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Abstract

The influence of surface distributions on rates of heterogeneous reactions
coupled by adsorbed intermediates was studied to determine whether this
form of surface heterogeneity can provide a physical explanation for constant-
phase-element behavior. Results obtained from finite-element simulations
on disk and recessed disk electrodes show that there are two components
that give rise to frequency dispersion. Frequency dispersion occurs due to
geometry-induced nonuniform current distributions which leads to a complex
ohmic impedance. The effects of geometry-induced frequency dispersion may
be mitigated by use of small electrodes. Frequency dispersion also occurs due
to the potential dependence of the faradaic impedance. The characteristic
frequency associated with this form of frequency dispersion is not dependent
on disk radius, but the contribution of frequency dispersion associated with
reactions coupled by adsorbed intermediates may be reduced with the use of
small electrodes.
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1. Introduction

Frequency dispersion is almost always observed in impedance measure-
ments over a broad range of frequencies and is assumed to be caused by a
distribution of time constants. Constant-phase elements (CPE) are often
used to fit impedance measurements exhibiting frequency dispersion, but the
extracted parameters do not necessarily have a clear physical significance.
Therefore, there is a need to form an understanding of the factors that con-
tribute to frequency dispersion in impedance measurements and to uncover
the physical origin of the constant-phase element.

Jorcin et al.[1] used local impedance spectroscopy to show that frequency
dispersion can arise from surface or normal distributions of time constants.
The frequency dispersion associated with a distribution of time constants nor-
mal to the electrode surface is well established; whereas, the frequency disper-
sion associated with a surface distribution is not well understood. Hirschorn
et al. [2, 3] showed that a power-law distribution of resistivity through a
film yields CPE behavior. The power-law-model approach has been used
successfully to extract a film capacitance and associated parameters for a va-
riety of systems, including oxides on steel,[4] human skin,[4, 5] and polymer
coatings.[6, 7]

Brug et al. [8] developed an expression for the capacitance extracted from
a CPE caused by a surface distribution of capacitance. Córdoba-Torres et
al. [9] showed that the Brug model accounted for the correlation observed
between CPE parameters α and Q for two experimental conditions: the
corrosion of polycrystalline iron and the deposition of CaCO3 scale on gold
electrodes. The results were attributed to a distribution of time constants
associated with surface heterogeneity. The exact nature of the surface het-
erogeneity was not identified. In subsequent work, Córdoba-Torres et al. [10]
suggested that the CPE behavior results from energetic distributions rather
than geometric heterogeneity or roughness.

Alexander et al. [11] showed that a capacitance distribution gave rise
to frequency dispersion, but the effect was seen at frequencies higher than
that associated with the disk geometry. The characteristic length for a peri-
odic radial distribution was the period of the distribution and, as the period
decreased, the frequency dispersion occurred at higher frequencies. A sur-
face distribution of reactivity for a single-step reaction mechanism did not
produce frequency dispersion.[12] However, Wu et al. [13] showed that the
geometry of a disk electrode embedded within an insulating plane with re-
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actions involving adsorbed intermediates causes frequency dispersion at low
frequencies. Their conclusions were supported by comparison to experimen-
tal results obtained for an iron disk in a 0.5 M H2SO4 solution.[14]

In many cases, for example the work of Córdoba-Torres et al. [9], the
model presented by Brug et al.,[8] based on a distribution of properties along
the electrode surface, provides a convincing correlation of CPE parameters
extracted from impedance data. The present work is part of an effort to
understand what distribution of surface properties may give rise to CPE be-
havior in the experimentally observed frequency range. For disk electrodes,
the frequency dispersion may be attributed to the influence of nonuniform
current and potential distributions. For recessed electrodes, frequency dis-
persion may be caused by a surface distribution of reaction rates for reactions
coupled by an adsorbed intermediate. Finite-element models were used to
simulate the impedance of disk and recessed disk electrodes with and without
surface heterogeneity of reactions coupled by an adsorbed intermediate.

