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Genuine anodic and cathodic
current components in cyclic
voltammetry

Valentin Mirceski%3*, Dariusz Guziejewski' & Rubin Gulaboski*

Implicit anodic and cathodic current components associated with the real net current at a given
potential of a simple quasireversible electrode reaction can be accurately estimated using basic
mathematical modeling within the framework of Butler-Volmer electrode kinetics. This methodology
requires only prior knowledge of the formal potential of the dissolved redox couple, offering direct
insight into the electrode kinetics. The proposed approach facilitates a unique transformation of

a conventional cyclic voltammogram, allowing the replacement of the common, net current with
authentic anodic and cathodic current components. This simple methodology introduces a novel
perspective in analyzing voltammetric data, particularly enabling the kinetic characterization of fast,
seemingly electrochemically reversible electrode processes on macroscopic electrodes at slow scan
rates. Theoretical predictions are experimentally demonstrated using the electrode reaction for the
reduction of the hexaammineruthenium(lll) complex, serving as an example of one of the fastest
electrode processes involving a dissolved redox species.
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Cyclic voltammetry is undeniably the most fundamental and widely utilized technique in electrochemistry’. Its
effectiveness lies in its simplicity of implementation and its ability to provide insights into intrinsic aspects of the
physicochemical system under study, including the chemical mechanism, thermodynamics and kinetics of the
interfacial electron transfer (i.e., the electrode reaction), as well as the physicochemical processes coupled to or
arising from it (i.e., chemical reactions, adsorption phenomena etc.). The triangular potential excursion around
the formal potential E”of the studied redox couple Ox/Red is designed to distinguish the features of the oxida-
tive (Red to Ox) and reductive (Ox to Red) reactions separately. Although the oxidation and reduction electrode
reactions of a single redox couple represent distinct electrochemical events, they constitute a unified reaction
system (i.e., the electrode reaction represented by the scheme Red < Ox +¢), akin to a chemically reversible
system A < B, consisting of two different chemical reactions (A ~> B and B > A) occurring simultaneously.

In the case of a truly reversible electrode system, the triangular variation of the potential during the cyclic
voltammetric experiment can be interpreted as the shifting of the redox equilibrium between Ox/Red species at
the electrode surface dictated by the electrode potential. This equilibrium drift is achieved by precisely varying
the activity of electrons of the working electrode (i.e., the electrode potential) involved in the interfacial electron
transfer. If the electrode reaction is influenced by the kinetics of the interfacial electron exchange, the triangular
potential variation aims to independently accelerate each of the two distinct processes (oxidation and reduction).
In other words, when conducting the experiment with only one form of the redox couple initially present (e.g.,
Red species), the first half of the experiment focuses on accelerating the oxidation reaction (i.e., Red —> Ox +e),
while the opposite is true for the second half of the cyclic voltammetric experiment. This is feasible due to the
empirical observation that anodic and cathodic rate constants depend on the electrode potential, considered
in either theoretical framework used for rationalizing the experiment (i.e., Butler-Volmer®= or Markus-Hush
kinetic model’~!!).

Despite the attempt to resolve the two distinct processes as much as possible, the experimental reality is that
both oxidation and reduction processes proceed simultaneously. The only experimentally accessible parameter
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is the net current, which represents the difference between the implicit anodic and cathodic current components
thus representing an overall effect of two distinct processes. The situation is particularly complicated close to the
formal potential as both anodic and cathodic reactions proceed at a significant rate. Yet, crucial parameters of
a cyclic voltammogram (peak currents and peak potentials) are actually measured close to the formal potential
of the studied redox couple.

Thus, on the basis of our recently proposed methodology'?, the primary focus of this study is to address
whether a conventional cyclic voltammetric experiment can be processed in a certain way to unveil separate,
implicit current components while measuring the only experimentally accessible net current. Furthermore, if the
electrode reaction of a dissolved redox couple is very fast and the net peak currents cease to depend on the elec-
trode kinetics (i.e., apparently reversible electrode reaction), does it mean that the implicit current components
are also insensitive to the electrode kinetics? The following simple analysis in the present study addresses these
basic questions which seems to be not trivial, demonstrating that distinct, implicit current components can be
unambiguously revealed, by taking advantage of the convolution integration of the current"*-'¢.

Experimental

All chemicals utilized were of analytical grade purity, sourced from Merck. All solutions were meticulously
prepared using deionized water obtained via the Polwater DL-3 purification system. Stock solution of 1 mM
[Ru(NHj;)4]Cl; was prepared by dissolving in aqueous solution of 1 mol/L KNOj; as the latter served as a sup-
porting electrolyte and it was used as prepared after oxygen removal.

