Iranian Journal of LINIC
Mathematical chemistry

DOI: 10.22052/IJMC.2026.258174.2107
Vol. 17, No. 4, 2026, pp. 339-362
Research Paper

On the Analytic Solution for the Surface Concentration
and Impedance in AC Experiments at Circular Disk
Electrodes

Stanley Pons'*"® and Tibor K. Pogdny?

IDepartment of Chemistry, University of Utah, Salt Lake City, UT 84112, USA, and Pons(EI), 14, rue Eugene
Giraud, 06560 Valbonne, France.

2Institute of Applied Mathematics, Obuda University, 1034 Budapest, Bécsi tut 96/b, Hungary, and Faculty of
Maritime Studies, University of Rijeka, 51000 Rijeka, Studentska 2, Croatia.

Keywords: Abstract
Electrochemical impedance,

Modified Struve function, This work presents an exact analytical solution for the time-

dependent concentration of an electroactive species at a circular
disk electrode under a periodic flux. The solution is derived
AMS Subject Classification | USINg a complete Laplace transform treatment of the diffusion
(2020): equation, yielding a closed-form expression for the steady state
and an exact analytical representation for the transient regime.
The steady-state solution is expressed in terms of a modified
Struve function of the second kind, M;j(z), thereby eliminat-

Diffusion equation

78A57; 33C10; 33E20.

Article History: ing the need for numerical integration of Bessel functions. The
Received: 22 December 2025, transient solution, given in terms of Fresnel integrals and mod-
Accepted: 7 August 2026 ified Bessel functions, explicitly captures the temporal behavior

from ¢ = 0 to steady state. Critically, this work demonstrates
that the transient component, previously treated as a correc-
tion or simply ignored, contains independent information about
the diffusion coefficient D and electrode radius a. This infor-
mation can be extracted from a single experimental measure-
ment. The complex impedance components, directly derived
from the steady-state solution, provide an alternative to tra-
ditional integral-based formulations. The analytical framework
introduced here enables rapid parameter extraction, sensitivity
analysis, and optimal experimental design, all of which are in-
accessible to purely numerical approaches.

(© 2026 University of Kashan Press. All rights reserved.

*Corresponding author
E-mail addresses: bpons@laposte.net (S. Pons), tibor.poganj@uniri.hr (T. K. Pogdny)
Academic Editor: Abbas Saadatmandi


https://orcid.org/0000-0002-6725-4713

340 S. Pons et al. / On the Analytic Solution for the Surface Concentration....

1 Introduction

The electrochemical impedance of disk electrodes has been widely studied due to their exten-
sive applications in amperometric sensors, battery diagnostics, and corrosion monitoring. The
canonical problem ‘semi-infinite diffusion to a circular disk electrode embedded in an insu-
lating plane’ was first analytically addressed by Fleischmann et al. [1], who derived integral
expressions for the steady-state concentration using discontinuous Bessel function integrals and
Neumann’s integral theorem. This approach has since become the standard for analyzing disk
electrodes and has been employed in numerous electrochemical impedance spectroscopy (EIS)
experiments [2-6], as well as serving as a benchmark for numerical simulations [2, 3, 7-12].

However, the integral-based formulation has notable limitations. The concentration and
impedance are expressed as semi-infinite integrals of Bessel functions, which requires numerical
evaluation for each frequency and geometry. Furthermore, the transient response (the evolution
of the concentration from the moment the perturbation is applied) has received relatively little
attention. Existing treatments either focus solely on the periodic steady state [13, 14] or rely
on numerical approximations for time-dependent behavior [7-9, 11]. Critically, the transient
response contains readily accessible information about the diffusion coefficient and electrode
geometry, which is less straightforward to obtain via conventional frequency-domain measure-
ments.

Currently, several gaps remain in this field. First, no fully closed-form expression exists for
the complete time-dependent concentration at a disk electrode under periodic flux. While the
steady-state component can be expressed in closed form via a modified Struve function, the
transient component retains an integral representation that has resisted reduction to named
special functions. Prior literature has relied on integral representations or numerical solutions
that, unlike the present work, lack the analytical structure necessary for rapid parameter extrac-
tion, sensitivity analysis, or experimental optimization. Second, the relationship between the
transient and steady-state components remains undefined. The transient is typically regarded
as an experimental artifact to be minimized (either by waiting for steady-state conditions or
by optimizing experiments for this regime, e.g., in EIS experiments) rather than as a source of
additional information. Consequently, the information content of the transient, which includes
the diffusion coefficient and electrode radius, remains largely untapped. Finally, existing analyt-
ical treatments do not provide a unified framework that simultaneously captures the transient
response, the periodic steady-state, and the complex impedance from a single Laplace trans-
form solution. Instead, the impedance is often derived separately, frequently requiring distinct
mathematical tools.

This paper aims to fully quantify all contributions to the average surface concentration
predicted by the diffusion equation system in its complete form. The derived concentrations,
in their analytic forms, are applicable to several electroanalytical techniques, including EIS.
However, the application of these solutions to specific experimental techniques falls beyond the
scope of this work and will not be detailed here.

