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Cyclic voltammetry is considered one of the most important techniques in electrochemistry, wide-
ly applied to investigate not only mechanistic aspects, but also kinetics and thermodynamics of various
redox processes. Many biochemical transformations in living systems involve electron transfer steps cou-
pled with preceding, subsequent, or regenerative chemical reactions, commonly referred to in electro-
chemistry CE, EC, and EC’ mechanisms, respectively. Accurately simulating such processes is essential
for understanding their behaviour and for interpreting experimental voltammetric data. Despite the exten-
sive theoretical work available in the literature, freely accessible computational tools for simulating these
mechanisms remain scarce, limiting their use in both teaching and research contexts. This work introduc-
es a set of ready-to-use simulation files developed using the software package Mathcad, designed to mod-
el cyclic staircase voltammograms for diffusional CE, EC, and EC' mechanisms under the Butler—\olmer
kinetic formalism. The provided protocols define and explain all relevant physical constants, potential
waveform parameters, and dimensionless kinetic and thermodynamic variables required to define recur-
rent formulae for current calculations. The approach also highlights the diagnostic value of analyzing rel-
evant features of cyclic voltammograms to identify specific mechanisms from simulated voltammetric
patterns. By making these simulation files freely available, the platform offers students and electrochem-
ists an interactive and intuitive learning tool, while providing experienced scientists with a valuable theo-
retical resource for their experiments. This primarily educational work brings theoretical electrochemistry
closer to all electrochemists, enabling a deeper mechanistic understanding of some of the most important
electrode processes.

Keywords: cyclic voltammetry; Mathcad simulation platform; electrochemical mechanisms;
educational electrochemistry

O/l TEOPHUJA 10O CUMYJAIINJA: OTBOPEHU UHTEPAKTUBHU MATHCAD ITPOTOKOJIN
HAMEHETU 3A CUMYJIAIIUU HA HAJBAKHU EJIEKTPOJHU MEXAHUW3MH BO YCJIIOBU
HA IUKJIUNYHA BOJITAMETPUJA

HuknryHaTa BoJATaMETpHja € eIHa OJ1 HajBaKHUTE TEXHUKU BO €JIEKTPOXEMHjaTa, IMITO € IIHPOKO
NIPUMEHETA 33 CTyAUpakbe HE CaMO Ha MEXaHUCTUUYKUTE aclEeKTH TYKY U 3a OIIPE/EIyBambe Ha KUHETUKATA
1 TepMOJMHAMHUKATa Ha PAa3IUYHU €NEKTPOXEMUCKH INpoliecH. MHOTY OHoXeMHCKH TpaHCc(hOopMauu BO
KUBHUTE CHCTEMH BKIydyBaaT YEKOPH Ha TpaHC(ep Ha EeNEeKTPOHH INTO C€ HajYecTO IOBP3aHU CO
MIPETXO/JHU, IIOCIENOBATEIHH WM PETreHEpaTHMBHH XEMHCKH pPEaKIHW{, KOM BO eJIeKTPOXeMHjara
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Boobn4aeHo ce o3HauyBaaT kako mexaHusmMu CE, EC u EC’, coonBerHo. TeopeTckoTo crynupame Ha
OBHE MPOLIECH € 0J1 CYLITHHCKO 3HaueHe 3a pa3dupame Ha HUBHOTO €JIEKTPOXEMHCKO OJHECYBambe, HO U
3a COOJIBETHA MHTEpIIpeTalija Ha eKCIIEpUMEHTAJIHUTE BOJTaMETPUCKU noxatonu. W mokpaj ronemuor
0poj Ha TEOPETCKU TPYMOBH JOCTAITHU BO JIUTEPATypaTa, CI00OIHO JOCTAITHU KOMIIjYTEPCKU ajlaTKu 3a
cUMyJlallija Ha OBHME MEXaHHM3MH BO YCJIOBM Ha IIMKJIMYHA BOJITAMETpPHja CE YIITE CE PETKH, a Toa ja
OorpaHMYyBa HUBHATA yrnoTpeda Kako BO UCTPaXKyBamETO Taka M BO HACTAaBaTa IO EJIEKTPOXEMH]a.

