammetric response increases in proportion to
the rate of the preceding chemical reaction, as the chemical
reaction generates more of the electroactive reactant B on the
electrode surface. A particular shape of the function A¥, vs
log(1) depends on K and k, which is very similar to the
conventional CE mechanism;'”**™*" thus, such analysis does
not provide a basis to reveal the nature of the preceding chemical
reaction. Correspondingly, the functions AW, vs log(K) and
AV, vs log(«) are sigmoid, and their characteristics are known
from the theory of the conventional CE mechanism.' ">~

Let us note that independent variation of any of these
parameters (4, K, or k) corresponds to a comparison of a series
of different reactions, rather than to the analysis of a single
electrode mechanism that is characterized with a unique set of
constants. Hence, in studying a single electrode mechanism,
dimensionless parameters can be altered by varying the
frequency of the potential modulation. A set of simulations
corresponding to the analysis of a single experimental system are
summarized in Figure 1, where the effect of the SW frequency to

the product A'PP\/} is presented. Note that the product A‘I”P\/}

corresponds to the real net-peak current (AL), which can be
experimentally measured. As shown in Figure 1, the real net-
peak current is a parabolic function on log(f) for different values
of the cumulative rate constant € = k¢ + k;, and the standard rate
constant (k). Such a specific effect of the frequency is typical for
the current mechanism and was not found for the conventional
CE mechanism.'”**™*” The origin of such a voltammetric
feature stems from the complex simultaneous influence of the
frequency to the rates of the chemical reaction, electron transfer,
and diffusion. An increase in the frequency means a shorter
period available for the chemical reaction to take place; on the

other hand, the thickness of the diffusion layer generally

diminishes by increasing the frequency, causing faster diffusion,
which increases the overall rate of the chemical step. Thus, the
interplay of these two opposite effects (shorter time for chemical
reaction but faster diffusion) results in a parabolic dependence of
the real net-peak current on the SW frequency. The maximum of
the parabolic function presented in Figure 1 depends on the
specific value of the cumulative rate constant € and the standard
rate constant k. Generally, the maximum is positioned at a
higher frequency for a faster chemical reaction (Figure 1A) and a
faster electrode reaction (Figure 1B). Let us additionally note
that a parabolic dependence of the real net-peak current on the
SW frequency is not predicted so far for any electrode
mechanism of a dissolved redox couple in the theory of SWV.*

Another peculiar voltametric feature of the studied mecha-
nism is the effect of the initial potential of the voltammetric
experiment, which is presented in Figure 2. Considering the

0.03 1
Ylnet ,\
(a)-(d) (\
0.02 41 1\
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Figure 2. Effect of the starting potential (E; vs E*) on the net SW
voltammograms. The values of the starting potentials in the direction of
the arrow given on the plot are E,/V = —0.200 (a); —0.500 (b); —0.800
(c) and —1.000 (d). The other conditions of the simulations are
chemical kinetic parameter log(4) = —2.0, equilibrium constant K = 1,
electrode kinetic parameter log(k) = —0.07S, electron transfer
coefficient # = 0.5, SW amplitude E,, = S0 mV, and step potential
AE =10 mV.

initial conditions assumed in the theoretical model (eq 4), the
voltammetric experiment and thus the chemical reaction start as
soon as the electrode is inserted into the electrolyte solution.
Consequently, the initial potential value relative to the formal
potential of the electrode reaction determines the time for the
chemical reaction to take place prior to the electrode reaction.
Theoretical net SW voltammograms in Figure 2 clearly reveal
such an effect. The same voltammetric behavior can be observed
by conditioning the electrode for a certain time period prior
application of the potential modulation. The intensity of the
response (i.e., the net peak-current) increases in proportion to
the square-root of the conditioning time, reflecting the effect of
the diffusional mass transport of the initial reactant A (eq 1) to
the electrode surface. As well-known, analogous voltammetric
behavior can be found in electrode processes affected by the
adsorption of the reactant, where the adsorptive accumulation
enlarges the voltammetric response. However, in adsorption-
coupled processes, a narrow stripping net SW peak emerges,
reflecting the surface electrode reaction of the electroactive

https://doi.org/10.1021/acs.jpcc.2c07298
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reactant.” In the present system however, the morphology of all
SW voltametric components reflects diffusion-affected electrode
reaction, while the real net-peak current is a parabolic function of
the frequency, providing a clear means for the differentiation of
the heterogeneous nature of the preceding chemical reaction.
If the chemical reaction is in equilibrium at the beginning of
the experiment (i.e, at t = 0; x > 0), both species A and B are
present initially in the solution at their equilibrium concen-
trations ((cf) and B (c)). They are related through the
*
equilibrium constant K = z—‘i and their sum defines the initial
A
total concentration ¢f + ¢f = ¢*. Under such conditions, the
solution for the surface concentration of B species reads

*
acy

—£[1 - eczt(erfc(c\/?)]

(Cplymo =

+ c];k[% + (1 - %)eczterfc(c\/?)}
B t I(7) dt + (- a)

ESJD Jr(t — 1)

I 2
—FS% e’ (t_T)erfc(c\/:)d‘c

0 (17)

t

Simulations conducted by taking into account the latter
equation have shown that the effect illustrated in Figure 2 is
absent and the intensity of the response does not depend on the
initial potential and the preconditioning time. However, it is
interesting to compare the effect of the equilibrium constant for
the case when the experiment starts only with the reactant A and
when both reactants A and B are present in a chemical
equilibrium at the beginning of the experiment. Figure 3
summarizes such analysis for the same kinetics of the chemical
reaction and for the typical quasireversible electrode reaction.