An Autolab potentiostat model PGSTAT302N controlled by the Nova software (v. 2.1.5, both Metrohm
Autolab B.V.) was used to conduct all experiments under conditions of square-wave and linear sweep cyclic vol-
tammetry, using glassy carbon electrode (BASi Inc.) with a surface area 7.1 x 10~ m? as a working electrode, Ag/
AgCl (3 mol/L KCl) as a reference, and a platinum wire as a counter electrode. All experiments were conducted
at room temperature of 20 °C.

The linear sweep voltammetry was conducted by using the module SCAN250, with a potential resolution
of the current recording of 2.44 mV. The cyclic voltammograms have been smoothed by Savitzky Golay mode
with polynomial order 2 and smooth level 2 (i.e., the bin size is 5), while the baseline correction have been done
with a linear mode.

Results and discussion

Derivation of the implicit current components

Let us consider a simple one-electron reaction at a stationary, planar, macroscopic electrode of a dissolved redox
couple, free of any adsorption phenomena and coupled chemical reactions:

Red(sol) = Ox(sol) + e (1)
The solutions for the surface concentrations of redox species are well known'”:
cRed (0, 1) = " — Lon(t) 2)
and
cox(0, ) = Leon(t) 3)

t
here Iy, (t) = f L&) dt__ s the convolution, or semi-integral, ¢ is the bulk concentration of Red species

0 FAVD /7 (t—1)

initially present in the solution, D is the common diffusion coefficient, and other symbols have their common
meaning. Equations (2) and (3) follow from the solution of the diffusion equation only, thus reflecting solely the
process of diffusion. In another words, convolution integral I,y (¢) is mathematical representation the diffusion
effect in the course of the voltammetric experiment. It is however important to recall that the diffusion is driven
by the concentration gradients prompted by the electrode reaction.

If the electrode reaction is kinetically controlled, then the Butler-Volmer equation holds at the electrode
surface, relating the current with the surface concentrations c; (0, t), electrode potential, and kinetic parameters:

1)
FA = ks exp(B$) [cred(0, 1) — cox(0, 1) exp(—¢(1))] 4)

Specifically, k, is the standard rate constant (cm s), f is the anodic electron transfer coefficient, and
o(t) = RLT E(t) — E°') is dimensionless potential defined versus the formal potential (E°) of the electrode

reaction. Combining kinetic Eq. (4), which explains the phenomena at the electrode surface, with Eq. (2) and
(3), which describe the mass transfer phenomena prompted by the electrode reaction, provide the theoretical
basis for understanding electrochemical experiments under chronoamperometric and voltammetric
conditions.

Equation (4) is derived assuming, that implicit anodic I(f) and cathodic I () current components determine
the net I(t), experimentally measurable, current:

I(t) = I, (1) + L(t) (5)
where
14(t) = FAks exp(B¢(t))[cred (0, 1))] (6)
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Ic(t) = —FAksexp[—(1 — B)¢(t)]cox(0, 1) (7)

Note the negative sign in front of the cathodic current in Eq. (7), thus the net current I(¢) in Eq. (5) is rep-
resented as a sum of the anodic and cathodic current components. Clearly, substituting Eq. (2) into (6), and
(3) into (7), the anodic and cathodic current components can be related with the total, net current through the
convolution integral Io,, (¢) as follows:

I,(t) = FAk, eXP(ﬂd’(t))(C* - con(t)) (8)

Ie(t) = —FAksexp[—(1 — B)p(D)]Leon(t) 9)

For the sake of clarity let us emphasise that though convolutive integral is required to calculate implicit
current components I, (¢) and I.(¢), they are just common, not convolutive currents, making clear difference
of the present method with the convolutive voltammetry, where the convolutive current I,,(t) is analysed as a
function of the potential'*-'6.

Considering the last two Egs. (8) and (9), it follows that the ratio of I,(#)/I(t) results in a relation in which
kinetic parameters (k, and f3) cancel out:

Iﬂ(t) _ C* - ICOn(t)
Ty exp (—p(t)Leon(D) (10)

Equation (10) is the central equation of the current study, revealing that the ratio of current components is
clearly contingent upon the potential alone. Solving the system of Egs. (5) and (10) straightforwardly yields the
anodic and cathodic current components at any moment during the voltammetric experiment. This necessitates
the initial calculation of the convolution integral and prior knowledge of the formal potential of the redox couple,
without any prior knowledge of the electrode kinetic parameters (k, and f3). Once being revealed, the implicit
current components lead straightforwardly to the intrinsic kinetic parameters, as clearly shown by Egs. (8) and
(9). Such a theoretical consideration is generally valid for any voltammetric and chronoamperometic experiment.

