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? Institute of Analytical and Bioanalytical Chemistry, Ulm University, Ulm, Germany

b Université de Paris, UMR CNRS 7591, Paris, France.

Since the 2" Edition of the book, significant progress has been made in all aspects of hybrid
scanning electrochemical probe microscopy (SEPM) combining SECM with techniques such
as AFM, STM, shear force and SICM. Given the ease of nanopipette fabrication, nanopipette-
based hybrid SPM techniques have gained significant attention such that they will now be
covered in a separate chapter ( [Editor please insert Chapter no.]). One of the driving forces
behind the hybrid SECM techniques is the precise knowledge of the tip-substrate separation,
which is essential to extract quantitative information on surface processes. This is particularly
a critical aspect if improved spatial resolution down to the nanometer regime is targeted, which
requires nano-sized electrodes positioned with several electrode radii precision at the sample
surface. To perform imaging experiments with nano-sized electrodes, distance-controlled
positioning of the SECM tip using an electric feedback loop is highly recommended. For
example, for real-world samples with surface morphology on the order of the radii of the
electroactive area at SECM tips, fixed height imaging invariably may result in erroneous data
or tip crash. However, the developments are also driven by addressing more complex problems
which requires that several sample-characteristic parameters (e.g., like nanomechanical
properties, spectroscopic and optical properties) are recorded simultaneously without the need
of sequential mapping. With the update of this chapter, the combination of SECM with
techniques such as AFM, STM, shear force but also complementary techniques including
fluorescence, confocal laser scanning microscopy, surface plasmon resonance and attenuated
total reflection (ATR) IR measurements will be covered, providing selected highlighted

applications of these hybrid methods.
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1. COMBINED SCANNING ELECTROCHEMICAL MICROSCOPY -

ATOMIC FORCE MICROSCOPY (SECM-AFM)

1.1 Introduction
After shear force mode SECM (section 3.1), the combination of SECM with atomic

force microscopy (AFM) is one of the most well-known and well-documented hybrid SECM
technologies as it adds advantages to both SPM methods. In contrast to the first editions of the
book, the abbreviation AFM-SECM will now be used throughout this chapter, as has evolved
into a commonly used expression in the literature. AFM is frequently termed as “chemically
blind”’; hence adding information on (electro)chemical surface process during mapping of the
sample surface allows the correlation of e.g., morphological changes with local reactivity.
SECM requires reliable distance control if SECM tips with sub-micrometer dimensions are
used for imaging. Traditionally, in amperometric SECM measurements the current that flows
at the tip, when the tip is placed close to a surface, is due to the diffusional flux of a specific
electroactive moiety to the electrode, which is dependent on both surface reactivity and tip-
substrate separation, d. If d is not known accurately then the (electro)chemical process under
investigation cannot be correctly interpreted. More than twenty years ago, the first approaches
to combine AFM and SECM were demonstrated by Macpherson and Unwin [1] and Kranz et
al. [2] by fabricating sub-micro- and nano-sized electrodes that can be used as cantilevers in
AFM [3] or by integrating an electrode into a commercial AFM probe [2]. Since these seminal
contributions, significance developments in hybrid AFM-SECM have been made. Various
aspects have been discussed in recent reviews featuring SEPM with focus on AFM-SECM
methodology and applications [4-9].

Atomic force microscopy (AFM), introduced by Binnig, Quate and Gerber in 1986 [10]
is to date probably the most commonly used scanning probe microscopy technique, as high-

resolution information of sample surfaces independent of their physical and chemical nature



can be obtained. Attractive and/or repulsive forces acting between an ultra-sharp tip at the end
of a cantilever and the sample surface lead to a displacement of the cantilever following
Hooke’s law in contact mode AFM, or to changes in amplitude (i.e., amplitude-modulated
AFM, AM-AFM), or in frequency (i.e., frequency-modulated AFM, FM-AFM) in dynamic
mode AFM. For AFM imaging, the AFM probe scans across the sample surface, and a physical
property of the cantilever varies in response to force interactions between the tip and substrate.
Using an electronic feedback loop, the AFM tip-sample separation is kept constant and
accurately maintained (constant force mode) providing high resolution 3D information with
resolutions z resolutions of sub-A and x,y resolutions in the nanometer range. The latter is
controlled primarily by the radius of curvature of the sharp tip and the experimental conditions.
However, the AFM is considered as ‘chemically blind’, if the AFM tip, which is usually made
from silicon or silicon nitride, is not specifically modified [8]. In respect to SECM, the need to
improve the lateral resolution using electrodes with radii in the nanometer range, requires that
the distance between the sample and the SECM tip can be maintained accurately. By integration
of an electrode into the AFM probe, the advanced positioning of the AFM tip can be
simultaneously exploited for the tip-integrated electrode, thereby allowing precise control of
the implemented electrode-sample distance. Thus, the inherent correlation of structural
information with (electro)chemical surface activity is facilitated. The current response of the
electrode, which can be located at various positions at the AFM tip, serves as a quantitative
measure of the (electro)chemical properties of the interface, akin to SECM. The effect of local

changes in solution composition, initiated electrochemically can be interrogated structurally.

1.2 Probe fabrication
For a long time, a limiting factor compared to other hybrid SECM methods was the lack

of suitable AFM-SECM probes. Hence, it is evident that a significant body of AFM-SECM
literature is focused on combined/integrated probe fabrication, which will be discussed in the

following, including commercially available AFM-SECM probes, which appeared on the



market within the last decade. Predominantly, AFM-SECM probes have been reported with an
electrode either at the apex of the AFM tip (i.e., mostly conical electrodes) or an electrode
located below the non-conductive AFM tip (i.e., termed as “recessed from the tip”). Evidently,
the co-location of electrode and AFM tip apex is more established, as the fabrication of such
probes - either hand-fabricated or via well-established microfabrication — is less complex.
Almost all fabricated AFM-SECM probes discussed in the following section were characterized
via electron microscopy (i.e., shape and size) and cyclic voltammetry in terms of electrode size

and quality of insulation quality.

1.2.1. Hand-fabricated AFM-SECM Probes

Hand-fabricated probes can be obtained without specialized equipment or the need of a
cleanroom facility, as initially shown by Macpherson, Unwin and co-workers [3]. Nanoscopic
electrode fabrication [11] and the fabrication of probes for electrochemical STM [12] are well-
established procedures of electrochemical etching and insulation of microwires, leading to
sharpened and insulated sub-micro- and nanoelectrodes, except at the very apex of the tip. For
the fabrication of AFM-SECM probes, the wire is etched and then bent and flattened to form
the force-sensing cantilever. Subsequently, the bent wire is insulated with an electrochemically
induced deposition process of i.e., electrophoretic paint, which retracts from the apex during
curing, so that only the very end of the tip is exposed, leaving a sub-micron, “cone-shaped”
electrode at the tip apex. Due to the low resonant frequencies of these hand-fabricated AFM-
SECM probes, topographical imaging is typically carried out in contact mode. As,
electrochemical imaging is typically carried out with the tip maintained at a 'constant distance’'
from the substrate of interest, the AFM-SECM probe scans each line twice. In the first pass,
sample topography is recorded whilst, in the second pass this information is used to hold the tip
at a constant, defined distance from the surface while electrochemical data is acquired [13].

This methodology is also used for magnetic- and electrostatic-AFM imaging and is usually



termed as “lift mode”. In this way the tip-substrate separation is always known, which is not
possible with conventional SECM imaging.

This seminal approach was adapted and modified e.g., to fabricate sub-micrometer-sized
gold AFM-SECM electrodes of well-defined conical or spherical geometry [14,15]. The apex
of the etched gold microwire is molded into a defined spherical or conical structure by local
melting using a controlled arc discharge. The whole structure is then coated with an
electrodeposited insulating paint and the very end of the tip exposed by applying a high voltage
pulse to the gold wire. These probes can then be further labeled with redox-active groups as
introduced by Demaille and co-workers [16] by tethering redox molecules such as ferrocene
moieties via flexible PEG cross-linkers to the gold tip. A crucial requirement of all AFM-SECM
probe developments is that the only exposed metallic area on the probe is that of the electrode
itself, thus it is essential that no pinholes are present in the insulating coating, which is quite
challenging, when experiments are carried out in organic electrolyte solution or at harsh
conditions such as strong acidic or basic pH values. Glass is mostly used for conventional
micro-sized SECM tips, and is among the best methods to seal micro-wires. Glass-insulated
AFM-SECM probes with nanometer-sized Pt electrodes or protruding conical Pt electrodes,
which are fabricated via laser pipette pulling are commercially available e.g., from Nanonics

Imaging Ltd. [17]. An overview of hand-fabricated AFM-SECM probes is shown in Figure 1.



................ 2

Figure 1. Left) Micrograph of a coated SECM-AFM probe. scanning electron micrographs of the end
micrometer- and sub-micrometer-sized SECM-AFM tips. Adapted with permission from J.V.
Macpherson et al., Anal. Chem. 72,276-285 (2000). Copyright 2000 American Chemical Society. Right:
SEM micrographs of gold sub-microelectrodes. The electrodes are made from gold wires bearing sub-
micrometer-sized structures formed as a result of the controlled arc discharge technique. The body of
the wire is insulated by a layer of electrophoretic paint; only the preformed tip end is bare gold. (a) — (d)
represent the different structures formed by varying the settings of the spark generator.; Reproduced
with permission from J. Abbou et al., Anal. Chem. 74, 6355-6363 (2002). Copyright 2002 American
Chemical Society.