This paper addresses these challenges by presenting a closed-form analytical solution derived
via a complete Laplace transform treatment of the diffusion equation (see Section 2 for details).
The key contributions are:

e The steady-state solution is expressed in terms of a single modified Struve function of
the second kind M (2):

L@ [ ] M1+ )ay/20D)
(C) = (sinwt t) 3‘%{ o20/D }], (1)

where a, w, @, and D are the electrode radius, angular frequency, flux amplitude, and diffu-
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sion coeflicient, respectively. The argument of this Struve function is complex, and a recent
discussion [15] of its structure and properties was useful in extracting and understanding the
behavior of the full solution described herein. This analytical solution replaces previous inte-
gral representations and provides insight into the underlying diffusional physics, as discussed
in more detail below.

e A previously unavailable analytical solution is derived for the transient concentration, (C')a,
expressed in terms of Fresnel integrals and modified Bessel functions:

(C)2 = {[cos(wt) — sin(wt)] + Lﬂ {sin(wt) C (Vwt) — cos(wt) S (\/{E)} }

Q
vV2Dw VT
2
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This solution explicitly captures the concentration decay response following flux application,
from t = 0 to steady-state, revealing unique t3/2 short-time behavior due to radial diffusion at
the disk edge.
e The procedure for extracting both the real and imaginary impedance components with-
out numerical integration is detailed. Unlike prior work, which required separate derivations
for concentration and impedance, the Laplace transform approach presented here yields both
impedance terms simultaneously.
e It is demonstrated that the total measured concentration, (C)iotal = (C) = (C)1 + (C)a,
contains separable contributions: the steady-state component, (C);, encodes the complex
impedance, while the transient component, (C)a, encodes the diffusion coefficient and elec-
trode radius. This separation ‘impossible in integral-based formulations’ enables the extraction
of up to four independent parameters (D, a, @, w) from a single time-domain measurement.
e The analytical structure of the solution enables convenient parameter sensitivity analysis and
can be used to aid experimental design for specific problems. Identified below are the conditions
‘microelectrodes (a ~ 1 um), kHz frequencies, and sub-millisecond observation times’ where the
transient contributes maximally to the total signal, thus indicating regions of highest accuracy
for extracting diffusion parameters.

The article describes the mathematics of the new solution and the formalism for determining
the components of the complex impedance. Comments on problem stability are followed by a
parameter sensitivity analysis. Full mathematical details are provided in the appendix.

2 Mathematical formulation and solution

2.1 The diffusion equation system for the circular disk electrode

First, consider the diffusion-controlled transport of an electroactive species to a circular disk
electrode of radius a embedded in an otherwise insulating planar boundary. The electrode is
located in the plane z = 0 and occupies the region 0 < r < a, where r is the radial coordinate
measured from the disk center. The electrolyte occupies the semi-infinite half-space z > 0.
The concentration C(r, z,t) of the electroactive species satisfies Fick’s second law in cylin-
drical coordinates:
10C 0?C 100  9°C
Dot or? r8r+822’
where D is the diffusion coefficient. The system is initially at equilibrium:

C(r,z,0)=0, r,z>0. (4)

r,z,t >0, (3)
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A periodic flux source of amplitude @ and angular frequency w is applied to the steady-state
componentectrode surface at ¢t = 0:

oC

D 2=

0z

()

2=0

—Qsin(wt), 0<r<a, t>0,
0, r>a, z=0,t>0.

The surrounding plane is insulating. Far from the electrode, the concentration decays to zero:

r1i>nolo C(r,z,t) =0, zlggo C(r,z,t) =0. (6)
The solution to Egs. (3)—(6), and the conversion of C to (C) (the measured quantity),
is obtained via the Laplace transform of this parabolic system of equations. This process
requires extensive use of the properties of Bessel and Bessel-type functions, as well as Feynman
integration [16] for such functions. The details are presented in Appendix and summarized
here.
The average surface concentration (C') comprises two components: (C) = (C)1 + (C)a:

2.2 The steady-state component (C);

The steady-state component, (C)q, represents the oscillatory response that persists after all
initial transients have decayed. It arises from singular poles in the Laplace space representation
of the system:

(), = (sinwt — coswt) — R {eiwtw}] , (7)

B

where 8 = ay/2w/D is the dimensionless frequency parameter used in Equation (1).

The complex argument, (1 + )3, in Equation (7) carries both the amplitude and phase
information of the steady-state response. The Struve function, My, is functionally equivalent
to the semi-infinite Bessel function integrals present in previous formulations [1-3].

2.3 The transient component (C),

The transient component, (C)s, captures the concentration transition from the initial equi-
librium state at ¢ = 0 to the eventual steady-state oscillation. It arises from the branch-cut
singularity in the Laplace space equations of the system (see Appendix and is given by Equation
(2), rewritten here for convenience:

(C)2 = {[cos(wt) — sin(wt)] + Lﬁ

Q
v2Dw T
Q T sinw(r —t) —a? a? a?
-5 h(557) ~ 1 (5p7)] 4
D 7 Plapr ) ["\apr) ' \apr) | 47
t
where S(z) and C(z) are the non-normalized Fresnel integrals:

S(z) = /Om sin (”2“2) du, Clz) = /Oz cos (”2“2> du, )

and I, (z) are the modified Bessel functions of the first kind.

[sin(wt) C (Vwt) — cos(wt) S (\/E)} }
(8)
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2.4 Surface concentration dynamics

The total average surface concentration, (C) = (C); + (C)2, describes the complete behavior
of the electroactive species. In electroanalytical techniques, (C) is the physically measurable
quantity, manifesting as the voltage or current measured during the experiment.

The steady-state response, (C)1, is the forced oscillatory response that would exist if the
AC perturbation had been applied for all time (¢ — —o0). This component contains both the
real and imaginary parts of the complex impedance through the Struve function component,
M, ((1 +¢)5), as fully discussed in Section 3. This mathematical structure is inaccessible in
integral-based or purely numerical approaches.

The transient component, (C)s, is the causal correction that ensures the total concentration
vanishes at ¢ = 0. Its parameters ‘the diffusion coefficient D and electrode radius a’ indepen-
dently determine the timescale of the transient response. Understanding these properties is
critical for experimental design and parameter extraction. Define a convenient diffusion time
constant, 7p = a?/D, e.g., as the characteristic time for a diffusing species to travel a distance
of one electrode radius. The transient, (C)2, exhibits a characteristic evolution that can be
understood through three distinct time regimes:

(1) Short-time behavior (t < 1/w, t < 7p):
The Fresnel terms in Equation (8) dominate, yielding:

(C)g o (wt)3/2. (10)

This t3/2 scaling is a direct consequence of the finite disk geometry, and reflects the combined
effects of planar diffusion and edge contributions due to the finite disk size. This ¢t3/2 growth
is characteristic of all disk electrodes and distinguishes them from infinite planar electrodes,
where C o t/2 behavior (Cottrell behavior) is observed.

