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The application of Electrochemical Impedance Spectroscopy to the study of surface electrode
processes is reviewed. The impedance expressions and the physical meaning of the parame-
ters included in them are shown for three surface processes: adsorption kinetics, diffusion
towards partially blocked electrodes and surface confined redox reactions. The models are
applied to selected examples, showing the capability of Electrochemical Impedance Spectros-
copy to obtain fundamental kinetic information of these processes. A review with 83 refer-
ences.
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1. INTRODUCTION

Surface reactions occurring at electrodes are receiving great attention by sci-
entist of different fields: material science, corrosion, energy storage and
conversion, electrocatalysis, sensors or bioelectrochemistry among others,
either because of the inherent interest of the surface electrode process or
because the electrode surface constitutes a suitable model for the system of
interest.

Electrochemical dc techniques have been more widely applied, as com-
pared to ac current techniques, to this kind of studies. They permit to get a
rapid set of data that can be used to build a rough picture of the process
and to determine some thermodynamic and kinetic parameters and/or
structural information.

However, the information provided by electrochemical dc measurements
is limited by different factors. The data obtained in a classical electrochemi-

Collect. Czech. Chem. Commun. 2011, Vol. 76, No. 12, pp. 1825–1854

Electrochemical Impedance Spectroscopy of Surface Processes 1825

© 2011 Institute of Organic Chemistry and Biochemistry
doi:10.1135/cccc2011118



cal experiment may include contributions from several phenomena: double
layer charge, mass transport, adsorption, electrode processes including elec-
tron transfers, heterogeneous and homogeneous chemical reactions. In the
study of one specific phenomena, the time window accessible will be lim-
ited by the rate of the other phenomena contributing to the overall signal.
For instance, in electrode kinetic studies, the higher rate constant values that
can be measured use to be limited by the rate of mass transport. Electro-
chemical dc methods that decrease the characteristic time of mass transport
(fast voltammetry, chronomethods, ultramicroelectrodes, forced convec-
tion, etc.) permit to extend the upper limit of measurable rate constants
values. For extreme rate of mass transport the limitations would be imposed
by the double layer phenomena.

Electrochemical Impedance Spectroscopy (EIS) has the capability to
separate the different contributions to the electrochemical response of the
interface thus constituting a powerful method to overcome some of the
limitations indicated above in the study of electrode kinetics. Experi-
mentally, a small amplitude ac signal is superimposed to the dc potential
perturbation applied to the electrochemical cell, and the ac current re-
sponse is related to the ac potential perturbation. The analysis of the im-
pedance data as a function of the ac frequency, according to a suitable
model, can provide quantitative parameters of the electrode process. The
behaviour of these parameters with the dc potential can be used to reach a
deeper characterization of the electrode processes1–3. In this way the Elec-
trochemical Impedance Spectroscopy has been applied to the kinetic and
mechanistic study of electrode reactions of organic compounds. Sequential
and parallel multistep mechanisms with homogeneous or heterogeneous
chemical steps, stable intermediates, weak adsorption of reactant and or
product, etc, have been addressed4–11.

The frequency spectrum performed at a single potential is often employed
to characterize complex electrode surface situations: corrosion, self-assem-
bled monolayers, etc. The results obtained are analyzed according to equiv-
alent circuits, sometimes without a clear correlation with the physical
meaning of the system. The information obtained from this kind of proce-
dure cannot be straightforward related to a quantitative physical model.

However, the electrochemical impedance spectra obtained as a function
of the dc potential, and their analysis both with the frequency and with the
potential, according to the equations deduced for a proposed model can
provide a direct evidence of the suitability of the model, and quantitative
information can be obtained. In the literature there are excellent contribu-
tions about the application of EIS to kinetic and mechanistic studies of elec-
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trode processes4–11. However less attention has been paid to the study of
surface processes by impedance methods.

In this paper, the application of EIS to three specific surface processes is
shown: adsorption kinetics of organic molecules on single crystal elec-
trodes, faradaic reactions at partially blocked electrodes and surface con-
fined electrode reactions. The impedance equations corresponding to these
surface processes are explained and applied to one model-system of each
kind of surface process: the kinetics of adenine adsorption on Au(111) elec-
trodes, Tl(I) reduction on gramicidin modified phospholipids coated mer-
cury electrodes and, finally, the reduction of azobenzene on mercury
electrodes.

2. KINETICS OF THE ADSORPTION OF ORGANIC COMPOUNDS
ON SINGLE CRYSTAL ELECTRODES

Electrochemical studies of the adsorption of organic compounds on metal
electrodes usually consider the electrified interface as a series RC equivalent
circuit. However, many experimental situations do not exhibit the expected
behaviour for the series RC circuit, showing capacity dispersion with fre-
quency. That dispersion has been ascribed either to geometric effects of the
electrode roughness, or to the heterogeneity of the electrode surface or to
interfacial phenomena such as interphase reorganization, dielectric relax-
ation of solvent or slow adsorption processes12,13.

In the case of single crystal electrodes the surface exposed to the solution
is smooth and, therefore, the dispersion of the capacity with frequency can-
not be a consequence of geometric effects of the roughness. Moreover, devi-
ations from the expected behavior for an RC circuit are more evident in the
case of specific adsorption of organic molecules or anions present in the
solution14–16. These deviations have been explained as a consequence of
the kinetics limitations of the adsorption process.