Let us now consider theoretically a simple experiment under conditions of linear sweep cyclic voltammetry.
The response can be calculated in a dimensionless current domain, according to the numerical step-function
method'®:

i exp (B [ 1 = 2L (1 4 exp (—pm)) 377" WS4

m= (11)
1+ 2@ (1+exp (—¢m))

where the dimensionless current is defined as ¥ (t) = Fi(g‘/;F DVF is the dimensionless electrode
kinetic parameter, dE is the potential increment, and S, = \/li m 1 is the numerical integration parameter
with a serial number m. Once the net current y is known (either being calculated with the aid of Eq. (11), or in
the real experiment, measuring the current at each time tof the experiment), the system of Egs. (5) and (10) can
be used to obtain the cathodic and anodic implicit current components in a dimensionless form:

"ymbm
Wepp = —— 12
o= (12)
Wom =W — Vem (13)
Va1 m
wherea,, =1 — i/iVRdTE Wceony,, by = Hﬂszi\/%(‘p"’)‘l!conm, and Weony, = Y W;S;—j+1is the numerical form

=1
of the convolution integral.

The initial outcome of such calculations is illustrated in Fig. 1, where the blue curves represent typical dimen-
sionless conventional cyclic voltammograms for different degree of electrochemical reversibility, encompass-
ing sluggish (electrochemically irreversible), quasireversible, and fast, apparently electrochemically reversible
electrode reaction, calculated by means of Eq. (11). Once the net currents are known, and using only the formal
potential values, one can calculate the implicit anodic and cathodic current components in the course of the
voltammetric experiment by means of Egs. (12) and (13). For each half-cycles of the voltammetric experiment
corresponding implicit anodic and cathodic current components are calculated. Figure 1 illustrates a revised
version of cyclic voltammograms, showcasing the sole anodic (red curves) and cathodic (green curves) current
components associated with the forward (anodic) and reverse (cathodic) half-cycles of the virtual voltammetric
experiment.

In instances where the electrode reaction is sluggish, characterized by the electrode kinetic parameter « =0.1
(log(x) <—1), the sole current components align seamlessly with the net current, as evidenced in Fig. 1A. This
alignment could serve as a real criterion for a precise defining of the electrochemical irreversibility in terms of
the electrode kinetics. Under these conditions, the implicit anodic component v, is identical with the net cur-
rent in the course of the forward, anodic potential scan, implying that the contribution of the implicit cathodic
current component in the course of the forward scan is insignificant. An analogous discussion can be given for
the reverse, cathodic potential scan.

The relationship between the current components and the net current undergoes significant changes for
typically quasireversible and fast (apparently electrochemically reversible) electrode reactions, as depicted in
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Figure 1. Typical dimensionless cyclic voltammograms for different degree of electrochemical reversibility
(blue curves), including the sole anodic (¥,; red curves) and cathodic (¥,; green curves) implicit current
components corresponding to the anodic and cathodic half-potential circles, respectively. The electrode kinetic
parameter « is 0.1 (A); 0.5 (B), and 5.5 (C). Panel (D) shows current components corresponding to the forward
scan of the cyclic voltammetric experiment only, for electrode kinetic parameter values corresponding to panels
(A)-(C). The electron transfer coefficient is $=0.5, potential increment is dE=0.1 mV, and temperature is
T=298.15K.

Fig. 1B,C, respectively. Specifically, for a quasireversible scenario (-1 <log(x) <1), the current components
already surpass the net current, as illustrated in Fig. 1B (k=0.5; log(k) =—0.3). During the forward, anodic
potential scan, the implicit anodic current component (¥,) is larger than the net current. This implies that the
implicit cathodic current component is also significant, resulting in a lower overall net current due to their dif-
ference. It is important to note that the cathodic current component () corresponding to the forward potential
scan is not shown on the plot for the sake of presentation simplicity. Similarly, for analogous reasons, the implicit
cathodic current component corresponding to the reverse potential scan of the experiment is larger than the net
cathodic current (green curve in Fig. 1B).

The discrepancy between the net and current components becomes significant when the electrode reaction
is very fast (log(x) > 0.5), as depicted in Fig. 1C. For x =5.5, the peak current of the implicit anodic current
component (¥,) is almost an order of magnitude larger than the net anodic peak current of the conventional
cyclic voltammogram (compare red and blue curves in Fig. 1C). This indicates that the electrode reaction Red
—> Ox + e proceeds rapidly, generating a highly intensive anodic current component. However, simultaneously,
the reverse reaction Ox +e > Red occurs at a comparable rate, resulting in an intensive implicit cathodic current
component (not shown). Thus, the overall effect is represented by a relatively low net current in the course of the
forward potential scan. A similar discussion is relevant to the reverse, cathodic potential scan of the experiment.

