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We report a new experimental setup enabling local electrochemical impedance spectroscopy (LEIS) measure-
ments over a wide frequency range, including the low frequency domain. First, an improved signal treatment was
performed using a potential shifter to minimize the DC component of the measured potential, allowing for the
local AC potential to be probed using an ideal electrochemical system. Then, a unique, three-electrode LEIS probe
was implemented to study the influence of radial and lateral contributions on the LEIS response. The radial LEIS

response is highest when the LEIS probe is positioned in the middle of the gold electrode substrate, whereas the
lateral LEIS response is similar in both measured regions. Both experimental modifications were implemented to
study the LEIS response over a corroding aluminum substrate, for which reliable results are obtained in the low
frequencies. These tools could be used in future LEIS studies in other fields that require time-sensitive

measurements.

1. Introduction

The development of local electrochemical techniques such as scan-
ning electrochemical microscopy (SECM) [1,2], scanning vibrating
electrode technique (SVET) [3], and scanning microcell [4] or scanning
electrochemical cell microscopy (SECCM) [5], has enabled local reac-
tivity measurements of various types of interfaces at different length
scales. These techniques have been utilized to measure surface hetero-
geneity of interfaces including the solid electrolyte interphase formation
on graphite [6], electrocatalytic materials [7], corroding metals [8], and
bio-surfaces and interfaces [9].

Additionally, different approaches have been developed to take
advantage of frequency-resolved local electrochemical techniques. For
instance, the AC-mode of SECM has been devised using single frequency
measurements for a fine control of the probe positioning [10,11] and for
imaging localized corrosion [12,13]. However, AC-SECM relies on the
EIS response of the microelectrode and how it is perturbed by the
presence of the substrate, and does not directly measure the substrate’s
localized EIS response. The local electrochemical impedance spectros-
copy (LEIS) technique was devised by Isaacs et al. [14,15], taking
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advantage of local current density measurements using a bi-
microelectrode (two stationary microelectrodes) as a local probe. The
local potential difference between the two microelectrodes is then
expressed as a local current density, jj,., using Ohm’s law and the geo-
metric characteristic of the probe according to Eq 1:

. AE},.(0)Ax
i) = )8
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where AE, () is the potential difference between the two microelec-
trodes at the frequency f = w/2x, « is the bulk electrolyte conductivity,
and d is the distance between the two microelectrodes. Using this local
current density measured at different frequencies, it is possible to
calculate the local impedance , 2y, in Eq. 2 [16]:
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where AV, () is the applied potential perturbation at the substrate of
interest with respect to the reference electrode.

An analysis of the various applications of LEIS reported in the liter-
ature shows that this technique can still be improved, both for high and

Received 5 February 2022; Received in revised form 5 June 2022; Accepted 13 June 2022

Available online 2 July 2022
0263-2241/© 2022 Published by Elsevier Ltd.


mailto:vincent.vivier@sorbonne-universite.fr
www.sciencedirect.com/science/journal/02632241
https://www.elsevier.com/locate/measurement
https://doi.org/10.1016/j.measurement.2022.111504
https://doi.org/10.1016/j.measurement.2022.111504
https://doi.org/10.1016/j.measurement.2022.111504
http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2022.111504&domain=pdf

M. Pereira Gomes et al.

Measurement 200 (2022) 111504

Nomenclature

Cx Concentration of the species k - k = ox or red (mol cm )

Ck Bulk concentration of the species k - k = ox or red (mol
cm™d)

Ca Double layer capacitance (F cm?)

d Distance between two microprobes (cm)

Dy Diffusion coefficient of the species k - k = ox or red (ecm?
s

Ecorr Corrosion potential (V)

EO Standard potential (V)

E; Local potential measured with the probe i (V)

A Faraday constant (96485 C mol™)

f Frequency (Hz)

fe Characteristic frequency (Hz)

I Current (A)

i Current density (A cm )

Jioc Local current density (A cm™?)