Bo 0Boj Tpyn ce naJeHu CUMYJIaICKU AaTOTEKH LITO CE LIEJIOCHO MOJATrOTBEHU 33 CUMYJIHPAkEe BO
OUKIAYHA CKajecTa BOJTaMETpHja, a ce pa3BHCHH CO IMOMOII Ha codTBepcknorT maker Mathcad.
JlaToTeKuTe ce HAMEHETH 32 CUMYJIHpamke Ha MUKIMYHA BOJITaMorpamMH 3a nudysuckure mexannsmu CE,
EC n EC', noGueHn npeKy MaTeMaTHYKO MOACIUPAKE HA OBHE MEXaHU3MH BO PAMKHUTE Ha KHHETHYKUOT
¢opmamm3am Ha barnep—Bonmep. IlpercraBeHWTEe NPOTOKONM BO OBOj TPyHd TH IcPUHUpaaT u
o0jacHyBaaT CHTE pelieBaHTHM (HU3WYKM KOHCTAaHTH, MApaMETPUTE HA MOTEHIINjaTHIOT CHTHAJ, Kako U
0e3AMMEH3HOHATHATE KHHETHYKU U TSPMOJAMHAMUYKH [TapaMeTPH IITO Ce HEOIIXOJHH 3a Ae(UHHPAkE Ha
PEKYPEHTHH paBEHKH 3a IIpecMeTKa Ha CTpyjaTa BO LMKIMYHA BoiTamerpuja. Bo mporokosure ce
NPETCTaBeHW M [JHMjalrHOCTUYKK KPUTEPHUYMH 32 aHalinM3a Ha KapaKTepPUCTUKUTE Ha LUKJINYHHUTE
BOJITAMOTPaMH, LITO C€ HEONXOJHHU Jla C€ M3BPIIM WAEHTH(HUKANWja HA CHCUU(PUYHA MEXaHU3MHU IPEKY
CUMYJIMPAHUTE BOJITAMETPHUCKU OATOBOPU.

®DaKkTOT MITO OBHEC CUMYJIAIMCKH IATOTEKH c€ TOHYJICHH BO ciiobomHa (opma ja mpaBu
cUMyJlalMcKara IuiaTgopMa IpeTcTaBeHa BO OBOj TPYJA KOPUCHA anaTka IITO Ha CTYISHTUTE W
SNCKTPOXEMHYAPUTE MOXE Ja MM CIYy)KH KakO HHTEPaKTHBHO OOpa30BHO IIOMarayio, HOJeKa 3a
MOMCKYCHHUTE HAYYHHIH ¢ BPEICH TEOPETCKH PeCypc IITO € HEONIXOeH 32 pa3dupame U 00jacHyBame Ha
eNEKTPOXEMHCKUTEe eKcriepuMeHTH. OBOj eqyKaTHBEH TPYA ja NOONMKyBa TEOPETCKaTa CJICKTPOXEMHja
JI0 CHTE €JIEKTPOXEMHUYAPH, OBO3MOXKYBajKH MPUTOA MOIa00K0 MEXaHUCTHYKO pa3Ouparme Ha HEKOU O
HajBa)XHHUTE SJICKTPOJHHU MIPOLIECH BO YCIIOBH HA LUKIMYHA BOJITAMETPHja.

