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Abstract

Scanning electrochemical microscopy (SECM) is a method of local probe microscopy based
on the displacement of an ultramicroelectrode (UME) in the vicinity of an interface. The
UME has at least one dimension in the micrometer range. It is extremely useful in modern
electroanalysis for the characterization of surfaces by imaging electroactive and non-
electroactive materials or for obtaining quantitative data on specific analytes or processes by
studying the reactions occurring on the surface of a substrate. It operates through several
modes (feedback, generation/collection, penetration etc...) and allows evaluating kinetics of
chemical reactions, studying biological cells, achieving localized surface modifications or
imaging surfaces. More recently, scanning electrochemical cell microscopy (SECCM) was
developed to allow obtaining high spatial resolution images. SECCM is derived from SECM
and consists of a probe which is a sharp double barrel capillary (nanopipette), with both
compartments containing a quasi-reference electrode or quasi-reference counter electrode
(QRCE) and filled with an electrolytic solution.

Key words: ultramicroelectrodes, amperometry, approach curves, scanning, imaging,
feedback mode, generation/collection



1. Introduction

Scanning electrochemical microscopy (SECM) is a method of local probe microscopy™? based
on the displacement of an ultramicroelectrode (UME) in the vicinity of an interface. The
UME has at least one dimension in the micrometer range in order to overcome the limitations
of conventional electrodes in respect of charging current and uncompensated resistance and it
may initiate the electrochemical reaction of interest.

The instrumentation, theory, modes and initial applications of SECM were developed in
Bard’s laboratory during the 1980’s. It has rapidly become more than just an electrochemical
method but rather a different way of doing electrochemistry®. In fact, almost any kind of
electrochemical measurement, like cyclic voltammetry, ac voltammetry or potentiometry,
may be carried out in SECM. The spatial resolution of this technique greatly increases the
utility of electrochemistry for the characterization of interfaces.

SECM is extremely useful in modern electroanalysis for the characterization of surfaces by
imaging electroactive and non-electroactive materials*®, or for obtaining quantitative data on
specific analytes or processes by studying the reactions occurring on the surface of a
substrate.® It also allows the local modification of samples via electrodissolution’ or
electrodeposition.®? Thus, advances in the miniaturization and in the diversification of UMEs
offer an increasingly wide range of applications in diverse fields such as materials,
biology,***?or corrosion.*®

2. Principle and Instrumentation of SECM

SECM involves measurement of the current through the UME (also called tip or probe, with a
radius, a, of the order of a few nanometers to 25 pm) when it is held or moved in a solution in
the vicinity of a substrate. Substrates range from solid surfaces, including glass, metal,
polymer, and biological material, to liquids such as mercury and immiscible oil. The presence
of the substrate at a short distance from the UME perturbs the electrochemical response of the
tip, which provides information about the nature and properties of the substrate itself, with a
resolution depending on the UME size and with a sensitivity dictated by the minimum current
that can be measured accurately.

Figure 1 illustrates an SECM instrument. It is mainly composed of an electrolytic cell, probe,
sample, bipotentiostat, piezoelectric controllers, and computer. The piezoelectric controllers
are employed to regulate the position of probe and substrate. The bipotentiostat allows the
simultaneous control of the probe and the substrate potentials. The UME is immobilized on a
holder controlled by the three-dimensional controllers, which moved along the X, Y, Z,
directions. For specialized applications involving a biological sample, for example, additional
components (e.g., an inverted microscope, a distance control system) may be added. The
tip/substrate assembly is immersed in an electrolytic solution generally containing an
electroactive species (which can be dioxygen dissolved in solution) and the substrate is placed
at the bottom of the electrochemical cell. A reference electrode and/or a counter-electrode are
also used to control the potential applied to the UME probe and to measure the current,
respectively. The bipotentiostat performs these measurements, by controlling the potential of
the UME and, if necessary, that of the substrate. The detected signal corresponds to the
current measured at the UME while it is scanned over the substrate. The measured current as
well as its variations during the displacement of the UME above the substrate will depend on
several parameters: the UME/substrate distance, the surface conductivity of the substrate, its
electrochemical reactivity and its roughness.