Jnormat Local normal current density (A cm %)

Jradial Local radial current density (A cm™2)

K0 Kinetic constant of the electrochemical reaction (cm s~ 1)

n Number of exchanged electrons

R Molar gas constant (8.314 J K ! mol™)

r Radial coordinate measured from the electrode center (cm)

S Surface area of the working electrode (cm?)

T Temperature (K)

t Time (s)

y Normal coordinate measured from the electrode surface
(cm)

Z Global impedance of the sample (Q cm?)

Zloc Local impedance (Q cm?)

Znormal Local normal impedance (Q cm?)

Zradial Local radial impedance (€ cm?)

a Charge transfer coefficient of the electrochemical reaction

AFEjy, Potential difference between two microprobes (V)

AV Potential difference between the substrate and the
reference electrode (V)

SN Thickness of the Nernst’s layer

K Electrolyte conductivity (S em™ D)

¢ Potential (V)

® Angular frequency, o = 2zf (rad s 1)

low frequencies measurements [16,17].

LEIS mapping is a technique that is often used to study degradation
of protective coatings such as polymers for corrosion resistance [18,19].
The main advantages of this technique for the corrosion and coating
fields are that coating delamination can be locally measured (ie.,
detachment of the polymeric layer from the metal surface) prior to
physical observation of lift-off, and it avoids the need to polarize the
substrate far from its steady state. Such measurements are usually per-
formed at a single frequency, most often chosen in the medium or high
frequency range (i.e., f > 100 Hz) and in low electrolyte concentration
[20,21], so that the duration of the experiment is short enough to as-
sume a quasi-steady-state during the mapping and the AC potential
measured at the bi-microelectrode is large enough to not be masked by
the DC component of the potential.

To improve the spatial resolution of LEIS, both the size of each
microelectrode and the inter-microelectrode distance must be reduced,
thus resulting in a decrease in the measured AC potential difference. This
reduction in AC potential difference poses the issue of the AC-potential
contribution being masked by the large DC-current contribution, which
stems from the electrochemical reactivity of the electrode material used
to fabricate the bi-microelectrodes. The measurement of an AC-current
contribution can be in the nA range or less (i.e., potential differences
in the range of the pV down to nV depending on the electrolyte con-
ductivity), whereas the DC-current contribution may result in potential
difference as high as few mV. Thus, the new device must first cancel the
DC component before the amplification of the AC response of the system
especially for the low frequencies. The solution of working in very dilute
electrolytes usually proposed in the literature is however not acceptable
because it corresponds to unconventional study environments. More-
over, decreasing the electrode size for improving spatial resolution
generally results in shortening the distance between the current col-
lectors of each probe. This usually leads to a high-frequency stray-
capacitance, which is added to the response and singularly complicates
the interpretation in the high frequency domain.

The work presented herein aims to contribute to the LEIS community
by providing methods on how to experimentally overcome these prob-
lems, that is, measuring LEIS in a broad frequency domain with a small
electrode size in highly conductive media. The experimental measure-
ment device developed for this work, namely the potential shifter and
the tri-microelectrode LEIS probe, will be first presented and discussed.

Then, a theoretical analysis of an electrochemical system will be
investigated using finite element modeling. Finally, the proposed
experimental solutions will be validated on two different experimental
systems: the analysis of the electron transfer on a model redox couple
and the characterization of the corrosion of aluminum in acidic medium.