Spherical AFM-SECM probes with radii ranging from 150 to 550 nm were initially reported
by Abbou et al. [14] and later reduced radii of 20—100 nm have been reported [15]. Conical
AFM-SECM probes with effective tip radii ranging from 50 nm to 2.5 pm were reported within
a batch of 50 fabricated tips [1]. For hand-fabricated AFM-SECM probes, the electrode is also
at the same location as the apex of the imaging AFM tip.

L-shaped AFM-SECM probes (“iProbe”), developed by a former AFM distributor
(Windsor Scientific Ltd) with microscopic electrodes were employed for corrosion studies by
Davoodi and colleagues [18-23]. The fabrication steps of these AFM-SECM probes included
embedding of a Pt microwire in an insulating epoxy, to produce an insulated
ultramicroelectrode (UME) of 1-5 um in diameter followed by a flattening and bending step
adapted from the approach by Macpherson and Unwin [1]. Thereby, the probe can be used as
cantilever, for sufficient laser deflection the bent part was coated with gold. The insulated end

was cut with FIB to reveal a small tip next to the Pt disc electrode [21]. Alternatively, the probes



were fabricated by pulling and embedding the Pt in quartz glass, again flattened and bent, and
then polished at an angle of 15-25° [18]. For both designs, the bent part for AFM laser deflection
was not immersed in the electrolyte solution. These probes were used for investigating
structure-activity problems related to corrosion as discussed in section 1.5.2. Velmurugan et al.
[24] fabricated glass-insulated nanoelectrodes by laser-pulling, which were then attached to a
quartz tuning fork. Although, the nanoelectrode is produced by benchtop methods, a series of
milling steps and ion beam-induced deposition (IBID) steps for attachment of the probe to the

quartz tuning fork were employed, which appears quite laborious, time and cost consuming.

1.2.2. Micro-fabricated AFM-SECM Probes

For more widespread application of AFM-SECM, probes with reproducible and defined
characteristics such as tunable force constants, reproducible tip curvature radii, and robust
insulation are required. In 1999, DeRooij and co-workers already presented a microfabrication
process for NSOM probes and AFM probes with conical microelectrodes [25]. Currently, two
microfabrication approaches for AFM-SECM probes, where the electrode is also at the same
location as the apex of the imaging tip currently are reported: (1) modification of commercially
available AFM probe to integrate electrochemical functionality [2,26,35-40,27-34] and (2)
bottom-up fabrication, where the probe structure is built from first principles [41-51]. The latter
can be divided again in two approaches: batch process using standard lithographic methods
applicable to produce probes at the wafer-level and microfabrication steps with an additional
serial step during fabrication or at the end of the fabrication process to expose the electroactive
area, predominantly by focused ion beam (FIB) structuring. Owing to its precision, FIB milling
evolved into a quite popular AFM-SECM probe fabrication step despite the requirement of
serial processing. The bottom-up fabrication process, which applies standard lithographic
processes used in AFM probe fabrication for rectangular cantilevers, has been reported by e.g.,
Staufer, Frederix, Engel and co-workers. [41,52,53] Frederix et al. presented an approach,

where pyramidal etch pits in Si(100) were opened by etching and then coated with a film of



silicon nitride. These were used as the template for electrode and tip formation. The electrode
(tip) was formed by depositing a film of polycrystalline silicon, restructured by ion etching,
followed by a layer of platinum. Finally, a layer of silicon nitride was deposited to encapsulate
the metal, and the surface was subject to etching to reveal the cantilever shape, resulting in a
cantilever and tip totally insulated, except for the Pt:Siy apex. Although the probes are formed
in a batch process, variation was found in the electrode base radii, between 40 — 400 nm, and
ratio of electrode height to base radii from 2- 2.5. Despite these large variations, tip curvature
radii as small as 10 nm were obtained.

Prinz and Fasching fabricated sharpened high aspect ratio silicon (HARS) AFM-SECM probes
with base diameters as small as 600 nm and tip radii smaller than 50 nm, using isotropic and
anisotropic deep-reactive etch processes including a serial FIB milling step [43]. Deposition of
silicon nitride followed by a back etch step enabled the silicon tips to protrude through the
silicon nitride layer. Layers of platinum, followed by silicon nitride were then deposited on the
tips. Finally, using a mask in combination with FIB, the underlying metallic layer was exposed
to reveal the Pt electrode sitting atop the HARS tip. The fabrication steps can also be used to
fabricate linear probe arrays and two-dimensional probe arrays. Only electrochemical
characterization using cyclic voltammetry, but no AFM-SECM measurements were reported.
The same group reported the fabrication of planar and needle shaped probes with a dual
electrode system (see Figure 2) for analyzing living cells [54]. In brief, the processes comprise
two fabrication steps: (1) microfabrication of cantilevers and metal deposition and (2) serial
FIB milling steps to precisely define the shape of the tip, resulting in radii as small as 50 nm
and to remove the insulator in the vicinity of the apex and to define the electrode geometry. For
dual probes fabrication, one needle was coated with Pt whereas the other one was modified with
Ag to form the reference electrode. The probes were found to have an average electrode area
of 0.1 um? and both Pt and Ag/AgCl (formed by chloridizing Ag) sub-micrometer electrodes

were formed on the AFM tips. The functionality of the probes for imaging was only
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demonstrated for mapping the topography of a SiO2 grating with step heights of 100 nm. The
capability to use the microfabricated probe for live cells studies was demonstrated via a first
proof-of-principle measurement, penetrating a rat fibroblast cell with a single Ag/AgCl AFM

probe recording the cell membrane potential during penetrating the cell.

analyses. (c) Tip of the single probe. Reproduced with permission from Bai, et al., Sensors Actuators B
Chem. 130, 249-257 (2008). Copyright 2008 Elsevier B.V.

A similar fabrication process had been adopted earlier in 2005 by Macpherson and Weaver
[45,46], except that in this study electron beam lithography was used to expose the defined
electrode area as opposed to FIB. Figure 3 shows a typical image of the final AFM-SECM
probe with triangular shaped gold electrode with a base width of approx. 1 um, defined at the

apex of the tip. High yields of ~ 80 % were reported.
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(a) (b)

Cantilever

Figure 3: (a) Low- and (b) high-resolution FE-SEM images of the tip and cantilever geometry of a
typical AFM-SECM probe fabricated using microfabrication and electron beam lithography. Adapted
with permission from P. S. Dobson et al., Anal. Chem. 77, 424-434 (2005). Copyright 2005 American
Chemical Society.

DeRooij and colleagues presented a bottom-up process using photolithography to fabricate
AFM-probes with a gold apex, suitable for AFM-SECM, and single molecule force
spectroscopy as the golf apex can be easily modified with specific molecules through thiol
chemistry [55]. This FIB-less microfabrication process, which is based on photolithography
and Si etching steps from the top surface of a SOI wafer allows processing of cantilevers with
different length and the thicknesses resulting in force constants from 0.05 N/m to 13.67 N/m
from the same wafer. The integrated electrode was defined by an electron beam lithographic
step resulting after processing in a gold nanowire with a tip radius of approx.. 20 nm which is
protruding from the side of the cantilever as visible in Figure 4. Although only the fabrication
process was presented in this contribution, such batch bottom-up fabrication with tunable

properties of the conductive probes is quite interesting.
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Figure 4. Left: Schematic view of the fabrication process. Top view (al) and side view (a2) of the tip
and interconnections after the lift-off process. (b) BHF etching to open the contact holes. (c1) DRIE
etching through the device layer with the Cr mask which defines the chip shape. (c2) Top view of the
Cr mask in step c1. (d) Backside patterned by DRIE. (e) BHF etching releases the chip. (f) KOH etching
and BHF etching open the conducting tip apex. Right: SEM pictures of the fabricated probe: (a)
Conductive probe. (b) Closer view of the passivation and gold tip. (c) Tip apex. (d) A bird’s eye view
of the chip from the handling layer. (¢) 400 pm x 20 um x 2 um cantilever with a gold conductive tip.
Reproduced with permission from Y. Wu et al., Sensors Actuators A Phys. 215, 184—188 (2014).
Copyright 2014 Elsevier B.V.

Wain et al. fabricated AFM-SECM probes also using a bottom-up approach with a serial FIB
modification step [51]. After defining the dimension and shape of the cantilever and forming
an insulating SiO2 layer by thermal oxidation, the tip side was coated with a Pt layer and a
silicon nitride layer. As already previously applied in AFM-SECM probe microfabrication [30],
a sacrificial Cr layer is deposited and selectively removed by FIB milling. Subsequent wet
etching steps to remove the previously exposed silicon nitride, the remaining sacrificial Cr
layer, resulted in AFM-SECM probes with an approximated base radius of 150 nm. Although
the tip radius and tip height were not further specified, a tip radius of approx. 80-90 nm can be
estimated from the SEM image shown in Figure 5. A yield of 80% of functional AFM-SECM

probes was reported. Imaging of a gold patterned silicon oxide substrate was carried out in lift
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mode recording first the topography followed by “lifting” the probe by 100 nm before recording

the electrochemical image.

Figure 5. (a) SEM image of a batch-fabricated AFM-SECM tip with conical electrode apex.
Reproduced with permission from A. J. Wain et al., Anal. Chem. 86, 5143—5149 (2014). Copyright
2014 American Chemical Society.