2. Mathematical Development

The system under consideration involves two reactions coupled by an
adsorbed ion. In the first step,

M→ Xads
+ + e− (1)

where the metal reacts to form an adsorbed ion on the surface and an electron
is released. In the second step,

Xads
+ → P2+ + e− (2)

where the adsorbed ion desorbs and another electron is released. The total
faradaic current may be expressed as the sum of the currents associated with
reactions (1) and (2)

iF = iM + iX. (3)

Armstrong et al. [15] described similar general mechanisms for the impedance
response associated with coupled electrochemical reactions and discussed its
application to iron dissolution in carbonate/bicarbonate buffers. Mechanisms
similar to reactions (1) and (2) were proposed by Epelboin and Keddam[16]
for the impedance of iron dissolution through two steps involving an adsorbed
FeOH intermediate. They simulated the impedance response for different ap-
plied potentials, showing how the same mechanism can account for different
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shapes of impedance diagrams. Similar approaches were developed by Péter
et al. [17] for the impedance model of the dissolution of aluminum in three
consecutive steps with two adsorbed intermediates and by Roy et al. [18]
and Mathias et al. [19] for the influence of reversible oxide formation on a
Pt catalyst in PEM fuel cells.

Under the assumption of Tafel kinetics, the current associated with the
first step may be expressed as

iM = KM(1− γ) exp(bMV ) (4)

and is dependent on the available surface that is not covered by the adsorbed
species. A similar expression may be expressed for the second step as

iX = KXγ exp(bXV ) (5)

where KM and KX are the effective rate constants with units of current
density, γ is the fractional surface coverage of the adsorbed intermediate, bM
and bX are constants which can be expressed in terms of the charge-transfer
coefficients, αM and αX, as

b =
αF

RT
. (6)

The potential, V represents the potential difference between the metal and
the region outside the double layer, V = Φm − Φ0.

All variables may be expressed as a sum of a steady-state and time-
dependent components as

X = X + Re{X̃ exp(jωt)} (7)

in which X̃ is a complex variable dependent on frequency. Therefore, the
faradaic current may be expressed as

iF = iF + Re{̃iF exp(jωt)} (8)

in which ĩF is the oscillating component of the faradaic current. The total
steady-state faradaic current may be expressed as

iF = KM(1− γ) exp(bMV ) +KXγ exp(bXV ) (9)

and is dependent on the steady-state surface coverage γ, which may be de-
rived from the rate of change in surface coverage over time expressed as

∂γ

∂t
=
iM − iX

ΓF
(10)
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where Γ represents the maximum surface coverage. By setting equation (10)
equal to zero, the steady-state surface coverage may be obtained as

γ =
KM exp(bMV )

KM exp(bMV ) +KX exp(bXV )
(11)

The charge-transfer resistance associated with each reaction step is inversely
related to the steady state current as

Rt,M =
1

bMiM
(12)

and

Rt,X =
1

bXiX
(13)

respectively. The total charge-transfer resistance is the parallel combination
of the charge-transfer resistances of each reaction expressed as

1

Rt

=
1

Rt,M

+
1

Rt,X

(14)

As described by Orazem and Tribollet,[20, 21] the oscillating faradaic cur-
rent density is derived by differentiating the steady current with respect to
potential and surface concentration as

ĩF =

(
∂iF
∂V

)
γ

Ṽ +

(
∂iF
∂γ

)
V

γ̃ (15)

or

ĩF =

(
1

Rt

)
Ṽ +

[
KX exp[bXV ]−KM exp[bMV ]

]
γ̃ (16)

Following

Γ
dγ

dt
=
iM
F
− iX

F
(17)

the oscillating component of the surface coverage can be expressed as

ΓFjωγ̃ =

(
1

Rt,M

− 1

Rt,X

)
Ṽ −

(
KX exp

(
bXV

)
+KM exp

(
bMV

))
γ̃ (18)
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yielding

γ̃ =


1

Rt,M

− 1

Rt,X

ΓFjω +
(
KX exp

(
bXV

)
+KM exp

(
bMV

))
 Ṽ (19)

The faradaic admittance may be derived by taking the ratio of the oscillating
faradaic current and the electrode potential, i.e.,

YF =
1

Rt

+

(
R−1t,M −R

−1
t,X

)
(KX exp

[
bXV

]
−KM exp

[
bMV

]
)

