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Abstract

A rigorous comparison between square-wave voltammetry (SWV) and the recently proposed multi-frequency electrochemi-
cal Faradaic spectroscopy (MEFS) is presented for both a quasireversible electrode reaction of a dissolved redox couple at a
planar macroscopic electrode and a catalytic regenerative electrode mechanism (EC' reaction scheme) by means of numeri-
cal simulations. MEFS offers fast kinetic characterisation with a minimal set of experiments, as the system is interrogated
with a range of SW frequencies in a single experiment. By changing the mid-potential E,, a critical parameter of MEFS, a
broad range of standard rate constants for the heterogeneous interfacial electron transfer is accessible, ranging between 0.006
and 0.12 cm s~!. In the case of the EC’ mechanism, features of the current components in both SWV and MEFS reflect the
involvement of the follow-up regenerative chemical reaction (i.e. C’ catalytic step). However, for the kinetic characterisation

of the EC" mechanism, the comparative analysis suggests that SWV should be the main operating technique.

Keywords Square-wave voltammetry - Square-wave-derived techniques - Electrochemical Faradaic spectroscopy -

Kinetics - Single experiment

Introduction

Square-wave voltammetry (SWYV) is one of the most
advanced members of the voltammetric family designed for
analytical applications [1-3], mechanistic studies [4, 5], as
well as kinetic and thermodynamic characterisation [6—8]
of electrode processes. It combines the advantages origi-
nally offered by cyclic voltammetry and pulse voltammetric
techniques, such as differential pulse voltammetry. However,
despite a plethora of remarkable features, SWV is a rather
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complex technique, and extracting quantitative information
often requires knowledge in both experiments and simula-
tions to unlock its full potential [9]. Several new techniques
have been proposed to simplify conventional SWV and
advance the potential for mechanistic and kinetic charac-
terisation of electrode processes [10—13] and some of them
have already been applied comparatively to scientific prob-
lems [14, 15]. Aiming toward simplification, conventional
SWYV has been transformed to a kind of chronoamperomet-
ric technique, termed square-wave chronoamperometry or
electrochemical Faradaic spectroscopy [16]. An important
advanced variant of the latter technique is multi-frequency
electrochemical Faradaic spectroscopy (MEFS) [17], in
which the frequency of SW potential cycles is progressively
increased during the experiment, enabling kinetic charac-
terisation of a particular electrode reaction with a minimal
set of experiments. The motivation for designing the MFES
experiment stems from the consideration of the complexity
of any voltammetric experiment, in which the electric cur-
rent, as a typical kinetic parameter, depends on a range of
parameters, some of which are hard to control rigorously
during multiple experiments (e.g. the real active surface area
of a single solid electrode repeatedly used). For these rea-
sons, the estimation of intrinsic electrode kinetic parameters,
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i.e. the standard rate constant and the electron transfer coef-
ficient, by means of a minimal set of experiments (ideally in
a single experiment) seems to be important [9].

As shown in Fig. 1, the potential protocol in MEFS can
be understood as a simplified version of SWV [16, 17], con-
sisting of oppositely oriented pulses imposed on a constant
potential, E, (Fig. 1). Obviously, the underlying staircase
potential variation typical for conventional SWV (Fig. 1a)
is replaced by the constant mid-potential E,, in MEFS
(Fig. 1b). Two opposite pulses complete a potential cycle
with the duration 7, defined ast = 2tp, where Iy is the dura-
tion of a single pulse. Conventionally, this is expressed as an
SW frequency since f=1/r = 1/(2t,). Importantly, in MEFS,
the cycle duration is changed for progressing cycles, hence
allowing the measurement of several frequencies, i.e. a fre-
quency spectrum, in a single experiment.

Continuing our previous work [17], the present theoreti-
cal study aims to rigorously compare square-wave voltam-
metry and multi-frequency electrochemical Faradic spectros-
copy for kinetic characterisation of electrode processes. This
is achieved through simulations of a simple, quasireversible,
diffusion-affected electrode reaction involving a dissolved
redox couple. Additionally, we consider the well-known
EC' reaction scheme, where E represents the quasirevers-
ible electrode reaction of the dissolved redox couple, similar
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Fig.1 Potential modulation in square-wave voltammetry (a) and
multi-frequency electrochemical Faradaic spectroscopy (b)
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to the previous case. This reaction is further coupled with
a follow-up, homogeneous regenerative reaction C'. The
objective is to identify the advantages and disadvantages of
both techniques.