Kayuynu 300poBH: IHMKIHYHA BOJTaMeTpuja, cuMynanucka riatrdopma Mathcad; enexTpoxemucku

MEXaHU3MHU; eyKaTHBHA €JICKTPOXCMHU]a

1. INTRODUCTION

Cyclic voltammetry (CV) is a highly versa-
tile electroanalytical technique, routinely employed
across diverse disciplines including chemistry,
physics, biology, and physiology.’™ Its capacity to
probe redox processes with high resolution has
established it as an indispensable method for eluci-
dating the kinetics and thermodynamics of numer-
ous electron transfer reactions.® Beyond its ana-
Iytical capabilities, CV plays a fundamental role in
identifying and characterizing various electro-
chemical mechanisms relevant to biochemical and
chemical redox processes.** This step is crucial
for interpreting reaction pathways and tailoring
electrode processes to meet specific analytical or
technological requirements.

In the redox transformations of many im-
portant classes of compounds, their electron trans-
fer steps are almost inevitably coupled with pre-
ceding, subsequent, or regenerative chemical reac-
tions. These coupled chemical reactions influence
the characteristics of voltammetric responses, mak-
ing theoretical modelling an essential component
of every experimental investigation.®>*® Understand-
ing such complex electrochemical processes is par-
ticularly important in the study of redox-active bi-
omolecules — including vitamins, redox enzymes,

quinones, and hormones — as well as in the analysis
of industrial and environmental redox systems.’
Theoretical modelling of most common mecha-
nisms in CV, CE (electrochemical reaction coupled
with preceding chemical reaction), EC (electro-
chemical reaction coupled with a subsequent
chemical reaction), and EC' (electrochemical reac-
tion coupled with a regenerative chemical reac-
tion), is regarded as a cornerstone, providing deep
insight into how reaction kinetics, mass transport,
and electron transfer rates interact to produce spe-
cific voltammetric patterns.36-10

Although a substantial body of literature ex-
ists on the theoretical treatment of various elec-
trode mechanisms in cyclic voltammetry,®3 a
notable gap remains: there are virtually no freely
accessible computational platforms®° that serve
both educational and scientific purposes for model-
ling such processes. This limitation can hinder both
newcomers — who require intuitive and interactive
learning tools — and experienced experimentalists,
who benefit from rapid and accurate simulation
frameworks for designing and interpreting their
experiments.

The aim of this work is to address this gap
by providing open-access, ready-to-use Mathcad
simulation files for CE, EC, and EC' mechanisms
in cyclic voltammetry, freely available to the entire
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scientific community. By making these resources
accessible, we aim to support the training of stu-
dents and early-career researchers, enabling them
to visualize and explore the complex dependencies
of cyclic voltammetric responses on kinetic and
thermodynamic parameters. For experienced ex-
perimentalists, such a platform will offer a rapid
and reliable means of validating hypotheses, opti-
mising experimental conditions and advancing the
mechanistic understanding of electrochemical sys-
tems.

2. REACTION MECHANISMS CONSIDERED
IN THE MATHCAD PROTOCOLS

The Mathcad simulation files provided in
this work elaborate on three well-known electrode
mechanisms*¢° of a dissolved redox couple,
which are considered under the Butler—\VVolmer
kinetic formalism and assume semi-infinite diffu-
sion to a stationary planar electrode. The underly-
ing theoretical background required to derive the
final solutions for simulating the voltammetric re-
sponse is complex and beyond the scope of this
communication. Briefly, it is based on rigorous
mathematical solutions of differential equations
that describe mass transfer phenomena at a planar
electrode (i.e. linear diffusion model), incorporat-
ing the kinetic effects of the coupled chemical re-
actions in combination with the Butler—\VVolmer
equation, which describes kinetic constraints at the
electrode surface. The mathematical tools used,
which go beyond conventional chemical education,
include Laplace transforms, which provide rigor-
ous mathematical solutions in the form of integral
equations.’? These equations are subsequently
transformed into ready-to-use recurrent formulae
for simulations by means of the numerical step-
function method,**!* which is adopted for cyclic
staircase voltammetry. These formulae form the
core equations of the provided Mathcad files. De-
tails of the mathematical modelling of the follow-
ing electrode mechanisms are available in refer-
ence.’®