(2) Intermediate behavior (1/w <t < 7p):
The system behaves as if on an infinite plane, with the amplitude decaying as:

This is the classical Cottrell behavior for planar diffusion.

(3) Long-time behavior (t > 7p):
The finite disk geometry becomes apparent through the Bessel integral in Equation (8),
which introduces an exponential cutoff:

(C)y ox e~ Pt/a* (12)

The Bessel integral in the second part of (C)y vanishes exponentially with ¢, while the Fresnel
expression in the first part vanishes algebraically and more slowly as 1/v/t. The crossover
between the 1/v/t and exponential decay occurs at the diffusion time constant 7p = a?/D.
Figure 1 displays time evolution profiles for the average measured concentration and its
steady-state and transient components for a typical electrochemical experiment. One dotted line
marks the location of 1/w, the period of the applied oscillating flux, while a second mark a?/D,
the diffusion time across the electrode surface. Stability, response, and parametric sensitivity
are discussed for this plot in Sections 5 and 6.
Note: The geometric form factor, represented by the Struve function of decreasing amplitude
specific to the disk structure, is particularly interesting. As Levine [17] notes, it is rare to have
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solutions to the diffusion equation with combinations of cylinder functions with arguments
comprising the aperture size (i.e., a) and the transport term (i.e., D). Such combinations
are typically found only in asymptotic developments for wave-scattering problems, suggesting
diffraction-like wave effects at the disk edge.
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Figure 1: Time evolution of (C) (black), (C); (blue, steady-state), and (C)y (red, transient).
Vertical lines indicate 1/w and a?/D. Parameters: @ = 1072 mol/(cm? s), D = 107° cm?/s,
a =0.01 cm, w =1 rad/s.

3 The electrochemical AC impedance

The mass transfer impedance, Z,,;, in the frequency domain is obtained directly from the
Laplace representation of the concentration response of the two poles at s = +iw. The Struve
function form of the Laplace concentration (Equation (25)),

A 2Qu 1 M (20/5)
(€)= D(s? + w?) {2\/§ + 205 ° }’

is divided by the Laplace transform of the applied AC flux density, @ sinwt, and the active
surface area to obtain the Laplace space mass transport impedance function, Z,,;:

_ 1 { 1 M, (2a,/%) }
Lot = 5 =+ S .
wDa VD ad

Considering the causality and analyticity of the function over the circular region of interest,

conversion from the Laplace to the Fourier frequency domain is immediate with the substitution
of s by iw, which gives

L mays)] {HMl(wﬁ)},

N
3

|
+

a%" B rDaviz Viz
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upon assigning a dimensionless frequency z = a?w/D. Writing

Bya() = R {;% [1 + Ml(”’z)] } , (13)

iz
1 M, (2Viz)
D5 4(2) =8 — |1+ ————| ¢, 14
5.4(2) { N l -~ (14)
for the real (in-phase) and imaginary (quadrature) components of the impedance, respectively,

the total complex concentration impedance is then

1

Zo = ——
c wDa

((1347,4(2) +1 @57A(Z)) .
Using the Butler-Volmer polarization equation, as in [1], cast in terms of the average surface
concentrations of the couple in the electrode reaction Ox+e~ = Red, (C); 0 and (C); r from

Equation (7),
Q =% {(CR_O<C>1R) exp <(1 - a)(g; An)nF)
n R

_ <05 C§>LO) exp (04(77 ;ﬁn)”F> } ,

may be linearized after accounting for the usual required steady periodic state EIS experimental
conditions, e.g., electrolysis at the reversible potential of the reaction with small-amplitude AC
current, equal diffusion coefficients Do, Dr and equal DC surface and bulk concentrations
(C5 =0y =Cy =CF = C™). Subsequent derivation of the real and imaginary components
of the total AC impedance, Z, in the original work gave the semi-analytical forms

vz - B ART wa?

T mnFiga? | mnfF2D2u1/2q2C= " *\ D )’
4RT wa?

(7)) = : utall

S(2) = An2F2D/251/2g2(0> @5 ( D ) )

where the variables

Dy <wgz) =04(2) = [ JA(BV?2) = (§ et (@)) ds,

0/ B+ B
()= [roa™ e

The last two relations combine and rearrange into the dimensionless forms

™2 F?2DaC™> nEFDC™>® D 3 wa?
sRT Z) - 2aiq _2< )4,4( )

e s =2 () w (U ) - e o)

wa
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TR(2)

Figure 2: Bode Plot of the real and complex components of the ac mass transport impedance
given in Equations(13-14).

The right-hand terms of Equations (15) and (16) are equivalent to the new analytic values in
Equations (13) and (14), respectively, since they are sourced from the same complex two-pole
contribution of Equation (26). The final analytic quantities of interest are the dimensionless
mass transport impedance forms

2F2D oS FDC> 1 M, (2v1
u%(z)fi:m — 1+M 7
2RT 2aig Viz iz
™2 F2DaC™> 3(Z) = L " M, (2\/@72’) ’
2RT Viz iz
and
RT 2RT
R(Z) = - P ,
(2) mnFiga? + mn2F2DaC> 44 (2)
2RT
< Z = ¢ .
3(2) mm2F2DaC> >4 (2)
The low-frequency limits of each
lim By 4(2) = — lim ®5_4(z) = — lim Y= =0
Zl_% 4,A2—37r, zl_l% 5,A4\%) = 21_1%2\/?—,

provide finite values for a circular disk electrode, as required by Kramers-Kronig theory [7].
A useful asymptotic representation for M; (2) is [18, p. 293, Eq. 11.6.2]

o0 kL
MV(Z)N%ZF (=T (k+1/2) \arg(z)|<%ﬂ'—6,

S (w+1/2—k) (/2%

from which the high-frequency limits are derived as:

Zli)rrolo Dy a(z) = Zlg{)lo Vorke 0, zlgglo ®5 4(2) = — lim —— =0.
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Both high- and low-frequency limits are consistent with those obtained by Navarro-Laboulais et
al. [7] after scaling by the factor 2/4/z, which equates the new analytic coefficients @4 4, @5 4
with the previous integral forms ®,4, ®5 [1]. The maximum value of the imaginary impedance, as
shown in Figure 2, evaluates to ®5 4 = —0.197294 at the dimensionless frequency z = 2.44024.
A value for the dimensionless frequency of 2.4410 has been reported, using a robust anisotropic
mesh finite element simulation technique [8], and results from other work include values of
2.5 [9], and 2.5119 [7].

4 Values, accuracy, and precision

The concentration function, (C), is readily evaluated using any software package that handles
complex-argument Struve and Bessel functions, as well as non-normalized Fresnel integrals. In
this work, we used Python 3.14 with the NumPy and SciPy modules for all array operations,
modified Bessel functions, and Fresnel integrals. SciPy does not provide complex-argument
support for Struve functions, so the modified Struve function, Lj(z), was evaluated using the
mpmath library at 50-digit precision for validation.

After generation, the values determined herein for ®4 4, ®5 4, (direct functions of (C)y),
were compared to a table of numeric values of integral representations [14] after scaling by 2;
see Section 3.

It should be noted that the numerical simulation of the solution to the system described by
Equations (3)—(6) has been previously investigated using a number of finite element methods
(FEMSs) and various adaptations thereof, which were referenced in the introduction. In gen-
eral, it is difficult to adjust conventional mesh/node numbers in the FEM to simulate phase
angles and amplitudes to relative standard errors better than 2%. The problem has special
difficulties because with most mesh refinement FEMs, there is a convergence to an asymptotic
error floor, consistent with the known sub-optimal convergence rate of linear finite elements at
the 1/v/a? — r? concentration gradient singularity at the electrode edge at r = a. The problem
seems true when dealing with many power-series-based functions.

Recently, these problems have been successfully treated by more advanced techniques, es-
pecially in the important work by Michel et al. [8]. That work describes the use of anisotropic
mesh adaptation to attain significantly lower errors. The work described therein presents ac-
curate simulations of the same differential equation system that we have solved analytically in
this work, i.e., both components (C); + (C)2 are included in the simulation. We compare the
analytic values here with parts of the Michel et al.’s numerical simulations, as well as with other
values reported in the literature.

A value of significance to check is the value of the dimensionless frequency at which the
imaginary component of the diffusion impedance is a maximum when plotting the Nyquist
negative imaginary component vs. the real component of the diffusion impedance, i.e., Figure 2.
The values of the two components ®4 4, ®5 4 are calculated according to the standard procedure
given in Section 3, using the calculated values of (C'). The plot, which manifests the solution
of (C) over all frequencies, shows that the maximum value is at dimensionless frequency z =
2.44024. Michel et al. report a simulated value of z = 2.4410, a relative error of approximately
0.00033. Also to be compared to the value of z = 2.44024 are those values from other work,
e.g., 2.5 [9], and 2.5119 [7].

The analytic value of the maximum negative imaginary impedance component at that fre-
quency is found to be 0.394588, and Michel et al. report 0.3950, a relative error of 0.0010.
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5 Stability analysis

As the particular diffusion equation system in Subsection 2.1 has not previously been fully
resolved analytically, comments on its boundedness for all times and decay of any initial per-
turbations and/or transients are in order. However, at the outset, it is also fair to say that
the system is a diffusive one, and the Laplacian is negative-definite. It belongs, therefore, to
one of the few classes of partial differential equations that are provably stable for all (real and
positive) values of its parameters. Here are some general comments to support this:

To consider first the decay of boundary conditions, the source-free (homogeneous) diffusion
equation with homogeneous boundary conditions reads

19(0) 2(C)

_ 2
D ot Ve 0z

=0, (C)—=0asrz— oc.
z=0
This system, solved by the method of separation of variables using a Fourier transform for the
z coordinate and a Hankel transform for the r coordinate, yields spatial eigenfunctions of the
differential operator DV? that comprise eigenvalues A < 0; the accompanying time dependency
follows as e*. Since ) is strictly negative for all non-trivial modes, each homogeneous solution
will decay exponentially to zero as t — oo. As the original problem specifies a zero condition
at z — oo, the first (zero) eigenvalue is excluded, so indeed, the homogeneous problem is
asymptotically (indeed, exponentially) stable.

Next is the question of boundedness stability of input vs. output. Note that defined imposed
input flux is

D 8(5)2’) = —Qsin(wt), (0<r <a), 0 otherwise.
z=0

This is a linear system driven by a bounded, periodic input. As seen in Section 2, the full
solution (C') can be written as the sum of a transient homogeneous solution (which decays) and
a particular solution that inherits the time-dependence of the sinusoidal perturbation. Since
the spatial operator therein is self-adjoint and negative semi-definite on the appropriate Hilbert
space (with the given boundary conditions), it generates a contraction semigroup. Standard
semigroup theory guarantees that for any bounded, continuous forcing, the solution exists
globally, remains bounded, and depends continuously on the initial data and the boundary
input. In physical terms, the periodic sinusoidal flux adds and removes mass; the concentration
field (C') oscillates at the driving frequency w without unbounded growth: thermodynamically,
pure diffusion is strongly dissipative, preventing formation of any resonance or parametric
instability.