2. Experimental

The LEIS probes were manufactured by lithography. Briefly, a system
of three gold microelectrodes was deposited on a thin glass slide using a
standard lift-off process. This microfabrication method was chosen to
control the size and the circular shape of each microelectrode, as well as
move the wire current collectors away from each other to minimize the
capacitive coupling that may exist when the two wires are too close
together [22]. An example of a local probe fabricated for this work is
shown in Fig. 1a. It consisted of 3 gold micro-disk electrodes, each 50 um
in diameter, with a center-to-center distance of 100 ym. The current
collectors are 50 ym wide and are covered with a thin SiO insulating
layer. Local probes from 10 to 100 um have been fabricated using this
protocol, but only results with 50 and 100 um electrodes are presented in
this article. The distance between the microelectrodes and the edge of
the glass substrate was small in order to bring the device as close as
possible to the surface of interest. From the local potential measure-
ments made with these three microelectrodes, the calculation of the
normal and radial components of LEIS can be carried out, as illustrated
in Fig. 1b. As already pointed out by numerous authors measuring local
current density, the potential distribution in the electrochemical cell
does not result in equipotential surfaces that are parallel to the electrode
surface (except for specific electrode configurations). Thus, it is essential
to measure these two contributions to accurately describe the local
current density [16] since at a given location, the local current density
can be calculated as the sum of local normal and local radial current
density.

All electrochemical experiments were performed using a home-made
LEIS setup sketched in Fig. 2a and already described elsewhere [16],
which consisted of a home-made potentiostat and a data acquisition card
(National Instrument) controlled by an in-house developed software for
the simultaneous measurement of multiple transfer functions. It pro-
vides the unique way of measuring simultaneously global and local EIS
responses of the interface. The LEIS probe was positioned above the
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Fig. 1. (a) Example of a three-electrode local probe for LEIS setup made by lithography — each electrode is 25 pm in radius and current collectors, which are covered
by a thin insulating layer, are 50 pm wide - the active surface area for each electrode is delimited by the circle at the end of each strip; (b) definition of local current

densities that can be measured with this probe.

substrate with a 3-axis positioning system (M-VP- 25XA, Newport)
driven by a motion encoder (ESP301, Newport) allowing a sub-
micrometer spatial resolution in the three directions. Thus, in the pre-
sent work, the probe dimension governs the attainable spatial resolu-
tion, which was in the range of a few micrometers depending on the
probe size used and the distance to the substrate under investigation.
Compared to the devices previously described in the literature, a specific
amplification/offset device has been added to minimize the DC contri-
bution of the potential difference between two microelectrodes Fig. 2b.
It consisted in a potential shifter inserted in the measuring circuit be-
tween the probes and the last amplification stage, allowing for the
minimization of the DC potential contribution. During a preliminary
measurement in the absence of any applied perturbation (i.e., at the
open circuit potential of the working electrode, when no impedance
measurement is made), the potential difference measured at these mi-
croelectrodes is amplified by moderate gain, typically between 10 and
100 (which was shown to be a good range to allow a fine control of the
potential with acceptable value for the common mode rejection ratio),
and a potential shifter is added in the measurement circuit to bring this
DC potential difference as close as possible to 0 V. This allows small AC
potential differences to be measured during impedance measurements
using a higher gain since the analysis of the circuit shows an error of less
than 1% for a potential difference of 1 mV at 1 Hz and this error in-
creases with the frequency, but in that case, the AC-contribution
(quantity of interest for the LEIS measurement) is also larger, making
this circuit useful for the whole frequency domain. From an experi-
mental point of view, it is worth noting that this device is also suited to
circumvent the problem of measuring LEIS in concentrated electrolytes.

(a)

Reference
electrode

E, E, E,

Counter
electrode

\ \\

Working electrode

Positioning system

As shown in Eq. 1, a high conductivity results in a low local current
density measured. The electronic circuit depicted in Fig. 2b enables the
implementation of electrolytes with a similar conductivity to common
electrochemical measurements, as it will be shown in the following with
the experiments performed with ferricyanide/ferrocyanide redox
couple.

As the local electrochemical impedance spectroscopy relies on the
measurement of the local current density in solution arising from the
potential gradient [3], it may be obtained by using local potential probes
positioned close to the electrochemical interface. Similarly to the scan-
ning vibrating electrode technique (SVET), two components of the local
current density can be readily measured experimentally, namely the
normal and the radial local current densities. In this work, the gold-
deposited microelectrodes (Fig. 1la) were used for measuring the
normal local impedance, z,yma, as.