The first kinetic model was developed by Frumkin and Melik–Gaikazyan17

for the adsorption of alcohols on mercury electrodes. This model considers
two limiting cases, corresponding to pure kinetic control by the transport
step or by the adsorption step. In addition, the model assumes a Butler–
Volmer type potential dependence of the rate constant of the adsorption
step and a Langmuir relationship for the adsorbate concentration.

The model has been applied to the adsorption of camphor on mercury
electrodes by Retter and Jehring18, and to the adsorption of organic com-
pounds on bismuth single crystals19 by Berzins and Delahay, who have ex-
tended the model to include possible mixed kinetic control either by mass
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transport and adsorption steps. Recently, the original model has been mod-
ified eliminating the “a priori” assumption about the rate equation of the
adsorption step, which in the original model was a Langmuir equation, and
applied to the adsorption of anions on gold single crystal electrodes20–23.

2.1. The Adsorption Impedance

In the presence of specific adsorption the charge density on the electrode
surface (σM) can be considered a function of the dc potential (E) and of the
surface excess (Γ). Therefore, the variation of the charge density with time
can be expressed as:

d
dt
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Where the current density (j) includes two contributions. The first one is a
capacitative component, caused by the double layer charge process includ-
ing the adsorbate molecules:
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The second contribution depends on the adsorption rate:
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The net rate of adsorption, v, can be defined:

v
d
dt

k f c k fad ad x d d= = −=
Γ Γ Γ( ) ( )0 . (4)

Where kad and kd are the rate constants of adsorption and desorption steps,
respectively, and fad(Γ) and fd(Γ) are respectively decreasing and increasing
monotonic functions of the surface excess, Γ, related to the adsorption iso-
therm. The values of the functions fad(Γ) and fd(Γ) tend to 1 and 0, respec-
tively when the surface excess tends to 0. On the other side, when the
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surface excess approximates to its maximum value (Γm) fad(Γ) and fd(Γ) tend
to 0 and 1, respectively.

The instant adsorption rate, is a function of the concentration of adsor-
bate at the electrode neighborhood, of the surface excess and of the poten-
tial applied. Under a small amplitude perturbation the response can be
considered linear. Changing to the Laplace space and including the second
Fick’s law for linear diffusion, the solution of the mass transport problem
can be straightforward obtained for semi-infinite diffusion boundary condi-
tions. Then, the expression for the adsorption impedance can be ob-
tained23,24:

Z R
i C iad ad

ad

ad

= + +
σ
ω ω( ) /1 2

1
. (5)

Where i is the complex unit (–1)1/2 and ω is the angular frequency.
Equation (5) includes three different terms whose frequency dependence

corresponds respectively to a resistance, to a Warburg element and to a ca-
pacitance. The coefficients included in these terms can be named adsorp-
tion resistance (Rad), adsorption Warburg coefficient (σad) and adsorption
capacitance (Cad). Their definitions are given in Eqs (6) to (8):
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The impedance of the cell includes also the ohmic resistance, RS, and a
double layer capacity, Cd, defined as:
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Therefore, the impedance of the electrochemical cell can be expressed:
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Equation (10) shows the same frequency dependence of the impedance as
that of the electrical circuit in Scheme 1.

From the definitions of the parameters Rad and σad, Eqs (6) and (7), and
taking into account Eqs (3) and (4), the ratio σad/Rad can be related to the
apparent rate constant of the adsorption process:

D
R

k fad

ad
ad ad

σ
= ( )Γ (11)

On the other hand, Eqs (6) and (7) can be transformed in order to obtain
a more explicit meaning of the parameters Rad and σad. Assuming that
under an infinitesimal perturbation of the adsorption equilibrium the re-
sponse (jad) will be proportional to the magnitude of the adsorption driving
force:

jad ∝ (µs – µad) . (12)

Where µs and µad are the chemical potentials of the adsorbate in solution
and in adsorbed state, respectively. Considering that µad is only a function
of the surface excess, Γ, and the dc potential, E, and:
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SCHEME 1
Equivalent circuit representing the electrochemical cell with an adsorption impedance accord-
ing to Eq. (5). With permission from Electrochim. Acta 2010, 55, 3301
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Equation (7) can be transformed in:
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Where γ is the electrosorption valency.
These expressions show that Rad depends on the apparent rate constant of

the adsorption process while σad values are affected by the diffusion coeffi-
cient.

From Eqs (6)–(8) the relaxation times of diffusion, τD, and adsorption, τH,
are obtained:
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The frequency analysis of the impedance spectra according to Eq. (5) pro-
vides the values of Rad, σad and Cad at every dc potential. These values
permit to obtain the kinetic parameters of the model and their potential
dependence.

2.2. Example 1: The Adsorption of Adenine on Au(111)

The adsorption of adenine on Au(111) and (100) from NaF solutions was
characterized by Rueda et al.25 by means of cyclic voltammetry, single fre-
quency capacitance and chronoamperometric measurements in 0.5 M NaF
solutions.

In the capacitance–potential plots adenine adsorption shows up as a ca-
pacitance peak at the more negative potentials and a flat low capacitance
region at more positive potentials (Fig. 1).
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The kinetics of the adsorption process was studied by impedance spec-
troscopy measurements at several dc potentials along the capacitance peak
and the results were analyzed according to the model described in the pre-
vious section26.

The complex plane impedance plots obtained in the presence of adenine
show clear deviations from the RC type behaviour. These deviations cannot
be caused by surface roughness because the Nyquist plots obtained in the
absence of adenine correspond to a pure capacitative behaviour. Therefore,
the influence of the adenine adsorption kinetics can be inferred from these
plots.