Wittstock and co-workers and Oesterschulze and co-workers microfabricated AFM-SECM
probes with nanoscopic electrodes by back filling and coating a microfabricated aperture within
a silicon dioxide pyramid [56] with an Au layer [47,48]. For handling, the processed cantilever
structures were mounted to a rigid chip processed at a second wafer. To make electrical contact,
a pyramidal feedthrough was etched into the holder chip to contact the Au layer on the
cantilever. Initially, for insulation of the AFM-SECM probe, a 1 um thin layer of Parylene C
layer was used which was replaced later by silicon nitride. The electrode was exposed by slicing

off the apex of the silicon dioxide tip using FIB under a certain angle, as shown in Figure 6.
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Figure 6: (a) Slice of the pyramidal tip yielding a small square electrode (inset shows the same tip at
the same magnification but at a different angle in order to visualize the sloped cut of ~ 15°). (b)
Electrode at the apex of the pyramid achieved by removing SiO, at the very tip. (c) lon beam milling
was performed so that one half of the top SiO; layer was left as distance holder in SECM and as AFM-
tip. Reproduced with permission from M. Salomo et al., Microelectron. Eng. 87, 1537-1539 87
(2010). Copyright 2010 Elsevier B.V.

As can be seen the electrode is slightly offset from the imaging tip, which must be accounted
for when interpreting the electrochemical images. AFM-SECM probes with electrodes as small
as ~ 10 nm radius were fabricated using this approach [48]. It was noted that with this type of
SECM-AFM design topographical features on the surface of a certain size (dependent on probe-

electrode geometry) led to artifacts in the SECM current image [48].

Batch-fabrication process at the wafer-scale level for recessed electrodes using standard

lithography techniques without any serial modification steps such as FIB milling at the

15



expensive of the achievable size of the electrode have been introduced by Shin et al., however,
at the expense of the achievable electrode size [49,50]. Silicon AFM-SECM probes with micro-
sized Pt ring-electrodes were fabricated by coating microfabricated silicon pillars on cantilever
structures with Pt, followed by silicon carbide deposition. Preferentially, etching of the surface
left a silicon carbide tip on the top of the pillar, surrounded by a ring of Pt, at the base of the
tip. Typical yields were quoted at 60% [50]. Due to the standard lithographic process, the
diameter of the ring electrode is in the range of 4-6 pum, thus limiting the achievable resolution
in the current images. A batch fabrication for AFM probes with a conductive and an insulation
layer except the contact pad and the tip has been presented by Birhane et al. [57] showing
reduced capacitive coupling with the sample. The fabrication process is based on standard
lithographic processes. Although the probes were designed for conductive AFM (contact mode)
and electrostatic force microscopy (dynamic) mode, these probes may be also suitable for AFM-
SECM measurements. Commercially available AFM-SECM probes with conical electrodes
from Bruker are also fabricated via standard MEMS processes and will be discussed in section

1.3

1.2.3. Modification of commercially available AFM probes.

A quite popular approach for fabricating AFM-SECM probes is the modification of
commercially available silicon and silicon nitride AFM cantilevers. Initially this approach was
introduced by Kranz et al. [2] by coating silicon nitride AFM probes with a 100 - 300 nm thick
layer of Au, followed by ~ 800 nm thick layer of silicon nitride. Alternatively, mixed silicon
oxide/silicon nitride layers [58], Parylene C [59] or plasma-deposited fluorocarbon films [29]
have been used for insulation. Via several FIB milling steps, a gold square-shaped electrode
(given the pyramidal shape of the AFM tip) is exposed around the base of the non-conductive
AFM tip. As the AFM tip is reshaped, the AFM-SECM probes have tip curvature radii

comparable to commercial silicon nitride AFM probes. Alternatively, boron-doped diamond
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(BDD) having an enhanced potential window and exhibiting chemical and physical inertness
has also been implemented as electrode material [31,32]. Although metal coating and insulation
can be processed in batches, the FIB step remains a serial process and each AFM-SECM probe
must be individually processed. The FIB milling process can be adapted to produce ring
electrodes [60] and electrodes of sub-micron [61] and nanoscopic dimensions [38]. AFM-
SECM probes with different electrode materials and electrode shape located at the base of the

non-conductive AFM tip are shown in Figure 7.

(a)

Parylene-C

Frame electrode

SIN AFM-tip

Figure 7. (a) SEM image of an integrated frame sub-microelectrode with an edge length of 800 nm and
a tip height of 300 nm. Unpublished data; b) integrated ring BDD electrode, insulated with Parylene C
(unpublished data). c) Front view of an AFM-SECM probe showing the insulating AFM tip (length
approx. 200 nm) located next to the recessed disc nanoelectrode with radius of 50 nm. Adapted from P.
Knittel at al., Faraday Discuss. 193, 353-369 (2016). Copyright 2016 Royal Chemical Society.

Also, top milling rather than side milling steps has been evaluated by Kranz and co-workers
[40] to minimize the time-consuming FIB steps and to evaluate the potential for automated FIB
milling routines using advanced software for patterning complex structures. The distance
between the electrode and the surface is defined by the length of the re-shaped AFM tip, which
follows the topography of the sample in constant force mode. Thus, with the tip imaging in
contact mode, the electrode is maintained at a constant distance from the surface and is
protected from potential contamination issues associated with the electrode making intimate
contact with the surface. As with SECM, the spatial resolution of this type of electrochemical
probe will depend on the electrode size and its distance from the surface. The force constants

of these probes are in the range of 0.1 to 1N/m for silicon nitride cantilevers depending on the
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insulation material [58,62]. The silicon nitride AFM-SECM probes have been used in dynamic
mode AFM to minimize frictional forces associated with contact mode imaging when imaging
soft samples. [63] These probes have also been used for PeakForce Tapping™ imaging,
providing local electrochemical and nanomechanical information such as Young’ modulus or
adhesion forces [38,58,64]. Given the small oscillation amplitudes employed during dynamic
operation, the current flowing at the electrode is very similar to that obtained with the tip
operated in contact mode. These probes have been used e.g., for mapping biosensor activity

[63,65] and for imaging soft modified electrodes [58,64].

Using FIB, also “L-shaped” AFM-SECM probes were processed bearing the electrode next to
the AFM tip at the plateau of the tip [33]. Silicon cantilevers were coated with a thin Pt layer
(25 nm) and subsequently insulated with Parylene C. The electrode was exposed via a triangular
FIB milling step, such that the insulation layer was removed to expose the electrode and leave
the edge of the coating that serves as AFM tip. In a follow-up study, a bundle of carbon
nanotubes consisting of entangled multiple SWNTs was formed by dielectrophoresis and at the
same time attached to a metallized AFM tip (i.e., no further bonding steps were required) [66].
In dependence of the electric potential frequency and amplitude, CNT bundles with diameters
of 300-400 nm were attached to the AFM tip. The whole cantilever with the modified tip and
the chip, after making electrical contact, was the insulated with Parylene C (approx. 400 nm)
and either a disc electrode or a L-shaped AFM-SECM probe was exposed forming a Parylene
C-AFM tip (diameter: 300400 nm and a height of 300-400 nm). The functionality of the L-
shaped probes was demonstrated by imaging the morphology and SECM feedback response of

A CNT network deposited between two gold contacts [33,66].

Conical gold or BDD electrodes as the imaging tip have been fabricated by combined FIB-
milling and reactive ion etching (RIE) process steps [30]. The silicon AFM probe is first coated

with titanium/gold/titanium or BDD layer and then the entire cantilever was insulated with

18



silicon nitride prior a sacrificial chromium layer is deposited. The projective chromium layer
allows selective RIE etching, which removes the silicon nitride but stops at the gold or BDD
layer, respectively. With a single FIB processing step, the Cr cap is removed, exposing a small
area of the silicon nitride layer, which is in a subsequent step removed by RIE. Conical Au- and
BDD electrodes with tip curvature radii of 150 to 200 nm and heights of the conical electrodes
in a range of 250-300 nm were obtained, after removal of the protective chromium layer (wet
etching). The electrochemical characterization via cyclic voltammetry revealed defects in the
insulation layer as well as some contaminations from titanium oxide (TiOx) blocking the gold
electrode. The fabrication process was later improved in respect to the insulation by adding a
second 50 nm zirconium oxide (ZrO2) or aluminum oxide (Al203) layer. Alternatively, using
electrophoretic paint after electrical wiring facilitated obtaining pinhole-free insulation while
also coating the electrical contact [34]. These probes were used to investigate gold nanocontacts

between the AFM-SECM probe and a gold bead crystal in sulfuric acid.

Commercially available AFM probes have also been employed by other researchers,
however, less sophisticated techniques than FIB have been used to reveal and define the
electrode, positioned here in the vicinity of the tip apex. Commercial Pt/Ir, Pt or Au-coated
AFM probes were insulated with either Parylene C [28,35] or a photoresist layer [26] and then
the conductive apex of the tip was exposed using either mechanical grinding [28,35] or UV
light, exposed through a mask [26]. Conductive carbon-coated AFM probes were fabricated
from silicon AFM probes modified with Parylene C, which was pyrolyzed at 900° C in inert N2
atmosphere [67] However, a drawback of using these approaches may be the inability to
produce electrodes of reproducible dimensions and electrode materials of sufficient stability.