AV  AVydy

Znormal = T = 70— ~— 3
! Jnormal (El - EZ)‘K

and the radial local impedance, z,qgiq, as.

AV,, AV,pd.
Zradial = —— L= —— L2 4
Jradial (El - E3)'K

where AV, is the applied perturbation potential between the reference
and the working electrode, « the electrolyte conductivity, E;, E; and Eg
are the local potentials measured with the gold microelectrodes as
depicted in Fig. 1b, and d; and d; are the distances between the normal
and the radial microelectrodes, respectively.

(b)

)

15

Fig. 2. (a) Diagram of the experimental cell used to measure the local electrochemical impedance; (b) Circuit diagram of the potential shifter used in this work.
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Fig. 3. FEM simulation of the impedance response of an electrode immersed in Ox/Red solution (a), LEIS response at the electrode center - normal LEIS (b) and radial
LEIS (c), and at the electrode edge - normal LEIS (d) and radial LEIS (e). Simulations were performed with k° = 0.001 cm s}, a=0.5E=E° C:;x = C:ed = 0.01 mol
LY, Doy =Dyeg =510 % cm?s71, Cy =10 yF em ™2, p = 100 Q cm, ro = 0.25 cm. LEIS spectra were calculated at a distance of 100 um above the electrode surface.

3. Numerical simulations
3.1. Model description

In this section, we present the main steps for performing the nu-
merical simulations of both global and local LEIS taking into account the
geometry of the electrochemical cell and the current and potential dis-
tributions in the electrolyte. The detailed description can be found in
previous works of different groups [23,24]. For simplicity, we assume
that the working electrode consisted in a planar disk-electrode
embedded in an insulator. Such an assumption is in agreement with
many experiments reported in the literature and allows the use of cy-
lindrical coordinates for deriving the equations of the model. Let us
consider a simple redox reaction in Eq 5:

Ox+ne” &Red 5)

where kO is the kinetic constant of the electrochemical reaction, and n is
the number of exchanged electrons. Assuming that the kinetics of this
reaction follows the Butler-Volmer relationship, the total current at the
working electrode, I, is given by Eq 6:

where C.4(0) and C,,(0) are the concentrations of redox species at the
interface, a is the charge transfer coefficient, E is the applied potential,
E° is the formal redox potential, S is the electrode surface area, and the
other parameters hold their usual meanings. Mass transport of electro-
active species to the disk electrode is described by Fick’s second law,
which expresses k for each redox species, in cylindrical coordinate as:

2 2
oGy (a G 10 0 ck> -

o P\ i T
where Dy is the diffusion coefficient of the species k, r is the radial co-
ordinate measured from the electrode center, and y is the normal co-
ordinate to the electrode surface.

We thus followed the previous works of Gabrielli et al. [10] and
Michel et al. [24] to calculate the faradaic contribution to the impedance
at an inlaid disk-electrode using the finite difference method. We first
assume that the EIS is performed at steady-state, thus the Fick’s second
law expresses as:

I=nFSK (C,L,,,(O)exp (a;T] (E-E°) ) — Cou(0)exp <% (E-E) > > ©
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Fig. 4. (a) Potential of the microelectrodes measured with respect to a MSE reference electrode for one hour in sulfuric acid solution; (b) potential difference between

2 microelectrodes before (b) and after (c) the DC - offset stage (see Fig. 2b).
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On the surrounding insulator, the flux of electroactive species is zero:

VCien=0 €)]

where VCy is the concentration gradient with respect to the r and y
coordinates, and » is a unit vector normal to the boundary of the elec-
trochemical system. Far from the electrode surface (i.e., in the bulk
solution),

C—~C, as r* +y'—>o0 (10)

RT

where C, is the bulk concentration of the redox species k. At the elec-
trode surface, the current can be split into a DC component and a har-
monic component, where the latter is used to calculate the total
impedance of the interface, obtained from the linearization of the Butler-
Volmer relation [25].