More straightforward characterisation can be observed in the admittance
plots. The frequency dependence of the real and imaginary components of
the electrode admittance, Yel′ and Yel′′, can be represented by the plots
Yel′/ω vs Yel. The plots are arc-shaped intercepting the Yel′′/ω axis at the
Cdl,Γ and Cdl,Γ + Cad values at low and at high frequencies, respectively. In
the limiting case of pure adsorption kinetic control, the resulting arcs are
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FIG. 1
C vs E plots obtained (a) at the indicated ac frequencies in 1 mM adenine solutions in NaF 0.5
M and (b) at 21.9 Hz for 0.5 NaF solutions containing adenine 0.1 mM (�), 0.5 mM (�), 1 mM

(�) and 5 mM (�). With permission from Electrochim. Acta 2010, 55, 3301
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perfect semicircles while in the limiting case of pure diffusion control de-
pressed arcs appear. If both steps contribute to the kinetic control, skewed
intermediate arcs are obtained23,24. Most of the arcs obtained for adenine
adsorption on Au(111) are representative of mixed kinetic control at poten-
tials close to the adsorption-desorption capacitance peak. At more positive
potentials the adsorption is so fast that no deviations from the RC behav-
iour are observed.

The electrode admittance components, Yel′ and Yel, for the system can be
theoretically deduced from Eq. (10) after splitting the cell impedance into
its components and proper recombination26. The frequency analysis of the
experimental Yel′ and Yel′′ values according to the theoretical expressions
provides the values of Rad, σad, Cad and Cd at every dc potential.

Cad vs E and Cd vs E plots are shown in Fig. 2. Cd is approximately coinci-
dent to the double layer capacitance measured in the absence of adenine at
potentials more negative that the pseudocapacitance peak in Fig. 1. At more
positive potentials Cd becomes lower than the supporting electrolyte capac-
itance. Cad vs E plots exhibit a peak that shifts towards more negative po-
tentials with increasing adenine concentration.

Plots of the parameters Rad and σad vs E are shown in Figs 3a and 3b, re-
spectively. Rad values are at least two orders of magnitude lower than σad.
This fact, under the range of frequencies used, involves that the second ad-
dend in Eq. (5) including the Warburg coefficient has a more important

Collect. Czech. Chem. Commun. 2011, Vol. 76, No. 12, pp. 1825–1854

Electrochemical Impedance Spectroscopy of Surface Processes 1833

FIG. 2
Cd vs E (filled symbols) and Cad vs E (hollow symbols) obtained from the analysis with the fre-
quency for 0.5 NaF solutions containing adenine. Symbols as in Fig. 1. The line corresponds to
the pseudo capacitance data obtained in the absence of adenine at 21.9 Hz. With permission
from Electrochim. Acta 2010, 55, 3301
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contribution to the adsorption impedance, than the adsorption resistance.
Rad vs E plots are higher as adenine concentration decreases and tend to be
coincident for different adenine concentrations at the more negative poten-
tials.

From the Cad, Rad and σad values at every dc potential and adenine con-
centration the relaxation times of adsorption and diffusion can be obtained
using Eqs (15a) and (15b). The τD values range from 0.3 to 30 ms, depend-
ing on adenine concentration and potential. However, the adsorption re-
laxation time is about 10 times shorter than the diffusion relaxation time.
Therefore, mixed kinetics with lower contribution of the adsorption step
can be inferred. From the combination of Rad and σad values according to
Eq. (11) the specific rate of adsorption, kadfad(Γ), was obtained at every po-
tential. In Fig. 4a the rate constant values are plotted against the potential
for the case of adenine adsorption from 5 × 10–4 mol l–1 solutions. It can be
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FIG. 3
Rad vs E (a) and σad vs E (b) plots obtained from the analysis with the frequency for 0.5 M NaF
solutions containing adenine. Symbols as in Fig. 1. With permission from Electrochim. Acta
2010, 55, 3301
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observed that kadfad(Γ) decreases if the potential increases. This behaviour
can be explained taking into account that the surface excess increases with
the potential and that fad(Γ) is a monotonically decreasing function of Γ.
The net potential behaviour of kadfad(Γ) is the balance between the expected
increasing Butler–Volmer behaviour of kad and the decreasing behaviour of
fad(Γ).

In order to obtain the explicit expression for fad(Γ) it is necessary to as-
sume an adsorption isotherm. In the thermodynamic study of the adsorp-
tion of adenine on Au(111)25 the experimental data were explained
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FIG. 4
(a) Adsorption specific rate vs potential obtained using Eq. (11) and the values of Rad and σad
from the analysis with the frequency for 1 mM adenine in aqueous 0.5 M NaF. (b) Natural loga-
rithm of the adsorption rate constant (kad) calculated from adsorption specific rate and the val-
ues of fad(Γ) calculated conforming to a Frumkin isotherm with the data in ref.15 and
considering (g≠/g) = 1 (�), 0.75 (�) and 0.5 (�). The solid lines are the linear regressions to the
data with (g≠/g) = 1 and (g≠/g) = 0.75. With permission from Electrochim. Acta 2010, 55, 3301
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according to a Frumkin isotherm with negative values for the interaction
parameter (g), suggesting unstable adsorbate–adsorbate interactions as com-
pared to adsorbate–solvent interactions. Szulborska and Baranski27 sug-
gested that these situations involves that either the adsorption and the
desorption steps have an energy barrier that includes the energy of the lat-
eral interaction between the “activated complex” and the adsorbate mole-
cule in its ground state. The dependence of kadfad(Γ) with the potential has
been explained25 assuming an interaction parameter for the “activated
complex” (g≠) similar to the interaction parameter for the adsorbate mole-
cule in its ground state. Then the behaviour obtained for the adsorption
rate constant with the potential is consistent with the expected Butler–
Volmer behaviour, as can be observed in Fig. 4b.

