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Abstract

A theory of a two-step surface redox mechanism, involving both single-electron and two-electron transfers, is developed for
cyclic voltammetry. It is assumed that the first step is kinetically controlled, while the second one is reversible. Depending on
the difference in standard potentials, three types of responses appear as functions of the kinetic parameters. Calculation of the
transfer coefficients and the standard rate constant is explained.
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1 Introduction

Redox reactions, wherein both the reactant and product
are confined to the electrode surface, occur in electro-cat-
alytic systems'=, protein-film voltammetry**, investigations
of electro-active self-assembled monolayers,® electro-ki-
netic measurements of chemically prepared electrodes’,
and electro-analysis with adsorptive accumulation.’®
In these reactions, the relationship between current and
potential is not complicated by mass transfer, allowing for
the determination of their thermodynamic and kinetic
parameters through voltammetric measurements.'>'* Sys-
tems involving two successive surface electrode reactions
are particularly interesting, as they appear in the redox
transformations of many surface-active and electro-active
organic substances.”™"® Cyclic voltammograms of these
reactions depend on two rate constants, two transfer co-
efficients, and two standard potentials, all of which can
be freely combined, resulting in a large number of pos-
sible responses that require complex methods of analy-
sis.”> 1618 Generally, multi-step electrode reactions consist
of single-electron and concerted multi-electron transfers,
dependent on the stability of intermediates.?2> This pa-
per describes an example of a three-electron surface redox
reaction comprising two steps, in which a single and two
electrons are transferred. The purpose is to report the con-
ditions under which the second step does not prevent the
determination of the kinetic parameters of the first electron
transfer.

1.1 Model

It is assumed that a certain electro-active and surface-ac-
tive compound (Red) is strongly adsorbed to the electrode
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surface in the form of a monolayer, wherein its activity is
proportional to the surface concentration. It is further as-
sumed that the products of the electrode reaction of this
compound (Int*, Ox**) remain adsorbed on the surface,
allowing desorption to be neglected during voltammetric
measurement. During this period, the additional accumu-
lation of the reactant is also disregarded. The electrode re-
action comprises two steps: the first being the kinetically
controlled transfer of a single electron, while the second
step involves a fast, reversible, and concerted transfer of
two electrons.

Red,, 2 Int*,, + e~ (1)
Int*,,. = OX* . + 2e (2)

The charges of species are compensated by anions in
the double layer or by the dissociation of protons in the
well-buffered electrolyte. The standard potentials of these
two steps are independent, and they determine the form
of the response in cyclic voltammetry. The current is calcu-
lated using the following differential equations:

dr I
d—‘fd = —% (3)
dr ) l
dr I
d—?x = ﬁ (5)
11—15 =—ke [Flm - FRede““] (6)
¢, =RF—T(E—E?) @)
Mo =Te” (8)
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0y =2 (E-E)

RT 9)
Trea T +lo = r (10)
Attime t = 0, the following applies:
Mo =T (1)
My =0 (12)
Fox =0 (13)

The meanings of all symbols are provided in the List of
symbols. The dimensionless currents in cyclic voltammetry
are defined as follows:

y

o =
S TV(F/RT)
b=b, +,

(j =1and2) (14)

(15)

The time is divided into m increments, and the solutions
are obtained in the recursive form:
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+AE(F/RT)|[ 1+€"" —
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({’zm
2,m 1+ e% - z 1 Z(DZ/ (1 7)
_ ks
~V(F/RT) (18)

In the calculations, the potential increment AE = 107 V
was used.

