N
N

N

HAL

open science

Local electrochemical impedance spectroscopy: A
window into heterogeneous interfaces

Oumaima Gharbi, Kieu Ngo, Mireille Turmine, Vincent Vivier

» To cite this version:

Oumaima Gharbi, Kieu Ngo, Mireille Turmine, Vincent Vivier.
spectroscopy : A window into heterogeneous interfaces. Current Opinion in Electrochemistry, 2020,

20, pp.1-7. 10.1016/j.coelec.2020.01.012 . hal-02474060

HAL Id: hal-02474060
https://hal.sorbonne-universite.fr /hal-02474060
Submitted on 11 Feb 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Local electrochemical impedance


https://hal.sorbonne-universite.fr/hal-02474060
https://hal.archives-ouvertes.fr

Local electrochemical impedance spectroscopy:

a window into heterogeneous interfaces

Oumaima Gharbi, Kieu Ngo, Mireille Turmine and Vincent Vivier’

Sorbonne Université, CNRS, Laboratoire Interfaces et Systemes Electrochimiques,
LISE, F-75005 Paris, France

*Corresponding author: vincent.vivier@sorbonne-universite.fr

Abstract

The ability to probe surface reactivity on a local scale has led to new insight on the
comprehension of the electrochemical reactivity in relation with the microstructure of the
surface. Among the different techniques developed in recent years, local electrochemical
impedance spectroscopy has the advantage of using a transient approach to locally characterize
a stationary electrochemical system without the need to add any redox mediator in solution,

which is a great advantage for the study of different systems.

In this review, particular attention is paid to the different ways of measuring the local
impedance, and the technique implementing a local current measurement in solution is deeply
discussed. This local electrochemical impedance spectroscopy journey also encompasses a

discussion about technical and experimental limitations.



Introduction

The study of the electrochemical interface by means of local measurements is a subject that
remains in constant evolution, and is accelerated by the numerous technical developments
involving probe size reduction (used to sense the interface reactivity) or the development of
more advanced associated electronics for data acquisition. In fact, the versatility offered by
local electrochemical techniques benefits a large panel of research topics as different as the local
catalytic or photocatalytic activity of materials [1-3], the production of redox species in living
cells [4, 5], corrosion processes on various interfaces [6-9] or complex kinetics mechanism [10-
12].

In fact, the term local electrochemical techniques encompasses well established
methodologies such as the scanning electrochemical microscopy (SECM) [13, 14] and related
techniques [2, 15-18] or scanning vibrating probe technique (SVET) [19, 20] which have been
widely reviewed these last decades. Among these different techniques, the local electrochemical
impedance spectroscopy (LEIS) [21-25] is particularly well-adapted to study complex processes
occurring at polarized interfaces. In this short review, we present the different ways of using
electrochemical impedance spectroscopy for local measurements focusing on their advantages

and drawbacks and the possible improvements will be presented and discussed.
From global to local impedance measurements

The first approach consisted in developing, on the basis of a global measurement carried
out on a sample, the local measurement. Historically, the local current density measurement
in solution has been reported in 1960’s for corrosion application [26]. It was based on the field
strength measurement, in solution, using a twin electrode (i.e. electrode consisting in two
reference electrodes immersed in Luggin capillaries). It is worth noting that such measurements
could be performed on an externally polarized sample, as well as samples at the open circuit
potential for corrosion analysis whereby both anodic and cathodic reactions occur
simultaneously. Later in 1970’s, it was shown that the use of the SVET [27-29] which is based
on the use of a single probe that vibrates in two directions (normal and parallel to the electrode
surface) at two different frequencies, improves the quality of the measurement. The key of this
technique, which was fully described in a comprehensive paper by Jaffe and Nuccitelli [19], is
to perform the measurement of the local potential difference using synchronous detection on
the probe’s vibration frequencies. These developments have paved the way for local
electrochemical impedance spectroscopy (LEIS) by measuring the local current above a

polarized sample.