The following electrode mechanisms are
considered:

1. CE mechanism (electrode reaction (E),
preceded by a homogeneous chemical reaction

(©)):
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Y <:) Red (kf, kb, Keq)

Red—e 20x (ks @)

2. EC mechanism (electrode reaction (E)
followed by a homogeneous chemical (C) step):

Red—-e 20x (ks )
OxzC (kf, kb, Keq)

3. EC" mechanism (electrochemical catalyt-
ic (EC") mechanism, or electrochemical regenera-
tive mechanism):

Red—e 2 0x (ks, @)
Ox+Y — Red (ko)

In the CE mechanism, the preceding homo-
geneous chemical reaction Y = Red generates the
electroactive species (Red), which enters into an
electrode reaction during the voltammetric experi-
ment. Accordingly, in the EC mechanism, the elec-
trochemically generated Ox species undergoes a
chemically reversible follow-up transformation to
yield the final, electrochemically inactive product
C. In the EC' catalytic mechanism, the electro-
chemically generated Ox species reacts with Y in a
homogeneous irreversible chemical reaction that
regenerats the initial electrochemically active Red
species.

3. SOME BASIC DEFINITIONS IN CYCLIC
STAIRCASE VOLTAMMETRY

In modern electrochemical instrumentation,
where the core station is known as a potentiostat,
the technique is no longer considered classical cy-
clic voltammetry with a linear scan,® but rather a
cyclic staircase voltammetry technique.?® In cyclic
staircase voltammetry, the applied potential signal
consists of a series of small, discrete potential steps
that approximate a linear scan in both forward and
reverse directions (Fig. 1). The key parameters that
define this potential waveform include the height
of the potential step (dE, i.e. the potential incre-
ment), the step duration (z), and the initial and
switching potentials (Eswart and Eswitch, respectively),
which determine the potential range of the experi-
ment.
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potential

time

Fig. 1. Applied potential waveform in cyclic staircase voltammetry, with the insert showing the major parameters
that define the potential ramp, i.e., the potential step (dE), and the step duration (z)

The scan rate (v) is regarded as the most im-
portant parameter in cyclic staircase voltammetry,
being defined as the ratio of the potential step
height to the pulse duration (v = dE/t), thus repre-
senting the average rate of potential change over
time. The current in cyclic staircase voltammetry is
measured within a specific time frame at the end of
each potential step, in order to minimise the con-
tribution of the charging and overall background
current. The primary instrumental output of this
technique is known as a cyclic voltammogram.

A cyclic voltammogram is typically dis-
played as a plot of current (1) versus applied poten-
tial (E) over a complete forward-reverse scan cy-
cle. Commonly, the cyclic voltammogram exhibits
a pair of well-defined peaks (Fig. 2) — an oxidation
peak and reduction peak associated with positive
current and negative current, respectively. In cyclic
voltammetry, the primary descriptors derived from
each voltammogram are the peak current, peak
potential, peak-to-peak separation, and the mid-
peak potential. The peak current (Ip) is defined as
the maximum current (in absolute values) observed
in each scan direction (measured relative to the
baseline of the corresponding voltammetric curve)
and is directly related to the concentration of the
redox species, the scan rate, the electrode area, the
diffusion coefficients, and the stoichiometric num-
ber of electrons involved in the electrode reac-
tion.>® The peak potential (Ep) is the magnitude of
the applied potential at which the maximal current
(in absolute value) is observed on a given peak of

the cyclic voltammogram. The peak-to-peak sepa-
ration (AEy) is defined as the difference between
the oxidation (anodic, E;ox) and reduction (cathod-
ic, Epred) peak potentials:

AEp = Epyox — Ep'red (1)

In a Nernstian (thermodynamically reversi-
ble), one-electron, diffusional system (at 25 °C),
AE, is approximately 59 mv.13