2 Results and Discussion

Electrode reactions consisting of two steps are referred to
as the EE mechanism."* The response in cyclic voltammetry
of the EE mechanism considered in this paper depends on
the difference in standard potentials of the two steps and
on the dimensionless kinetic parameter of the first step.
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Fig. 1 — Cyclic voltammograms of (a) the surface EE mechanism, and (b) the de-
pendence of peak potentials on the logarithm of dimensionless kinetic

parameter. E,° —
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Slika 1 — Ciklicki voltamogrami povrsinskog EE mehanizma (a) i zavisnost vrs-
nih potencijala o logaritmu bezdimenzijskog kinetickog parametra (b).
EO—E°=0,1V,a=05ted=(1),1(2),0,1(3),0,01 (4)i0,001 (5
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Fig. 2 —Cyclic voltammograms of the surface EE mechanism; o« = 0.5,
E,>-E\%V = —0.1 (a) and 0.0 (b) and A = 10 (1), 1 (2) 0.1 (3), 0.01

(4) and 0.001 (5).

Slika 2 — Ciklicka voltamogrami povriinskog EE mehanizma; « = 0,5 ,
EX—E°V = —-0,1()i00 (b teA=10(1),1(2)0,1(3),001 4)i
0,001 (5)

If E,°—E,° = 0.1 V and both reactions are fast and reversible
(A = 10), the voltammogram exhibits two pairs of peaks at
E,% and E,°, with dimensionless peak currents &, = +n?/4,
where n is a number of simultaneously transferred elec-
trons.? This can be observed on curve 1 in Fig. 1A. If the
parameter A is diminished by the increasing scan rate, the
first anodic peak merges with the second one, while the
separation of cathodic peaks increases. If the first reaction
is very slow (A < 107?), the cathodic peak current is equal
to —0.184, which aligns with the theoretical value —a/e,
where e is the base of the natural logarithm, while the
anodic peak current is equal to 0.552. This number cor-
responds to an irreversible three-electron EE mechanism
if « = 0.5 and E,° — E;° = 0.1 V. The peak potentials are
shown in Fig. 1B. The first cathodic peak potential is a lin-
ear function of the argument: £, , — £, = 0.118 logA +
0.035 V. The slope is equal to 2.3RT/(af) while the inter-
cept is equal to —2.3(RT/(af)) - loge. Hence, if £, ., = E,°
then A, = a and k, = av,(F/RT). If the intermediate is
stable, the standard rate constant and the transfer coef-
ficient of the first step can be determined by varying the
scan rate. The peak potentials of irreversible three-electron
oxidation are a mirror image of a single electron reduction:
Epas —E°=-0.118 logA — 0.035 V. However, this slope is

equal to —2.3RT/((1—a)F), while the intercept is equal to
2.3RT/(1—)F)) - log(1—a).

If the difference between standard potentials is increased
to 0.2 V, the anodic peaks of EE response are well separat-
ed if A > 0.1, and merged if —2.5 < logA< —1. The peak
current of irreversible three-electron oxidation is 0.552, as
in Fig. 1.

Fig. 2 shows responses calculated for unstable intermedi-
ates. If £,°— F,° = —0.1 V and both reactions are reversible,
a single pair of peaks appears at —0.066 V, with the peak
currents equal to =2.18. The peak potential agrees with
the theoretical value for the simultaneous transfer of three
electrons, that is (E,° + 2E,%/3, but the peak currents are
smaller than £n?/4. This is because the theoretical value is
achieved only if E,° = E,° < —0.2 V. For A = 10, the anodic
peak current is 1.82, while the cathodic one is —2.38, and
the peak potentials are —0.062 and —0.072 V, respective-
ly. Reduction of the parameter A causes the transformation
of the reversible three-electron EE mechanism into an irre-
versible one. In the anodic branch, a new peak appears if
A < 107" Its peak current is 0.552 and its peak potential
depends on A. In the cathodic branch, the response is split
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into reversible two-electron and irreversible single electron
reduction peaks if A < 1072 For E,° = E,°, this separation
occurs at A < 107". Under this condition, the peak cur-
rent of irreversible three-electron oxidation is also 0.552,
indicating independence from the standard potentials dif-
ference.