3. DIFFUSION TOWARDS PARTIALLY BLOCKED ELECTRODES

Coverage of the electrode surface by organic films may block ionic and elec-
tronic transfers between the solution and the electrode. Defects into this in-
sulating film may act as active pinholes surrounded by inactive areas.
Depending on the size of the active pinholes and the distance between
them, each individual pinhole behaves as an individual ultramicroelectrode
with its own diffusion profile that could contain radial contributions.
Examples of non-linear diffusion effects can be found in the electrodes cov-
ered by electroactive or electroinactive polymer films, or in the ionic trans-
port trough biological membranes.

3.1. Electrochemical Impedance of Partially Blocked Electrodes

Vetter28 deduced the impedance equations for these systems and they were
applied by Retter et al.29 to the reduction of Tl(I) ions on mercury elec-
trodes covered by some organic films. Matsuda and coworkers30 considered
the nonlinear contributions to the diffusion towards macroscopic inhomo-
geneities and deduced the equations for the impedance of a redox process.
Amatore et al.31 developed a model for an electrode surface including
′active′ disks dispersed on an insulating film and deduced the correspond-
ing voltammetric equations for the case of very low active sites coverage.
The model extended to more general non linear diffusion systems has re-
ceived great attention and it has been applied to several experimental sys-
tems32–35.

The faradaic impedance equations for Amatore’s model31 were first ob-
tained by Finklea et al.36. The expressions for real and imaginary compo-
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nents of the faradaic impedance (ZF′ and ZF′′, respectively) as a function of
the angular frequency (ω) are:
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+ +
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Where (1 – θ) is the coverage of active sites, σ and Rct have their usual
meanings, and q is a parameter depending on the size of the active centres.
The model represents either the active sites or the inactive domains
surroundings as discs of radio Ra and R0 respectively. q is then given by
Eq. (17a) and the coverage of the blocking layer, θ, is obtained from Ra and
R0 as is shown in Eq. (17b).

q
D
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=
0 36 2.

(17a)

1
2

0
2

− =θ
R

R
a (17b)

The diffusion coefficient (D) has been considered to be the same for the
oxidised and the reduced forms of the redox couple.

From the frequency dependence of ZF′ and ZF′′ in Eq. (16), two pseudo-
Randless limiting cases can be inferred, at low and at high frequencies.
These limiting cases can be easily detected by means of the plots of ZF′ or
ZF′′ vs ω–1/2, which exhibit two characteristic linear sections corresponding
to the pseudo-Randles limiting cases. The high frequency limit (ω >> q) cor-
responds to nearly isolated diffusion profiles, while the low frequency limit
(ω << q) corresponds to overlapping diffusion profiles for all the active
centres.

In general, a pseudo-Randles case involves the same frequency depend-
ence than a “true” Randles behaviour, but with different meanings for
Rct and σ than those for a simple electron transfer11. For the limiting cases
described above, the meanings of Rct and σ are36:
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High frequency limit (ω >> q)
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Low frequency limit (ω << q)
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The slopes of ZF′ or ZF′′ vs ω–1/2 correspond to (σ)app and, therefore, have
to be the same for the two impedance components at each limiting case.
Taking into account Eqs (18b) and (19b), the ratio between the slopes at the
high and the low frequency limits allows the evaluation of the coverage,
Eq. (20a). The frequency of the intersection of the two limiting pseudo-
Randles cases can be used to calculate the radio of the active pinholes,
Eq. (20b).

slope high frequency
slope low frequency

= −
−

2
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(20a)
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Ra2 072 2.

. (20b)

3.2. Example: Gramicidin Modified Phospholipid Coated Mercury Electrodes

Phospholipid coated mercury electrodes were first introduced by Miller37

and later extensively developed by Nelson et al.38–48. These electrodes were
used as model systems to study ion and electron transfers in biological
membranes by electrochemical methods. It consists of a monolayer of
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phospholipid molecules oriented with the polar heads towards the solu-
tion.

In the case of dioleoylphosphatidylcholine (DOPC) the monolayer is
impermeable to inorganic anions on a wide potential range, at least from
–0.2 to –0.6 V vs SCE, characterized by a low and potential independent
capacitance value. However, at more negative potentials, around –0.9 V vs
SCE, the phospholipid molecules modify their orientation, forming defects
that permit the permeation of inorganic species from solution. Moreover,
in the presence of gramicidin, a forming channels peptide49–51, the trans-
port of monovalent cations across the monolayer can be studied.