Considering next the long-time periodic state (or frequency domain) analysis, to verify its
boundedness, it can be summarized from Appendix 7, by looking for an arbitrary time-periodic
steady-state solution like

(C)(r, 2, t) = Im[(C) (7, 2, w) €™"].
Substituting yields the following modified Helmholtz equation:

LW
71—

D

9%(C) N 19(C)  9*(C)

() = Oor2 r or 022’

with boundary condition D82<C’>| =0 = —Q for r < a and 0 otherwise. Applying the Hankel
transform of order zero in r and solving a simple second-order ODE in z gives

R < Jo(kr) Ji(ka) _ VR Tiw/D
¢ A2 VKD g,
< >O(/0 k/RZ 1 iw/D
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which is well-defined and bounded for all w > 0 because R+/k? + iw/D > 0. The amplitude
of the concentration oscillation is finite everywhere and decays to zero as r, z — 0o, confirming
the stability of the transition of the "bounded input” to the "bounded output”.

Finally, consider the issue of the Hadamard concept of ”well-posedness” of an equation. It is
specified that there is a unique solution at all times ¢ > 0, and the solution depends continuously
on the initial condition and the defined boundary flux. One such set of properties follows from
the maximum principle and energy estimates, e.g., multiply the partial differential equation by
(C) and integrate over the entire half-space above the disk electrode, giving

1 d

5D dt”<C>”2 + V() = —/ (0,(C)){C) dA = boundary work,

z=0

which dissipates energy unless driven. (Here, |[V{(C)| represents the L? norm of the entire
averaged concentration field.) The system is unconditionally stable.

6 Electrochemical parameter sensitivity and temporal re-
sponse

This section presents a parametric analysis for the behavior of the average concentration (C) for
a disk electrode under a sinusoidal flux @ sin(wt). The system itself is governed by Fick’s second
law of diffusion and is unconditionally stable for all physically meaningful parameters (D > 0,
a > 0, w > 0). The analysis then focuses on quantifying the system’s response characteristics
and sensitivity to variations in those parameters. In order to provide wide ranges of parameter
analysis, it is convenient to fix, as applicable in each of the plots, values for other parameters
at sensible values. Here, these are taken to be those for a typical microelectrode, and typical
aqueous,/non-aqueous diffusion coefficients. For simple scaling, a nominal unit flux is assumed;
i.e., @ =1 mol/(cm? s), D =107 em?/s, a = 0.01 cm, w = 1 rad/s (as applicable).

Figure 3 shows the transient region from initial equilibrium at the application of flux to
attainment of the periodic steady-state. There is an initial transient of amplitude o v/¢. Two
characteristic timescales govern the transient decay: 1/w (the period of an oscillation), and a?/D
(a characteristic time representing diffusion time across the disk). After ¢ > max(1/w,a?/D),
the transient (C)o portion has decayed to zero, and the system has reached a purely sinu-
soidal steady-periodic state; this clearly implies the entire system is asymptotically stable with
timescale the larger of either the electrochemical (w™!) or the diffusion (a?/D) timescales.

The amplitude of (C) is displayed in Figure 4 as a function of the experimental angular
frequency. Once again, three distinct regions are visible, in this case measured over a wide
range of frequencies used in typical electrochemical experiments. At low frequencies, w < D/a?,
B < 1, the amplitude scales as 1/w; the diffusion layer extends far beyond the disk, and the
system behaves like a point source. When the frequency approaches w ~ D/a?, 3 ~ 1, there is
a transition where the diffusion layer thickness 6 = /2D /w starts to be comparable to the disk
radius a. This is a region of maximum sensitivity to frequency change. Continued increase in
applied frequency w > D/a?, 3> 1 scales the amplitude as 1/,/w; the diffusion layer is now
very thin, and the electrode surface appears electrochemically as an infinite plane. Figure 5
displays the amplitude calculated as a function of the system’s general dimensionless parameter
B. All parameter combinations collapse onto a single master curve when plotted against f3.
B = 1 is the "critical” value that separates the two regions: (1) The ”point-source” region
(8 < 1) in which the disk is small relative to the diffusion layer, the diffusion processes at the
edge of the disk dominate the total flux. (2) The infinite-plane regime (8 > 1) where diffusion
of the ”large” surface area of the disk relative to the diffusion layer reduces the effects seen at
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Figure 3: Time evolution of (C) showing tran-  Figure 4: Amplitude of (C') as a function of
sient decay to steady-periodic behavior. angular frequency w.

the edge; edge effects become negligible. The transition between the two regions is smooth but
rapid in the region 0.1 < 8 < 10. Choosing 8 values judiciously allows scaling results between
different electrode sizes, diffusion coefficients, and frequencies without repeating experiments
or simulations.

In Figure 6, the amplitude of (C') is shown this time as sensitivity to the diffusion coefficient
D. Two scaling regions are defined. At small D, (D < wa?, 8 > 1), the amplitude scales
as D~1/2. Slower diffusion leads to higher concentration buildup close to the surface. At
large values of D (D > wa?, B < 1), the amplitude scales as D~!. Faster diffusion spreads
the concentration over a larger volume. The maximum sensitivity to D occurs at D, = wa?,
where 8 = 1. Typically, the value of the diffusion coefficient is the most critical parameter
for quantitative measurements. Small errors in D cause large errors in concentration near D..
For applications requiring high accuracy/precision measurements, one chooses to operate in
the parameter region sensitivity is lower, e.g., very high or very low D. Figure 7 provides the
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3
Infinite 10 ]
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MR | AL | T T T T —T T —T Tt —TTTrTTT
1072 107! 10° 10! 102 107 10-6 105 10-4 10-3
Parameter B =av2w/D Diffusion coefficient D (cm?/s)

Figure 5: Sensitivity to the dimensionless pa-  Figure 6: Sensitivity to the diffusion coefli-

rameter 8 = ay/2w/D. cient D.

sensitivity plot for the amplitude of the surface concentration for the last parameter a, the
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circular disk electrode radius. For small disks a < y/D/w, 8 < 1, the observed amplitude
is nearly independent of a, and the disk acts as a point source. At large disks (a > /D/w,
B > 1), the amplitude saturates; the disk acts as an infinite plane. The transition between
these occurs at a. = \/D/w, where 8 =1, i.e., where the disk radius equals the diffusion layer
thickness. Hence, for optimal sensitivity to radius variations, choose a ~ a.. For applications
requiring radius-independent measurements, use very small disks (a < §).