The relationship between peak potentials of the responses
shown in Fig. 2 and the logarithm of dimensionless scan
rate is shown in Fig. 3. The straight lines in this figure
are defined by the same equations as the straight lines in
Fig. 1B, allowing for the determination of transfer coeffi-
cients from their slopes. The rate constant can be calcu-
lated using the peak potentials of the reversible EE mech-
anism (E,5 .., = (E,° + 2E,%/3) and the peak potential of
reversible two-electron reduction: £, , — £,° = E£,° — E°.
The first standard potential is determined by the follow-
ing equation: £, = 3F ;. — 2, ,. The condition is that
A = 10 at the lowest scan rate, enabling the measurement
Of Epsrev = (Epas + Epc3)/2. 1 vy, = 1072 Vs, the lowest
standard rate constant measurable is equal to 0.4 s7". The
critical scan rate occurs when £, ,, = £,% or E, , = E°. If
E,> — E,° > 0, it is preferable to use the cathodic branch
for kinetic measurements, but if £,° — E,° < 0, the anodic
branch is more suitable.
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If the intermediate is highly unstable, in the anodic branch
of cyclic voltammogram, the second and the third electron
follow the first one immediately. However, in the cathod-
ic branch, the first electron may follow the third and the
second one immediately only if the electrode potential is
high enough to surpass the kinetic limitations of its trans-
fer. Fig. 4 shows that the cathodic response may or may
not split, depending on the reduction transfer coefficient.
If « = 0.7 and the oxidation transfer coefficient is 0.3,
there is no splitting if £,° — E,° = —0.3 V. A single peak of
three-electron reduction appears between —0.212 V and
—0.295 V vs. E° and its minimum current changes from
—2.79(A=10)to —=2.95 (A =T)andto —2.Tat A = 107>
In the anodic branch, the quasi-reversible three-electron
peak appearing at —0.191 V decreases into the irreversible
one with the peak current equal to 0.331 and the peak
potential satisfying the equation: £, ,, — £, = —0.197log
A —0.103 V. In Fig. 4b, the peak current of this response
is 0.772 and the equation of peak potential is: £, ; — F,
® = —0.084 logA — 0.013 V. The cathodic peak potential
changes between —0.245 Vand —0.3 Vvs. E. If A = 1073,
a new peak appears at —0.488 V, similar to Fig. 2. Regard-
ing the dependence of the irreversible three-electron oxi-
dation peak on the transfer coefficient, it is obvious that its
peak current is defined by the following equation:

0.5 1

log A

Fig. 3 — Dependence of peak potentials of the surface EE mechanism on
the logarithm of the dimensionless kinetic parameter; a = 0.5 and
E,’—E%V = —0.1 (a) and 0.0 (b).

Slika 3 — Zavisnost vrsnih potencijala povrsinskog EE mehanizma o logaritmu
bezdimenzijskog kinetickog parametra; a = 0,5 i E,° - £E,%V = —0,1

(@i0,0(b)
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Fig. 4 - Cyclic voltammograms of the surface EE mechanism. E,°—E,° = —0.3 YV,

a = 0.7 (@, and 0.3 (b), and A = 10 (1), 1 (2), 0.1 (3), 0.01 (4) and
0.001 (5).

Slika 4 — Ciklicki voltamogrami povrsinskog EE mehanizma; E,° — £,° = —0,3 V,

a=0,7@i03 (b ir=10(1),1(2),0,1(3),0,01(4)i0,001 (5

p,3,irrev = 3(1_a>/e (1 9)
In the absence of split cathodic response, the second
standard potential cannot be estimated. Furthermore, the
EE mechanism appears less reversible if the intermediate is
less stable,* making it challenging to estimate the revers-
ible potential of the EE mechanism as well. Without this
information, the standard rate constant cannot be calcu-
lated.