The reduction of Tl(I) ions on bare mercury takes place at potentials at
which the DOPC monolayer is impermeable to the cations, so the signal
obtained with gramicidin-modified DOPC coated mercury electrodes is due
to the reduction of Tl+ through the gramicidin channels. This reduction has
been extensively studied by several electrochemical methods41–48,52–55, but
the results cannot be described by a single electron transfer with linear dif-
fusion, as applies for the Tl(I) reduction on bare mercury56,57. Different
mechanistic schemes including homogeneous and heterogeneous chemical
steps have been proposed41,42,46,48,52,54,55 to explain the results obtained al-
though the physical meaning of the chemical steps is not clear. On the
other hand, the mass transport equations describing the system with ho-
mogeneous chemical steps coupled to the electron transfer are formally
similar to the equation describing the diffusion to partially blocked elec-
trodes30,31,36, so it can be envisaged that the gramicidin structures on the
phospholipid monolayer can behave as active pinholes embedded in a
blocked phospholipid film. This possibility was initially considered as negli-
gible46–48,52,55 because the small size of gramicidin channels in biological
membranes (cross section around 2 square nanometers51). However, the
structure of gramicidin in supported lipid films is not clear yet, and the pos-
sibility of gramicidin aggregates of higher dimensions acting as active cen-
ters cannot be discarded. Recently, the impedance method has been applied
to the system in order to decide if it can be described according to the
model of partially blocked electrodes58.

The analysis of the impedance data with the frequency at potentials
along the reduction wave was done according to Eq. (16). As shown in
Fig. 5, the plots ZF′ or ZF′′ vs ω–1/2 are characteristic for an electron transfer
on partially blocked electrodes, according to Eq. (16). A suitable analysis of
the experimental data can provide the four characteristic parameters: Rct, σ,
(1 – θ) and q. The analysis procedure used in ref.58 consist in obtaining a
first estimation of σ and θ from the slopes at low and high frequency limits,
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and with these values, a first estimation of Rct from the electrode admit-
tance, Yel′, at high frequencies according to the expression for the high fre-
quency limit:

′ =
′ +

′ + +
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p
el

app

app
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ω
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ω

ω

1 2 1 2

1 2 2

1

1 1
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(21)

with (σ)app defined in Eq. (18b) and

( )′ = ′
−

p
p

app 2 θ
(22)

being p′ the irreversibility quotient defined as p′ = Rct/σ.
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FIG. 5
ZF′ vs ω–1/2 (a) and ZF” vs ω–1/2 (b) plots obtained with the gramicidin-modified DOPC coated
mercury electrode in the supporting electrolyte solution containing 10–4 M Tl+ at –0.440 V. The
dotted lines correspond to the linear regressions over the values at the high frequency and at
low frequency limits. The solid line corresponds to the curve generated with the parameters
obtained from the fitting procedure: σ = 2200 Ω cm2 s–1/2, Rct = 27 Ω cm2, (1 – θ) = 0.08, q =
3500 s–1. With permission from J. Electroanal. Chem. 2010, 649, 42
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Then, the estimated values of Rct, σ, θ and q are used as initial parameters
in a fitting procedure on the real components of the faradaic impedance
and of the electrode admittance at every dc potential within the faradaic re-
gion. The quality of the fitting can be observed in Figs 5 and 6.

The values of (1 – θ) obtained from this analysis are in the range of
0.06–0.1 at potentials around the centre of the faradaic signal. Ra values are
0.9–1 micrometers. Therefore, using these values and Eq. (17b), R0 values
around 3–5 micrometers can be calculated. These results are consistent with
the model assumptions about low active sites coverage but evidently, they
do not agree with a model consisting in a random distribution of single
gramicidin channels along the film. For instance, the area of a single
gramicidin channel is ca. 2 nm2, quite different from the calculated area for
an active centre, 3 µm2. However, STM studies of gramicidin inserted in
phospholipid films59 provide a model of gramicidin molecules surrounded
by at least one layer of bound phospholipid forming units that are not ho-
mogeneously distributed on the film, but accumulated on areas all along
the surface. Those areas may act as active sites for the Tl(I) reduction, ex-
plaining the values of the geometric parameters obtained from the imped-
ance analysis. It is expected that all the aggregates will not have the same
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FIG. 6
ω1/2/Yel′ vs ω1/2 plot obtained with the gramicidin-modified DOPC coated mercury electrode in
the supporting electrolyte solution containing 10–4 M Tl+ at E = –0.440 V. The dotted lines cor-
respond to the linear regressions over the values at the high frequency and at low frequency
limits. The solid line corresponds to the curve generated with the parameters obtained from
the fitting procedure: σ = 2200 Ω cm2 s–1/2, Rct = 27 Ω cm2, (1 – θ) = 0.08, q = 3500 s–1. With
permission from J. Electroanal. Chem. 2010, 649, 42
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area, but a distribution of active sites areas , as was done by Compton and
co-workers for the voltammetric analysis32–34 has not yet be considered in
the impedance equations.

In addition to the geometric information contained in the parameters θ
and q, the analysis with the frequency provides the parameters of the
faradaic reaction, σ, Rct and p′, which include in their definitions kinetic
information about the electron transfer. Thus, the σ vs E plot, shown in
Fig. 7, conforms well the curve corresponding to a dc reversible electron
transfer with the parameters for Tl(I) reduction (D = 1.85 × 10–5 cm2 s–1,
E0 = –0.455 V vs SCE56,57).