Figure 8 is a two-parameter plot depicting the amplitude of the concentration as a function
of both the diffusion coefficient D and the frequency w. The 5 = 1 line (white dashed) separates
the point-source (8 < 1) and infinite-plane (8 > 1) regions discussed above. The amplitude is
highest for small D and small w (lower-left region) and lowest for large D and large w (upper-
right region). The transition is sharpest for intermediate values where D and w are balanced.
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g 3 10! g
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£ £ 2
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— < 1073 0.1
107 107 1072 1071 10° 1077 107° 107
Disk radius a (cm) Diffusion coefficient D (cm?2/s)
Figure 7: Sensitivity to the circular disk ra-  Figure 8: Two-parameter sensitivity map
dius a. showing the amplitude as a function of D and

w.

7 Conclusion

This paper presents a total solution for the time-dependent average surface concentration of a
diffusing electroactive species at a circular disk electrode subjected to a periodic flux pertur-
bation. The solution comprises two distinct contributions: one for the transient response to
the perturbation and the other for the eventual steady periodic state, expressed in terms of a
modified Struve function.

The analytic form of the real and imaginary components to the electrochemical diffusion
impedance is also found in the form of a modified Struve function from the steady-state con-
tribution to the concentration.

The described mathematical system is found to be unconditionally stable, both asymptoti-
cally and exponentially. A sensitivity analysis of the concentration profile to its parameters is
presented. The behavior is governed by the dimensionless parameter 8 = a+/2w/D, enabling a
convenient and comprehensive parameter sensitivity analysis.

Regarding further work in this area, the use of the full expression in AC voltammetric
methods is to be explored in detail. Also in mind is the application of the transient part of
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the solution in potential steps with superimposed AC, as well as AC relaxation. In impedance
measurements, incorporating automatic control of time-of-measurement vs. frequency to allow
for full decay transient effects is of use.

In addition, the transient concentration profiles themselves are of significant interest in real-
time spectroelectrochemical studies at and near electrode surfaces. In such studies, temporal
visible and infrared spectra of reactants, intermediates, and products can determine reaction
pathways and kinetics. There is already a significant advantage in using AC-based electro-
chemical measurement techniques, as they can be combined with phase-sensitive detection and
fast Fourier transform techniques. The results presented herein must be incorporated into the
necessary expressions for optical absorbance-time response equations applied to specific spec-
troelectrochemical experiments. The goal is to enable the capability to monitor the transient
concentrations of individual reactants and products.

Appendix

The Laplace transform for the general solution of the concentration measure C in the system
Equations (3)-(6) is [1]

/eXp (& +¢*) 2) Jo (ar) Ji (aa)
0

with ¢ = s/D, and Bessel functions of the first kind Jo(z) and J;(z) of the orders 0 and 1,
respectively. Using two Bessel identities [19]

da
(a2 + ¢2)1/2’

- Qua
C= 52 o) (17)

o+2m a
/ Jo (aR)d " =2nJy (ap) ,w € R, /p’JO (ap)dp = %Jl (aa),
5 0

the result, after normalizing to the area of the disk, shows that the Laplace transformed average
concentration over the surface (0 < r < a,z =0) is

A 2Quw OOJ12 (ca) do 5 S
(€)= D(s? 4+ w?) / o (o4 ¢V =D (18)
0

Now consider the integral function of parameter a

o) fjf (0a) do
0

o /o2 & b2
Application of a pair of identities sourced from the properties of Bessel functions [20, see

contribution by H. Levine therein] [21], i.e

ada

2 34 , , 40, ,
Ta + - I(a) = 2J5(a) — 2J; (a) = — [ sinp Jo(2asin ) dps,
0
to I(a) provides that

d2 3d 4 odo
(7 o) T = w/ W/ Tooasiny) g
0
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4 7 —2absi 2 7 .
_ s /Sin2’(/Jexp( C-LbSle) d’(/J - 2 /Sin’(/J e—2absm1/1dw’
T 2a sin v Ta
0 0

and with A = 2ab, the last integral reduces to

T

; d [ iy
/Sil’lw e—Ablnwd¢ _ 7/6_Ablnwd1/},
0

dA
0
in which
s /2 m/2
/e_“i“wd@b =2 / ey =2 / e % dy = [Io (A) — Lo (V)]
0 0 0
whence

/smz/; e MYy = 7 [i + 1o (\) — Lo (A)} .
0

Now, noting that [18, p. 288]

oo (£)2n+u+1 o) (£)2n+u
Ly (@) = ; Tnt3/2Tmrvisn W= ; nT(n+v+1)°

where, in these functions, the cases ¥ = 0,1, used in the sequel, result in:

2z 23 272 214
L 2 L e T H
o(x) 7T+97T+ R 1(x) 37r+457r+ s
IQ T 1’3
I — 14+ 4... I — 22 4.
o() + 1(x) st

(19)

(20)

and the modified Struve function of the second kind of the order v is defined by M (z) [18, p.

288, Eq. 11.2.6] @ . .
M,(x)=L,(x) — I,(x).