High-aspect AFM-SECM probes have been fabricated based on single walled carbon
nanotubes (SWNTs) attached to AFM tips [68] which served for metal nanowire formation and
SECM-AFM probe fabrication [27]. After attaching a SWNT to the AFM tip, subsequent

deposition of metal, and insulation of the metallized SWNT with an electrodeposited polymer,
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the electrode was exposed using FIB revealing a nano-sized disk-shaped electrode. Although
serial fabrication steps are laborious, the size of the metallic electrode can be uniquely
controlled by the amount of deposited metal, i.e., disc electrodes down to ~ 10 nm can be
reliably produced. Needle-type AFM probes consisting of conductive Ag2Ga wires at the tip
apex and insulated with Parylene C are nowadays available from NaugaNeedles LLC. [69]
These commercial probes have been used to fabricate high-aspect ratio AFM-SECM probes
[37]. In a first step, the probes were further insulated with electrophoretic paint to improve the
Parylene C insulation, which may suffer during handling of the cantilevers. After insulation,
the disc electrode was exposed via FIB milling. As Ag2Ga is a rather exotic electrode material,
the exposed electrode surface is modified with a Pt nanoparticle film using an electroless
galvanic exchange process. AFM-SECM probes with electrode radii of around 150 nm have
been fabricated with the electrode slightly protruding from the needle.

Another fabrication approach for needle-type AFM-SECM probes was achieved by
electron-induced deposition (EBID) of C/Pt composite nanowires at the apex silicon AFM
probes. [36]. First, a tiny, truncated platform is FIB milled at the tip apex, which is subsequently
modified with a Pt/C nanowire (approx. 1 um length) via EBID. To make contact to the
nanowire and to improve the electrical resistivity, which is for Pt/C is in the order of 0.1 Q cm,
the whole cantilever was coated with a 100 — 200 nm thick gold layer deposited via evaporation.
The probes were insulated with atomic layer deposition (ALD) of Al2O3) whereby only a layer
20 — 50 nm produced pinhole free uniforms films. The electrode was then exposed using FIB
milling. As proof-of-principle, metal such as Ag and Ni were electrochemical deposited
showing only modification at the exposed electrode. Although, no electrochemical imaging
experiments using such probes have been presented to date.

Another FIB-based approach for fabricating conical polypyrrole (Ppy) electrodes was
presented by Knittel et al. [39]. First, a small, truncated platform at the apex of gold-coated and

insulated silicon nitride AFM probes were formed via FIB to expose a squared nano-sized
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electrode, which was subsequently modified with a Pt/C cone using ion-beam induced
deposition (IBID). The size of the deposit is defined by the size of ion beam. The conically
shaped Pt/C tip was then electrochemically modified with a layer of Ppy. As these probes are
intended for force spectroscopy experiments, the obtained tip curvature radius of 50-75 nm was
sufficient. The radius could be improved by another FIB processing step in case imaging is
intended with these probes.

Significant progress has been made in respect to improving the achievable spatial
resolution in SECM and AFM-SECM. An ideal AFM-SECM probe has a high-aspect ratio, and
a tip curvature radius of only a few nanometers along with a nanoscopic electrode either at the
tip apex or located below the tip apex. However, for force spectroscopy measurements at soft
samples micro-meter sized colloidal probes [70,71] are advantageous, as extremely high
pressures may be exerted to a soft sample if sharp AFM probes with nanometer-sized tip
curvature radii are employed. Typically, micro-sized silica spheres are glued onto tipless AFM
cantilevers to increase the contact area between the probe and the sample, thereby decreasing
the mechanical pressure on the investigated sample. Knittel et al. introduced colloidal AFM-
SECM probes for electrochemical force spectroscopy measurements [72]. A micro-sized disc
electrode is milled at the very end of the cantilever into a gold-coated and insulated, tipless
silicon nitride cantilever. A gold-coated colloid is then glued to this disc electrode making
electrical contact to the conductive sphere. Such colloidal AFM-SECM probes have been
modified with polymers such as PEDOT [72] (see Figure 8) or polydopamine [73] for adhesion

measurements to study the effect of electrical signals on cellular and molecular interactions.

21



’/
¥ P
< 1-.---- insulated probe
- 104~ = after FIB milling
& "'V —— after colloid attachment
3
-15 4
20 T T T T T |
-0.5 -0.4 0.3 -0.2 0.1 0.0 0.
Potential / V vs. Ag/AgCI
lc P,
5 4 ‘fo ] ‘_o o\ »
" g) ~«J_’\_./'Jl._',-'-/l”\f.f«sf-.{’\}:;ﬂ}q_\_ﬁ;v.
- C T o: ;o oi_:_o & vj‘o of_ Jo
[ SO B0, SO SO SOM SOy !rDi"
A A A A A A A
i i
& (0] t S 1.
=
[
g
- Ag
o] 0.00 050 1.00 150 2.00 2.50 3.00 3.50
G o vA T T T T ———
0.00 050 1.00 150 200 250 3.00 3.50
Energy / keV

Figure 8. Fabrication of the PEDOT:PSS-coated conductive colloidal AFM-SECM probe. (a—d) SEM
images of the main fabrication steps (insulation, milling, colloid attachment and polymer deposition).
(e) Electrochemical characterization after each step via CV in 10 mM [Ru(NH3)6]Cl3/0.1 M KCI (3
consecutive cycles are shown, scan rate: 100 mV s™'). (f) SEM image showing a cross section of the
modified colloidal probe shown in (¢); (g) EDX spectra recorded at the marked spots in f (red: core of
the polystyrene sphere, blue: PEDOT:PSS, inset structure of PEDOT:PSS). Reproduced with permission
from P. Knittel et al., Nanoscale 8, 4475448 (2016). Copyright 2016 Royal Society of Chemistry.

Also, colloidal BDD-AFM-SECM probes have been fabricated using the same approach
[73]. The forces constants of these physically robust and electrochemically unique AFM-SECM
probes are quite low with values in the range of 0.85 +/- 0.04 N/m compared to other
commercially available diamond-coated AFM probes, as silicon nitride cantilevers with a
nominal force constant of 0.06 N/m were used to fabricate such probes. The authors showed
that the very same probe can be used for electrochemical force spectroscopy, conductive AFM
mappings at flat samples and AFM-SECM measurements. Although, the concept is interesting
due to an extremely robust AFM-SECM electrode and which chemical properties can be

modified by the surface termination of BDD (e.g., hydrogen-terminated, or oxygen-terminated),
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they only have quite limited use for high-resolution imaging given the limited achievable lateral
resolution.

Independent of the fabrication process, AFM-SECM probes with a design format i.e.,
where the electrode is also in the same location as the apex of the imaging tip, can also be used
in conductive AFM mode (c-AFM) i.e., to directly measure the current that flows through a
substrate in air when a voltage is applied between the tip and the substrate. In this way the
electrical properties of the substrate, if (semi)-conducting can also be spatially quantified and

may be correlated with the electrochemical response [74,75].

1.3. Commercially available AFM-SECM probes

The opportunity to reproducibly microfabricate AFM cantilevers at the wafer-scale has in
addition attributed to the popularity of AFM. Although, attempts to microfabricate AFM probes
with integrated electrodes have been made in the 1990ties [25], the complexity of
microfabricating such probes with integrated defined sub-micro- or nanoelectrodes, ensuring
excellent insulation of the entire cantilever and chip is quite costly and requires a high demand
by customers to be commercially attractive. Many of the fabrication approaches described
above using serial steps such as FIB modification are expensive, and hence may be of limited

use for mass production.

Nanonics Imaging Ltd. (Israel) already offered in 2002 glass-insulated, cantilever-shaped Pt
probes with electrodes as small as 50 nm [76]. These probes have been used with their tuning-
fork-based AFM. NaugaNeedles LLC., founded in 2007 offers needle-type AFM-SECM
probes, with conductive AgxGa wires selectively grown at the apex of AFM probes [69].
Needles with lengths from 1 — 100 um and diameters from 25 to 100 nm are produced via an
Ag-coated AFM probe that is immersed and retracted from liquid gallium. After insulation with
Parylene C, the insulation layer is removed at the tip apex and modified with Pt resulting in

protruding electrodes with dimensions of approx. 20-100 nm in diameter. For a short time,
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Keysight Technologies - before closing down its AFM division - has offered AFM-SECM
probes with frame electrodes as initially introduced by Kranz and co-workers [2]. Pre-mounted
on a carrier to ensure electrical connection to a preamplifier located in the AFM cantilever
mount, these probes were convenient to use. Scuba Probes, recently acquired by Nanosurf, a
Swiss AFM company, has developed an AFM-SECM probe based on commercial triangular
AFM probes coated with a thin Pt layer [77]. The probe is pre-mounted at a flexible handle
where the electrical contact is made to the chip. The whole assembly is then insulated prior a
conical Pt electrode is exposed by laser cutting or FIB milling. The advantage of this approach
is a well-sealed electrical contact suitable for measurements in organic solvent. Bruker
(Camarillo, CA) offers AFM probes with conical Pt electrodes at the tip apex, which are
marketed and developed for “PeakForce Tapping SECM [78,79]. These batch-fabricated AFM-
SECM probes as shown in Figure 9 have dimensions of around 200 nm in tip height and a tip
curvature radius of approx. 25 nm and are pre-mounted in a glass block, which readily fits into

the PeakForce Tapping SECM module of the Bruker AFM instruments.