Moreover, the irreversibility coefficient, p′, provides the forward rate
constant of the electron transfer at every dc potential, according to the
Eq. (23):

k
D

pf =
′ +
2
1

1 2 1 2/ /

( exp )ϕ
(23)

with ϕ being the dimensionless potential ϕ = (nF/RT)(E – E0).
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FIG. 7
The Warburg coefficient (σ) as a function of potential obtained from the analysis with the fre-
quency of the impedance data on a gramicidin-modified DOPC coated mercury electrode in
the supporting electrolyte solution containing 10–4 M Tl+. The solid line represents the
theoretical values generated for a dc-reversible one-electron transfer and Dox = 1.85 × 10–5 cm2 s–1,
Eo = –0.455 V. With permission from J. Electroanal. Chem. 2010, 649, 42
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The ln kf vs ϕ plot shown in Fig. 8 can be considered linear. From the
slope and the intercept the charge transfer coefficient, α, and the standard
rate constant, ks, for the reduction have been obtained. The values are 0.62
and 0.09 cm s–1, respectively. The value for α is not far from the generally
adopted value for an elemental electron transfer, however the ks value is
much lower than 1.2 cm s–1, value of ks obtained with uncoated mercury
electrodes56,57. This can indicate some contribution of the translocation of
the ion through the interior of the gramicidin channel to the rate of the
process55.

4. A SURFACE CONFINED REDOX REACTION

In a surface confined redox reaction the diffusional mass transport is negli-
gible because both the reactant and the product are strongly adsorbed60–63.
These reactions are frequently present in studies of redox sites embedded in
self assembled monolayers64–66, and have received great attention because
of their application in sensing technologies.

Laviron developed the equations corresponding to this kind of reaction
for voltammetry67, ac polarography and faradaic impedance techniques68,
assuming a Langmuir isotherm69 or a Frumkin isotherm70. O’Dea and
Osteryoung71, and Mirčeski72 applied the square wave voltammetry to this
kind of reactions while Molina and González73–75 applied multi-step
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FIG. 8
ln kf vs ϕ curve for the Tl+ reduction on a gramicidin-modified DOPC coated mercury electrode
in the supporting electrolyte solution containing 10–4 M Tl+. The solid line corresponds to the
linear regression over the data. With permission from J. Electroanal. Chem. 2010, 649, 42
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potentiostatic techniques, and Wang et al.76 used Fourier transformed
square-wave voltammetry. The application of these methods under particu-
lar experimental conditions can provide values for the standard rate con-
stant and the charge transfer coefficient of the redox process. Recently,
Rueda et al.77 have extended the application of impedance spectroscopy to
surface confined redox reaction, including both the influence of the fre-
quency and of the dc potential.

4.1. Impedance of a Surface Confined Redox Reaction

The current density corresponding to a surface faradaic reaction without
mass transport effects and in the absence of interactions between adsorbed
species can be exclusively expressed in terms of the surface concentrations
of oxidized and reduced species78:

j nF k kF f Ox b= − −( ), ,Γ ΓΓ ΓRed . (24)

The forwards and backwards first order rate constants of the surface reac-
tion, kf,Γ and kb,Γ, are expected to behave with the potential according to
the Butler–Volmer equation:

k k ef j,Γ = −αϕ (25a)

k k eb j,
( )

Γ = −1 α ϕ (25b)

kf,Γ and kb,Γ are coincident at the equilibrium potential, Ej, that depends on
the standard potential and on the adsorption equilibrium of reactant and
products. The coincident value of kf,Γ and kb,Γ at Ej, kj, can be considered a
pseudo-standard rate constant of the surface reaction. The dimensionless
potential, ϕ, is then referred to Ej:

ϕ = −nF
RT

E E j( ) . (26)

The definition of the faradaic current density given in Eq. (24) permits to
obtain the frequency dependence of the faradaic impedance68–70:

Z R
i CF ct

a

= + 1
ω

. (27)
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Rct and Ca are the charge transfer resistance and the adsorption capaci-
tance, which include kinetic information in their definitions.
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The electrochemical cell impedance includes the faradaic contribution in
parallel to the double layer impedance characterized by a high frequency
capacitance, CHF, and the ohmic resistance of the electrolyte, RS. Then, the
frequency dependence of the electrochemical impedance of the cell be-
comes:

Z R
C i

R
C i
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HF

ct
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= +
+

+

1
1

1
ω

ω

(30)

with CHF defined as:

C
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i

=








∂σ
∂ Γ

. (31)

Therefore, the electrochemical cell can be represented by the equivalent
circuit in Scheme 2.

Collect. Czech. Chem. Commun. 2011, Vol. 76, No. 12, pp. 1825–1854

Electrochemical Impedance Spectroscopy of Surface Processes 1845

SCHEME 2
Equivalent circuit representing the electrochemical cell during a surface confined reaction.
With permission from Electrochim. Acta, in press, doi:10.1016/j.electacta.2010.12.061
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4.2. Example: The Reduction of Azobenzene on Mercury

The reduction of azobenzene to hydrazobenzene is a representative surface
confined reaction due to the strong adsorption of the species in-
volved61,79,80. Then, it has been used by several authors to check the appli-
cability of different electrochemical techniques to the study of reactions in
the absence of diffusion60,61,67–82. Laviron67 performed a complete voltam-
metric study of this reaction at a wide range of pH, obtaining the standard
rate constant as a function of the pH.