For the sake of simplification, the analysis of the implicit anodic and cathodic current components could
be restricted only to the initial, forward scan of the cyclic voltammetric experiment, as shown in Fig. 1D. Such
analysis reveals the degree of electrochemical reversibility in both qualitative and quantitative terms.

Analysis of the implicit current components in the apparently reversible kinetic region

To unlock the genuine potential of the proposed methodology, one must scrutinize electrode reactions that
are very fast and apparently electrochemically reversible. The conventional cyclic voltammograms depicted in
Fig. 2A illustrate this progression, ranging from a very fast quasireversible electrode process (x=2.53) to appar-
ently reversible electrode processes (x> 5). Within this kinetic range, the conventional cyclic voltammograms
appear to be identical, seem to become independent of the electrode kinetics and predominantly affected by the
mass transfer only.

For an in-depth analysis of the behavior of implicit current components in the apparently reversible kinetic
region, we propose an approach which resembles the reasoning of differential voltammetric techniques'**. For
this purpose, we use the implicit current components associated with the forward, anodic potential scan of the
cyclic voltammetry only, and by analogy with differential voltammetric techniques, we define a differential cur-
rent as Igir () = I,(t) — I.(t). Recalling the definitions of the current components through Egs. (8) and (9), the
expression for the differential current is given by:

Liip () = FAksePo® [c* — Lon(®) (1 - e_¢(t)>] (14)

The reason for introducing the differential current is that it has unique features, which are not attributed to
the conventional, net current. Specifically, at the formal potential (E = E° ; ¢ = 0), the differential current equals
Izir = FAc*ks. Obviously, under these conditions the convolution integral is cancelled out in Eq. (14), removing
the effect of the mass transport in this artificial current component. In addition, the differential current is becom-
ing independent on the electron transfer coefficient. It follows that I ( E = E°/> represents the exchange current
for equilibrium conditions of the studied redox couple. Expressing this in a dimensionless form is
Wgif (E = E°/> =K.
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Figure 2. (A) Conventional cyclic voltammograms of very fast quasireversible electrode reaction characterized
with the electrode kinetic parameter « of 2.53; 5.1, and 50.1 (curves are overlapped). Panels (B-D) showcase
differential current component (%) associated with the anodic half-cycle of the cyclic voltammogram
simulated for an increasing degree of the electrochemical reversibility. The electrode kinetic parameter « is 2.53
(B), 5.1 (C), and 50.1 (D). The other conditions are the same as for Fig. 1.

For better clarity of these profound features of the differential current, which could be calculated only by
previous knowledge of the implicit anodic and cathodic current components, let us write an equation for the
common, net current, analogous to Eq. (14):

I(f) = FAkef® [c* - mn(t)(l + e*¢<’>)} (15)

The difference between Egs. (14) and (15) lies solely in the sign within the small bracket. It is easy to see that
atE = E° (¢ = 0) the convolution integral (i.e., the effect of diffusion) cannot be cancelled out in the common
net current I(t) (Eq. (15)). Thus, it remains affected by both diffusion and electrode kinetics, and their intricate
complex interplay is the sole origin of complexity in the interpretation of the voltammetric data in general.

The analysis of an electrode reaction by means of differential current is illustrated in Fig. 2B-D, depicting
the evolution of the differential current during the forward scan of the cyclic voltammetry. Notably, when the
electrode reaction is rapid and apparently reversible, the differential current component calculated aligns at the
formal potential (Fig. 2C,D). Its peak current provides a direct indication of the electrode kinetic parameter «
(note the difference in the scale of the ordinate in Fig. 2B-D). Therefore, the data shown in Fig. 2 clearly suggest
that the proposed methodology enables the estimation of rapid electrode kinetics using standard macroscopic
electrodes, which seems to be a unique virtue of the present methodology. On the other hand, the peak potential
of the differential current depends on the electron transfer coefficient, enabling straightforward estimation of
this parameter. For instance, for a very fast reaction associated with x =50, the dependence of the peak potential
of the differential current and the anodic electron transfer coefficient  is linear, associated with the following
linear regression line: E,=0.115 3-0.056 (R 2=0.999), over the range of $ values from 0.2 to 0.8. Therefore, the
analysis of the differential current component provides a means for simple, fast, and unambiguous estimation
of both standard rate constant and the electron transfer coefficient.

