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In a rotating disk electrode setup at constant potential, the current of a simple redox reaction
becomes time-independent under steady-state conditions. This steady-state current can be expressed as a
sum of two components, according to Butler-Volmer kinetics. While these components cannot be
measured experimentally, they can be calculated using simple formulae based on the formal potential of
the electrode reaction, which can be determined from the potential of zero current on the steady-state
current-potential curve. The components can then be used to measure the transfer coefficients of
quasireversible electrode reactions.
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AHOJHA U KATOAHA KOMIIOHEHTA HA CTPYJATA HA KBASUPEBEP3UBWUJIHU EJIEKTPOJHU
PEAKIINUN HA POTUPAYKA EJEKTPOJA BO BPEMEHCKHN HEITPOMEHJIUBHU YCJIOBH

Bo ycnoBu Ha KOHCTaHTEH TMOTEHIMjaJl MPUIIOKEH Ha POTHpayKa eJeKTpola, CTpyjaTa Kako
pe3yiTar Ha eJNeKTpOJHa peakiyja € BpPeMEeHCKH HemnpoMmennuBa. Cropes KMHETHMYKHOT MOJEN Ha
Batnep-®osamMep, oBaa BpEeMEHCKM HE3aBUCHA CTpyja MOXE Ja ce MNpUKaXe Kako cyMma OJ JBe
KOMIOHEHTH. Mlako He MOKe OBHE CTPYjHH KOMIIOHEHTH SKCIIEPUMEHTAITHO Jla CE U3MepaT, THE MOJXKAT Ja
ce IpecMeTaaT Bp3 OCHOBA Ha €IHOCTaBHA OpMyJia, KOPUCTEjKH IO (POPMATHUOT MTOTESHIIMjall Ha peoKC-
MapoT, KOj MaK MOJXKE Ja Ce OIpPEe/IeNId O] IIOTSHINJalloT MIPH KOj CTpyjaTa uMa Hyia BpeaHocT. CTpyjHHUTE
KOMIIOHCHTH MOJKAT JIa C€ MCKOPHCTAT 32 MEpPEeHhE Ha KOCPUIMCHTUTE Ha MPEHOC Ha KBa3HUPEBEP3HOMITHI
CJICKTPOIHU PEaKIUH.

Kayunu 300poBu: TadenoB rpaduk; BpeMEHCKH HE3aBUCHA CTPYja; aHO/HA U KaTOJHAa KOMIIOHEHTa;
pOTHpauKa eleKTpo/ia; KHHETHKA Ha eJIEKTPOIHH PEeaKIHH

1. INTRODUCTION rameters of the given electrode reaction.>’ In pre-

vious papers, we described methods for separating

A modern voltammogram consists of a set of the anodic and cathodic current components in sta-

pairs of numbers representing current as a function ircase voltammetry,® simple linear sweep voltam-
of potential or time.** It can be numerically metry,® and conventional cyclic voltammetry.*

analyzed to obtain thermodynamic and Kinetic pa- These procedures required semi-integration of the
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current and prior knowledge of the formal potential
of the studied redox couple. In this communi-
cation, we show that the components of steady-
state chronoamperograms can be directly obtained
by multiplying with functions of the formal
potential of the investigated reaction.

2. THE MODEL

A simple quasireversible electrode reaction
involving dissolved reactant and product at a
constant potential on the rotating disk electrode is
considered:

Ox™ +ne~ < Red™"* (1)

Under steady-state conditions, the current is
defined by the following equations:1!*?
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The symbols ¢, and cg.4 represent the bulk
concentrations of the reactant and product and
cox(0) and cg.4(0) are their concentrations at the
electrode surface, «a is the transfer coefficient, D is
the common diffusion coefficient, §¢, is the
steady-state diffusion layer thickness, E is the
potential, E° is the formal potential, F is the
Faraday constant, I is the steady-state current, kg
is the standard rate constant, n is the number of
electrons, v is the kinematic viscosity, R is the gas
constant, S is the electrode surface area, T is the
temperature, and w is the rotation rate of the
electrode. The solution to Egs. 2 through 4 gives
the  well-known sigmoidal  current-potential
relationship:*
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The anodic and cathodic components of the
current depend on the dimensionless Kkinetic
parameter A:

D, = A0 [CcR—d — Dy (10)
Ox
b, = —Ae" (1 + dgy) (11)

However, the ratio @, /®,. is independent of
the kinetics, and the components can be calculated
directly from the current if the formal potential is
known:
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Note that the current is independent of time.
The relationship between current and potential is
measured using the point-by-point method, with
each point corresponding to a different potential.