The most common mode of operation of the SECM is to collect the electrochemical signal at
the UME that will depend on the distance between the UME and the nature of the surface to
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be analyzed. An understanding of the operation of the SECM and of its quantitative aspects
depends upon an understanding of electrochemistry at UMEs. UMEs with disk geometry are
most important for SECM and the discussion will be restricted to this geometry. A disc-
shaped UME consists of a conductive wire sealed in a glass capillary (platinum wire, gold or
carbon fiber) (Figure 2A). When the UME is introduced in an electrolytic solution containing
an electroactive species, for example a reductant (R) and held immobile far from any surface,
the shape of the typical voltammogram (Figure 2B) is that of a sigmoid with the appearance
of a steady-state current it,, given by the equation:

ir.00 = 41F DgeqCoqa (Eq.1)

where n is the number of electrons, F is the Faraday constant (96500 C mol™), Dreg is the
diffusion coefficient of the reductant (cm2.s ) in the bulk solution, and €39 the reductant
bulk concentration (mol.cm™®). Equation 1 is valid at constant potential, sufficiently positive
to induce the immediate oxidation of R in O to the electrode (E-E° > 60 mV). When the UME
slowly approaches near a sample, the presence of the latter will disturb the diffusion of the
species R at the tip and consequently the measured current so-called ir.

3. SECM modes

3.1.  The feedback mode

The most frequent mode of operation of the SECM is the feedback mode, where only the tip
current is monitored. Here, the tip current is perturbed by the presence of a substrate at close
proximity by blockage of the diffusion of solution species to the tip (negative feedback) and
by its regeneration at the substrate (positive feedback). This effect permits investigation of
both electrically insulating and conducting surfaces and makes possible imaging of surfaces
and the reactions that occur there.** In the feedback mode, as a tip approaches a
comparatively large substrate in the z direction, the steady-state tip current (it) depends on the
tip-substrate separation distance (d) and on whether the substrate is an insulator or conductor.
When the tip is very far from the substrate (e.g., d is greater than 10 times the tip radius (a)),
the measured tip current (ir.) for the reaction O + ne — R is diffusion controlled (Fig. 3A)
and it is constant and given by equation 1.

For d < 10a, the presence of the underlying substrate affects it significantly. For an insulating
substrate, the concentration of O in the tip-substrate gap decreases relative to that in the bulk
solution since diffusion of O into the gap from the bulk solution is hindered. Thus, it
decreases as the tip moves closer to the insulating substrate (i.e., d decreases) in this negative
feedback mode (Fig. 3B). In contrast, as the tip approaches a conducting substrate, tip-
generated R is re-oxidized back to O at the substrate with an increase in the local flux of O as
d decreases, and a corresponding increase in it in this positive feedback mode (Fig. 3C). A
plot of normalized current (it = it/ir) vs. normalized distance (L = d/a) results in approach
curves for either positive (black) and negative feedback (red) (Fig. 3D). Analytical
expressions of positive and negative feedback curves have been proposed by several groups,
allowing to accurately locate the tip with respect to the sample.'®*’ Indeed, from comparison
of experimental and simulated curves, d can be established from the measured i+ and also the
value of d = 0. The approach curve for an insulator sample depends on the tip RG (i.e., the
ratio of the tip insulating sheath radius ry to its conducting radius a or r¢/a) since the sheath
around the conducting portion of the tip also blocks diffusion, but this effect is not usually
important for positive feedback. 18

3.2.  The Generation/collection modes

Generation/collection G/C modes involve a four-electrode system, using the tip and the
substrate as working electrodes. Two types of G/C modes are notable: the tip
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generation/substrate collection (TG/SC) mode and the substrate generation/tip collection
(SG/TC) mode.? In the TG/SC mode, the tip is used to generate a reactant that is detected at
the substrate electrode (Fig. 4A). For example, the tip is held at a potential where the reaction
O + ne — R occurs. The substrate is held at a different potential where the product Red will
react and thus be collected. In most cases, the substrate is considerably larger than the tip, so
that the collection efficiency, given by the ratio is/it, is essentially 1 (corresponding to 100%
of collection) for a stable tip-generated species, Red, and if the tip is close enough to the
substrate (i.e, on the order of two tip radii).