Limitations of the method
The distinctive feature of the proposed method for elucidating the kinetic parameters of exceedingly rapid, osten-
sibly reversible electrode reactions must be scrutinized critically in relation to a genuinely reversible electrode
reaction. Let us revisit the remarkably fast electrode reaction associated with the electrode kinetic parameter
#=>50. This high value of the electrode kinetic parameter corresponds to an electrode reaction with, for instance, a
standard rate constant of k,=0.1 cm s, diffusion coefficient of D=5x 107 cm? s™! under experiment scan rate of
v=20 mV s™'. Consequently, the electrode reaction falls comfortably within the apparent reversible kinetic region,
where the peak currents of the conventional cyclic voltammogram are virtually independent of the electrode
kinetics. In addition, let us now presume that the electron transfer behaves as a truly thermodynamically revers-
ible process, described by the Nernst equation. The cyclic voltammograms corresponding to these two cases are
compared in Fig. 3A and appear to be identical over the entire potential window. Applying Egs. (12) and (13) to
the voltammogram associated with « =50 yields well-defined anodic and cathodic current components, while the
peak current of the differential current component is equal to «, as discussed previously (cf. Fig. 2D). However,
attempting to apply the same formulas (12) and (13) to the voltammogram of a truly reversible electrode reac-
tion obeying the Nernst equation at any potential of the voltammetric experiment (e.g., ferrocene/ferrocenium
redox couple) does not yield any reasonable data. Consequently, the net current of a truly reversible electrode
reaction cannot be broken down into separate anodic and cathodic current components.

In a meticulous consideration of these theoretical data, a critical question arises: How identical are the net
current data of a truly reversible electrode reaction and an apparently reversible electrode reaction, as implied
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Figure 3. (A) Conventional cyclic voltammograms of very fast, apparently reversible electrode reaction
characterized with the electrode kinetic parameter x=50.1 (red circles) and true reversible electrode reaction
(blue solid line). (B) Relative variance between the currents of the voltammograms from panel (A) calculated for

the first anodic half-cycle, calculated as W 100%.

by Fig. 3A? The relative variance in the currents of these two voltammograms for the first half of the cyclic vol-
tammetry is plotted in Fig. 3B. It is evident that they slightly differ (up to 1%) at the very beginning of the rising
part of the voltammogram. Specifically, at low potentials, when the driving force of the electrode reaction is low
enough, the electrode kinetics of the quasireversible electrode reaction still plays a role (red circles in Fig. 3A),
being a slower step relative to diffusional mass transfer. Such an effect is completely absent in a truly reversible
electrode reaction (black line in Fig. 3A). Therefore, these small differences between the very fast, apparently
reversible, and the truly reversible reaction are of critical importance.

Considering that even tiny differences in the net currents play a decisive role in the successful application
of the method, it is reasonable to anticipate that the noise from the current, an inevitable artefact in a real
experiment, will hold significant importance. In order to investigate this effect through simulations, uniformly
distributed noise was introduced to the recurrent formula (11) for calculating the net current, and the results
are presented in Fig. 4. The noisy current was simulated by the extending the recurrent formula (11) as follows:

i exp (Bt [1 = 2L (1 + exp (—gm)) 727" Wnoise); Sy
W (noise),, = + Noise,, (22)
1+ 209 (1 4 exp (— )
VrRT

where Noise,, is a function generating random numbers with a uniform distribution within the interval defined
by the noise percentage, relative to the current measured at the lower foot of the idealized voltammograms (i.e.,
percentage of the current calculated by the recurrent formula (11) at potentials at least 200 mV less than the
formal potential). The added noise at the beginning of the voltammogram propagates throughout the simulation
due to the recurrent nature of Eq. (22). The analysis presented in Fig. 4 corresponds to an experimental scenario
examining a very fast electrode reaction (x =50) under varying noise levels ranging from 1 to 5%. Panels A-C
illustrate the anodic and cathodic current components derived from the raw, noisy data, referring to the forward
scan of the cyclic voltammetric experiment. Evidently, processing the raw data accentuates the noise in both the
anodic and cathodic current components, as a consequence of the convolution (summation) procedure. However,
the overall morphology, peak currents, and peak potentials of both implicit current components remain virtu-
ally unaffected. To substantiate this claim, Fig. 4D presents the implicit current components estimated from the
idealized, noise-free net currents. The peak currents and potentials, crucial for estimating the kinetic parameters,
are virtually identical between the noisy and idealized data, demonstrating the robustness of the method.