183 nm

H 710.5 nm
'—{ 326 nm

Figure 9. (a) A pre-mounted SECM nanoelectrode probe with the cantilever on the left. (b) An exposed
Pt-coated tip apex with ~50 nm end-tip diameter and ~200 nm tip height (other than the tip apex, the
probe is fully insulated with SiO; and other dielectric sub-layers). Reproduced with permission from Z.
Huang et al., Micros. Today 24, 18-25 (2016) Copyright 2016 Microscopy Society of America.

Several factors may limit the widespread use of commercial AFM-SECM probes. Regardless
of the approach or fabrication process, the commercial AFM-SECM probes are still quite

expensive compared to standard AFM probes. For example, contamination of the tip or wear of
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the tip during imaging, which may affect the electrochemical response of probes with the
electrode located at the tip apex may limit the time such probes can be used. The availability of
commercial AFM-SECM probes, which can be used with any AFM instrument is currently also
still limited. If the electrical contact of the AFM-SECM probe is not already pre-encapsulated,
sealing the contact located at the cantilever chip may be challenging, specifically, when

working in non-aqueous solutions.

1.4 Modeling of SECM-AFM probe responses

Several authors have used numerical simulations to quantify the electrochemical
response of the integrated electrode and compare this to the values measured experimentally.
Modeling the response of an AFM-SECM tip is more complicated than for the traditional disk
shaped SECM tip, due to the lack of axial symmetry and the need to move to 3D. Skylar et al.
[80] used the boundary element method (BEM) to model the electrode response of the sub-
micrometer frame electrodes, introduced by Kranz and co-workers [2]. The AFM tip in the
center of the frame electrode and it could be confirmed by the theoretically obtained values that
the presence of the tip did not alter the current-distance response, compared to the case of no
tip present, when approaching infinite surfaces with associated, zero, finite and diffusion
limited electron transfer rate constants. The tip was also found to have no effect on the current
response when recording the feedback current as the tip scanned over gold islands, more than
ten times larger the dimensions of the integrated frame electrode. Experimental currents were
found to agree well with those simulated numerically. Wittstock and colleagues also used the
BEM numerical simulation method to predict useful AFM-SECM tip and electrode geometries

before time, effort and cost was invested in microfabrication [48].

Finite element method (FEM) simulations were used to predict the current response of the
triangular-shaped electrodes defined by electron beam lithography at the apex of the AFM tip

[45,46] and the diffusion-limited current response of the tip approaching insulating and
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conducting surfaces. It was shown that the tip does not significantly perturb the diffusion field
of a reactive site on the surface and thus could be used in substrate generation — tip collection
(SG-TC) mode. Further experimental and theoretical studies showed that this tip design,
compared to V-shaped silicon nitride probes and rectangular silicon AFM probe [81], was the

least physically invasive for measuring reactive site diffusion profiles.

Finite element simulations were also used to calculate the diffusion controlled limited current
for conical AFM-SECM probes with H ratios (H = tip height/ tip radius) of 1-5 and RG values
from 1.1.- 100, which provided an excellent fit [82]. The effect of defects in tip geometry, for
example off-centering of the tip, which had little effect in the current response, but also defects
in the insulation (e.g., forming a crater around the electrode) were investigated. The latter
resulted in a significant deviation of the current response. Numerical simulation of the diffusion
behavior towards recessed AFM-SECM probes, obtained via advanced FIB top-milling steps,
matched well the electrochemical data [40]. Recently, Mirabal and Barton [83] used FEM
simulations to model the influence of the presence of the AFM-SECM tip (with the electrode
located at the AFM tip; conical electrode) to identify possible artifacts in experimental data for
operando studies at catalytically active sites such as nanoparticles. The authors could show by
comparison of their simulation data with experimental data that the in-situ response for surface
sites similar in size to the SECM tip can significantly deviate from operando concentration

fields.

1.5 Instrumentation and Imaging Modes

1.5.1 Commercially available SECM add-on modules for AFM

The steadily increasing interest in hybrid AFM-SECM is evidenced by the fact that AFM
manufacturer offer (i.e., some went out of business, such as Windsor Scientific, others shut
down their AFM division such as Keysight Technologies) SECM as an “add-on” module for

AFM instruments. The SECM module is usually composed of an improved electrochemical cell
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with a four-electrode configuration made of PEEK or any other solvent resistant material, a
specially designed AFM cantilever holder to mount the AFM-SECM probe allowing to
establish electrical contact, appropriate shielding for sufficient signal-to-noise of the current
signals, which are typically in the nA-fA range, and a bi-potentiostat. To date, most SECM
modules that are commercially offered rely on external commercial bi-potentiostats also used
for conventional SECM measurements, yet also custom bi-potentiostats with high sensitivity

and bandwidth of approx. 10-20 kHz have been reported [16].

A challenge compared to other hybrid techniques is the fact that the electrical contact
of the AFM-SECM probe requires thorough insulation, as the contact is usually immersed in
the electrolyte solution. Performing experiments at extreme pH values or organic solvents over
longer periods of times (e.g., in energy related research) remain challenging in maintaining a
perfect sealing. Some companies offer pre-mounted AFM-SECM probes like the Bruker probes
(e.g., Figure 9). In recent years, resins appeared on the market that can be applied by spray
coating or brush sealing and withstand exceedingly harsh conditions and are suitable for sealing.
Once their suitability for insulating/sealing AFM-SECM is proven along with reproducible
deposition procedures, a new generation of probes will certainly appear as commercial

products.

1.5.2 AFM modes

In the early years of AFM-SECM, integrating an electrode into the AFM tip was an
effective way to use the cantilever deflection in constant force mode for maintaining a constant
distance between the AFM-SECM tip electrode and the sample surface. In the case where the
electrode is located at a certain distance below the AFM tip apex, the distance of the electrode
to the sample is maintained by the length of the re-shaped AFM tip (e.g., as shown in Figure
6-7) such that topography and electrochemical response can be recorded in a single scan. If the

electrode is located at the tip apex (as shown e.g., in Figure 1 -5) and conductive samples (e.g.,
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an electrode), are imaged, the sample is scanned twice in “lift mode”, to avoid short circuiting.
In a first scan the topography is recorded and stored and then the tip is lifted by a certain distance
(i.e., several tens of nanometers) to record the electrochemical information in constant distance

following topography via the stored AFM information.

Dynamic AFM-SECM imaging was initially shown by Kueng et al. [63] to map the enzyme
activity of glucose oxidase, which was entrapped in spots of a soft polymeric matrix. Due to
the extremely soft nature of the polymeric spots, imaging of the topography could only be
performed in dynamic mode eliminating friction forces associated with contact mode imaging.
Given the very small oscillation amplitudes employed during oscillation of the AFM-SECM
probe, the current flowing at the electrode is very similar to that obtained with the tip operated
in contact mode. “Molecule touching” (Mt)/AFM-SECM or “tip-attached redox molecule”
tarm/AFM-SECM, experiments developed by Demaille and colleagues [16,84,93-95,85-92],
are all performed in AFM dynamic mode (AFM Tapping™ mode) as discussed later in this
chapter. Significant improvements have been made in respect to AFM electronics and
hardware, e.g., the data acquisition speed has been significantly improved. With these
improvements, quantitative nanomechanical mappings (e.g., adhesion, elasticity, and energy
dissipation maps) can now be recorded simultaneously with topography. For example, Bruker
introduced PeakForce Tapping™ (PFT) [96], in which the cantilever is oscillated off resonance
at lower frequency than the resonance frequency. In Peakforce Tapping, the maximum
interaction force (peak force) is sensitively controlled at each pixel and more importantly, a
force-distance curve is recorded at each pixel which can be evaluated applying appropriate
model (e.g., DMT model [97]). In PeakForce Tapping SECM, additionally to the
nanomechanical information, electrochemical processes at the sample can be studied. A first
example of PeakForce Tapping using AFM-SECM probes was demonstrated by Knittel et al.
[58], using non-commercial AFM-SECM probes with an frame electrode. In this study, also the

influence of the oscillation amplitude for obtaining maximum current contrast between
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conductive and insulating substrate was investigated for a fixed AFM-SECM electrode size.
The oscillation amplitudes in PeakForce Tapping are usually in the range of <100 nm but also
higher amplitudes might be used, so that the effect of the amplitude on the current contrast has
to be taken into account in particular for nanoelectrodes, in case when the electrode is not
located at the tip apex [38] or the sample is not imaged in lift mode with the tip retracted and
the oscillation disabled. PeakForce Tapping SECM has been reported for example in material

science and energy related research [38,58,64,98—100], as described in detail in section 1.6.

AFM-SECM measurements in non-contact AFM (FM-AFM) using quartz tuning fork
[101] require that the force sensor exhibits high stiffness (k = 10° to 10* N/m) to maintain small
oscillation amplitudes (< Inm) and to avoid ‘jump-to-contact’, as the cantilever is oscillated a
few nanometers above the sample surface. So far, only a few reports have been published, using
non-contact AFM with the SECM probe attached to a tuning fork [24,102-105] e.g., for

mapping catalytic active materials [103—-105].