The principle of LEIS was defined in the pioneering work of Isaacs et al. [21, 30]. The local
current density, j,¢, is obtained from the local potential difference in solution (Fig. 1a), AEj,.,
measured with a probe which consisted in reference microelectrodes positioned close to the

interface of interest, as depicted in Fig. 1b.
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where k is the electrolyte conductivity, d the distance between the two microelectrodes, AE,
and AE, the normal and radial potential differences, respectively. Although it is common to
measure the different contributions of the local current density for SVET experiments, it is
important to mention that commercial equipments neglected the radial contribution to the
current for LEIS measurements. This was due to the poor resolution caused by the use
millimetric sized electrodes to probe large samples for which the normal current component is
predominant. However, when small samples were studied, such an approximation is no longer
valid and the electric field must be measured with a good accuracy using a tri-microelectrode

as sketched in Fig. 1b.
The local impedance is then derived from Eq. 1 as

AEapplied (w) Eq. 2

Z = -
toc Jioc (a))

where AEgp,1ieq (@) is the applied voltage perturbation between the substrate (working) and

the reference electrodes.
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Figure 1: Example of potential (white lines) and current (red lines) distributions in solution close to an
electrode embedded in an insulator, and (b) sketch of the probe positioned close to the electrode for
measuring the normal (J,) and radial (j,) current contributions from the potential difference between

the two vertical and horizontal electrodes, respectively.

Two operating modes are then possible: either perform complete local impedance spectra at
different location above the substrate, or perform fixed frequency mapping by moving the probe
along a plane parallel to the substrate. Whatever the mode of operation, the spatial resolution

of the technique is governed by the following parameters:



- The size (the diameter) of each microelectrode used for sensing the local potential in

solution. This is a general observation common to all techniques using local probe [31].

- The distance between the two sensing microelectrodes. The smaller the distance, the
smaller the potential difference. For instance, assuming an impedance of 1 MQ cm? at low
frequency limit for the local impedance measured from a sinewave signal of 10 mV amplitude,
the local current density to be measured is 10 nA c¢cm™ (Eq. 2). Assuming that the punctual
microreference electrodes are separated by 100 pm distance, with an electrolyte conductivity
of 50 mS cm™ (corresponding to a 0.5 M NaCl solution), the potential to be measured between
the two electrodes, given by Eq. 1, is 2 nV, only. This is why most of the work reported in the
literature is reported on experiments performed with large probe size (i.e. large inter electrode
distance) in diluted electrolyte (i.e. low conductivity), thus increasing the potential difference

between the two microelectrodes.

- The distance between the probe and the substrate is an important parameter to be
considered as well. Indeed, it is necessary to place the probe close to the substrate without
having the possibility to regulate its position as a function of the substrate topography, for
instance during the mapping of the interface. In addition, the difference in potential to be
measured will be smaller if the probe is positioned far from the substrate due to the potential

gradient in the electrochemical cell.

Also of note is work by Bayet et al. [25, 32] who reported the use of a SVET for performing
LEIS measurements and introduced the notion of simultaneous measurement of local current
and local potential (as opposed to using substrate potential) to calculate the local impedance.
This approach has been extended by Huang et al. [33-35] who introduced the concept of local
interfacial impedance and local ohmic impedance. The latter is particularly interesting as it
considers the geometry of the electrode for an improved analysis and interpretation of both

local and global impedance diagrams in the high frequency domain [36].

An innovative use of the LEIS is the ability to measure the impedance of a propagating pit
by positioning a probe at its mouth, as shown in Fig. 2 in a case of pits formed on 316L
stainless steel in chloride-containing acidic solution. Interestingly, the figures illustrate two
different EIS diagrams that can be easily interpreted using the simplest model of iron
dissolution in acidic solution. The curve shape and in particular the low frequency limit of the
impedance diagrams clearly reveals that the potential at the bottom of the pit corresponds to
a potential on the rise of the activity peak (Fig. 2a) for the lowest chloride content, and on the
fall of the activity peak for the highest chloride content (Fig. 2b) as can be deduced from the

low frequency limit of the LEIS diagram which tends towards a negative polarization resistance.
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Figure 2: LEIS diagrams obtained above a propagating pit on 316L steel at 0 V/SSE in 0.5 M H>SO,
for (a) [Cl] = 1 M and (b) [CI] = 2 M. The two microreference electrodes consisted in Ag/AgCl
electrode of 100 pm in diameter each, separated by 80 pm.