3 Conclusions

The presented model represents the simplest combination
of kinetically controlled and reversible electron transfers.
This EE mechanism exhibits three types of voltammet-
ric responses: reversible and irreversible single-electron
peaks, reversible two-electron peaks, and reversible and

by measuring the three-electron peaks, which depend on
the kinetics of the first step but have a peak current three
times higher. A highly unstable intermediate may result in
the appearance of a single pair of peaks at every scan rate,
hindering the calculation of the standard rate constant.

List of symbols
Popis simbola

a - cathodic transfer coefficient
AE - potential increment

E - potential

E° —standard potential

E

EE - two-step electrode reaction

» — peak potential

f f | F - Faraday constant
irreversible three-electron peaks. The first two responses o _di ol
are clearly separated in the cathodic branch if the inter- ~ dimensionless current
mediate is stable. In principle, varying the scan rate allows I —surface concentration
for the recording of both reversible and irreversible peaks,  r+ _ g1 of surface concentrations
facilitating calculation of the kinetic parameters. When the | .

— curren

intermediate is moderately unstable, this can be achieved
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— standard rate constant

— dimensionless kinetic parameter
— number of electrons

— gas constant

— electrode surface area

—time

— temperature

—scan rate

— dimensionless potential

DEDICATION

Dedicated to the memory of Dr. Sebojka Komorsky-Lovri¢.

References
Literatura

1.

10.

L. Liv, M. Portakal, M. Sila Cukur, B. Topach, B. Uzun, Elec-
tro-catalytic determination of uric acid with the poly(tartra-
zine)-modified pencil graphite electrode in human serum
and artificial urine, ACS Omega 8 (2023) 34420-34430,
doi: https://doi.org/10.1021/acsomega.3c02561.

. L. Cerbino, A. M. Baruzzi, R. A. Iglesias, Catalytic EC" re-

action at a thin film modified electrode, Electrochim. Acta
88 (2013) 66-73, doi: https://doi.org/10.1016/j.electac-
ta.2012.10.043.

V. Zuti¢, V. Svetlicié, M. Lovri¢, I. Ruzi¢, J. Chevalet, Electron
transfer kinetics of an adsorbed redox couple by double po-
tential-step chronocoulometry. Methylene blue / leucometh-
ylene blue, ). Electroanal. Chem. 177 (1984) 253-268, doi:
https://doi.org/10.1016/0022-0728(84)80227-2.

R. Gulaboski, P Kokoskarova, S. Mitrev, Theoretical aspects
of several successive two-step redox mechanisms in pro-
tein-film cyclic staircase voltammetry, Electrochim. Acta
69 (2012) 86-96, doi: https://doi.org/10.1016/j.electac-
ta.2012.02.086.

. R. Gulaboski, V. Mirceski, Application of voltammetry in bi-

omedicine — recent achievements in enzymatic voltamme-
try, Maced. J. Chem. Chem. Eng. 39 (2020) 153-166, doi:
https://doi.org/10.20450/mjcce.2020.2152.

O. Aleveque, E. Levillain, Recursive function for fitting elec-
tro-active monolayer cyclic voltammograms and extracting
key parameters, J. Electroanal. Chem. 947 (2023) 177769,
doi: https://doi.org/10.1016/j.jelechem.2023.117769.

S. Eloul, R. G. Compton, Charge diffusion on the surface
of particles with simple geometries, J. Phys. Chem. C 119
(2015) 27540-27549, doi: https://doi.org/10.1021/acs.
jpcc.5b09455.

M. Yang, R. C. Compton, Voltammetry of adsorbed spe-
cies: nonideal interactions leading to phase transitions, J.
Phys. Chem. C 124 (2020) 18031-18044, doi: https://doi.
org/10.1021/acs.jpcc.0c03791.

. M. C. Arevalo, E. Pastor, S. Gonzalez, A. J. Arvia. Coadsorp-

tion phenomena and adsorbate competition in surface elec-
trochemical reactions involving carbon monoxide and other
organic residues, Electrochim. Acta 36 (1991) 2183-2187,
doi: https://doi.org/10.1016/0013-4686(91)85227-X.