1.5.3 SECM modes used in AFM-SECM

In respect to SECM modes, almost all established modes including G/C mode, feedback
mode and also direct mode, (the AFM-SECM probe serves as the counter electrode) and
recently also redox competition mode have been used in AFM-SECM studies. Alternating
current (AC)-AFM-SECM mode has been demonstrated at model samples, mapping the
magnitude of the tip current and the phase angle in a redox mediator free solution at low
electrolyte concentration (ImM KCI) [106,107]. AFM-SECM probes with micro-sized Pt
electrodes located below the non-conductive AFM tip were used in AC-AFM-SECM to achieve
sufficient signal contrast.

Demaille and co-workers introduced an AFM-SECM imaging mode, which is based on
tethering the redox mediator either to the sample surface, this mode was termed ‘molecule

touching’ (Mt)/AFM-SECM [84,86], or to the AFM-SECM probe, a mode termed ‘tip-attached
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redox molecule’ tarm/AFM-SECM [16]; the principles of these SECM modes with confined

redox mediator molecules are schematically shown in Figure 10.

AFM/SECM probe
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Figure 10. a) Direct electrochemical contact between an incoming AFM-SECM probe and the redox Fc

heads of nanometer-sized, flexible chains (such as PEG or DNA), end-grafted onto an electrode
substrate. The Fc heads are alternatively oxidized at the tip and reduced back at the substrate. Adapted
from J. Abbou et al. J. Am. Chem. Soc. 126, 10095-10108 (2004). Copyright 2004 American Chemical
Society b) Working principle of Tarm/AFM-SECM microscopy. The redox mediator, ferrocene (Fc), is
attached to the AFM-SECM probe via a nanometer-sized, linear and flexible polymer chain (PEG). For
clarity, the tip is not drawn to scale. The chains are pictured in the mushroom conformation. Adapted
with permission from A. Anne et al., ACS Nano 3, 2927-2940 (2009). Copyright 2009 American
Chemical Society.

Although, these imaging modes require a labeling step to attach the redox mediator (e.g.,
ferrocene) at the gold electrode via a flexible chain (e.g., PEG chain), high resolution imaging
correlating the topographical and electrochemical information was obtained, as the resolution
achievable in both - topography and electrochemistry - are almost on the same order of
magnitude. Serial recording of the information like in lift mode is omitted. In (Mt)/AFM-
SECM, the tip current is generated by the confined redox cycling of the Fc molecules at the
PEG chains, which are alternatively oxidized at the tip and re-reduced at the substrate or vice

versa. Taking advantage of the high-sensitive force detection, the AFM-SECM probe can be
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positioned with sub-nanometer precision that allows controlled interactions between the
polymer chains and the probe within the end-grafted layers. Initially flexible linear polyethylene
glycol (PEGaa400) chains were grafted onto a gold substrate with ferrocene as the end group and
with an elongated chain length of about 30 nm defining the hemispherical diffusion volume
[84]. Thereby, one of the limitations in feedback mode SECM that sufficient turnover rates of
the redox-active molecules are required for contrast in the electrochemical response [108] is
circumvented, as the diffusional dispersion is confined. In addition, although the tip apex of
AFM-SECM probe is the gold electrode, topography and current image can be recorded in a
single scan, also at conductive samples using dynamic mode and the tethered redox molecules
approach. Demaille and colleagues have successfully used the (Mt)/AFM-SECM in dynamic
mode AFM for mainly high-resolution electrochemical mapping of biological relevant samples

as discussed in detail section 1.6.6.

1.6 Application Areas of AFM-SECM

1.6.1 Imaging Reactive Sites on a Surface

While nowadays more problem-focused applications of AFM-SECM are emerging, to date
many AFM-SECM studies are still targeting on probe fabrication. Usually, the functionality of
the AFM-SECM probes is demonstrated by imaging model samples containing conductive and
non-conductive areas. Model samples typically comprise conducting microbands or micrometer
sized electrodes. Imaging is either carried out in feedback mode or SG-TC mode in combination
with contact, dynamic or non-contact mode AFM. An example for such a model sample that
goes beyond simple topographical mapping and electrochemical imaging is shown in Figure

11.
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Figure 11. a) QNM-AFM-SECM measurement of a gold electrode patterned onto PDMS recorded in
2.5 mM Fc(MeOH),/ 0.1 M KCIl. Peak force: 2 nN, amplitude: 80 nm. (i) 3D topography of the structure
overlaid with the Young’s modulus (calculated with a DMT fit, green mark shows increased stiffness of
the PDMS surrounding the gold pattern, inset shows topography of the cracked PDMS); (ii) faradaic
current image obtained with the AFM-SECM probe biased at 0.5 V vs. Ag/AgCl, and (iii) tip-sample
adhesion image. b) (i) Histograms showing the different Young’s modulus recorded on the patterned
PDMS substrate. Cracks on the surface with 2.5 £ 0.6 MPa (N=200) (red), the PDMS substrate with 4.6
+ (0.5 MPa (N=12500) (blue), the PDMS near the gold structure with 6.2 + 0.9 MPa (N=4400) (green),
and the gold structure with 5.6 = 1.7 MPa (N=2300) (yellow). The sputtered metal height is indicated in
the profile in yellow, the red arrow indicates a gap in the center part of the structure Reproduced with
permission from P. Knittel et al., Anal. Chem. 88, 6174—6178 (2016). Copyright 2016 American
Chemical Society.

PeakForce Tapping SECM measurements were recorded at a soft poly(dimethylsiloxane)
(PDMS) substrate that was modified with an evaporated gold microstructure [58]. While
recording a single image, topographical, nanomechanical properties such as Young’s modulus
and adhesion as well as the feedback mode current was obtained. To improve the adhesion of
the gold and photoresist for microfabrication steps, PDMS was treated with an oxygen plasma
prior to the gold evaporation. This plasma treatment step leads to a hydrophilic surface layer at
the PDMS and cracks, which are clearly evident in the topographical image (green inset in
Figure 11a) (i)) and reflected in the Young’s modulus map. Significantly increased Young’s

modulus (6.2 £ 0.9 MPa) values were measured around the gold. However, the Young’s
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modulus of the PDMS within the cracks, which were 2—5 nm deep and 150—250 nm wide,
revealed values of 2.5 + 0.6 MPa that agree well with the expected values for 10:1 PDMS
reported in the literature. The adhesion maps showed higher adhesion at the PDMS compared
to the gold strip which may be related to difference in the van der Waals interaction and the fact
that the AFM tip may penetrate more into the softer substrate. The shown SECM data are not
particular exciting as a sample with mixed conducting and insulating areas was imaged in
feedback mode. However, multiple sets of information were obtained while imaging the
sample, which is highly relevant for in situ studies of interfaces where morphology changes are

associated with changes of the physical and chemical properties.

There have been many applications described where AFM-SECM has been used to
investigate structure-activity relationships important in the material sciences. Macpherson et al.
described the investigation the electrochemical and electrical properties of an industrially
important dimensionally stable electrode; Ti/TiO2/Pt [74,109] The electrode was prepared by
the galvanostatic oxidation of titanium to form a porous, micrometer-thick layer, followed by
the galvanostatic deposition of Pt. The surface was interrogated with the same probe first in air
using conductive AFM, which revealed that not all of spherically shaped Pt deposits were
ohmically contacted to the underlying titanium. The corresponding SECM-AFM maps of
surface structures and electroactivity (in SG-TC mode) also confirmed this.

Wittstock and co-workers investigated the topography and electrochemical activity of
the biphasic alloy Ti-6Al-4V in feedback mode SECM with microfabricated AFM-SECM
probes [47,48] as shown in Figure 6. Although the topographical maps are recorded with the
edge of the insulation, a comparable topographical resolution to imaging with conventional
AFM probes was obtained. In the simultaneously recorded SECM image, current variations in
the range of 0.1 pA were recorded at phase change boundaries in the alloy, which were also
associated with changes in surface height. Given the low heterogeneous electron transfer rate

constants associated with the two phases in the alloy, the current variations were associated
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with changes in the separation between the tip and the substrate only. Due to the geometry of
the AFM-SECM probe, it was not possible to image the sub-structure of the phases. This study
highlighted a drawback of using very small electrodes for the measurement of slow electron
transfer kinetics, a problem Wittstock and colleagues addressed in depth for feedback mode
SECM [108].

Besides the microstructures containing conductive and insulating areas, highly
orientated pyrolytic graphite (HOPG) and carbon-based materials have been studied by AFM-
SECM. For example, Frederix et al. showed high-resolution topography and current images of
HOPG using microfabricated AFM-SECM probes with conical Pt tips [53]. The obtained
current image corresponded well with the topography revealing higher currents at the step
edges, which the authors explained with an enhanced electron transfer rate compared to the
basal plane. In fact, the heterogeneous electron transfer constant for Ru(NH3)e** at step edges
was approx. 100 times faster than at basal planes, which is in contradiction to recent studies
that indicated that there might be no significant difference in respect to electron transfer
between basal plane and steps in HOPG. Interestingly, although with this design the apex of the
tip is exposed metal, no short circuit current was observed upon scanning the conducting HOPG
surface in contact mode. The authors attributed this to tip contamination. Wain et al. [51]
demonstrated the imaging capabilities of their batch fabricated AFM-SECM probes mapping
graphene and isolated graphite flakes, whereby the electrochemical image was recorded in lift
mode. Both, topographical and current images show high resolution maps of the features (e.g.,
step edges), clearly revealing heterogeneities in the electroactivity which - in contrast to the

studies presented by Frederix et al. - did not correlate to topographical features (Figure 12).
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Figure 12. Feedback mode SECM-AFM images of exfoliated graphene/graphite flakes immersed in 1
mM FcMeOH/0.1 M KNOjs solution: Topography is shown in (a), (¢), (e), and (g) and the corresponding
electrochemical scans are depicted in (b), (d), (f), and (h), respectively. Line scan profiles for parts (g)
and (h) are shown in (i) (shaded areas highlight regions of different graphene thickness: single-layer
(SL), multilayer (ML), and few-layer (FL)). Tip bias 0.3 V vs Ag, line scan frequency 0.5 Hz, lift height
150 nm, bulk tip current typically ~200 pA. Reproduced with permission from A. J. Wain et al., Anal.
Chem. 86, 5143-5149 (2014). Copyright 2014 American Chemical Society.