The mid-peak potential (Ei) is regarded as
a crucial thermodynamic descriptor of any elec-
trode reaction in cyclic voltammetry, commonly
defined as:

Eiwz= (Ep,ox + Ep,red)/z 2

In thermodynamically reversible systems,
Ei1 closely approximates the formal potential (E®)
of the redox couple. Additional features such as the
symmetry of the peak shapes, the ratio of oxidation
to reduction peak currents lpox/lpred (NOte that
Ip.ox/lpred = 1 for all applied scan rates in Nernstian
redox systems), together with the features of the
baseline, provide further diagnostic information
that can be derived from cyclic voltammograms.
Deviations from the ideal values of AE,, and Ipox
llorea # 1 indicate kinetic constraints, coupled
chemical reactions, the presence of adsorption
phenomena, or uncompensated resistance effects,
and thus serve as important indicators for mecha-
nistic and kinetic analysis.*™
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Fig. 2. Representative cyclic staircase voltammogram of a quasi-reversible electrode reaction

In systems that exhibit electrochemically re-
versible behaviour, the shape of the cyclic volt-
ammogram is primarily governed by thermody-
namic parameters such as the formal potential (E®)
of the redox couple, the stoichiometric number of
electrons in the electrode reaction (n), and the mass
transfer as reflected by the diffusion coefficients of
the oxidized and reduced forms (D).! For systems
described by the Butler-VVolmer formalism (kinet-
ically hindered heterogeneous electrode reaction,
i.e. quasi-reversible electrode processes), the shape
and form of the cyclic voltammograms additionally
depend on electrode kinetic parameters such as the
standard rate constant (ks) and the electron transfer
coefficient (&), as well as on mass transport pa-
rameters (D) and experimental parameters such as
dE, 7, v, and temperature T.2461° These dependen-
cies influence both the peak separation and the
heights of the anodic and cathodic peaks, thus
providing diagnostic criteria for mechanistic inter-
pretation and kinetic analysis.

In the case of a CE mechanism studied un-
der conditions of cyclic staircase voltammetry, the
features of the voltammetric responses are predom-
inantly governed by several key dimensionless pa-
rameters. The first is the dimensionless electrode
kinetic parameter related to electron transfer, K,
defined as K = ks (D)° (7)°%, which unifies the
influence of the heterogeneous electron transfer
standard rate constant ks and the common diffusion
coefficient D, relative to the applied time window
(7) on each potential step. This parameter (K) re-
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flects the interplay between charge-transfer kinet-
ics and mass transport within the time frame of
each applied potential step. The second controlling
factor is the dimensionless chemical kinetic pa-
rameter Kenem, defined as Kenem = (ks + Kp) 7, Where
ks and ky are the forward and backward rate con-
stants, respectively, of the homogeneous chemical
reaction preceding the electron transfer. This kinet-
ic parameter controls the rate of the chemical step
relative to the time scale of each potential step. The
thermodynamic aspect of this preceding chemical
step is characterized by the third dimensionless
parameter, i.e. the equilibrium constant defined as
Keq = ki / ko. The value of Keq dictates the position
of the chemical equilibrium and thus significantly
affects the magnitude and position of the voltam-
metric peaks. Finally, the electron transfer coeffi-
cient ¢ also plays a significant role, as it influences
the symmetry and shape of the voltammetric pro-
files by modifying the activation barrier of the
electron transfer step.