Theoretical model

Quasireversible electrode reaction of a dissolved
redox couple

A one-electron quasireversible electrode reaction of a solu-
tion (sol) resident redox couple (Eq. 1) at a planar electrode
is considered:

Red(sol) & Ox(sol) + e~ (D

The electrode kinetics is considered in the frame of the
Butler-Erdey-Gruz-Volmer equation, associated with a
standard rate constant k; and the electron transfer coeffi-
cient a [18]. At the beginning of the experiment, only the
reduced form is initially present at a bulk concentration of
c;e & Furthermore, the diffusion coefficient D is assumed to
be identical for both reduced and oxidised forms. A detailed
insight in the used model can be found elsewhere [19, 20].
Using the step function method [20], a recurrent formula (2)
for calculation of the dimensionless current ¥ is derived:

201+ _¢m m—
K exp (a¢m) {1 _ w ijll ‘Pjsm—j+l }
507

2
N K exp (ad)m)
507

[1 + exp (—d)m)]

@)
where ¥ = 1/(FAcg V/DF ), ¢ = mrexp(E - E%) is the
dimensionless electrode potential, k¥ = jof is the dimension-
less electrode kinetic parameter, and S, = \/E —Vm—1is
the numerical integration parameter with the serial number
m. For deriving the recurrent formula (2), each potential
pulse is divided into 25 time compartments of identical
length defined as d = 1/(50f), where f1is the frequency. Other
symbols have their usual meaning.

Quasireversible EC' electrode mechanism
under conditions of SWV

The following set of equations describe a simple EC' mecha-
nism of a dissolved redox couple:

Red(sol) & Ox(sol) + e~ 3)
kC
Ox(sol) + Y(sol) — Red(sol) + P(sol) )
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The electrode reaction (Eq. 3) at the planar electrode
is followed by a chemical reaction (Eq. 4), where the
reduced species is regenerated and an electroinactive
product P(sol) is formed. This reaction is associated with
a pseudo-first-order rate constant k, (k,=k'c*(Y), where
k' is the second-order rate constant and ¢*(Y) is the bulk
concentration of the chemical agent Y. It is assumed that
the concentration of the reducing agent Y is at least an
order of magnitude greater than for the electroactive spe-
cies Ox so that the overall concentration of Y at the elec-
trode surface and in the vicinity of the electrode remains
constant in the course of the experiment. The recurrent
formula reads

Kexp(ad)m){l - “P—\/(_‘ﬁm) DI AV _j+1}
Vi = Kexplady)M, )

1+ Tm [1+exp(—¢,,)]

Here, y is the dimensionless catalytic parameter y = &

= erf\/ me erfﬂ 7(”‘ 1) 1s the numerical inte-

gration factor, and other symbols are identical as for
Eq. (2).

Let us note that during simulations of a single SW vol-
tammogram, the electrode kinetic parameters x and y have
constant values for a given frequency, whereas they vary
accordingly with the variation of frequency in MEFS.
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Results and discussion
Simple quasireversible electrode reaction

For a simple quasireversible electrode reaction (Eq. 1), for

a given electrode potential, the electrode kinetics is predomi-

nantly controlled by the dimensionless electrode kinetic

parameter x, defined as k = k—, where k. is the standard
\/D_f S

rate constant, f'is the SW frequency, and D is the diffusion
coefficient. The electrode kinetics depends on the heteroge-
neous electron exchange rate, represented by k, relative to
the rate of diffusional mass transfer, represented by the prod-
uct \/D_f [21]. The effect of k¥ on the dimensionless net peak
current in conventional SWV is shown in Fig. 2a. This anal-
ysis corresponds to the comparison of a series of electrode
reactions characterised by different values of k. The depend-
ence is sigmoidal with two plateaus, as known from the lit-
erature [20]. The upper plateau section (log k¥ > 1) corre-
sponds to the apparently reversible kinetic region where the
electrode kinetics at the formal potential of the electrode
reaction (i.e. the net peak potential) is virtually independent
of k, whereas the lower plateau is associated with sluggish,
electrochemically irreversible electrode reactions character-
ised by log k < —1.3. The intermediate, linearly increasing
section in Fig. 2a, where the dimensionless net peak-current
is greatly influenced by the electrode kinetics, corresponds
to the quasireversible kinetic region (— 1.3 <log ¥ < 1). Note
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Table 1 Intervals for the standard rate constants for changing electro-
chemical reversibility under conditions identical as for Fig. 2a

Kinetic region

Inequality

Reversible section

Quasireversible section

ky > 10/Df

0.056+/Df < k, < 10y/Df

that these kinetic intervals depend on the used amplitude, as
elaborated in [22].