05 - - 0.03
00?9
02842 L 0,025
04 3
b4
8
. L 0.02
03 |
o ° o
i . L 0.015 i
02 1
6 L 0.01
[2)
0.1
éé L 0.005
°6
0 ane® 0
3 2 1 0 1 2
log(K)

Figure 3. Effect of the equilibrium constant on the net peak-current
when the experiment starts with the reactant A present in the solution
only (circles, right ordinate) and with equilibrium concentrations of
both A and B species (triangles, left ordinate). The chemical kinetic
parameter is log(4) = —1, electrode kinetic parameter log(x) = —0.5,
electron transfer coefficient § = 0.5, step potential AE = S mV, and the
starting potential is E; = —0.200 vs E'.

Clearly, the effect of the equilibrium constant is identical in both
cases, the only difference is in the absolute values of the currents.
More importantly, when the equilibrium is established prior to
the voltammetric experiment, the parabolic relation between the
net peak-current and the frequency vanishes, and the overall
voltammetric behavior strongly resembles the common CE
mechanism.

Considering the complexity of the studied model, it is of
particular interest to find voltammetric features which depend
solely on either the chemical or the electrode reaction, in order
to develop a strategy for unambiguous estimation of the critical
kinetic parameters. To this goal, the role of the SW amplitude
(Eqy) is studied in analyzing the voltametric data. As previously
demonstrated,”® studying a particular mechanism by altering the
SW amplitude at a given frequency is advantageous as the
frequency-dependent dimensionless kinetic parameters are
constant in the course of the analysis, and the voltammetric
behavior is simple. The effect of the amplitude is mainly
manifested through the influence on the electrode kinetics; thus,
it is expected to provide information regarding the electro-
chemical standard rate constant mainly.

These expectations are confirmed by the data shown in Figure
4, where the amplitude-based quasireversible maximum is
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55 ot 11
' *
* ’Q
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W 3
3 1 W
w . (a) =~
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Figure 4. Effect of the amplitude on the amplitude-normalized net
peak-current for different kinetics of the chemical reaction. The
chemical kinetic parameter is log(4) = —1.5 (a); —0.5 (b); and 1.5 (c).
Other conditions are equilibrium constant K = 100, electrode kinetic
parameter log(k) = —1, electron transfer coefficient # = 0.5, and step
potential AE = 10 mV. Curve (a) refers to the right ordinate.

studied for different rate constants of the chemical reaction. Let
us recall that the amplitude-based quasireversible maximum is a
general feature of diffusion-affected electrode processes where
the amplitude-normalized net peak current is studied as a
function of the SW amplitude.‘?’8 Commonly, a parabolic
function is obtained, the position of which solely depends on
the standard rate constant. The data in Figure 4 reveal that the
position of the maximum is unaffected by the rate of the
preceding chemical reaction, thus enabling unambiguous
determination of the standard rate constant (k,), without
previous knowledge of the chemical rate constant.
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4. CONCLUSIONS

Consistent with previous findings, SWYV can uncover subtle
differences in very similar electrode mechanisms, particularly
when the electrode reaction is coupled with adsorption
equilibria and/or chemical reactions. To the best of our
knowledge, it is the first theoretical study of the specific Cy,E
mechanism based on Laplace transforms, which provide
solutions for surface concentrations of all involved species.
Rigorously speaking, it is plausible to assume that the preceding
chemical reaction takes place via the adsorbed state of the
relevant species, requiring account be taken of the adsorption
equilibria of all species. However, under such a scenario, the
model will not be mathematically tractable with Laplace
transforms and fully numerical approach in mathematical
modeling will be required. Some of the characteristic
voltammetric features of the present model are the parabolic
dependence of the real net peak current on the SW frequency
and the effect of the initial potential.

Rigorous mathematical solutions of the current mechanism
are not identical with the CE case, clearly indicating that both
cases are not identical and the overall study is not trivial. When
the equilibrium is assumed at the beginning of the experiment
(eq 17), the voltametric behavior is only qualitatively identical to
the common CE reaction scheme; however, it does not mean
that quantitative analysis of the C,,E reaction (with and without
equilibrium) can be correctly done with the common CE model.
Rigorously speaking, the initial condition 4, which assumes the
chemical reaction to start simultaneously with the voltammetric
experiment, is an approximation, as the chemical reaction takes
place as soon as the electrode is brought into contact with the
solution. The real surface concentrations of A and B species
formed since inserting the electrode, positioning, and starting
the voltammetric experiment are difficult to be predicted. Such
an approximation is a prerequisite for the mathematical
treatment of the electrode mechanisms with Laplace transforms.

The current model can be easily adopted for any voltammetric
and/or chronoamperometric technique. Considering the theory
of SWV, it is the first electrode mechanism of dissolved species in
which the real net-pet current parabolically depends on the
logarithm of the frequency, providing a means for qualitatively
differentiating the C;E from the common CE mechanism. In
spite of the fact that all species are dissolved in the solution, and
thus the response obviously depends on the diffusional mass
transfer in the course of voltammetry, the net peak current
increases linearly with the square-root of the incubation time of
the working electrode in the solution prior the application of the
potential variation. This is another specific voltammetric feature
enabling clear differentiation from the common CE mechanism.
Importantly, features of the voltammetric response exist that are
solely sensitive to the electrode kinetics, as the amplitude-based
quasireversible maximum,”® which enables to develop a reliable
and sequential methodology for full kinetic characterization of
the electrode mechanism.
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