Moreover, we also take into account the current and potential dis-
tributions due to the polarization and the geometry of the interface [25].
The potential, ¢, in solution is governed by Laplace’s relationship:

2 2
T 10 P

FIER A an

On the surrounding insulator and far from the electrode surface (i.e.,

IAE—E) +nTk° (Cred(O)exp (ﬂ (E-E) > — Coe(0)exp (W (E-E") ) ) _%

on the counter electrode), the boundary conditions for solving the
Laplace’s law are expressed as.

(())j =0 (12)
-
¢—=0 as ’ +y' - (13)

whereas assuming an ideal capacitor (Cg) for describing the double
layer at the electrode interface, the current density at the electrode can
be expressed as.

14)

This set of equations is then solved in the frequency domain, thus
allowing the global impedance response of the electrode to be calculated
together with the evaluation of the local impedance measured at various
location in the electrolyte, above the surface of the working electrode.

3.2. Simulations

In this section, the simulation of the faradaic global and local EIS,
taking into account potential distribution at different locations above
the electrochemical interface, is presented with the aim of positioning
the problem and identifying the objectives to be achieved to improve the
LEIS technique. Fig. 3 shows the simulated global and local EIS
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responses accounting for a ferricyanide / ferrocyanide redox system in a
supporting electrolyte. The simulations were performed assuming an
electrolyte conductivity of 10 mS cm ™! (corresponding to a 0.5 mol L™}
NaCl solution), and 10 mmol L' for each electroactive species. The
global impedance response presented in Fig. 3a shows the usual features:
electrolyte resistance as the high frequency limit of the impedance, a
first capacitive time constant ascribed to the charge transfer resistance in
parallel with the double layer capacitance, and a diffusion contribution
in the low frequency domain corresponding to the Warburg impedance.
The set of values used to carry out these simulations correspond to
values usually encountered for a mono-electronic transfer involving
soluble redox species. The resulting impedance diagram gives imped-
ance values in the range of a few Q to a few kQ, i.e., values that can be
easily measured with conventional equipment.

As expected for an ideal behavior for the working electrode, the LEIS
response measured at 100 um above the electrode center results in a
similar shape to the global impedance response and the time constants
observed remain unchanged as shown in Fig. 3b-e. This is consistent
with the fact that the processes probed locally are the same as those
measured at the global scale. However, some differences exist and need
to be discussed. The first point concerns the amplitude of the LEIS
response. It depends on several parameters. The larger the distance of
the local current measurement probe is, the smaller the potential dif-
ference to be measured and the greater the local current density. This
results in large values of LEIS measured. The position of the probe above
the working electrode is also a parameter to consider. Indeed, when it is
close to the center of the working electrode (Fig. 3b-c), the main
contribution of the current is perpendicular to the surface of the elec-
trode and results in a measured LEIS response obtained from the normal
component of the local current density. In this case, the radial

Electrode center
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component can be neglected. On the other hand, when the probe is
positioned above the edge of the working electrode (Fig. 3d-e), the
radial and normal components are of the same order of magnitude and
neither can be neglected for the calculation of the LEIS response. It
should be noted that current commercial devices only measure the radial
component, thus limiting the possibility of qualitative analysis. It should
also be mentioned that the low frequency limit of both local and global
electrochemical impedances can significantly vary from one system to
the other. Actually, some systems may result in low magnitude imped-
ance value in the low frequency limit (e.g, the iron dissolution in the
active domain [26] or zinc dissolution [27]), whereas the impedance
measured in the low frequency can be as high as a few MQ up to a few
GQ (e.g., passive films [28] or protective coatings on materials [29,30]).
For the latter, the potential difference to be measured in the low fre-
quencies can be very small and requires the use of high gain amplifi-
cation with a system similar to the one depicted in Fig. 2b.