Yet, the noise effect should be mitigated by smoothing the net currents before applying Eqs. (12) and (13),
as well as by filtering and smoothing the obtained data for both anodic and cathodic implicit current compo-
nents, while a plethora of tools are available for such a purpose*"*2. An example of such procedure is given in
Fig. 4E, including the initial smoothing of the raw data with the noise of 1%, and filtering and smoothing of
the obtained anodic and cathodic implicit current components by means of the function “medsmooth” of the
Mathcad software?. Let us note that the “medsmooth” function performs median filtering. It is the most robust
among smoothing functions because it is less susceptible to influence from outliers. However, it tends to smooth
out sharp features in the data. One can contrast this approach with Gaussian kernel smoothing or localized least-
squares smoothing methods. In addition, Fig. 4E compares the processed data (dotted lines) with the idealized,
noise free data, illustrating the effectiveness of the smoothing procedure. Importantly, Fig. 4E also displays the
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Figure 4. Anodic (¥, red curves) and cathodic (¥, green curves) implicit current components calculated from
a noisy net current of a very fast, apparently reversible electrode reaction with the electrode kinetic parameter
ofk =50. For the sake of simplicity only the first half-cycle of the conventional cyclic voltammograms was
considered. The level of noise, with a uniform distribution, was 1% (A), 3% (B) and 5% (C) relative to the net
current measured at the lower foot of the cyclic voltammogram. Panel (D) displays the anodic and cathodic
current components calculated from idealized, noise-free net currents. Panels (E) compares implicit current
components estimated from net current with 1% noise, after smoothing the row data and smoothing the implicit
current components (doted lines), with data calculated from idealized, noise-free net currents (full lines). The
blue lines correspond to differential () component. The smoothing of the noise net current was performed by
applying “medsmooth” function of Mathcad®, with a weight of 5 in averaging the raw data.

differential current component, suggesting that in the presence of noise, the proposed method leads to reliable
estimation of the standard rate constant (from the peak current of the differential component) and the electron
transfer coeflicient (from the peak potential of the differential component).

Experimental verification

The characterization of electrode kinetics, besides employing scanning electrochemical microscopy®*, com-
monly utilizes cyclic voltammetry and electrochemical impedance spectroscopy®. Various methodologies are
employed when applying linear sweep potential in studies, as detailed by Nicholson?, Klingler-Kochi?, or
Gileadi®®. Additionally, the development of (ultra)microelectrodes was prompted for the purpose of evaluating
heterogeneous electron transfer kinetics of very fast processes by changing the regime of diffusion to be faster
relative to the electron transfer®.

Electrode reaction of hexaammineruthenium(III) complex is one of the fastest electrode reactions of a dis-
solved redox couple*, being a perfect example of apparently electrochemically reversible process under common
(slow scan rates) voltammetric conditions. Typical cyclic voltammogram for the reduction of ruthenium system is
shown in Fig. 5A, exhibiting all characteristics of an electrochemically reversible electrode reaction of a dissolved
redox couple. Over the scan rate interval from 20 to 500 mV/s, the peak potential difference remains constant at
58.5+3 mV, with a mid-potential of —0.129+0.003 V, and the peak current ratio of 1.025 + 0.033. Both cathodic
and anodic peak currents depend linearly on the square-root of the scan rate with a linear regression coeflicient of
R?=0.999 and 0.998, respectively. Invoking the Randles-Sevcik Eq. *, the slope of these lines enabled to estimate
the real electrode surface area to be 7.1 x 107° m?, assuming a common diffusion coefficient of 9x 1071 m? §131-33,

An attempt to shift the electrode reaction to the quasireversible kinetic region was achieved by applying
square-wave voltammetry (SWV)". Initially, the electrode reaction was studied at moderate frequency of 25 Hz
and a low amplitude of 25 mV, when the electrode kinetic is expected to be within the electrochemically reversible
kinetic region (Fig. 5B). The peak potential of the net component is -0.128 V, which is virtually identical with
the mid-potential measured with CV, suggesting the reversible character of the electrode reaction. The other
voltammetric features of the response shown in Fig. 5B, such as peak potential difference of the cathodic and
anodic components, as well as the half-peak width of the net peak align well with the theoretical expectation
for a very fast, apparently reversible electrode reaction'’. Increasing the frequency up to 400 Hz does not affect
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Figure 5. Typical cyclic (A) and square-wave voltammogram (B) of 1 mmol/L [Ru(NHj;)¢]Cl; at GCE in

1 mol/L KNO; supporting electrolyte at scan rate 20 mV/s and potential increment of 2.44 mV for (A) and
frequency of 25 Hz, SW amplitude of 25 mV and step potential 5 mV, showing forward (cathodic; red),
backward (anodic; blue) and net SW component (black). All curves have been smoothed and in the case of
CV background corrected. The left inset of (B) shows the dependence of the dimensionless net peak current in
SWYV on the of the inverse square-root of the frequency. Red circles correspond to the normalized experimental
data, while the black line represents the theoretical data simulated for the standard rate constant of 0.05 cm s
and electron transfer coefficient $=0.5. The other conditions for normalisation of the experimental currents
are: diffusion coefficient D=9 x 107° cm? 57, stoichiometric number of electrons n=1, and temperature 293.15
K. The right inset of (B) shows the dependency of the amplitude-normalized net peak currents on the SW
amplitude. Red circles show experimental data while the black line corresponds to the simulations performed
for identical kinetic parameters as in the left inset. The experiments and simulations are conducted at the
frequency of 100 Hz.