ΓF jω +KX exp
[
bXV

]
+KM exp

[
bMV

] (20)

Equation (20) may be expressed as a faradaic impedance as

ZF =

(
1

Rt

+
A

jω +B

)−1
(21)

in which variables A and B are given by

A =

(
R−1t,M −R

−1
t,X

)
(KX exp

[
bXV

]
−KM exp

[
bMV

]
)

ΓF
(22)

and

B =
KX exp

[
bXV

]
+KM exp

[
bMV

]
ΓF

(23)

respectively.
The impedance of a recessed disk electrode for this system includes an

ohmic resistance in series with an interfacial impedance comprising a double
layer capacitance and a faradaic impedance in parallel, as shown in Figure
1. The faradaic impedance for a two-step reaction mechanism coupled by
an adsorbed intermediate consist of a charge-transfer resistance in parallel
to an adsorption impedance Zads. Equation (21) appears as the parallel
combination of Rt and an adsorption impedance expressed as

Zads =
B + jω

A
(24)

Equation (24) is a mathematical expression that cannot be expressed as an
equivalent electrical circuit with defined passive elements when A < 0.
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Zads

C0

RtRe

Figure 1: Equivalent circuit diagram for a recessed electrode with reactions coupled by an
adsorbed intermediate. The impedance Zads is obtained from equation (24).
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Figure 2: Calculated impedance based on Figure 1 with the faradaic impedance calculated
from equation (21) for cases where A = 0, A < 0, and when A > 0. When A = 0, the
faradaic impedance reduces to ZF = Rt and the interfacial impedance only exhibits one
time constant. When A < 0, the interfacial impedance shows two capacitive semicircles,
and, when A > 0, the interfacial impedance has a high-frequency capacitive loop and
low-frequency inductive loop such that the low-frequency limit for the capacitive loop is
Re +Rt.
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The calculated impedance for a recessed electrode is shown in Figure
2 for cases where A = 0, A < 0, and when A > 0. When A = 0, the
faradaic impedance reduces to ZF = Rt and the interfacial impedance only
exhibits one time constant. When A < 0, the interfacial impedance shows
two capacitive semicircles, and, when A > 0, the interfacial impedance has
a high-frequency capacitive loop and low-frequency inductive loop such that
the low-frequency limit for the capacitive loop is Re +Rt. The characteristic
frequency of the high-frequency loop is based on the RtC0 time constant.
The characteristic frequency of the low-frequency loop is based on the time
constant τ = 1/(B + ARt). The low-frequency limit for the impedance is
given by

lim
ω→0

Z(ω) = Re +
BRt

B + ARt

(25)

for all values of A.

3. Finite-Element Model

The impedance was simulated by solving Laplace’s equation for the po-
tential distribution in the electrolyte domain, expressed as

∇2Φ = 0. (26)

Following equation (7), the potential may be expressed as

Φ = Φ + Re{Φ̃ exp(jωt)}. (27)

The electrolyte domain comprised a 2-D axisymmetric quarter of a circle
domain, shown in Figure 3. The counterelectrode was set as the curved
boundary with the condition that Φ = 0 for the steady-state solution and
Φ̃ = 0 for the oscillating condition. The working electrode was centered at
r = 0 and y = 0. The electrolyte domain was 2000 times larger than the
radius of the disk. The boundary condition at the working electrode for the
steady-state case was expressed as equation (9). The boundary condition at
the working electrode for the oscillating case was expressed as

ĩ = (jωC0 +R−1t,M +R−1t,X)Ṽ +KX exp(bXV )γ̃ −KM exp(bMV )γ̃ (28)

where γ̃ is given by equation (19).
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500 cm

Figure 3: Grid representation of the domain for the finite-element simulations. The disk
electrode is located at the origin but is not visible in this scale as the 0.25 cm disk radius
is much smaller than the 500 cm radius for the calculation domain.