Another significant difference between local and global EIS re-
sponses (Fig. 3) can be observed in the high frequency domain, which is
in the frequency range where the electrolyte resistance is usually
determined. The electrolyte resistance value depends on the tip-to-
substrate distance; the larger the distance, the larger the uncompen-
sated impedance and may exhibit some inductive and capacitive be-
haviors due to the geometry of the system [31]. It was also shown that
this frequency domain can be sensitive to the galvanic current that may
exist, for instance, in the case of the corrosion of intermetallic particles
embedded in a matrix [32,33]. However, when small electrodes are
used, such a behavior may be hindered by a stray capacitance that dis-
torts the high frequency part of the impedance diagram [22], thus ren-
ders difficulty in conducting a proper analysis of this frequency domain.

Electrode edge
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Fig. 5. EIS and LEIS responses of ferri/ferrocyanide redox system at an Au electrode at the standard potential of the system (equimolar concentration of the

electroactive species) in a 0.5 M KCl solution.
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4. Results and discussion
4.1. Steady-state measurements

From the seminal work on the measurement of local current density
that was later extended to the measurement of LEIS [16], the normal and
the radial contributions to the LEIS response can be defined and
measured experimentally [34]. Fig. 4a shows the temporal potential
evolution of the three local microelectrodes in a 0.5 M sulfuric acid
solution measured against a mercury-mercurous sulfate electrode (MSE)
reference. Even if these electrodes are identical, the DC potential
measured slightly differs from one electrode to the other due to the
different surface states of these microelectrodes. As a result, the poten-
tial difference between two microelectrodes is not zero as shown in
Fig. 4b. This quantity is added to the AC potential that we are interested
in measuring. Indeed, if the potential difference that we want to measure
is less than pV, the signal has to be amplified by at least a factor of ten
thousand, which makes the measurement difficult due to amplification
and resulting magnitude of the DC potential contribution measured
simultaneously.

Conversely, if the measurement is performed following a two-step
procedure, this problem is significantly minimized. The calibration
step was added where the DC-potential difference is first amplified with
a small gain (e.g, 100 in the example presented in Fig. 4c) then reduced
to a value close to zero with an offset. This enables the measurement of
the small AC potential using a high gain without having electronic
overload problems. In the impedance measurements presented in the
following work, this calibration step was used to measure large imped-
ances and/or use concentrated solutions over a large frequency range.

Measurement 200 (2022) 111504

4.2. Electrochemical impedance measurements

4.2.1. Impedance diagrams on redox soluble species

Fig. 5 shows the global and local EIS diagrams measured simulta-
neously at the center of the gold electrode and at the edge of the elec-
trode for the ferri/ferrocyanide system in 0.5 mol L™ KCl electrolyte.
These results should be directly compared to the simulations shown in
Fig. 3.

We observe the first time constant in the high frequency domain that
corresponds to the charge transfer resistance in parallel with the double
layer capacitance. In the medium to low frequency range, the Warburg
diffusion is observed as a 45° line. These characteristics are identical to
that obtained with local measurements, but with different amplitudes
depending on whether the probe is positioned above the edge or the
center of the working electrode, or whether the local current density
measured corresponds to the radial or normal component. It should be
noted that the mHz range can be measured, even for high impedance
(greater than 2 10* Q cmz) in a concentrated solution. In the low fre-
quency limit, one can also assume that the diffusion will be controlled by
natural convection. In other words, the Warburg impedance describing
semi-infinite diffusion may be not the correct way of describing the
system, and a finite diffusion layer (i.e., the Nernst diffusion layer)
should be used. In that case, the characteristic frequency is the diffusion
impedance, given by.

D
f=25—

15
278y as

where D is the diffusion coefficient of the electroactive species, and dy is
the thickness of the Nernst diffusion layer. Assuming a diffusivity D = 5-
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10-%cm?s~! and a diffusion layer thickness 5y = 300um, a characteristic
frequency of ca. 2mHz is calculated, which is a value close to the low
frequency limit used for performing experimental EIS and LEIS mea-
surements. This result shows that the assumption of a semi-infinite
Warburg diffusion remains valid in the whole frequency range investi-
gated in this work.