The alternative mode is the substrate generation/tip collection mode (SG/TC) (Fig. 4B). In
this mode, the tip probes the reactions that are occurring on a substrate. For example, the
collection of the tip current while it is scanned in the z-direction can monitor the
concentration profile, while a scan over the surface can identify “hot spots” where reactions
occur at high rates. The SG/TC mode was first used to study concentration profiles near an
electrode surface in a specific location without scanning or imaging. 24?>%. This can be used
to for the screening of electrocatalysts. Usually in the SG/TC mode, the collection efficiency
by the tip is smaller than 1, so the system has to be calibrated with a known mediator couple.
3.3.  The penetration mode

The penetration mode involves the introduction of the UME into a soft material
microstructure, such as a thin film of polymer containing a redox mediator, biological cells or
liposomes. The probe will allow collecting information on the variations of concentrations
and the parameters of mass transport inside the material, as a function of the depth of
penetration of the UME. The UME can penetrate axially in the Z direction into soft films, gels
or biological issues; however, in these structures it can not be moved laterally. X-Y imaging is
not possible without damaging the target or breaking the tip. A one-dimensional penetration
experiment can serve to collect information about concentration profiles or to investigate the
properties of films, layers or structures.?*

4. Main applications of the SECM

4.1.  Surface imaging

As a scanning probe technique, SECM is uniquely able to provide both chemical and
topographic information of a surface immersed in an electrolytic solution. It is possible to
obtain a three-dimensional image of a sample surface by scanning the tip in the X-Y plane
and monitoring the measured tip current, i, as a function of tip location, in the so-called
constant-height mode. The image can be converted to a plot of Z-height (distance between tip
and substrate, d), versus X-Y position via an it versus d calibration plot. It can also be plotted
as a gray-scale image, where high values of it are shown in light colors and small values as
dark colors.

Figure 5 illustrates the correlation between surface topography and current measured at the
probe and illustrates the UME path for constant height SECM image.Specifically, the probe
sweeps the surface line by line at a relatively low speed rate to ensure that the tip
measurements are stable (speed rate in the range between 5 and 10 pm.s™). In general,
measurements made at UME are relatively insensitive to agitation of the solution or other
convective effects. However, the scanning of immobile sample at too high speeds causes a
shear of the solution between the UME and the solution, which adds a convective component
to the material transfer in addition to the diffusive component. The layer in which the material
transfer is carried out is then "flattened"” at the UME which results in reducing the interaction
between the UME and the substrate, and hence a lower sensitivity of measurement. At too
high a speed (2 to 6 mm s™), it is no longer possible to distinguish areas of the surface with
electrochemical (insulating or conductive) activity. It is therefore better to image at low



speeds. Also the realization of surface imaging by SECM can be relatively long compared to
other imaging techniques.

4.2.  Determination of kinetics of chemical reactions

Kinetics of reactions can be studied in the TG/SC mode. Indeed, as mentioned above, for
stable species generated by the UME by a simple charge transfer process, the collection
efficiency (defined by the is/it ratio) is close to 1 (100%) when the distance of the
substrate/UME is sufficiently small, typically at a distance d < 2a. Thus, in the case of a
chemical reaction coupled with charge transfer, for example, where the species produced at
the probe reacts in the space between the probe and the substrate by generating an electro-
inactive species, the is/it ratio decreases, and this variation provides access to the kinetics of
the coupled chemical reaction. Depending on the speed of the coupled chemical reaction, the
ratio is/it will tend to 1 (slow chemical reaction), or to 0 in the case of a very fast chemical
reaction.

4.3.  Studies of biological systems

One of the major advantages of the SECM compared to other near-field microscopies is the
ability to image directly, at the micrometer scale (and nanometrically depending on the size of
the UME used) and non-invasively (no contact betweeen the tip and the sample), living
organisms (cells) under in vivo conditions, without any specific sample preparation. SECM
provides access to quantitative data, for example the concentrations of electroactive species
(or not) near a biological system when subjected to physical or chemical stimuli. Thus, soon
after its invention, biological systems and more precisely the processes in which they are
involved have been studied by SECM.%?® This attractiveness for the SECM method is related
to its non-destructive character and its ability to provide complementary information to other
analysis techniques such as fluorescence imaging.

For example, the respiratory and photosynthesis activities of plants were studied by SECM in
SG/TC mode, by following the dioxygen reduction current at the probe close to the cells.?’
Thanks to these measurements, it was possible to map O, fluxes associated with cell
respiration and photosynthesis. These experiments are therefore conducted with and without
light irradiation, in order to show the photosynthetic activity. Using a micrometric probe (tip
of radius ~ 1.2 pm), the activity of an individual cell (protoplast) was analyzed. The SECM
thus offers the possibility of studying cell metabolism at the level of the single cell.

According to a similar principle, the susceptibility of different tumor cell lines to anticancer
agents was analyzed, based on analysis of cell activity by the dioxygen reduction current
measurements, as illustrated on Figure 6. This simple strategy is quite interesting and
complementary to usual biological techniques (such as fluorescence). It can be used in for the
screening of anticancer drugs. These SECM studies, offering the possibility of non-invasive,
real-time cell viability measurements, have also been extended to the study of bovine embryo
viability.?