Equations (26), (28), and the boundary condition at the counterelectrode
were solved for a range of frequencies, and the global impedance was cal-
culated as the ratio of the applied perturbation Ṽ and the total oscillating
current at the disk electrode, ĩ. The local interfacial impedance may be cal-
culated by probing the local oscillating potential in the electrolyte outside
the double layer Φ̃0(r) and may be expressed as

z0(r) =
Ṽ (r)

ĩ(r)
(29)

where Ṽ (r) = Φ̃m − Φ̃0(r). The global interfacial interfacial impedance may
be found by integrating the local interfacial impedance across the surface
of the whole disk. The global ohmic impedance may be calculated as the
difference between the global impedance and the global interfacial impedance
as Ze = Z − Z0.
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Table 1: Potential-independent parameters used for the simulations. Lumped potential-
dependent parametersA andB may be obtained from equations (22) and (23), respectively.
The charge-transfer resistance Rt may be obtained from equations (4), (5), and (11)-(14).

Symbol Meaning Value units

bM αMF/RT 40 V−1

bX αXF/RT 10 V−1

KM Effective reaction constant for Reaction 1 77.2 A/cm2

KX Effective reaction constant for Reaction 2 0.19 A/cm2

Φ̃m Perturbation of electrode potential 10 mV
Γ Maximum surface coverage of intermediate 2× 10−6 mol/cm2

κ Electrolyte conductivity 0.0485 S/cm
C0 Double-layer capacitance 20 µF/cm2

4. Results

Finite-element simulations were used to simulate the impedance of disk
and recessed disk electrodes with reactions coupled by an adsorbed inter-
mediate. The disk geometry produces a radial potential dependence which
influences the impedance response. The recessed electrode was used to an-
alyze the effect of heterogenous reaction rates on the impedance response
without the confounding effect of the disk geometry. Steady-state results are
presented to show the variation of surface properties on the electrodes, and
the impedance results are presented to show the effect of the surface distri-
bution. For the sake of brevity, results are only shown for negative values of
A. Similar frequency dispersion was found for A > 0.

4.1. Disk Electrode

Finite-element simulations were performed to calculate the steady-state
potential distribution throughout the electrolyte adjacent to the disk elec-
trode. The potential-independent parameters used in the simulations are
presented in Table 1 and were chosen to maximize frequency dispersion due
to the disk geometry. Lumped potential-dependent parameters A and B may
be obtained from equations (22) and (23), respectively. The charge-transfer
resistance Rt may be obtained from equations (4), (5), and (11)-(14). The
parameter values presented in Table 1 were selected to conform to the val-
ues presented by Wu et al. [13] and Orazem and Tribollet[20, 21]. These
parameters allow observation of three different types of impedance diagrams
corresponding to 〈A〉 > 0, 〈A〉 = 0, and 〈A〉 < 0 at different values of applied
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Figure 4: Steady-state current density as a function of surface overpotential for a disk
radius r0 = 0.25 cm. Simulation parameters are given in Table 1.

potential. For a temperature of T = 298 K, the values of α corresponding to
bM = 40 V−1 and bX = 10 V−1 are 1.03 and 0.257, respectively.

The surface-averaged current density is shown in Figure 4 as a function
of the surface overpotential. The current approached zero at more negative
potentials. The surface-averaged value of 〈A〉 is presented in Figure 5 as a
function of potential with electrode radius as a parameter. Increases in the
disk radius caused the point at which 〈A〉 = 0 to shift to more anodic poten-
tials. The steady-state potential outside the double layer for a disk electrode
is shown in Figure 6 as a function of radial position. The potential at the
edge of the disk is significantly lower than at the center. The parameters
associated with the interfacial impedance are potential dependent except for
the double-layer capacitance, which was assumed to be independent of po-
tential. Therefore, the interfacial parameters, shown in Figure 7 also vary
along the disk surface. Due to the variation of potential, A decreases with
increasing radial position and B increases. The charge-transfer resistance
also decreases with increasing radial position.

The simulated global impedance Z, scaled by the ohmic resistance Re =
πr0/4κ, is shown in Figure 8 for an applied potential Φm = 0.037 V at which
〈A〉 = −0.288 Ω−1s−1cm−2. Frequency dispersion is evident as a distortion
of both high- and low-frequency loops. The interfacial impedance, shown as
Z0 +Re, has the appearance of a semicircle for the high-frequency loop and a
depressed semicircle for the low-frequency loop. As the interfacial impedance
shows low-frequency time-constant dispersion, this effect must be attributed
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Figure 5: Surface-averaged values for 〈A〉 as a function of surface overpotential with disk
radius as a parameter. Simulation parameters are given in Table 1. The inset shows an
expanded view that emphasizes the change of the sign for 〈A〉.