Returning to the differentiation of I(a),

1d (a?)ji) _2 [i + Ly (2ab) — Iy (2ab)} ,

a3 da a
d dI 2
% (a?)da/) = 2a2 |:7T + Ll (2a,b) — Il (2ab>:| 3
dl  4d® |
a3£ =3 + 2/ [w2L1(2bx) - 11(21)36)962} dzx,

0

wherein reduction of the two integrals

a a a

/x211 (pz)dx = 1 /x2d10 (pz)dz = a—]g(ﬂa) _2 /xIO (pz) dz
[ 1 [

0 0 0
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a2
= —Io(pa) — — I (pa)
and
/ 2Ly (px)d /ac2 [1dL0(ux) — 2} dz
dx
0 0
2 Ly (a) 2]L()d L) — 4L (a).
=—— a)—— [ x x)der = —— a) — — a
3 ? (V2 L J oM 3n 0 oM 2 1
provide the differential equation
ar 4a 202 a2 2a
3 [ —_— —_—
da 31 +2{ 3 T aplo (20) 4b2L1(2a)}
2a
-2 Ip(2 2
{21) 0(2ab) = gl “b)}
a2 ay a?
=5 Lo(2ab) — L1 (2ab) — ?Io(Qab) + Il (2ab),
dl 1 1
— = —Lg(2 — ——Lq(2 — —1Ip(2 2
P 0(2ab) peTe 1(2ab) 7 o0(2ab) + aph I,(2ab),

which integrates to

a a

11 1 [ 1 r(1 1
I= 5/ELO(Qb:E)d:E—b—z/ L1(2baz)dx—/{bxlo(2bx) 2t (2bx)}d .
0

0 0
The third integral therein

a 2ab
1 2
/{b2 55 11(20x) — bIO(Qb:E)} dz = 3
0

may be reduced by considering

% [Il(y) - 2y1_1 Io(y)] dy,

Y 2
0
2F) () = —%h(A) + %Io()\) - % o (\) — 1] = % _ %11@),
AN = § — 57 H0)
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1 1 L] 1 1
)\2

= g h) = g5 [B0) - 22| = 55000 - 20,

which is consistent with the first line of Equation (22). Return to the first two integrals in
Equation (21) and rearrange to

2ab

A 1 2 11 y
[ [t - grtamn)] e =3 [ = [L106) - SLa)] an
0 0
and consider again by partial integration
A . A
N - _Y - ! _Y
B = [ = [La) = Jo)] dy = [ a-y) [Latw) - FLow)] ay
0 0
1 A
= [Ll()\) - 2L0(A)} (23)
/ 1 Li(y) 1
1y
# [ 2 oo - B Jro) - Lo + 2} an
0
A
1 A1 1
2F3(A) = =7 Li(A) + 5Lo(A) - e Li(y)dy = —3L1(A) + 5Lo(A)
0
A1 2\ 1
-——5 [LO(A) - } = —<Li(V),
0 A
1
. F =——L . 24
CR() = 5 i) (29
Checking this result by differentiation
AR 1 1 L] 1 1
o~ e gy {LO(A) T et kel
confirms the original integral in Equation (23). Assembling the two components Fi (), Fa(X),
OOJQ(aa) do 1 1
I(a)= [ & = — — — [[1(2ab) — Ly (2
(@) = [ BT = &~ g 1(20b) — L (2a)
1
=~ — M, (2ab).
b T zape M (200)
and Equation (18) becomes
w/2 ( )
N\ 2Qw i 3 2 —2agq cos ¢ _ 2Qw i Ml 2(1(]
(€)= D(s2+w?) | 2¢ mq S e de o = D(s?2 +w?) | 2¢ + 2aq> '
0

(25)
Note then that an appropriate variable change therein provides the convenient and asymptoti-
cally equivalent representation (based on Equations (19) and (20)):

[ JR@by)  dA
I = / b\ [I1(2(lb) — L1(2ab)]
0

11
VA2l 2 2ab
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1 1 /1 2 4

~ = —— [ =(2ab) — =——(2ab)?- - —ab b—0.
> 2ab<2(a) 3 (200) )_>37r“’ @

This expression readily shows that the dimensionless flux D™ /2Qa at a disk electrode is limited

at high values of dimensionless time b = /Dt/a? to values < 4/3w at disk electrodes of radius

a under constant or linear swept amperometric conditions [22].

Inversion to the time domain of Equation (25) to (C) comprises the evaluation of the
Bromwich form

/2

. _ 1 s Qw 4 . —2a+/s/D cos
©) =0 = s [ a1y [ e TP ap, (26)
1 0
—iw
ffffffffffffffffffff 0 .
branch cut E)lane
+iw

which contains the separate steady-periodic contribution due to the poles at s = +iw, as well
as the temporal diffusional contribution from the branch cut along the negative real axis of the
s-plane. Denoting the respective contributions by (C)1, (C)a, the first (steady periodic state)
is expressed by

o 2Qw e*iﬂ'/4
i 2iwD | 2¢/w/D

/2
20/t sin® p e ( 2a wl—’_icos >d
= <p | — jZ22r°
- T/DO P exp D V2 ® | de

1 ) 2 i /4
IR S ¢

2mq —2iwD | 2\/w/D

/2

2o/t sin® p e < 2a wl—i cos > d
_ <0 [ — |
- T/D J P exp D V2 P | de

_ Q R _1+ieiwt

VDw V2

/2
4 / . 9 2w . {2w q
—— | sin“pexp | —ay/ - cosp | exp | —iay/ — cos
p P exp D 2 p D wlde| oo
0

1
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and the transient bulk diffusion component by

0 A
1 e 7 (—do) 2Qu eim/2
2mi 0% +w? D |2\/0/D

o0

(C)2 =

_ /2
(s
_ e sin? g exp <2ia, / 9 cos c,o) de
w0 /D J D

17 e 7t(— do) 2Qu e im/2

2mi 0% 4+ w? D | 2\/0/D
0

) /2
26_”—/2 .2 < 2
———— S1n €exX —21a4 | —< COS
- T/D / ¥ exp 30
9] /2
Qu e tdo . 4 / ( Y [o >
= - — Sln ex 1aA | — COS
2omv/D J (62 +w?)\ /o 71' pexp 14
0 0
/2