All of the above dimensionless parameters
govern the characteristics of the cyclic staircase
voltammetric patterns for an EC mechanism as
well. In this case, the dimensionless electrode ki-
netic parameter K, dimensionless chemical kinetic
parameter Kchem, and the equilibrium constant Keq
retain the same mathematical definitions as for the
CE mechanism. Clearly, in the EC mechanism,
Kehem and Keq refer to the kinetics and thermody-
namics of the homogeneous follow-up chemical
reaction that occurs after the electron transfer step.
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In the third mechanism considered in this
work, denoted as the EC' or electrochemical cata-
Iytic mechanism, the electrochemically generated
species Ox undergoes a chemically irreversible
reaction with the substrate Y (which was present in
large excess compared to the bulk concentration of
the electroactive reactant Red), resulting in the re-
generation of the initial redox reactant Red. Within
this model, the chemical parameter is expressed as
Kerem = Ke 7, where ke denotes the rate constant of
the irreversible (regenerative) chemical step, while
the dimensionless kinetic parameter associated
with electron transfer (K) was defined in the same
manner as in the previously described mechanisms.
In the following sections of this work, we explain
all relevant parameters and procedures required for
establishing a successful protocol to simulate cy-
clic voltammograms in the Mathcad software
package.

4. DEFINING CRUCIAL ENTRIES
IN MATHCAD FILE TO SIMULATE
CYCLIC VOLTAMMOGRAMS

Simulations in voltammetry are typically
carried out in the so-called dimensionless do-
main.’>® Thus, all entries in the Mathcad file have
no units. In other words, they refer to the numeri-
cal value of a particular physical quantity repre-
sented in its respective units, which are provided in
the Mathcad files. The protocol in a Mathcad simu-
lation file begins by defining the parameters of the

AE
E =ifjlm < —-25,Es + (cei\(ij-d}: - dE],Ef — | cei
m dE

25

In addition, the values of the following
physical constants are specified:

F : = 96485 (numerical value of the Faraday
constant in C mol);

R : = 8.314 (numerical value of the univer-
sal gas constant in J mol K1);

n : = 1 (stoichiometric number of electrons
involved in the electrode reaction);

T : =298.15 (thermodynamic temperature in
K);

D : =5 x 10°° (common diffusion coefficient
for both redox species in cm? s1);

ks — standard rate constant of electron trans-
fer in cm/s. This parameter is adjustable within a
large range of values, typically from 10~ to 10.

potential staircase ramp. Starting and switching
potentials are expressed relative to the formal po-
tential of the electrode reaction:

Es : =-0.5 (starting potential in V, relative
to the formal potential);

Ef : = 0.5 (switch potential in V, relative to
the formal potential, at which the direction of the
potential reverses);

AE : = Ef — Es (potential window of the ex-
periment);

dE : = 0.005 (potential step increment in V).

The potential scan rate v is the most im-
portant parameter in any cyclic voltammetric ex-
periment. As previously mentioned, in cyclic stair-
case voltammetry it is related to the potential in-
crement dE and the time duration of a single poten-
tial step 7, with v = dE/z, allowing 7 to be deter-
mined based on the chosen scan rate value and po-
tential step increment.

In addition, for the purpose of the numerical
calculation method, the time increment parameter
was defined as d = /M. The value of d represents
the subdivision of a single potential step with dura-
tion 7 into M time fractions. Typically, M = 25,
which was sufficient for the numerical model to
calculate the current with acceptable precision.’> M
was optionally increased to allow for longer simu-
lation time.

Following the incrementing of time, the val-
ue of potential at any time increment with a serial
number m (Em) is defined using "if* and "ceil"
functionalities of Mathcad:!’

AE
111—(5-25]
———|.dE — dE

25 (3)

Based on these constants, the dimensionless
potential corresponding to each time increment ®n,
is defined as:

O = n.iE (4)
m RT

The Mathcad files continue by defining the
critical voltammetric dimensionless parameters,
which govern the voltammetric features of each
electrode mechanism, such as: the dimensionless
electrode kinetic parameter related to the electron
transfer step, K := ks (1)%° (D)°° (applied to all
three mechanisms); the dimensionless chemical
kinetic parameter Kehem := (ks + kp) © (applied to
both CE and EC mechanisms); Kehem := (ko) T (ap-
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plied to EC' mechanism only); and the equilibrium
constant of the chemical reaction, Keq := ki / Ko
(applied to the CE and EC mechanisms, in which
reversible chemical reactions are assumed to oc-
cur).