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 00 . 1 6

0 . 1 8

0 . 2 0

0 . 2 2

0 . 2 4

 / V

r / r 0

Figure 6: Potential of the electrolyte outside the diffuse double layer as a function of radial
position for the simulation presented in Figure 4.
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Figure 7: Steady-state interfacial parameters as a function of dimensionless radial position
for the simulation presented in Figure 4.: a) A; b) B; and c) Rt.
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Figure 8: Simulated impedance response in Nyquist format of a disk electrode for an ap-
plied potential Φm = 0.037 V at which 〈A〉 = −0.288 Ω−1s−1cm−2. The solid line repre-
sents the global impedance response. The dotted line represents the interfacial impedance.

to the faradaic reaction.
The low-frequency dispersion observed for the global impedance includes

as well a contribution of the disk geometry. The imaginary part of the global
ohmic impedance scaled by the ohmic resistance is shown in Figure 9 as a
function of frequency with the radius of the disk as a parameter. The global
impedance is represented by the sum of the ohmic and interfacial impedances.
A nonzero value for the imaginary part of the ohmic impedance reveals the
presence of frequency dispersion. While the magnitude of the imaginary part
of the ohmic impedance increases with decreases in the size of the disk and the
onset for high-frequency dispersion shifts to higher potentials, the frequency
at which low-frequency dispersion appears is comparatively unchanged.

The frequency dispersion associated with the interfacial impedance shown
in Figure 8 is caused by the influence of geometry-induced nonuniform poten-
tial distributions on the adsorption impedance given as equation (24). The
absolute value of the imaginary part of the adsorption impedance, scaled by
the ratio 〈B/A〉, is presented in Figure 10 as a function of the scaled real part
of the adsorption impedance with the radius of the disk as a parameter. The
imaginary part of the impedance is shown in log-scale to reveal the variation
in impedance at low frequencies, shown in the lower-left-hand corner of the
figure. The frequency dispersion of the adsorption impedance increases as
the disk radius increases. Comparison to simulation results for a recessed
electrode shows that the dispersion of the adsorption impedance is caused
by geometry-induced nonuniform potential distributions.
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Figure 9: The imaginary part of the ohmic impedance scaled by the ohmic resistance as
a function of frequency with disk radius as a parameter for an applied potential Φm =
0.037 V at which 〈A〉 = −0.288 Ω−1s−1cm−2.
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Figure 10: The adsorption impedance scaled by the 〈B/A〉 with disk radius as a parameter
for an applied potential Φm = 0.037 V at which 〈A〉 = −0.288 Ω−1s−1cm−2. The dashed
line represents the results for a recessed electrode that eliminates the frequency dispersion
caused by disk geometry.
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Figure 11: The derivative of the logarithm of the imaginary part of the adsorption
impedance with respect to the logarithm of frequency as a function of frequency with
the disk radius as a parameter for an applied potential Φm = 0.037 V at which
〈A〉 = −0.288 Ω−1s−1cm−2.

The derivative of the logarithm of the imaginary part of the adsorption
impedance with respect to the logarithm of frequency is shown as a func-
tion of frequency in Figure 11 with the radius of the disk as a parameter.
Frequency dispersion is shown for values which deviate from unity. There-
fore, as the radius of the disk electrode increases, the amount of frequency
dispersion associated with the interfacial impedance increases. The total
amount of frequency dispersion contained within the global impedance is a
combination of the interfacial dispersion and the dispersion caused by the
ohmic impedance. The ohmic impedance increases as the radius of the disk
decreases and the interfacial dispersion decreases as the radius of the disk
decreases. The overall frequency dispersion is minimized by using small disk
electrodes but unlike the case for a blocking disk electrode, the characteristic
frequency associated with the frequency dispersion is not dependent on the
size of the disk.