A. Bobrowski, J. Zarebski, Catalytic systems in ad-

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

M. LOVRIC: A Model of a Two-step Three-electron Surface Redox Reaction, Kem. Ind. 73 (5-6) (2024) 221-227

sorptive stripping voltammetry, Electroanal-
ysis 12 (2000) 1177-1186,  doi:  https://doi.
org/10.1002/1521-4109(200010)12:15%3C1177::AlD-
ELAN1177%3E3.0.CO;2-U.

R. Kalvoda, M. Kopanica, Adsorptive stripping voltammetry
in trace analysis, Pure Appl. Chem. 61 (1989) 97-112, doi:
https://doi.org/10.1351/pac198961010097.

J. J. O'Dea, J. G. Osteryoung, Square wave voltammetry for
two-step surface reactions. Anal. Chem. 69 (1997) 650-658,
doi: https://doi.org/10.1021/ac960647v.

R. Meunier-Prest, E. Laviron, Theory of two Te  successive
electrochemical surface reactions (E,.E,., or EE,,) associat-
ed with surface chemical reactions in polarography and cy-
clic voltammetry, J. Electroanal. Chem. 410 (1996) 133-143,
doi: Doi: https://doi.org/10.1016/0022-0728(96)04548-2.

D. Menshykau, C. Batchelor-McAuley, R. G. Compton,
Voltammetry of surface-bound species: proton-coupled
electrochemical reduction, J. Electroanal. Chem. 651
(2011) 118-130, doi: https://doi.org/10.1016/j.jelech-
em.2010.11.024.

M. Lopez-Tenes, ). Conzalez, E. Laborda, A. Molina, Insights
into the cyclic voltammetry of surface-confined molecules
undergoing two-electron transfers of any reversibility and
any ordering of the formal potentials: unravelling the appar-
ent governing factors, Electrochim. Acta 462 (2023) 142694,
doi: https://doi.org/10.1016/].electacta.2023.142694.

J. Gonzalez, M. Lopez-Tenes, A. Molina, Non-Nernstian
two-electron transfer reactions for immobilized molecules:
a theoretical study in cyclic voltammetry, J. Phys. Chem.
C 117 (2013) 5208-5220, doi: https://doi.org/10.1021/
ip312621u.

V. Mirceski, R. Gulaboski, A theoretical and experimental
study of a two-step quasireversible surface redox reaction
by square-wave voltammetry, Croat. Chem. Acta 76 (2003)
37-48.

M. Janeva, P Kokoskarova, V. Maksimova, R. Gulaboski,
Square-wave voltammetry of two-step surface electrode
mechanisms coupled with chemical reactions - a theoretical
overview, Electroanalysis 31 (2019) 2488-2506, doi: https://
doi.org/10.1002/elan.201900416.

J. Gonzalez, A. Molina, M. Lopez-Tenes, F. Karimian, Revers-
ible surface two-electron transfer reactions in square wave
voltcoulommetry: application to the study of the reduction
of polyoxometalate [PMo0,,0,,]*~ immobilized at a boron
doped diamond electrode, Anal. Chem. 85 (2013) 8764—
8772, doi: https://doi.org/10.1021/ac4019236.

A. W. Bott, The study of multiple electron transfer reactions
by cyclic voltammetry, Current Separat. 16 (1997) 61-66.

M. Lopez-Tenes, ). Gonzalez, A. Molina, Two-electron
transfer reactions in electrochemistry for solution-soluble
and surface-confined molecules: a common approach, J.
Phys. Chem. C 118 (2014) 12312-12324, doi: https://doi.
0rg/10.1021/jp5025763.

S. Komorsky-Lovrié, M. Lovri¢, Simulation of square wave
voltammograms of three-electron reaction, Electrochim.
Acta 56 (2011) 7189-7193, doi: https://doi.org/10.1016/j.
electacta.2011.05.002.