The numerical method for deriving recurrent
formulae for the simulation of the voltammetric
response includes numerical integration parame-
ters, which are defined as follows:*®

Sm =ym-m-1 %)

M = erf( /Kchem-m) - erf|: Kenem- M- l)J (6)
m 25 o5

These numerical integration parameters are
functions that account for diffusion memory (Eq. 5)
and for the effect of chemical kinetics (Eg. 6) in the
recurrent formulae used for the calculation of cur-
rents in cyclic staircase voltammetry.”> They come
from discretising the specific, so-called convolutive
integrals into stepwise sums.’® It was important to
underscore that in the simple electrode reaction
(without coupled chemical reaction), only the param-
eter S (Eg. 5) matters; while in EC, CE and EC' cata-
Iytic electrode mechanisms, the M parameter was
critical, as it accounts for the effect of the chemical
rate parameter Keem. These parameters form the
backbone of the numerical integration scheme.

The recurrent formulae (Egs. 7 and 8 in the
provided Mathcad Supplementary files) are step-
by-step recursive relations: each current value W
(Eq. 8 in the provided Mathcad Supplementary
files), corresponding to a particular serial number
of the time increment, depends on the values that
precede it. The very first current value W1 (EQ. 7)

gives the current at the very first potential step. In
numerical simulations, this serves as the "initial
condition" that anchors the iterative process. These
defined values then enter the summations and re-
currence expressions, making the calculation of W
mathematically feasible.

Once the currents ¥, are calculated using
the corresponding recurrent formulas, the currents
at specific points within each potential step —
typically the last or 25" point — are extracted in
order to construct the cyclic staircase voltammo-
gram. For this operation, the serial number of po-
tential steps p across the entire scan interval is re-
quired (Eg. 9 in the Mathcad Supplementary files).
Then, the extraction of the last current point from
each potential step is performed by means of Eqg.
10. Finally, Eg. 11 in Mathcad Supplementary
Files defined the potential values of each potential
step, against which the currents of the cyclic stair-
case voltammogram are plotted, as shown in the
graph below Eqg. 11 in the Mathcad files.

Once the value of the dimensionless current
function ¥, in each time increment is calculated,
the real current is determined by considering the
following relation: 1 = ¥ A, where A is the so-
called amperometric constant. The value of the
amperometric constant depends on particular ex-
perimental conditions: A = nFSc*(D/7)%®, where S
was the working electrode surface area and c* was
the bulk concentration of the initially present elec-
troactive reactant Red (other parameters retain the
same meaning as explained above).

Finally, graphs of the calculated cyclic volt-
ammogram (Fig. 3) are generated in Mathcad, dis-
playing characteristic features for each of the con-
sidered mechanisms.

0.18 g 0.18 1
CE \
0.13 013 4\
|'
™ |
008 {/ 0.08 |
| ‘“‘\_ |
| ,__ﬂ——-"'_ [l -
0034 / , 0.03/,
Evs.E'IV )t
1 05-.-0.02 9/ 05 1 1 05._-0.02 /4
‘.‘\ II o
|
0.0% 4 -0.07 -
0.12 012

w|. EC
1
EC 0.18
0.13
\.\\ 0.08
0.03 ,
Evs. E'IV Evs.E°NV
0.5 1 -1 05 05 1

-0.07

0.12

Fig. 3. Representative patterns of dimensionless cyclic staircase voltammograms simulated on the Mathcad platform for quasi-reversible CE,
EC, and EC' mechanisms. In all cases, the simulated voltammograms feature the effect of the chemical reaction rate.
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5. CONCLUSIONS AND PRACTICAL NOTES
ON PERFORMING SIMULATIONS OF CYCLIC
STAIRCASE VOLTAMMETRY IN MATHCAD