4.2. Recessed Electrode

The influence of nonuniform rate constants on impedance response was
explored by use of a recessed electrode with a depth to diameter ratio suffi-
ciently large to ensure a uniform current and potential distribution. The rate
constants associated with the first and second elementary steps are shown in
Figures 12 and 13 as functions of radial position. The rate constants were
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Figure 14: Imaginary part of the ohmic impedance scaled by the ohmic resistance as
a function of frequency with the period of the distribution as a parameter. Simulation
parameters are given in Table 1 with the exception that rate constants were distributed
according to Figures 12 and 13.

varied around a mean value following a square-wave distribution. The square
wave form was calculated using a Fourier series with a specified period and
amplitude.

A series of calculations were performed to demonstrate that the frequency
dispersion associated with the adsorption impedance was not influenced by
electrode geometry. The imaginary part of the ohmic impedance scaled by
the ohmic resistance is shown in Figure 14 with the period of the hetero-
geneity as a parameter. The ohmic impedance increased as the period of the
distribution increased, but the characteristic frequency associated with the
dispersion was unchanged. The derivative of the logarithm of the imaginary
part of the adsorption impedance with respect to the the logarithm of fre-
quency is shown in Figure 15 as a function of frequency with the period of the
distribution as a parameter. The characteristic frequency associated with the
interfacial frequency dispersion did not change with changes in the period of
the distribution, and the amount of frequency dispersion increased slightly
with decreases in the period of the distribution. Therefore, the frequency at
which the dispersion occurs is independent of the period of the rate constant
distribution.

To explore the dependence of characteristic frequency on the interfa-
cial parameters, simulations were performed at different potentials, thereby,
changing the values of the rate constants. The simulated impedance, scaled
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Figure 15: The derivative of the logarithm of the imaginary part of the adsorption
impedance with respect to the logarithm of frequency as a function of frequency with
the period as a parameter. Simulation parameters are given in Table 1 with the exception
that rate constants were distributed according to Figures 12 and 13.

by the surface-averaged charge-transfer resistance, is shown in Figure 16 with
steady-state electrode potential as a parameter. Most of the frequency dis-
persion was confined to the low-frequency capacitive loop. At Φm = 0.1V, an
inductive feature is observed that is associated with the variation of A along
the surface between positive and negative values. As the potential increased,
the frequency dispersion became more significant and the low-frequency loop
broadened, reflecting the presence of two distinct time constants. There is
minimal frequency dispersion associated with the high-frequency time con-
stant.

The phase angle based on the imaginary part of the impedance [22],

ϕdZj =
dlog(Zj)

dlog(f)
× 90◦. (30)

is presented in Figure 17 as a function of frequency with Φm as a parameter.
As the potential is shifted in the anodic direction, the frequency dispersion
occurs at higher frequencies and the magnitude of the dispersion increases.
The same quantity, presented in Figure 18 as a function of the dimensionless
frequency,

K =
ω

〈B〉+ 〈ARt〉
(31)
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Figure 16: The simulated impedance in Nyquist format scaled by the charge-transfer re-
sistance 〈Rt〉 with steady-state electrode potential as a parameter. Simulation parameters
are given in Table 1 with the exception that rate constants were distributed according to
Figures 12 and 13.
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Figure 17: The imaginary-impedance-derived phase angle as a function of frequency with
steady-state electrode potential as a parameter. Simulation parameters are given in Table
1 with the exception that rate constants were distributed according to Figures 12 and 13.
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Figure 18: The imaginary-impedance-derived phase angle as a function of dimensionless
frequency with steady-state electrode potential as a parameter. Simulation parameters
are given in Table 1 with the exception that rate constants were distributed according to
Figures 12 and 13.

shows that the low-frequency dispersion occurs at a common value of K as
defined by equation (31).

5. Discussion

The frequency dispersion observed in the present work arises from the
influence of Laplaces equation for potential on the electrochemical reac-
tions coupled by an adsorbed intermediate. For the disk electrode with
uniform rate constants, the calculated impedance response for the system
shows the influence of geometry-induced current and potential distributions
at both high and low frequencies. The resulting frequency dispersion may
be described as being caused by the complex frequency-dependent ohmic
impedance associated with the disk geometry. No frequency dispersion was
seen for a recessed electrode with uniform rate constants because the recessed-
electrode geometry yields uniform current and potential distributions. For
the recessed electrode with distributed rate constants, the solution of Laplaces
equation reveals a local variation of current and potential, resulting in fre-
quency dispersion at low frequency.