3. RESULTS AND DISCUSSION

The current-potential relationship defined by
Eq. 7 is characterized by the limiting values:

. ok * . _
EIgEO Qg5 = CRed/COx and 5123510 Qg5 =-1

and by the potential of zero current:
Ey = E° + %ln{céx/clzed)-

This is shown as the curve (1) in Figure 1,
and cathodic component is defined by Egs. 11 and
13, shown as curve (3) in Figure 1. It changes from
&, =0for E>» E® to ®, = -1 for E < E°. This
change is because the term in brackets in Eq. 11
tends to zero at lower potentials. The anodic
component, shown by curve (2) and defined by
Egs. 10 and 12, has limits of 0.5 for E >» E° and
zero for E « E°, with a maximum at 0.048 V vs.
E°, caused by the term in brackets in Eq. 10.

These terms in brackets can be obtained
experimentally and applied to the calculation of the
cathodic and anodic components of the wave using
Eqgs. 12 and 13. Tafel analysis can be performed on
the ratio of current component to the correspon-
ding term in brackets. The analysis involves the
relationship between the logarithm of this ratio and
the potential,® and the resulting plot is a straight
line with a slope proportional to the transfer
coefficient.
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Fig. 1. Dependence of dimensionless chronoamperometric steady-state current (1) and its anodic (2) and cathodic (3) components

on the electrode potential; n = 1, @ = 0.4, ¢cg.q/Cco, =0.5,and 2 =1
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Fig. 2. The steady-state current-potential curve (1) and its anodic (2) and cathodic (3) components;

A =5(A)and 0.1 (B). All other parameters are as in Figure 1.
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Figure 2 illustrates the influence of the
kinetic parameter A on the shape of the current
components. When A= 5, a minimum in the
cathodic component and a maximum in the anodic
component appear. The maximum in the anodic
component is five times higher than that in Fig. 1,
which aligns with previous observations.2 The
absolute values of these extremes increase with
increasing A, but tend to infinity when A > 100. It
is important to note that A = 1 corresponds to k, =
1072 cm/s, assuming 8, = 102 cm and D = 107
cm?/s. This value of k, is characteristics of nearly
all reversible electrode reactions, and Fig. 2A
shows the transformation at the upper limit of the
applicability of Butler-Volmer Kkinetics.

For electrode reactions that obey the Nernst
equation under steady-state conditions, these

components are not defined. Therefore, the
maxima and minima of the components in
quasireversible reactions can tend to infinity near
the equilibrium potential if the rate constant is
increased. However, Egs. 10 and 11 show that In A
does not affect the slope of the Tafel plot of the
components.

If the electrode reaction is ten times slower
than in Figure 1, the components exhibit simple
wave-like current-potential curves that are suitable
for Tafel analysis. As the wave begins to separate
into the anodic (upper part) and cathodic (lower
part) components, these components overlap the
wave over a wider potential range. In this case, a
completely irreversible chronoamperogram con-
tains only one component.
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Fig. 3. The steady-state wave (1) and its anodic (2) and cathodic (3) components; « = 0.7. All other data are as in Figure 1.

The influence of the transfer coefficient is
shown in Fig. 3. Comparing to Figure 1, a
minimum appears in the cathodic component
because, at this degree of asymmetry, the reduction
occurs faster than in the reverse case (a = 0.4).
Finally, the response calculated for the absence of
the product in the bulk electrolyte and for
symmetrical electron transfer is shown in Figure 4.
The limiting currents of the wave and the cathodic
component are zero and -1, respectively, with no
minimum observed in the latter one. The anodic
component starts and ends at zero, with a
maximum at the formal potential.

The limiting currents of the steady-state
chronoamperogram can be used to estimate the

diffusion coefficients of the reactant and product,
while the potential of zero current serves as a
means to determine the formal potential of the
electrode reaction. This formal potential is es-
sential for calculating the anodic and cathodic
components of the response. In addition to repeti-
tive chronoamperometry, the current-potential
curve can be recorded using very slow staircase
voltammetry, ensuring that the steady-state con-
ditions are maintained.*

For experimental verification of the proposed
methodology, it has been successfully demonstrated
with the electrooxidation of hexacyanoferrate(ll)
ions on a platinum electrode® and the electroreduct-
ion of the hexaammineruthenium(l11) complex ions
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on a glassy carbon electrode.’® The rotating disk
electrode is considered here as a tool for obtaining
steady-state responses, which can be analyzed

directly without requiring semi-integration, rather
than as the primary experimental tool.
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Fig. 4. The steady-state wave (1) and its anodic (2) and cathodic (3) components;
a = 0.5and ck,,; = 0. All other data are as in Figure 1.