0.32

0
Evs. Ag/AgCl/V

the net peak potential, which remains at the value of -0.128 V; yet, the peak current does not increase strictly
linearly with the square-root of the frequency, implying that the effect of the quasireversible kinetic behaviour
commences to be effective, in particular, at frequencies larger than 100 Hz. Let us note that the frequency of
100 Hz corresponds to a typical time window of the voltammetric experiment of 5 ms in SWV.!” Assuming the
same time interval in CV over potential window of, e.g., 0.4 V, would corresponds to the scan rate of 160 V/s.
Thus, at the SW frequencies f>100 Hz, the electrode reaction is gradually shifted from the reversible to the
quasireversible kinetic region. The theory of SWV suggest that the dimensionless net peak current is becoming
sensitive to the frequency, whereas the net peak potential remains unaffected up to the irreversible kinetic region,
which is in excellent accord with the experimental data. The left inset of Fig. 5B shows the dependency of the

normalized (dimensionless net peak current) on the parameter log i . Note that the latter parameter if

corresponds to the dimensionless electrode kinetic parameter in SWV | k = kj:)f . The red circles in the left

inset of Fig. 5B represent the experimental data, which aligns with the theoretically predicted dependence of y,
vs. log(<L=) (black line)"”. The linearly increasing part of the function Y, Vs. log(-L-) is typical for the quasirevers-

ible kinetic region. An attempt to fit the experiment with the simulations, results in the best fit with a standard
rate constant of k,=(0.05+0.01) cm s'. In addition, kinetic measurements in SWV can be done by means of the
amplitude variation at the constant frequency as elaborated in*!. Applying the method of the amplitude-based
quasireversible maximum?®, the fitting of the experimental with the theoretical data is presented in the right
inset of Fig. 5B, achieved again with the standard rate constant being within the interval of 0.05+0.02 cm s™*.

This general kinetic characterisation of the ruthenium redox system confirms the well-known fact that it is
one of the fastest electrode reactions of a dissolved redox couple studied*. Under moderate experimental condi-
tions, as those in Fig. 5A, the electrode reaction is virtually reversible process. The electrode kinetics could be
estimated in CV by applying conventional analysis by varying the scan rate over 160 V/s; the artefacts arising
from such extreme scan rates are quite predictable, which in reality practically preclude kinetic measurements
at a macroscopic electrode. Yet the methodology proposed in this study promises kinetic estimation at mild
experimental conditions, i.e., macroscopic electrode and low scan rate, i.e., in conditions when the artefacts
arising from uncompensated resistance and charging current can be reasonably neglected. Specifically, for the
present experimental conditions and the scan rate of 0.02 V/s, the charging current is estimated to be within
the interval from 0.02 to 0.08 pA, whereas the uncompensated resistance in 1 mol/L KNO; used as a supporting
electrolyte and the distance between the working and reference electrode of 1 cm is estimated to be in the range
of 9 mQ, which is insignificant for distortion of the applied potential sweep.
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Let us first study the evolution of the classical convolution current as a function of the potential, correspond-
ing to the initial, cathodic potential scan of the cyclic voltammetric experiment of ruthenium system, which is
shown in Fig. 6A. The sigmoid curve is constructed from experimental currents after normalisation, smoothing
and background correction for the experiment conducted at low scan rate of 20 mV/s. The convolution current
is virtually free of noise, with a half-wave potential of —0.129 V, which is in excellent agreement with the formal
potential estimated from the conventional CV and SWV. Having in hand the convolution currents and applying
Egs. (12) and (13), the genuine anodic and cathodic implicit current components corresponding to the forward
scan of the cyclic voltammetry, have been calculated and depicted in Fig. 6B. The shape of the curves is in excel-
lent agreement with the theoretical predictions for a very fast electrode reaction (compare Fig. 6B with 1D). The
intensity of both cathodic and anodic current components is an order of magnitude higher than the conventional
voltammogram, shown with a blue line in Fig. 6B. The peak potential of both cathodic and anodic implicit cur-
rent components is identical, located at the formal potential of the electrode reaction, while the peak current
ratio is virtually one. Such evolution of current components is typical for very fast, apparently reversible electrode
processes, with an electron transfer coefficient equal to 0.5, as illustrated in Fig. 1D. Following the proposed
methodology, a differential current component is constructed as a Wy;r = W, — W,, which is depicted as an inset
of Fig. 6B. The peak current of the differential component is 7.42. Thus, the dimensionless electrode kinetic

parameter for the ruthenium system is k¥ =7.42 leading to the standard rate constant ks = « 4/ % =0.02cms™.
To the best of our knowledge, this is the only method enabling to estimate such a high standard rate constant at
a macroscopic electrode and a single scan rate of 20 mV/s.