Surface rate-constant distributions did not induce frequency dispersion for
systems with a single-step reaction.[12] Frequency dispersion was observed
at low frequencies for distributions of rate constants for reactions coupled by
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Figure 19: Estimated parameters for the faradaic impedance given as equation (21) ob-
tained by regression of a measurement model to the calculated impedance as a function of
steady-state electrode potential. Values are scaled by the corresponding surface-averaged
parameters.

an adsorbed intermediate. This dispersion is attributed to the properties of
the adsorption impedance given as equation (24).

An analytic study was performed to explore the extent to which frequency
dispersion caused by surface distributions of rate constants influences the
ability to extract physical properties for systems with adsorbed intermedi-
ates. Characteristic frequencies and the high- and low-frequency limits were
determined by use of a measurement model[23, 24] in which a series of Voigt
elements was used to fit the calculated impedance. The characteristic fre-
quency of the high-frequency time constant was used to calculate Rt,est. The
adsorption parameters Aest and Best were calculated from the low-frequency
limit of the impedance and the characteristic frequency of the low-frequency
loop.

The resulting estimated parameters, scaled by the respective surface-
averaged value, are presented in Figure 19 as a function of steady-state
potential. The regressed charge-transfer resistance provided a good esti-
mate for the surface-averaged value for all of the potentials simulated. At
low potentials, the value of Aest extracted from the simulations agreed with
the surface-averaged value; however, at larger potentials, Aest was almost 20
percent smaller than the surface-averaged value. The value of Best from the
simulated impedance could not be reliably determined from the impedance.
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The error in estimation of B was on the order of 20–80 percent from the
surface-averaged value. Therefore, for the most reliable interpretation, the
charge-transfer resistance may be determined from the high-frequency time
constant. However, the adsorption impedance parameters A and B should be
estimated with caution from the low frequency time constant. It is advanta-
geous to study systems which comprise adsorbed intermediates with smaller
overpotentials as the parameters Rt and A may be estimated reliably.

6. Conclusions

On a recessed disk electrode, a distribution of rate constants for reactions
coupled by an adsorbed intermediate can give rise to frequency dispersion at
both high and low frequencies. For a disk geometry, the geometry-induced
nonuniform current and potential distributions make an additional contribu-
tion to the complex ohmic impedance. Such frequency dispersions may take
the form of a CPE given the right distribution of rate constants, but this
CPE behavior would appear over relatively narrow frequency ranges. Thus,
a surface distribution of reactions coupled by adsorbed intermediates may
provide an explanation for low-frequency CPE behavior, but this will not
provide an explanation for the apparent utility of the Brug formula[8] over a
broad frequency range.

Simulations of the impedance of a disk electrode with reactions coupled
by an adsorbed intermediate showed that frequency dispersion occurs, not
only because of an ohmic impedance caused by the disk geometry, but also
because of the potential dependence of the faradaic impedance. Unlike the
frequency dispersion associated with a blocking disk electrode, the character-
istic frequency of the low-frequency dispersion is independent of the radius
of the disk. Nevertheless, use of small disk electrodes will increase the fre-
quency at which high-frequency dispersion is seen and will reduce the amount
of low-frequency dispersion.

Simulations performed on recessed electrodes with a periodic square-wave
distribution of rate constants showed that the characteristic frequency of the
dispersion is dependent on the parameters of the faradaic impedance. In
general, the frequency dispersion associated with a distribution of rate con-
stants for reactions coupled by an adsorbed intermediate becomes significant
at potentials away from the equilibrium potential. Precaution must be taken
in extracting relevant parameters from impedance measurements taken at
large overpotentials.
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[6] M. Musiani, M. E. Orazem, N. Pébère, B. Tribollet, V. Vivier, Determi-
nation of resistivity profiles in anti-corrosion coatings from constant-
phase-element parameters, Progress in Organic Coatings 77 (2014)
2076–2083.

[7] A. S. Nguyen, M. Musiani, M. E. Orazem, N. Pébère, B. Tribollet,
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