F. Marken, A. Neudeck, A. M. Bond, Cyclic voltammetry, in
F. Scholz (ed.), Electroanalytical Methods, Springer, Berlin,
2010, pp. 57-106, doi: https://doi.org/10.1007/978-3-642-
02915-8 4.

D. H. Evans, M. W. Lehmann, Two-Electron Reactions in
Organic and Organometallic Electrochemistry, Acta Chem.
Scand. 53 (1999) 765-774, doi: https://doi.org/10.3891/
acta.chem.scand.53-0765.


https://doi.org/10.1021/acsomega.3c02561
https://doi.org/10.1016/j.electacta.2012.10.043
https://doi.org/10.1016/j.electacta.2012.10.043
https://doi.org/10.1016/0022-0728(84)80227-2
https://doi.org/10.1016/j.electacta.2012.02.086
https://doi.org/10.1016/j.electacta.2012.02.086
https://doi.org/10.20450/mjcce.2020.2152
https://doi.org/10.1016/j.jelechem.2023.117769
https://doi.org/10.1021/acs.jpcc.5b09455
https://doi.org/10.1021/acs.jpcc.5b09455
https://doi.org/10.1021/acs.jpcc.0c03791
https://doi.org/10.1021/acs.jpcc.0c03791
https://doi.org/10.1016/0013-4686(91)85227-X
https://doi.org/10.1002/1521-4109(200010)12:15%3C1177::AID-ELAN1177%3E3.0.CO;2-U
https://doi.org/10.1002/1521-4109(200010)12:15%3C1177::AID-ELAN1177%3E3.0.CO;2-U
https://doi.org/10.1002/1521-4109(200010)12:15%3C1177::AID-ELAN1177%3E3.0.CO;2-U
https://doi.org/10.1351/pac198961010097
https://doi.org/10.1021/ac960647v
https://doi.org/10.1016/0022-0728(96)04548-2
https://doi.org/10.1016/j.jelechem.2010.11.024
https://doi.org/10.1016/j.jelechem.2010.11.024
https://doi.org/10.1016/j.electacta.2023.142694
https://doi.org/10.1021/jp312621u
https://doi.org/10.1021/jp312621u
https://doi.org/10.1002/elan.201900416
https://doi.org/10.1002/elan.201900416
https://doi.org/10.1021/ac4019236
https://doi.org/10.1021/jp5025763
https://doi.org/10.1021/jp5025763
https://doi.org/10.1016/j.electacta.2011.05.002
https://doi.org/10.1016/j.electacta.2011.05.002
https://doi.org/10.1007/978-3-642-02915-8_4
https://doi.org/10.1007/978-3-642-02915-8_4
https://doi.org/10.3891/acta.chem.scand.53-0765
https://doi.org/10.3891/acta.chem.scand.53-0765

M. LOVRIC: A Model of a Two-step Three-electron Surface Redox Reaction, Kem. Ind. 73 (5-6) (2024) 221-227 227

SAZETAK

Model dvostupanjske troelektronske povrsinske redoks-reakcije
Milivoj Lovric

Razvijena je teorija ciklicke voltametrije povrsinskog redoks-mehanizma, koji se sastoji od uzasto-
pnih prijenosa jednog i dvaju elektrona. Pretpostavljeno je da prvi korak zavisi o kinetici prijenosa,
a da je drugi reverzibilan. Javljaju se tri tipa odziva koji zavise o kinetickim parametrima i razlici
standardnih potencijala. Objasnjeno je kako se mogu izracunati koeficijenti prijelaza i standardna
konstanta brzine prve elektrodne reakcije.

Kljucne rijeci
Dvostupanjski prijenos elektrona, povrsinska elektrodna reakcija, ciklicka voltametrija,
uzastopne elektrodne reakcije, teoretski model
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