Once all relevant parameters outlined above
are specified in the Mathcad working sheet, the
potential ramp is constructed according to the
staircase waveform, and the recurrent formulas for
calculating the dimensionless currents are estab-
lished, the file is prepared for initiating simula-
tions. For any given electrode mechanism — wheth-
er coupled to a preceding, follow-up, or regenera-
tive chemical reaction — the simulation is config-
ured so that only one parameter of interest (e.g.,
the standard rate constant ks, the chemical rate con-
stant ks, the electron transfer coefficient «, etc.) is
varied, while all other parameters remained con-
stant. This approach enables clear attribution of
observed changes in the voltammetric response to
the chosen variable. This method ensures that vari-
ations in the voltammograms arise solely from the
intended parameter change, thereby providing ro-
bust mechanistic insights into the role of the chem-
ical or electrochemical step under study.

One must not overlook the difference be-
tween the dimensionless current function ¥ and
the real current I, and the relation between them (I
= ¥YnFSc*(D/7)%%). Although theoretical simula-
tions focus on the features of the dimensionless
function ¥, only the real current | was directly
comparable to the experimentally measured cur-
rent. It is essential to emphasise that the time pa-
rameter 7, determined by the selected values of the
scan rate v and the step potential increment dE,
simultaneously influences the dimensionless cur-
rent function ¥ (through the dimensionless kinetic
parameters K and Kcrem), and additionally affects
the real current through the relation | = ¥
nFSc*(D/7)°°.

When the simulations are performed by var-
ying the values of a particular rate constant (e.g.
the standard rate constant) for a given value of the
scan rate, the outcome corresponds to the compari-
son of a series of different electrode reactions
characterized by different standard rate constants.
Conversely, if simulations are carried out by vary-
ing the scan rate for a given set of kinetic parame-
ters, the outcome corresponds to the analysis of a
single electrode reaction under varying scan rate.

Both types of simulations are unified by
studying the effect of a particular dimensionless
kinetic parameter (e.g. K = ks (z/D)%), whose val-
ues are varied either by changing the rate constant
or the scan rate (i.e. 7). That effect was why such

dimensionless kinetic parameters are critically im-
portant for understanding complex voltammetric
behaviour, which is influenced by different
sources.

In comparing simulated and experimental
data, two approaches are possible: following calcu-
lation of the dimensionless function ¥, the real
current | is calculated and compared with the ex-
periment; alternatively, the experimentally meas-
ured current is transformed into the dimensionless
current, by means of the relation | = ¥
nFSc*(D/7)°°.

In the analysis of simulated cyclic voltam-
mograms, attention is directed to the positions of
the anodic and cathodic peaks along the potential
axis, the peak-to-peak separation, the magnitudes
of the anodic and cathodic peak currents, the ratio
of anodic to cathodic peak currents, and the overall
shape and symmetry of the peaks, as well as the
features of the baseline currents beyond the peak
regions. These parameters collectively provide in-
sight into whether the process was electrochemi-
cally reversible, quasi-reversible, or involves an
electron transfer step coupled to a preceding, re-
generative, or follow-up chemical reaction.

For any further enquiries or difficulties ex-
perienced during the simulations, readers are en-
couraged to contact the authors for assistance. The
simulations require Mathcad version 14 or higher,
and a 30-day free trial of Mathcad 15 is available
at:
https://support.ptc.com/products/Mathcad/Mathcad
-15-0/free-trial?refid=cadventure

In addition, the guide for users of Mathcad
15 is available for free download at:
https://Imal.zut.edu.pl/fileadmin/Wyklady i_cwicz
enia/techniki_komputerowe/Materialy/L iteratura/
Mathcad%20Users%20Guide%2015.pdf.*’

A practical framework for simulations of
voltammetric theories in Mathcad is also presented
in references!™® in the Supplementary material, we
provide three original Mathcad files (in free open-
access format) configured to simulate CE, EC and
EC' mechanisms in cyclic staircase voltammetry.
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