4. CONCLUSIONS

In chronoamperometry using a rotating disk
electrode, the current decreases with time until a
steady state is established, where the current
becomes independent of time. By repeating this
measurement at various potentials, a wave-like
steady-state response can be recorded. This res-
ponse can be considered the sum of anodic and
cathodic components, as described by Butler-Vol-
mer Kinetics. Since the ratio of these components is
independent of kinetic parameters, they can be
explicitly expressed as functions of the net current
and the electrode potential.

These explicit functions provide a deeper
understanding of similar relationships in cyclic
voltammetry and other electrochemical techniques.
The current calculations show conditions suitable
for Tafel analysis and illustrate how the form of
the components evolves as the rate constant of the
electrode reaction increases.

Acknowledgement. This research was funded in
whole, or in part, by the National Science Center, Poland
(Grant No. 2020/39/1/ST4/01854). For the purpose of Open
Access, the author has applied a CC-BY public copyright
license to any Author Accepted Manuscript (AAM) version
arising from this submission.

Maced. J. Chem. Chem. Eng. 43 (2), xx—xx (2024)

REFERENCES

(1) A. V. Oppenheim, R. W. Schafer, Discrete Time Signal
Processing. Prentice Hall, New Jersey, USA, 1999.

(2) H. H. Willard, L. L. Merritt, J. A. Dean, F. A. Settle,
Instrumental Methods of Analysis. Wadsworth, Califor-
nia, USA, 1988.

(3) O. Smutok, E. Katz, Electroanalytical instrumentation —
how it all started: history of electrochemical instrumen-
tation. J. Solid State Electrochem. 2024, 28, 683-710.
https://doi.org/10.1007/s10008-023-05375-3

(4) P.J. T. Morris, The history of chemical laboratories: a
thematic approach. ChemTexts 2021, 7, 21.
https://doi.org/10.1007/s40828-021-00146-x

(5) K. B. Oldham, How Griinwald unified and generalized
the calculus, and how his discovery helps electrochem-
ists. ChemTexts, 2018, 4, 1.
https:/link.springer.com/article/10.1007/s40828-017-
0055-7

(6) P.J. Mahon, K. B. Oldham, Convolutive modelling of
electrochemical processes based on the relationship be-
tween the current and the surface concentration. J. Elec-
troanal. Chem. 1999, 464, 1-13.
https://doi.org/10.1016/S0022-0728(98)00450-1

(7) J. Gonzalez, E. Laborda, A. Molina, Voltammetric ki-
netic studies of electrode reactions: guidelines for de-
tailed understanding of their fundamentals. J. Chem.
Educ. 2023, 100, 697-706.
https://doi.org/10.1021/acs.jchemed.2c00944?urlappend
=%3Fref%3DPDF&jav=VoR&rel=cite-asV.



M. Lovrié, V. Mirceski

®)

©)

(10)

(1)

V. Mirceski, M. Lovric, R. G. Compton, N. Ullah, Re-
visiting the Butler — VVolmer electrode kinetics: separat-
ing the anodic and cathodic current components of a
quasi-reversible electrode reaction in staircase voltam-
metry. J. Electroanal. Chem. 2024, 957, 118111.
http://dx.doi.org/10.1016/j.jelechem.2024.118111

V. Mirceski, M. Lovric, Genuine differential voltamme-
try. Talanta 2024, 279, 126560.
https://doi.org/10.1016/j.talanta.2024.126560

V. Mirceski, D. Guziejewski, R. Gulaboski, Genuine
anodic and cathodic current components in cyclic volt-
ammetry. Sci. Rep. 2024, 14, 17314.
https://doi.org/10.1038/s41598-024-67840-x

H. Chen, E. Katelhon, R. G. Compton, Rotating disk
electrodes beyond the Levich approximation. Physics-

(12)

(13)

(14)

informed neural networks reveal and quantify edge ef-
fects. Anal. Chem. 2023, 95, 12826-12834.
https://doi.org/10.1021/acs.analchem.3c01936?urlappen
d=%3Fref%3DPDF&jav=VoR&rel=cite-as

R. Saravanakumar, P. Pirabaharan, L. Rajendran, The
theory of steady state current for chronoamperometric
and cyclic voltammetry on rotating disk electrodes for
EC' and ECE reactions. Electrochim. Acta 2019, 313,
441-456.
https://doi.org/10.1016/j.electacta.2019.05.033

Z. Galus, Fundamentals of electrochemical analysis,
Ellis Horwood, New York, and Polish Scientific Publ.,
Warsaw, 1994.

F. Opekar, P. Beran, Rotating disk electrodes. J. Elec-
troanal. Chem. 1976, 69, 1-105.

Maced. J. Chem. Chem. Eng. 43 (2), xx—xx (2024)


http://dx.doi.org/10.1016/j.jelechem.2024.118111
https://doi.org/10.1016/j.talanta.2024.126560