Qu i ¢ 7'do 1 4 /Sln e <2za cos)
_ = X el
27rf (02 +w?)o PEPT DT

0o /2
Quw e %tdo 4 o o
= ol RCETING 1—; sin” ¢ cos | 2a D Cose de
0 0

Checking that (C); + (C)2 =0 at t = 0, note

Q 1+1
C = RS — 1
< >1 t=0 \/Dw \/i
/2
4 . 9 . 2w
- / sin® ¢ - exp ((lJrz)achoscp) de

0
/2

= — @ 1-—- 4 / sin? ¢ | cos a\/%cos
v2Dw ™ J v D v
L \/% \/Z d
sin | a D CoS exp a D COSs ¢ e

/2

2Qw 7 da 4 «
(CYs - W\/BO e 7r/sm @cos{a\/ﬁcosap] %)

0
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w/2

= @ 1—é/sin2 cos | a 2—wcos
- V2Dw T 4 V' D "7

0

sin | a Dcos<p exp a\/Dcoup e

whence (C); 4+ (C)2 =0 at t = 0.
Reduction of the a—integrals is accomplished as follows: if

oo 2
eft
Oé4
0

5 cos Aada,

and I(t) vanishes for t — oo, then

dz[(t) 2 T —ta? 1 T _2\2/4¢
e +w I(t)z/e COS/\ozdoz:§ e /4t

o

Let
I(t) = Cy(t) €™ + Co(t) e™™t,  with  Cy(£)e™! + Cy(t)e ™! = 0.
Hence,
dI(t , , d2I(t . . . .
7d§f ) _ iw [C1(t)e’" — Ca(t)e™™"], and dtg ) _ iw [Cl (t)e™!t — Co(t)e™ | — w2 I(t),
which means that
él (t)eiwt - éZ(t)efiwt _ i X 1\/?6)\2/@
w 2Vt '
Accordingly
N efwt T 22 N ewt 5
— D=2 /4t T —A2/4t
Crt) = G [T, oty = [T,
that is
’L\/’TT ooe—iwre—/\2/47' Z\/’TT Ooeiwre—/\2/4‘r
t) = d d t) = — d
Cq(t) " NG 7, and Cs(t) " NG T,
t t
therefore

I(t) \{/ **/‘”d

Checking the limit when ¢ — 0 it follows that
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Given that

(o}

/exp <ax2 — :sz) dz = ;\/j exp (*2\/@) ,

0

the previous integral becomes

1

Nj =i/ exp ( ;A\/E)}

which agrees with the result

o= 7 o (-2 oo () a0 (25) )

0

Having in mind that

/2 /2
/ sin? (pef/\cos2¢ _ / 1-— C2OS 2¢ 67%(1+cos2tp) dy
0

0
™

= i/(l — costp) e M2 emM2eos Y qy)y — ge_”\/Q {Io(é) -1 (é)},
0
50, (C)2 becomes

2 2 2

=25 [ 21— (555 ) ~ 5o

Resolving the first integral therein,

oo oo oo
~1 _t
1= /MdTZ 2coswt/sinwx2da:—2sinwt/coswx2dx
VT
Vi NG
oo oo
=2Vt coswt/sin(wt 0?)do — 2Vt sinwt/cos(wt o?)do
1 1
oo oo

2 2
:ﬁcoswt/sin;ﬁdu—ﬁsinwt/cos;fdu, weR.
Vet Vet
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Recall the standard Fresnel integral definitions in un-normalized form:

S (z) = / sin ¢ dt, C(x)= / cost? dt,
0 0

and note the standard limits

S(oo)C’(oo)z\\/g.

Note then that the last two integrals in I become

/00 sinuzdufifS(\/E), /OO cos,uzdufifC(\/E).

Vet 2v2 vl 2v2
whence
I= % cos(wt) [2\{/2 -5 (\/u})} - % sin(wt) [2\{/2 -C (\/oﬁ)}
= % cos(wt) — % cos(wt) S (Vwt ) — \/Z sin(wt) + NG sin(wt) C (Vwt )
= 27; [cos(wt) — sin(wt)] + % [sin(wt) C (Vwt) — cos(wt) S (\/E)]
Finally,
_ 9 inwt — cosw
<C>1 = \/m{ S t t
w/2
+ % R|(1+i)e™ / sin? ¢ exp (—(1 + i)a\/%cos gp) dgp] }
@ sinwt — coswt — R | e™? M ((1 e %‘J)
2Dw ay/2 ’
{ sinw( dT
R . sinw(r —t) ox —a?cos® .
7TO/ wt/ﬁ p<DT )ddw,
__9 [cos(wt) — sin(wt)] + 2—\/5 [Sin(wt) C (Vwt) — cos(wt) S (\/&)}
vV2Dw ﬁ

Q T sinw(r —t) —a? a? a?
— I -1 R.
V7D VT P\ aDr 0 (2DT) ! (QDT) dr, w e
t

It is worth showing the limiting behavior of (C)9 at short times. Consider again Equation (25)
at its large-s asymptotic response. Note

_ 2Qw 1 2 [7/?
<C>2:% 5.
D(s24+w?) | 2q mq

sin? g e 2% COS“"dgo} , q= %



Iranian Journal of Mathematical Chemistry 17 (4) (2026) 339 — 362 361

For large s, the integral term vanishes exponentially leaving:

(Cla~ 5y o

2Qw 1 Quw D
D(s2+w?) 2q D(s?2+w?) s

At large s, with all w:

(C)y ~ Qu 1 LgT2 = Qu s7%/2,

w
D 52 D

1 4
E*l - :7253/2
EREvS

note the leading short-time behavior:

and with

(Chalt) ~ B v

Therefore: )

1 a
(C)g o 3% o (wt)?/?, t << " t < o
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