In a previous paper, the Electrochemical Impedance Spectroscopy was ap-
plied to azobenzene reduction at pH 4.18–5.25 77. The pH dependence of
the equilibrium potential, Ej, suggests the participation of two protons in
the bielectronic reduction of azobenzene. The complex plane plots of the
impedance at potentials within the faradaic region, as the one shown in
Fig. 9, are characteristic of a difussionless faradaic process: a circular arc, at
high frequencies mainly originated by the faradaic impedance and a pure
capacitative vertical line at low frequencies. At potentials far negative
(–0.35 V in the figure) or positive (–0.1 V in the figure) a pure capacitative
behavior is obtained. A linear trend with a slope of 45°, characteristic of
mass transport is not present at any potential or pH investigated.
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FIG. 9
Complex plane plots of the experimental impedance spectra obtained in a solution of 10–6 M

azobenzene at pH 5.25 and different potentials: –0.1 V (�), –0.26 V (�) and –0.35 V (�) and at
pH 4.18 and –0.19 V (�). The lines represent the generated curves with the parameters ob-
tained in the analysis as a function of the frequency. With permission from Electrochim. Acta,
in press, doi:10.1016/j.electacta.2010.12.061
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For the evaluation of the four parameters RS, CHF, Rct and Ca at every dc
potential within the faradaic region a fitting procedure based on the fre-
quency dependence of the real and imaginary components of the electrode
admittance was used. Effectively, after correction of the ohmic resistance,
the real and imaginary components of the electrode impedance according
to Eq. (30) can be combined to yield the real and imaginary components of
the electrode admittance. Their expressions as a function of the frequency
are given in Eqs (32).

′ =
+

Y
R C

R C
el

ct a

ct a

2 2

2 2 21

ω
ω

(32a)

′′ =
+

+Y
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R C
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ω
ω

ω
1 2 2 2

(32b)

This analysis does not require an “a priori” correction of the double layer
capacitance. The values of Rct and Ca obtained from this analysis at every dc
potential include the surface concentrations of reactant and product. To
separate its influence from the kinetic information, Ca and Rct are com-
bined to yield the forward rate constant of the surface process:

k
R C e

f
ct a

,
( )

Γ =
+

1
1 ϕ

. (33)

Plots of ln kf,Γ vs E at different pH values are shown in Fig. 10. It can be
observed that the plots shift towards more negative potentials as the pH in-
creases, as can be expected from the participation of two protons. At con-
stant pH, ln kf,Γ vs E plots exhibit clear deviations from linearity that
cannot be explained on the basis of the Butler–Volmer equation, that
would apply in the case of kinetic control by an elementary step. In order
to explain this deviation, a sequential reactions schemes was considered
that includes at least two protonations and two electron transfers steps. A
general sequential CECEC mechanism, with ′C′ representing a chemical
step and ′E′ an electron transfer step takes into account all positions of the
chemical steps with respect to the two electron transfer steps.

The potential dependence of the forward rate constant of the overall pro-
cess for this mechanism can be easily obtained under the steady state as-
sumption for the surface concentrations of every intermediate species83:
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The coefficients Bi and Ai include the kinetic rate constants of the chemical
steps and the electron transfer steps respectively and the thermodynamic
constants of previous steps. In Eq. (34) the dimensionless potential, ϕ′,
is referenced to an arbitrary potential (E′ = –0.25 V vs SCE in the data of
Fig. 10).

The slopes of ln kf,Γ vs E correspond to α values ranging from 0.75 at the
less negative potentials to 0.35–0.5 at more negative potentials. According
to Eq. (34), the value of α = 0.75 suggests that the second electron transfer
is rate controlling, while α = 0.35–0.5 indicates rate control by the first elec-
tron transfer or by a chemical step between both electron transfers. There-
fore, two possible particular sequences can be considered.

First an eCE mechanism, with a chemical step after the first electron
transfer and the second electron transfer controlling the rate of the overall
process. The lowercase ′e′ indicates the non controlling character of the
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FIG. 10
log kf,Γ vs E plots calculated with Eq. (33) and the values of Rct and Ca obtained with solutions
of 2 × 10–6 M azobenzene at pH 4.18 (�), 10–6 M at pH 4.6 (�), 2 × 10–6 at pH 4.9 (×) and 2 ×
10–6 M at pH 5.25 (�). Theoretical values corresponding to the best fit to an eCE mechanism,
Eq. (35), (– – –) and to an EE mechanism, Eq. (36), ( ). With permission from Electrochim.
Acta, in press, doi:10.1016/j.electacta.2010.12.061
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first electron transfer step. The potential dependence of log kf,Γ in Eq. (34)
can then be simplified as:

1
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The second particular sequence to be considered is an EE mechanism
with both electron transfer steps controlling the rate of the overall process.
In this case only the second and fourth terms of the general expression
(Eq. (34)) have to be included in the rate constant expression:
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In Fig. 10 it can be observed that the best fit of the experimental data to
Eq. (36) suggests that both electron transfers are rate controlling. The val-
ues of the kinetics parameters A1 and A2 are obtained from the analysis of
kf as a function of potential at all the experimental pH conditions. Then,
the analysis of A and A2 as a function of pH can provide information con-
cerning the chemical steps, because they contain the equilibrium constants
of previous steps.
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FIG. 11
Variations with the pH of the kinetics parameters corresponding to an EE mechanism, log A1
(�) and log A2 (�). The solid lines correspond to the linear regressions. With permission from
Electrochim. Acta, in press, doi:10.1016/j.electacta.2010.12.061
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Plots of log A1 and log A2 vs pH are shown in Fig. 11. They exhibit a lin-
ear trend with slopes of –0.7 and –2.0, respectively. From these values the
existence of two proton transfers previous to the second electron transfer,
with one of them preceding the first electron transfer, is concluded.