The LEIS technique is widespread analysis technique used for mapping coatings
delamination [37] or disbondment [38] as well as the study of galvanic coupling using the latest
developments in dynamic electrochemical impedance spectroscopy [39]. When performing fixed
frequency mapping, it is possible to monitor the evolution of defect size over time, but a
quantitative analysis at each position requires a complete impedance spectrum to be recorded
at each point. This is generally difficult to achieve because the duration of an impedance
measurement is governed by the lowest frequencies chosen and the number of points per decade
of frequency that is required for the spectrum. Thus, if each measurement lasts at least 10
minutes and a 10 x 10 grid is desired, the total duration of the experiment will be 1000 minutes,

which is more than 16 hours therefore unrealistic, especially for even slightly dynamic systems.

Today, the best spatial resolution of the LEIS technique is about 10 pm. However, it should
be possible to improve this resolution by decreasing the probe size and the distance between
the two microelectrodes and by using an electronic device to cancel the DC offset between
them. The latter will allow a higher amplification gain to be used and thus working in
concentrated solution with small electrode size. In addition to the probe size, the low-frequency
limit of the technique is also governed by the stationarity of the system, similarly to usual EIS
measurement. It is also of interest to measure simultaneously global and local impedance
responses for an easiest interpretation of the local impedance data. However, interpretation of
LEIS and EIS results relies on the same basis and a physico-chemical description of the

interface should be preferred.
Alternatives to the LEIS based on impedance spectroscopy

Local electrochemical techniques in alternating current or potential modes have also

experienced a boom with the development of the SECM technique. For instance, applying a



sine-wave perturbation in the high frequency domain at the tip [40] enables to perform
approach curves for positioning the microelectrode close to a substrate whether it is a
potentiometric [41] or amperometric [42, 43] probe. This technique, which actually consists in
measuring the resistance of the electrolyte seen by the probe [42, 44], can also be used to
perform imaging of a large variety of samples. For instance, the imaging of pitting corrosion
[45] or the identification of conductive spots surrounded by an insulated domain [46], or the
evolution of surface active area in the case of magnesium corrosion [47], as well as the
monitoring of copper dissolution/redeposition between two microelectrodes can be investigated
with this technique [48]. In addition, it was also used to control the distance between the tip
and the substrate for model neuron and biological substrate imaging [49, 50]. In that case, the
topography of the substrate was obtained from the electrolyte resistance variations. It should
also be mentioned that the spatial resolution of this technique is governed by the microelectrode
size, thus allowing a better resolution than the LEIS. Interestingly, this technique can be used

with high frequency sine-wave perturbation thus allowing fast mapping of the sample.

The impedance measurement of the probe was subsequently extended to a larger frequency
domain [51-53]. Indeed, assuming that when the tip-to-substrate distance is short, the
impedance of the tip is sensitive to the local surface reactivity of the sample as shown on Fig.
3. As the distance is typically in the range of the electrode diameter, the current and potential
distributions are sensitive to the underlying substrate. As a result, the impedance of the tip -
which is the contribution of the faradaic impedance (Z;;,(w)), and the double layer capacitance,
(Ctip) - depends on the local impedance of the substrate, namely Zg,,(w) and Cgyp, [54]. It was
successfully used to characterize oxide thin films [47, 55], localized corrosion [53] as well as self-
assembled-monolayer coated electrodes [55], or to distinguish single and double strand DNA
[56]. However, although this type of measurement is sensitive to minute changes of the local
impedance of the substrate, it is still difficult to perform quantitative analysis of the
experimental data as the response depends on both the tip/sample local intrinsic capacitance

and the frequency range used [55].
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Figure 3: Sketch of the SECM used for performing LEIS measurements. The measurement of the probe
impedance is sensitive to the local impedance of the substrate.