In the examination of a single-electrode reaction, the elec-
trode kinetic parameter x can be adjusted by altering the SW
frequency. This analysis is depicted in Fig. 2b, where three
distinct electrode reactions are analysed across the frequency

Irreversible section k, < 0.056/Df range from 6 to 700 Hz. The vertical axis illustrates the ratio
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of the real current (/) to the corresponding frequency (#),

representing the dimensionless current. Meanwhile, the hori-
zontal axis displays log(%), representing the dimensionless

electrode kinetic parameter . Thus, each curve in Fig. 2b
signifies a segment of the overall relationship between the
dimensionless net peak current and the electrode kinetic
parameter shown in Fig. 2a.

In instances where the electrode reaction is exceedingly

fast (black curve in Fig. 2b, k;=0.1 cm s71), the ratio (%)

scarcely fluctuates with frequency, indicating the electrode
reaction predominantly resides within the reversible kinetic
region, as indicated by the upper plateau in Fig. 2a. For the
electrode reaction with k,=0.01 cm s~! (red curve in
Fig. 2b), it typifies a quasireversible reaction within the
specified frequency range, while the reaction possessing
k,=0.001 cm s~! already falls within the irreversible kinetic
range (blue curve in Fig. 2b). The three kinetic intervals
(irreversible, quasireversible, and reversible), in terms of the
relation of the standard rate constant and SW frequency, for
the conditions of Fig. 2a, are defined in Table 1.

It is important to highlight that, in conventional square-wave
voltammetry, beyond examining the net peak current, one can
investigate additional voltammetric features [20, 21, 23]. One
such example is the net peak potential. As reversibility decreases,
the net peak potential begins to shift towards higher potential
values, indicating a greater driving force required for the reaction
to occur. The analysis conducted for various SW amplitudes is
illustrated in Fig. 3a. The inflection points of the lines in Fig. 3a
signify the system’s transition from quasi-reversibility to irre-
versibility. The inflection point can be graphically defined as the
intersection point of the two regression lines, as demonstrated in
Fig. 3b for the data simulated at E,, =25 mV.

The first regression line in Fig. 3b, with a negative
slope, represents the irreversible kinetic region, while
the horizontal regression line represents the quasirevers-
ible and reversible kinetic regions. Consequently, its inter-
cept equals the formal potential of the electrode reaction
(E®) [20]. The inflection point, for a given amplitude, is
linked to a critical value of the electrode kinetic parame-
ter, k. For Eqy >50 mV, the critical value of the electrode
kinetic parameter follows an exponential function of the
amplitude. This dependence can be linearised as follows:
log ky= —7.64x 1073 X Egy (mV) — 0.17 (R*=0.989),
as depicted in the inset in Fig. 3a, assuming a =0.5. The
later dependence is slightly sensitive to the value of «, thus
necessitating independent estimation of the electron transfer
coefficient.

Therefore, in experimental analysis of a single-electrode
reaction, one can scrutinise the variation of the net peak
potential with SW frequency to determine the critical fre-
quency (f,) associated with the inflection point of the

dependence E, vs. log(#). Knowing the critical value of ¥

from theory and the critical frequency from the experiment
(fy), one can estimate the standard rate constant as
kg = kg \/E‘ , assuming the diffusion coefficient is known.

It appears advantageous that conventional SWV allows
the evaluation of various properties, providing the experi-
menter with the opportunity to corroborate results through
cross-checking with alternative assessment methods. How-
ever, each of these methods shares the common requirement
of conducting numerous experiments. Additionally, when
utilising modified electrodes or when solid electrode clean-
ing through polishing between experiments is required, the
results may be influenced by artefacts that are challenging
to control, thereby affecting the precision of the estimation
[9]. Furthermore, area and modification changes can affect
several properties of the voltammogram as peak height and
peak separation [24, 25]. This also introduces difficulties
that may impede the use of direct fitting procedures.

In contrast, the MEFS facilitates rapid evaluation and char-
acterisation of electrode reactions, ideally through a single
experiment. Recent findings indicate that, for a quasireversible
electrode reaction (Eq. 1), MEFS produces a maximum dimen-
sionless net current for a given frequency within the applied
frequency spectrum. Importantly, this maximum remains insen-
sitive to both the Egy, and the transfer coefficient [17]. Further-
more, it has been demonstrated that this maximum is sensitive
to the standard rate constant, making it exploitable for kinetic
characterisation of the electrode reaction [17, 26].