In summary, the main reaction pathway is consistent with a cEcE mecha-
nism (Scheme 3) which includes a protonation step before the first electron
transfer and a second protonation step preceding the second electron trans-
fer. Both protonations are fast and both electron transfers are rate control-
ling.

5. GENERAL CONCLUSIONS

In this review it has been shown that Electrochemical Impedance Spec-
troscopy is a powerful tool in the study of surface electrode processes. The
capability of EIS to separate different contributions to the overall electro-
chemical response and the wide range of time windows covered in the fre-
quency scan permits to obtain kinetic information inaccessible by other
techniques. In addition, the study of the influence of the dc potential on
the parameters obtained from the frequency analysis provides a deeper pic-
ture of the surface processes.

These conclusions are confirmed with three selected examples of surface
processes:

The adsorption of adenine on Au(111) from NaF solutions exhibit a
mixed kinetic control by diffusion and by adsorption steps. The corre-
sponding relaxation times and rate constants have been calculated.

The reduction of Tl(I) on gramicidin modified DOPC coated mercury
electrodes differs from the reduction on bare mercury, and its behaviour
can be explained according to a diffusion model to a partially blocked elec-
trode. This situation would be in accordance with the formation of aggre-
gates of gramicidin channel–phospholipid units on the film, that may act
as active sites for Tl(I) reduction. Moreover, the rate constant obtained for
the Tl(I) reduction suggests the contribution of the translocation of the ion
trough the channel to the rate of the process.
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SCHEME 3
Multistep mechanism proposed for the reduction of azobenzene (Az) to hydrazobenzene
(AzH2) on mercury in the absence of diffusion. With permission from Electrochim. Acta, in
press, doi:10.1016/j.electacta.2010.12.061



Finally, the reduction of azobenzene to hydrazobenzene on mercury elec-
trodes from acid solutions and in the absence of mass transport effects fol-
lows a cEcE mechanism, with a fast protonation preceding each rate
determining electron transfer step. The kinetic parameters of both electron
transfers have been determined.

6. LIST OF SYMBOLS

c (mol m–3) concentration
Ca (F m–2) adsorption capacitance in surface confined electrode reaction
Cad (F m–2) capacity of the adsorption process
Cd (F m–2) differential double layer capacity
CHF (F m–2) high frequency capacitance
cx=0 (mol m–3) concentration at the electrode surface
D (m2 s–1) diffusion coefficient
E (V vs SCE) electrode potential
E0 (V vs SCE) standard potential
Ej (V vs SCE) equilibrium potential of a surface confined electrode reaction
g≠ interaction parameter of the activated complex in an adsorption step
i complex unit, (–1)1/2

j (A m–2) total current density
jad (A m–2) current density due to the adsorption phenomena
jc (A m–2) capacitative current density
jF (A cm–2) faradaic current density due to a surface confined electrode reaction
kad (m s–1) rate constant of the adsorption step
kadfad(Γ) (m s–1) specific rate of adsorption
kb (m s–1) oxidation rate constant of an electrode reaction
kb,Γ (s–1) oxidation rate constant of a surface confined electrode reaction
kd (m s–1) rate constant of the desorption step
kdfd(Γ) (m s–1) specific rate of desorption
kf (m s–1) reduction rate constant of an electrode reaction
kf,Γ (s–1) reduction rate constant of a surface confined electrode reaction
kj (s–1) pseudo-standard rate constant of surface confined electrode reaction
n stochiometric number of electrons in an electrode process
p′ (s1/2) irreversibility quotient, defined as Rct/σ
(p′)app (s1/2) apparent irreversibility quotient, defined as (Rct)app/(σ)app
R0 (m) radius of inactive areas surrounding active pinholes
Ra (m) radius of active pinholes
Rad (Ω m2) adsorption resistance
Rct (Ω cm–2) charge transfer resistance
(Rct)app (Ω m–2) apparent charge transfer resistance
RS (Ω m2) solution resistance
t (s) time
v (mol m–2 s–1) net rate of a surface process
Yel′ (Ω–1 m–2) real component of the electrode admittance
Yel′′ (Ω–1 m–2) imaginary component of the electrode admittance
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Zad (Ω m2) adsorption impedance
Zcel (Ω m2) electrochemical cell impedance
ZF′ (Ω m2) real component of the faradaic impedance
ZF′′ (Ω m2) imaginary component of the faradaic impedance
α charge transfer coefficient
γ electrosorption valency
Γ (mol m–2) surface excess
Γm (mol m–2) maximum surface excess
ΓOx (mol m–2) surface concentration of oxidized species
ΓRed (mol m–2) surface concentration of reduced species
ϕ dimensionless potential defined as ϕ = (nF/RT)(E – E0).
ϕ′ dimensionless potential referenced to an arbitrary potential, E′, defined as ϕ′ =

(nF/RT)(E – E′)
µad (J mol–1) chemical potential of adsorbed species
µS (J mol–1) chemical potential of species in solution
µS

0 (J mol–1) standard chemical potential of species in solution
θ coverage
σ (Ω m2 s–1/2) Warburg coefficient
σad (Ω m2 s–1/2) Warburg coefficient of adsorption process
(σ)app (Ω m2 s–1/2) apparent Warburg coefficient
σM (C m–2) surface charge density
τD (s) relaxation time of diffusion
τH (s) relaxation time of adsorption
ω (s–1) angular frequency
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