To simplify, the previous estimation assumed identical diffusion coefficients for both redox species in the
ruthenium system. In a more rigorous approach, different diffusion coefficients should be employed, as discussed
in our previous study.'? In such cases, the implicit anodic and cathodic current components additionally depend
on the ratio p= Dy/Do, where Dy and Dy, are the diffusion coefficients of the reduced and oxidised form, respec-
tively. The work of Compton et al.>! reports values of 5.3 x 10" cm?/s and 7.3 x 10~° cm?/s for Ru(III) and Ru(II),
respectively in 0.5 mol/L KNOj; as a supporting electrolyte. Assuming these values applied under the current
experimental conditions, the diffusion coefficient ratio is p = 1.38, which insignificantly affects the magnitude of
the convolution currents ¥, calculated for each potential in the cyclic voltammograms of the ruthenium system.

More critically, when diffusion coefficients are unequal, the mid-potential E,; estimated from the cyclic vol-
tammograms is E,, = E® + RF—Tln\/ﬁ , differing from the formal potential. Conversely, precise knowledge of the
formal potential is crucial for estimating implicit current components (cf. Eqs. (12) and (13) and the definition
of parameters a and b therein) through the values of the dimensionless potential ¢. Adjusting for this, the formal
potential of the ruthenium system is estimated at -0.133 V, which is 4 mV more negative than the previously used
value of -0.129 V. Revising the standard rate constant by incorporating the p parameter'? and using the corrected

formal potential yields again values in the range of 0.02 +£0.005 cm s~

- -
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Figure 6. (A) Convolution dimensionless current as a function of the electrode potential and (B) dimensionless
cathodic (green circles) and anodic (red circles) implicit current components as function of the relative potential
E vs. E” of the ruthenium system, corresponding to the forward half-cycle of the cyclic voltammogram shown

in Fig. 6B (solid blue line). The inset of panel (B) shows the differential current component calculated as a
difference between the cathodic and anodic implicit current components. All experimental conditions are
identical as in Fig. 5A.
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Electrode Supporting electrolyte | Technique |k cms™] | References
Au nanotips 0.5 M KCl SECM 13.5 7

Graphite SPE 0.1 M KCI cv 0.0025 38

GC 1 MKCl Ccv 0.127 ¥

Au 0.1 M PBS EIS 0.390 40

Pt (ultramicro electrode) 0.1 M KCl EIS 0.52 »

GC 1 M KNO; Ccv 0.02 This work

Table 1. A selection of standard rate constants estimated for ruthenium redox system.

In Table 1 we are giving a brief summary of literature values for standard rate constants of the ruthenium
system. As often happens, the kinetic data differ significantly depending on the method used. Here, our data are
supported by an independent estimation using SWV.

Conclusions

Through the straightforward convolution procedure of the actual net current, and with sole prior knowledge of
the formal potential of the electrode reaction, implicit anodic and cathodic current components at a given
potential can be unequivocally estimated. The numerical calculation of the convolution integral

Ieon = { Fi(f/% \/% is required, similar to classical convolution voltammetry'*-'%; however, in our proposed
method, the focus shifts from analyzing the convolution current as a function of potential and electrode kinetic
parameters (Ion = f(E, ks, B)) as in classical convolution voltammetry'*!'*. Instead, it is employed to unveil
implicit anodic and cathodic current components, which represent the common (non-convolutive) current. This
approach transforms a simple cyclic voltammogram, measured using the most basic linear sweep potential vari-
ation, in a unique way, enabling to uncover, genuine anodic and cathodic, yet implicit, current components.

Delving into the intrinsic meaning of our proposed methodology, one realizes that after measuring the com-
mon voltammogram, whose net current is intricately determined by the interplay between mass transfer and
electrode kinetics, the convolution procedure of the net current effectively isolates the contributions of mass
transfer and electrode kinetics in the overall net current. This allows for the estimation of the rate of very fast,
seemingly reversible electrode processes under mild experimental conditions, when very slow scan rates are
applied to common, macroscopic electrodes. To our knowledge, this represents a unique achievement, offering
a completely new perspective on analyzing electrode processes under voltammetric conditions.
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