However, as illustrated in Fig. 4, the maximum disappears
for large (red curve, Fig. 4) or minute (blue curve, Fig. 4)
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Fig.5 MEFS net currents for different electrode reactions attributed »

for various standard rate constants studied at different mid-potentials
E,. k,=0.0002 (1); 0.0004 (2); 0.0006 (3); 0.0008 (4); 0.001 (5);
0.002 (6); 0.003 (7); 0.009 (8); 0.02 (9); 0.04 (10); 0.06 (11); 0.08
(12); 0.1 (13); 0.06 (14); 0.08 (15); 0.1 (16); 0.12 (17); 0.14 (18);
0.16 (19); 0.2 (20) cm s™'. The other conditions are identical as for
Fig. 4

values of standard rate constants when the mid-potential
equals the formal potential (E,, = E®). Notably, the maximum
can be reinstated by carefully adjusting the mid-potential and
the square-wave amplitude, as depicted in Fig. 5 [16, 17].
For Em>E"/, sluggish electrode reactions become acces-
sible, given the greater driving force provided during the
experiment (Fig. 5a). Conversely, fast electrode reactions
are kinetically accessible for Em<E"' (Fig. 5¢). Please note
that the different response from a positive or a negative
deviation from E° is based on the above-described condi-
tion of starting with a purely reduced redox couple (Eq. 1).
Upon a change in E_, standard rate constants in the range of
0.006 cm s~ <k, <0.12 cm s~! are attainable.

It is important to note that the kinetics of electrode reac-
tions with k,>0.01 cm s~ are hardly accessible in conven-
tional SWV over the frequency interval from 8 to 700 Hz
(the same frequency interval as used in MEFS), as shown
in Fig. 2b. This clearly highlights the superiority of MEFS
over SWV. Furthermore, while it may be tempting to choose
more extreme values for £, in MEFS to access even faster or
slower reactions, this may not be feasible due to the signifi-
cant increase in baseline current, potentially causing the net
current response to vanish into background noise.

EC' electrode mechanism

The typical voltammetric response of a simple, EC’ catalytic
process under conventional SWV conditions is illustrated in
Fig. 6, displaying only the forward and backward current com-
ponents. In the black curves in Fig. 6, where the chemical cata-
lytic parameter y is minute, the current components maintain
the characteristic shape of a simple quasireversible electrode
reaction. As the values of y increase (see red and blue curves
in Fig. 6), corresponding to an elevated concentration of the
reducing agent Y(sol) in Eq. (4), both forward and backward
current components tend to exhibit a sigmoid shape.
Consequently, two distinct kinetic regions can be identi-
fied: (i) a mixed region where the voltammetric response
is influenced by the characteristics of both the electrode
reaction (Eq. 3) and the catalytic chemical reaction (Eq. 4),
and (ii) a purely catalytic region where the kinetics of the
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Fig.6 Forward and backward voltammetric components of pseudo-
first-order catalytic electrode reactions attributed with different values
of the catalytic parameter under conditions of SWV. The inset shows
the corresponding net voltammograms. Conditions of the simulations
are k=10, =0.5, Eqy =50 mV, AE=5mV

chemical reaction (Eq. 4) prevails. Furthermore, by examin-
ing the morphological evolution of the voltammetric curves,
SWYV readily allows for the qualitative characterisation of
the EC' mechanism.

Regardless of the influence of a catalytic reaction, the net
SW peak forms a symmetrically bell-shaped curve, clearly
revealing its analytical value (inset of Fig. 6). To extract
kinetic information, various approaches can be utilised.
Typically, the uncatalysed reaction is studied first, and the
net peak current ¥, . is obtained. Subsequently, by intro-
ducing the reducing agent Y (sol), the catalytic net peak cur-
rent ¥ Lo oo 18 measured. Simulations have demonstrated
[27] that the squared ratio of (¥}, ;e cat’ ¥ net.aifr) depends lin-
early on the catalytic parameter y. When the electrochemical
reaction is characterised and thus the standard rate constant
is known, the linear relationship depicted in Fig. 7 suggests
that the rate constant of the chemical reaction can be deter-
mined. But it is important to note that the slope of the lin-
ear functions is affected by the electrode kinetic parameter,
stressing further the necessity to determine the standard rate
constant of the electrode reaction prior to the analysis of the
catalytic system.