Consistency in electrochemical data across length and time scales remains still challenging in
nanoscale electrochemistry and will benefit from statistical analysis of repeated experiments.
There is a significant body of literature on the doping of carbon material with nitrogen,
sulfur, etc. to obtain noble-metal-free catalyst for oxygen reduction reaction [110]. Schechter
and co-workers studied iron-nitrogen doping of HOPG towards the ORR in 0.1 M perchloric
acid using a commercially available SECM module from Nanonics Imaging Ltd. [105].
Measurements were performed in non-contact mode at a tip-sample distance of approx. 4 nm
with glass-sealed AFM-SECM probes of the protruding Pt (diameter of 50 nm). The AFM-
SECM tip was either used as counter electrode and the ORR substrate current was recorded, or
in a subsequent scan, the AFM-SECM probe was biased at 0.75 V vs. Ag/AgCl to detect

hydrogen peroxide (H202) as intermediate product of the two-electron oxygen reduction
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pathway in generator-collector mode. Figure 13 shows such maps with topography and ORR
current measured in a single map, whereas the H2O> map was obtained in a subsequent
experiment recorded at the same location.
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Figure 13. AFM topography scan, oxygen reduction and peroxide oxidation current mapping images
(in this order) of HOPG (a, b, and ¢), N-HOPG (d, e, and f), and Fe-N-HOPG (g, h, and i). The applied
substrate potentials for the oxygen reduction current mapping are 0.68 V (HOPG and N-HOPG) and 0.7
V (Fe-N-HOPG). The applied tip potential for the hydrogen peroxide oxidation current mapping is 1.2
V. The SECM-AFM tip scan rate used for the current-mapping experiments is 15 ms per point; (1 ms
per point =4 nm ms '). Reproduced with permission from S. Kolagatla et al., Nanoscale 10, 6962-6970
(2018). Copyright 2018 Royal Society of Chemistry.

Comparing the maps of the Fe-N doped HOPG with HOPG and HOPG solely doped
with nitrogen, it was concluded that the catalytical activity towards ORR in acidic conditions

is associated with the iron-coordinated nitrogen sites, which are predominantly located at
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structural defects of HOPG. The authors report a spatial resolution for the current maps of 50
nm. Interestingly, the H202 current mapped with the nanoscopic probe showed extremely high

currents for bare and doped samples of up to 730 nA.

1.6.2 Corrosion studies

AFM-SECM is highly suitable for studying corrosion, as the electrochemical processes in
corrosion are in most cases associated with morphological changes. Davoodi and colleagues
have used AFM-SECM to investigate localized corrosion processes [19—23,111]. Initial studies
focused on the aluminum alloy AA1050. Dissolution was initiated by anodically polarizing the
sample in a solution containing chloride ions (NaCl, 10 mM) and the redox mediator, I3” [21].
I3~ was reduced to I at sites where the aluminum alloy started corroding and the AFM-SECM
tip was biased at a potential to detect I". This way, it was possible to correlate the evolving
morphology of the corroding surface with redox activity.

Further studies of the group were focused on the corrosion behavior of aluminum alloys
using in-situ AFM, Kelvin probe microscopy and AFM-SECM to examine and interpret the
localized corrosion behavior [20]. It was found that the Al-Mn-Sr-Zr alloy contained a smaller
number of intermetallics with larger Volta differences, compared to the EN AW-3003 alloy.
This correlated well with the SECM-AFM images which showed that the EN AW-3003 allow
was significantly more corrosion active, resulting in higher material loss during dissolution.

More detailed work on the EN AW-3003 alloy was carried out with the sample held
under both cathodic and anodic control [22,23].

Souto, Kranz and co-workers used AFM-SECM to induce pitting corrosion [112,113],
for dissolution studies of copper crystals deposited on gold [114], and for recording
electrochemical and morphological changes during the dissolution of pure copper [115]. Single
corrosion pits in a nitrite/chloride containing solution were induced on a passivated iron sample
by generating nitric acid at the AFM-SECM tip that locally removes the passivating layer,

inducing fast corrosion of the substrate in the presence of chloride anions [112]. With the

37



electrode located below the apex of the re-shaped silicon nitride tip, which tip radius is
comparable to commercial AFM probes, the morphology of the formed pits was investigated
in-situ with the same AFM-SECM probe. In a follow up study, the pit size and depth were
studied in dependence of the AFM-SECM electrode size, the duration of the nitric acid
generation and the mode (static or scanning the probe) [113]. The smallest pits that could be
produced were in the range of 1.2 — 2.7 um, which is related to the size of the AFM-SECM
electrode the distance to the surface (defined by the re-shaped AFM-tip). Although only micro-
sized pits could be obtained with this AFM-SECM probe design, the pits could be directly
imaged. The same research groups presented the semi-quantitative mapping of copper (II) ion
release during surface corrosion of copper along with recording morphological changes induced
by the dissolution/corrosion process. In a first approach, as model system, a gold sample
modified with copper crystal modified was anodically swept from -0.3 V to +0.5 V vs. Ag/AgCl
with a sweep rate of 1 mV/s in 0.5 M NacCl solution, while the changes in morphology were
recorded. The AFM-SECM probe was biased -0.3 V vs Ag/AgCl to re-reduce the released
copper (II) ions at the AFM-SECM probe. Significant release of copper (II) ions was observed
at potential higher than -0.15 V; however, features in the electrochemical image could not be
resolved at higher potentials due to the saturation of the preamplifier. To determine the amount
of the released copper (II) ions, the AFM-SECM probe had to be retracted from the sample
surface to the bulk of the solution and the copper deposited at the frame electrode was re-
oxidized during linear sweep voltammetry, evaluating the peak current. Calibration of the
AFM-SECM probe in copper (II) ion solution prior to the measurements, allowed for a semi-
quantification of the released copper (II) ions. Under similar experimental conditions, the
release of copper (II) ions and the morphological changes at pure copper samples was studied.
Although, at higher overpotentials, morphological changes were clearly evolving, the
information achievable from the SECM data are limited by the sensitivity of the preamplifier.

An in-depth study of pure copper corrosion in acidic conditions revealed that corrosion products
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(crystals) appeared at a substrate potential of -0.16 V vs Ag/AgCl, which locally blocked the
release of copper (II) resulting in zero current values recorded over those spots in the
corresponding SECM images [115]. It was hypothesized that these precipitates are poorly
adhering copper salts. The correlation of the electrochemical data with the topographical maps
and their interpretation are challenging, given experimental factors such as limitations
recording the electrochemical signal, contributions from convection due to scanning and

possible saturation of the copper deposition onto the frame electrode.

1.6.3 Nanoparticle modified substrates

SECM and hybrid SECM studies have emerged not only for imaging nanoparticles down to the
single nanoparticle level, but also to provide information in respect to the electrocatalytic
activity. Kranz and co-workers used their AFM-SECM probe design to visualize the
nanomechanical and electrochemical properties of gold nanoparticles, either electrochemically
deposited onto conductive soft PDMS electrodes [64] or of gold nanostars transferred onto a
PDMS substrate [38]. Pulsed electrochemical deposition was applied to control the seeding and
growth process of stabilizer-free, spherical gold nanoparticles. Thereby, particles with an
average size of 76 +/- 5 nm were deposited onto the conductive carbon-PDMS electrodes, which
were obtained by mixing 25 wt % carbon black with a ratio of 10 :1 (base polymer : curing
agent) PDMS. A non-uniform distribution of carbon within the PDMS forming agglomerates
is clearly evident in the Young’s modulus map, and in the feedback mode SECM image. The
Au nanoparticles are preferentially deposited at such carbon agglomerates, which make their
identification in the SECM image challenging as individual nanoparticles cannot be resolved
given the size of the AFM tip-integrated frame electrode (frame length around 800 nm) and the
distance of the AFM-SECM electrode to the sample surface, leading to overlapping diffusional
profiles in feedback mode SECM. The authors additionally used conductive-AFM, SEM

analysis, and approach curves recorded at different areas of the substrate with statistical
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analysis, which in summary lead to a thorough characterization of the gold NP-modified soft
electrode but at the same time showed the limitations using sub-micron sized electrode for
characterizing nanomaterials. Knittel et al. [38] also used PeakForce SECM to characterize gold
nanostars (i.e., high aspect ratio aspects nano objects with cores of around 10 nm and spikes up
to 30 nm in length) deposited onto soft PDMS substrates. For these studies, AFM-SECM probes
with nanodisc electrodes similar to the design of Wittstock and colleagues [47] were used. The
nanostar sample is quite challenging in respect to AFM characterization giving the shape of the
gold nanostars, but also for SECM, leading to artifacts — an issue that is well-known and

described in the AFM community, but less frequently addressed in the SECM literature [116].