4.4. Localized surface modification

The SECM can be used for the localized modification of surfaces and for the realization of
microscopic deposits located on both conductive and semiconducting surfaces. In this case,
the UME participates directly to this modification.’*3* A variety of microstructures can be
envisioned, ranging from the microscopic electrodeposition of metals and polymers to electro-
chemical dissolution of metals and the modification of chemical functions on the surface.
Two main categories based on the mode of operation are illustrated in Figure 7. In the direct
mode, the substrate serves as the auxiliary electrode, while in the feedback mode the substrate
is unbiased (in most cases). In both modes, the lateral displacement of the probe during the
surface modification allows the creation of patterns on the surface of the substrate. The direct
mode principle (Figure 7A) is restricted to conductive samples. It was used for example for
localized metal deposition and etching®*>® or the localized polymer deposition such as



polypyrrole and polyaniline.®”* The feedback mode (Figure 7B) was used for example to
modify the surface of fluorinated polymers, and in particular Teflon® or Dyneon'™ by
inducing their local reduction.®**° The main advantage of the feedback mode over the direct
mode lies in the possibility of modifying any type of surface (conductive or semiconducting).

5. Improvement of the resolution of the electrochemical imaging: case of scanning
electrochemical cell microscopy
Scanning electrochemical cell microscopy (SECCM) is a scanning-droplet-based method
conceived for the high-resolution electrochemical imaging of surfaces. This technology is
derived from SECM and scanning ion conductance microscopy and was recently developed
by the group of Unwin.**?*** |ts principle is based on the use of a mobile nano
electrochemical cell allowing high spatial resolution images to be obtained.
The SECCM instrumentation is illustrated in Figure 8A and operates under the constant-
distance mode between the nanosized SECCM probe and the sample, to avoid contact
between the probe and the sample. The SECCM probe is a sharp double barrel capillary
(nanopipette), with both compartments containing a quasi-reference electrode or quasi-
reference counter electrode (QRCE) and filled with an electrolytic solution (Figure 8B *°). By
applying a low potential between the two QRCE, an ion migration current is generated across
the thin liquid meniscus at the orifice of the probe. Simultaneously, a small amplitude
oscillation of the probe is added perpendicularly to the sample surface (Figure 8B). As for
SECM, the first step consists of approaching the tip of the sample surface. In initial stage, the
capillary is positioned far from the substrate (in air) and the hanging liquid that formed at the
end of the pipette is not in contact with the sample surface. When the liquid meniscus enters
in contact with the sample surface, an alternating conductance current is created between the
barrels with the same frequency of oscillation due to the movement of the thin liquid layer
between the probe and the sample. Any change in the alternating current is indicative of a
modification of the distance between the probe and the sample surface. This alternating
current is therefore used as the feedback signal to keep constant the distance between the
probe and the sample during the displacement of the probe above the sample, to realize
imagery at constant distance and avoid any crash of the probe on the sample surface. It should
be noted that the sample is not immersed in solution during SECCM experiment since the
electrochemical cell is confined and defined between the protruding liquid at the probe end
and the sample and nanometric to macroscopic, (semi)conducting or insulating, soft and solid
samples can be interrogated. The lateral movement of the tip above the sample surface drives
that of the nano-electrochemical cell, thus limiting potential fouling or passivation of the
sample surface during experiments.
The re-positioning of the probe during the sample mapping is used for the analysis of the
apparent topographical features of the sample, from the values of the vertical displacement of
the probe during scanning. The probe is maintained in close vicinity to the sample surface but
without contact (typically 25% of the probe radius). The monitoring of migration current
during scanning can be used to map the local conductance of the samples. In the case of
conducting and semi-conducting samples, constituting the main materials studied by SECCM,
the electrochemical activity can also be simultaneously evaluated during the moving of the
probe above the sample, by application of a potential between the sample and one of the
QRCEs.
5.1. SECCM probe
The SECCM probe is a double-barrel pipette with a sharp end opening with a micro- to nano-
metric opening, obtained by pulling the tetha capillary (quartz or borosilicate) with a laser
puller. Each barrel is filled with an electrolytic solution, typically an aqueous solution with a



ionic strength of 10 to 50 mM and contains a QRCE, typically Ag/AgCl electrode (Figure
8B).