Under conditions of MEFS, the behaviour of the EC’ reac-
tion exhibits significant differences. A reaction characterised
by a minute catalytic rate constant (k.= 107> s~!) displays a
frequency spectrum similar to that obtained for an uncata-
lysed reaction (compare Figs. 8a and 4). Conversely, in the

Fig.7 Variation of the squared ratio (?’p’net_catlﬁt’p‘nelydm)z of the EC’

mechanism with the catalytic parameter y. Other conditions of simu-
lations are identical as for Fig. 6

case of a reaction attributed to a higher catalytic rate constant
(k.=10 s™1), the influence of the catalytic step causes the
maximum of the net current to vanish completely (Fig. 8b).
Similar to SWYV, the evolution of the current components
in MEFS is indicative for the involvement of the catalytic
reaction step (compare red curves in Fig. 8). When the
catalytic constant is sufficiently low, the electrode reaction
(Eq. 3) dominates the features of the response. Furthermore,
as the frequency increases during the MEFS experiment, the
catalytic parameter y =k /f continuously decreases, rendering
the role of the catalytic reaction insignificant. As detailed in
our previous study [17], the maximum of the dimensionless
net current component in the frequency spectrum of a simple
quasireversible electrode reaction (cf. Figures 4 and 8a) is a
consequence of the complex interplay of electrode kinetics,
mass transfer, and expansion of the diffusion layer, primarily
dependent on the overall duration of the MEFS experiment.
When the electrode reaction is fast (k,= 1072 cm s71), the
maximum of the dimensionless current is insensitive to the
catalytic step (Fig. 9a) for k, < 10 s~!, suggesting that the stand-
ard rate constant might be estimated without prior knowledge
of k.. In the case of very fast electrode reactions (i.e. reversible
kinetic region; k,=0.1 cm s~'; Fig. 9b), the response is pre-
dominantly influenced by the kinetics of the catalytic reaction.
Consequently, the evolution of the maximum is more sensitive
to the rate of the catalytic reaction, implying that the determi-
nation of k, would be possible without prior knowledge of the
standard rate constant. Clearly, considering the complexity of
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Fig.8 Frequency spectra of two catalytic reactions associated with
different pseudo-first-order rate constants of k = 107 s7! (a) and
k., =10 57" (b) and a standard rate constant of k,= 1072 cm s~', show-

the theoretical data, the best approach would be the fitting of
experimental and theoretical data.

It should be finally emphasised that the backward current
component of the MEFS is sensitive to the catalytic step,
regardless of the standard rate constant of the electrode reac-
tion. Therefore, the abscissa intersection of the backward
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Fig.9 Frequency spectra in MEFS for two different electro-
chemical reactions attributed with I’<S=1><10_2 cm s”! (a) and
ks=1><10‘1 cm s! (b) under different catalytic rate constants k/
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ing the forward (¥;,), reverse (¥,,), and net (¥,.) current compo-

nents. Other conditions of simulations are identical as for Fig. 4

current, i.e. the critical value of the frequency when ¥,,,=0,
depends linearly on the rate constant of the catalytic step as
exemplary shown for a standard rate constant of k= 0.1 cm
s~ in Fig. 10. This approach is limited to catalytic con-
stants of k,>1 s~! and is additionally influenced by the
exact value of the standard rate constant.
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(9); 10 (10). Other conditions of simulations are identical as for Fig. 4
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Fig. 10 Effect of the catalytic
step on the backward current
of an electrochemical reaction
attributed with a standard rate 'Y
constant of k,=0.1 cm s~} in
MEEFS. The inset shows the lin-
ear relationship of the abscissa
of the backward current in
regard to the pseudo-first-order
catalytic constant. k., =10 (1); 8
(2);6 (3);4 (4); 2 (5)s”L. The
other conditions are the same as

0.4

k,=0.01 cms’'

k,=0.1cms’!

in Fig. 4 2 8 10
B:-
-0.2 T T T T T T T T T ]
1.0 1.5 2.0 2.5 3.0
log f
Conclusion Author contribution Franz Glaubitz: investigation, writing—original draft,

In this study, we continued the theoretical exploration of the
recently introduced multi-frequency electrochemical Faradaic
spectroscopy (MEFS) and demonstrated that careful adjustment
of the mid-potential extends the accessible kinetic interval from
0.006 to 0.12 cm s~! when simple quasireversible electrode
reaction of a dissolved redox couple is studied. Through a com-
parison of MEFS and conventional square wave voltammetry
(SWV) results, we concluded that MEFS can effectively reduce
the required number of experiments and the overall time for pure
diffusion-controlled reactions. Additionally, it is expected that
the single-parameter variation in a MEFS experiment minimises
variability introduced by performing multiple experiments.

We further expanded the MEFS theory to pseudo-first
catalytic EC' processes. While the significance of MEFS in
this context may be less pronounced compared to uncata-
lysed quasireversible electrode reaction, given the complex-
ity of results and infrequent achievement of easier-to-handle
linearisations. However, for a detailed examination of EC’
mechanisms, SWV appears generally more advantageous.
Nevertheless, when a fast and qualitative characterisation is
required, MEFS can be easily employed.
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