In addition, the design of the probes with current collectors spaced
far enough apart to minimize stray capacitance allows for evidence of
ohmic impedance on LEIS diagrams at frequencies above 10 kHz as
shown in the insets of Fig. 5c-f.

4.2.2. Impedance diagrams on a corroding system

In order to show that this new experimental dispersive is suitable for
any type of EIS measurement, the case of an aluminum electrode in
sulfuric acid medium was studied Figs. 6 and 7. Even if the mechanism of
dissolution of aluminum in acid medium is still a controversial subject,
the objective in this study is not to study this mechanism, but rather to
show that the LEIS allows the reactivity of materials to be characterized
by several time constants.

Fig. 6a shows the global EIS response of a pure Al electrode after one
hour immersion in 0.5 mol L™} sulfuric acid at the corrosion potential.
Three time-constants can be clearly observed: in the high frequency
domain, a capacitive loop can be ascribed to the charge transfer at the
metal oxide interface in parallel with the capacitance of the thin oxide
film [35,36]. In the intermediate frequency domain, an inductive loop is
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observed, which usually is attributed to the relaxation of adsorbed ions
such as oxygen anions that are present at the oxide/electrolyte interface
[35,37]. In the low frequency domain, the capacitive behavior can be
ascribed either to the relaxation of adsorbate intermediates [35] or to
the modulation of the thin oxide film thickness [38]. When LEIS mea-
surements are performed above the working electrode center, the same
response was obtained with three time-constants from both the normal
(Fig. 6b) and the radial (Fig. 6¢) local current density contributions.
Interestingly, the characteristic frequencies remain unchanged and
normal contribution is almost similar to the global EIS response. How-
ever, the amplitude of the inductive loop measured from the radial
current density is larger, showing that this time-constant is sensitive to
the position at which the measurements is performed. It is worth noting
that despite the fact that the impedance value is very high, it is possible
with this new device to measure it. It is also noted that when the mea-
surement is made at the center of the working electrode, the radial
component is more than one hundred times higher, which indicates that
this contribution is negligible.

Conversely, when the same measurement is performed on the edge of
the electrode (Fig. 7), the two components of the LEIS response are of the
same order of magnitude. These results show two things: on the one
hand it is possible to measure high LEIS at low frequency, and on the
other hand, the radial component which is often presented for DC
measurements [3] and often ignored for LEIS measurements, is an
important contribution to the measured response, in particular when the
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probe is positioned near a discontinuity.

Local electrochemical impedance spectroscopy is also widely used
for mapping the reactivity of an interface. For LEIS mapping, it is not
common to perform measurements in the very low frequency domain
since the acquisition of each point requires at least the equivalent time
corresponding to one cycle of the applied perturbation. For example, at
10 mHz, the duration of the measurement is 100 s. For a picture of 100
by 100 points, this will require about 280 h, i.e., more than 11 days. In
fact, 1 Hz seems to be the limit for this particular application since it
takes about 2.5 h to acquire the entire image of the same size, assuming
little or no change in the electrochemical system during this time.

5. Conclusions

In the present work, we propose an improved measuring device to
study the local electrochemical impedance spectroscopy of an interface.
The improvement concerns two main points: the measurement device
itself with the development of a local probe that allows us to eliminate
the stray capacitance due to the coupling of the two gold tracks acting as
current collectors to the microelectrodes; and the use of potential shifter
to minimize the DC-potential offset between the microelectrodes. The
latter is of particular interest since such an enhancement was shown to
allow both measuring at low frequency (in the mHz range) and working
in concentrated electrolyte, as demonstrated with the experiments per-
formed on the ferri/ferrocyanide redox couple as model system.
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