The spatial resolution of the SECCM is directly related to the diameter of the pulled double-
barrel capillary orifice. Indeed, the size of the working electrode, defined by the contact zone
between the sample and the hanging liquid at the tip of the capillary, is directly related to the
diameter of the probe. This diameter currently lies between 100 nm and 10 pum. An example
of a nanopipette is illustrated in the electron microscopy image of Figure 8C*. For the
evaluation of the electrochemical activity of conducting and semi-conducting surfaces, a
redox probe (typically ferrocene, ferrocene derivatives, hexaamineruthenium(l1l) choride etc)
is often added into the electrolytic solution. A potential is then applied between the sample
material (acting as the working electrode) and one of the QRCE (acting as the reference
electrode) to drive the desired electrochemical reaction.

5.2 Instrumentation and Imagery

Similarly to SECM, several components are needed for the full instrumental setup (Figure
8A). High-resolution piezoelectric positioners are used for the accurate positioning of the
probe. Two positioning configurations are possible: (i) a vertical (Z) positioning of the
nanopipette and a 2D (X,Y) positioning of the sample or (ii) the 3D (x,y,z) positioning of the
nanopipette (the sample being stationary). The first configuration is generally preferred to
avoid cross talk between piezoelectric positioners. A constant separation between the probe
and the sample should be kept during imaging to prevent the crash of the sharp probe. The Z
positioning is used for the sinusoidal modulation of the tip, with an oscillation amplitude of a
small fraction of the probe diameter, typically ~ 50-100 nm. During the mapping of the
sample properties, the distance between the sample surface and the probe is maintained at
about 25% to 50% of the probe radius. The SECCM instrument should be isolated from
vibration, acoustic and electric noise, so that the instrument should be installed on anti-
vibration table within a Faraday cage equipped with acoustic foam. SECCM setups are
predominantly home-made apparatus (Figure 8A).

5.3. Main applications

Most of the reported SECCM studies have been dedicated to the analysis of electrochemical
activity and electrocatalytical properties of conducting and semi-conducting (nano)materials.
For example, SECCM was applied to the mapping with high-resolution of the electron
transfer kinetics of simple electrochemical systems at individual pristine single-walled carbon
nanotubes (SWCNTSs). To this end, a narrowed SECCM probe was used, with a diameter of ~
400 nm (Figure 9A)*. It was also used as an innovative tool for the nano and microscale
localized surface functionalization and modification of solid samples. For example,
polyaniline motifs were locally deposited on gold surface by SECCM, as dots or nanometric
bands (~400 nm wide), as illustrated on Figure 9B*®. SECCM was also applied to the local
electrografing of aryldiazonium salt on an HOPG surface, allowing the deposition of an array
of reproducible spots of aryl layers of ~ 1 um diameter obtained with a pipette with a 1 um
orifice (Figure 9C)*.
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Figure 1 An illustration of an SECM instrument.
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Figure 2: (A) Ultramicroelectrode with disc-shaped geometry; (B) Typical voltammogram for
an ultramicroelectrode
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Figure 3 SECM feedback modes. (A) Unhindered diffusion of species O in the bulk solution
to a UME tip surface when the tip is far from a substrate. (B) Hindered diffusion of species O
to the tip by an insulating substrate (negative feedback). (C) Increased local flux of O by a
conducting substrate (positive feedback). (D) Representative negative feedback (red) and
positive feedback (black) approach curves.
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Figure 4 SECM generation/collection (G/C) modes. (A) Tip generation/substrate collection
(TG/SC) and (B) substrate generation/tip collection (SG/TC).
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Figure 5. (A) A constant-height 3D SECM image of a carbon surface (B) the corresponding
response of it in feedback mode
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Figure 6. SECM imaging of cancer cells before (A) and after (B) three days of treatment with
an anticancer agent. The very clear stain is indicative of a strain of cells resistant to anticancer
molecules, because it reflects a low current of oxygen reduction available near these cells (and
therefore a strong respiratory activity). Adapted with permissions from reference 30.
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Figure 9. (a) Local electrochemical activity assessed by SECCM of conducting and semi-
conducting SWCNT (using Ru(NHs)s®" as the redox mediator). Adapted with permission from
reference 49 (b) Scanning electronic microscopy image of a localized deposit of polyaniline
on conductive and insulating domains of a sample using SECCM Adapted with permission
from reference 50 (c) Left : pipette used for diazonium electrografting; Right : AFM imaging

of an array of sub-micrometric sized aryl layers deposited thanks to SECCM from
aryldiazonium electrografting. Adapted with permission from reference 51
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