A different way of performing local impedance spectroscopy using the SECM was devised
for the characterization of the hydrogen evolution reaction at a Pt electrode [57, 58|. In this
application, Trinh et al. used the substrate generator / tip collector mode of the SECM by
applying a frequency-depend sinewave perturbation at the substrate to define a complex
collection efficiency as the ratio of the current collected at the tip, (it;p(w)), to the current
generated at the substrate, (ig,,(w)). Interestingly, this technique allowed separating the mass
transport contribution to the relaxation of adsorbed intermediates involved in the reaction
mechanism at the Pt electrode and allowed the experimental determination of the amount of
charge stored at the interface [58]. This ac-SECM mode was also used for the study of iron
dissolution mechanisms, hence providing a unique way of direct quantification of Fe(I)as
formed at the electrode surface [11]. This technique was shown to be complementary to
conventional EIS and permitted the distinction between two iron dissolution mechanisms

proposed in acidic solution.
Towards a high resolution measurement: AFM-LEIS

The use of a conductive tip of an atomic force microscope (AFM) has also been reported as
a way for performing local impedance spectroscopy on several systems including the
characterization of conductive channels formed on Nafion membrane surface [59] or
intergranular corrosion process [60]. From an electric point of view, this technique differs from
the ac-SECM as the tip is no longer used as a second working electrode in solution, but as the
counter electrode facing the working electrode (substrate), whereas the AFM setup allows the
positioning of this counter electrode. The use of a small probe as counter electrode is however
detrimental for quantitative analysis since it results in significant perturbation of current and
potential distributions above the sample as already pointed out by Lillard et al. [21]. Indeed,

from the resolution of Laplace equation for current and potential distributions, the surface area



sensed with this technique appears to be frequency-dependent as shown in Fig. 4. The
simulations performed at 160 kHz and 1.6 Hz illustrate how the size of the counter electrode
and the distance between the counter electrode and the substrate modify the current
distribution (i.e. the reactivity) at the substrate surface. These simulations were performed for
two frequencies: a high frequency for which the usual faradic impedance at the substrate is
expected to be frozen (blocking electrode behavior corresponding to a primary current
distribution), and a lowest frequency for which the impedance response is expected to be
dominated by the faradaic contribution at the substrate. These simulations show that the
current density can vary over orders of magnitude along the substrate radius when comparison
is done with the ideal case of an impedance measurement corresponding to a large counter

electrode positioned at an infinite distance from the substrate.
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Figure 4: current distribution at a dick electrode for an impedance measurement with a small counter
electrode positioned close to the substrate (black curves) and a large counter electrode positioned far
from the substrate (red curves) at 160 kHz (a) and 1.6 Hz (b).

As a result, this technique provides a response in a wide frequency domain that also allows
to individualize the different contributions of the electrochemical response, although from a

quantitative point of view, the determination of reaction kinetics remains not possible.

Conclusions

Based on the well-established idea of performing local electrochemical measurements, LEIS

provides a powerful tool to probe and track complex reaction mechanisms.

Interestingly, LEIS lies on an impedance measurement performed at the electrode
simultaneously with the measurement of local potential differences in solution with two or
three microreference electrodes. As a result, conversely to SECM experiments either for positive
feedback mode, or for generation / collection mode, there is no need for a redox mediator in

solution and LEIS provides a unique way for performing quantitative analysis of the kinetics



at the substrate. It is also surprising that to date, most of the literature dealing with LEIS is
dedicated to corrosion and corrosion protection. Some techniques using the SECM or AFM
have been successfully used for evidencing small changes in surface reactivity of the substrate.
However, due to the geometry of the system, the analysis of the obtained results remains only

qualitative.

The spatial resolution achievable to date is in the order of a few micrometers. This is clearly
a possible point of improvement for this technique. In particular, the fabrication of tiny probes
is now well-documented in the literature, but the measurement of small potential variations in
a large frequency domain requires some new developments in the electronics chain and signal

processing.
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