In the AFM but also SECM literature, frequently a clear statement of post-data treatment
procedures is absent. In respect to the Au nanostar characterization, the physical properties such
as adhesion and Young’s modulus were correlated to the electrochemical data, including studies
at the single gold nanostar level. This contribution clearly points at associated challenges. For
the topographical image, a high-aspect ratio AFM tip would be beneficial, for mapping
nanomechanical properties of soft materials colloidal probes as described in section 1.5.2
would reduce artifacts related to the penetration depth into the soft material. In respect to
electrochemical imaging, nanoelectrodes with a reliable and accurate position at a defined
nanometer-range from the sample surface are required. As shown in the images and discussed
in the contribution, the obtained multiple parameter maps show artifacts resulting from a
compromise when optimizing the topographical resolution and minimizing the artifacts in the

nanomechanical and electrochemical information.

Jiang et al. [98] used commercial AFM-SECM probes from Bruker Inc. and the PeakForce
SECM module along with conductive AFM to study interfacial properties of p-Si and p*-Si
photoelectrodes, modified by well dispersed Pt NPs (diameter range from 20-150 nm). For

photocatalytic activity, the catalyst nanoparticles require mechanically stability and good
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contact to the underlying semiconductor electrode. The authors used conductive AFM, current-
voltage (I-V) measurements at single particles, and AFM-SECM measurements to investigate
the electrochemical performance of the Pt NP-modified p-Si and p*-Si electrodes. The obtained
contact currents showed significant differences in the contact currents up to a factor of 1000,
although in air the particles were well attached to the electrode. The dispersed Pt nanoparticles
showed significant weaker adhesion in electrolyte solution and could only be imaged using very
low force settings (700 pN), which could be maintained using PeakForce Tapping. The authors
compared the feedback current of the SECM data recorded with (Ru(NH3)s**) as redox mediator
in lift mode and current values obtained in contact with the sample at areas without Pt NPs and
at Pt-NPs. Based on these measurements, they concluded that a substantial fraction of the
mapped nanoparticles had poor electrical contact to the underlying substrate. Only one sample

area was investigated.

Schechter and co-workers used commercial AFM-SECM probes from Nanonics Imaging Ltd.
(Pt nanoelectrode sealed in glass), e.g., to deposit Pt nanoparticles on HOPG from aqueous
hexachloroplatinate solution using the AFM-SECM probe as counter electrode in direct mode
SECM and non-contact mode AFM with a maintained tip-sample distance of 4-8 nm [102]. The
depositions were evaluated in respect to the hexachloroplatinate concentration, the deposition
mode (static or scanning), the scan rate of the tip and the deposition time by recording
topographical images. In dependence of the deposition conditions, the authors report that the
deposited Pt particles are dragged by the tip to the edge of the scanned area. Overall, a quite
broad distribution in respect to diameter and height was obtained. In a follow up study, they
investigated ORR and H20O2 evolution as a side product of ORR at catalytically active surfaces
like HOPG and dispersed Pt nanoparticles on glassy carbon [104]. The Pt particles were
deposited as previously described by the authors [102]. In this study, the authors aimed at
simultaneously mapping topography, ORR currents and H202 currents. For that purpose, a thin

gold coating was deposited onto the glass sheath of the AFM-SECM probe, which was then
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used as second electrode with macroscopic dimensions, although the immersed area for the
working electrode 2 was not specified. With the second working electrode mapping H202 with
high current collection efficiency to in close proximity to the active sites was targeted. The
ORR current maps indicated that only around 50% of the Pt particle surface contributed to the
ORR. Observing high H2O2 oxidation currents at the Pt particles, the authors concluded that the
ORR follows the two-electron pathway rather than the four-electron reduction of oxygen
directly to water. Due to the nanoscale distance, reported with 4-8 nm, of the AFM-SECM
probe to the sample surface, high lateral resolution was achieved in the electrochemical maps
in contrast to the topography image of the Pt particles, which shows lower resolution and

artifacts that may be associated with a large curvature radius of the protruding Pt electrode.

Huang et al. [91] used dynamic mode AFM and Mt/AFM-SECM to study PEGylated gold
nanoparticles. Arrays of citrate-stabilized gold nanoparticles (AuNPs) were casted onto a gold
substrate that was modified with an amino-undecane thiol self-assembled monolayer to
suppress direct electron transfer from the macroscopic gold surface towards the solution. As
the AuNPs still could exchange electrons with the underlying modified gold substrate, they
acted as individual nanoelectrodes. The high-resolution topographical and electrochemical
images revealed individual nanoparticles with a height of approx. 10-20 nm and a width of
around 80 nm, which is related to tip-convolution artifact as the tip curvature radius of the
AFM-SECM tip was around 100 nm. In the presented studies, the authors determined that 70%-
80% of the particles investigated gave an electrochemical response. Combining the results from
the macroscopic CV experiments with the electrochemical response of individual nanoparticles,
the authors determined the number of Fc-PEG chains per nanoparticle, which resulted in a broad
distribution of 200-900 chains per particle and 20% of the particles lacking Fc-PEG chains,
which might be explained by contamination of the surface and hence attenuate the modification
with the PEG chain. AFM-SECM probes with smaller tip curvature radii in the order of the size

of the nanoparticles allowed the visualization of the PEG corona and the core size of the
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nanoparticles at the single particle level, through the evaluation of the simultaneously obtained
topographical and electrochemical data. Although not all observations in this study could be
fully clarified, the presented data in combination with statistical analysis clearly show the
excellent potential of Mt/AFM-SECM for providing fundamental insight in nanoparticle

modification at the single particle level.

In a similar study, Demaille and co-workers presented Mt/AFM-SECM measurements of a

dense nanodot array, as shown in Figure 14 [88].
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Figure 14. Mt/AFM-SECM in situ imaging of a Fc-PEGylated nanodot array. Simultaneously acquired
topography (a) and tip current (b) images. Cross sections of the images taken along the column of
nanodots indicated by a vertical white dotted line are also shown. (c, d) Histograms of the nanodot height
and spot current values. (e) Cross correlation plot showing the spot current of the nanodots as a function
of their respective height. The yellow line is calculated using eq S3 with the best fit value a = 60°.
Reproduced with permission from K. Chennit et al., Anal. Chem. 89, 11061-11069 (2017). Copyright
2017 American Chemical Society.

4

A dense nanodot array consisting of single gold nanodots with a diameter of approx. 15 nm, a
height of 2-3 nm and a pitch size of 100 nm was produced by electron beam-lithography, wet-
etching and thermal treatment on a highly n-doped Si substrate. The nanodot array was the
modified in a subsequent step with Fc-PEG chains. The topographical and electrochemical
images match well, with all nanodots showing an electrochemical response with an average

spot current of 80 fA and a relative standard deviation of 18%. The number of Fc-PEG chains
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per nanodot was evaluated and resulted in few tens of redox-labeled macromolecules

immobilized on individual nanodots.

1.6.4 Surface patterning

Using AFM-SECM for patterning surfaces has the advantage that smaller patterns may
be achieved, but more importantly, that depositions or dissolution processes leading to surface
modifications can be directly imaged in real-time, although there is only a limited number of
reports using AFM-SECM for surface modifications. Nishizawa and co-workers demonstrated
that AFM-SECM is suitable to pattern surfaces modified with biomolecules [28,117]. AFM-
SECM probes with the electrode located at the apex of the AFM tip were used for patterning,
which had a rather large blunt tip (approx. 0.5 pum), as the electrode was exposed by mechanical
grinding. Applying a voltage pulse (1.5 V) to the AFM-SECM probe, hypobromous (HBrO)
acid was generated in HBr solution, which locally removed heparin form a PEI/heparin coated
glass surface in the vicinity of the electrode. After the electrochemical patterning step, the
substrate was immersed in a solution containing fluorescently labelled fibronectin and the
generated patterns were visualized by fluorescence microscopy [28]. The resulting size of the
fibronectin patterns was found to be in the order of 2 um. In a follow up study, the authors used

the same approach to generate patterns in the vicinity of cells to direct cell growth [117].

Charlier et al. used hand-fabricated AFM-SECM probes to electrochemically induce patterning
of grafting of a non-conductive polyacrylic film onto gold surfaces [90]. Electrochemical
grafting of vinyl monomers was carried-out from an aqueous solution containing acrylic acid
monomers and nitrobenzene diazonium tetrafluoroborate (NBD). The gold substrate was biased
cathodically to electrochemically generate nitrophenylene radicals from NBD, which
assembled onto the surface and served as an initiator for the radical polymerization of vinylic
monomers. The AFM-SECM probe was used as a counter electrode (direct mode SECM).

Patterning was carried out using the AFM-SECM probe retracted approx. 5 pum from the
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substrate surface. Spatial movement of the probe resulted in nanopatterning of the surface with
lines ~ 200 nm wide and 35 nm thick, of electrografted polymer. Imaging of the deposited
polymer pattern was realized ex-sifu using conventional AFM probes in tapping mode. A
similar approach using the AFM-SECM probe as the counter electrode was demonstrated by
“writing” lines of nano-electrografted vinylic monomers with a film thickness of approx. 40 nm
[89]. Izquierdo et al. used AFM-SECM in GC mode to form corrosion pits on iron surfaces

[112,113], as described in section 1.6.2

1.6.5 Imaging membrane transport processes

The transport of chemical species across synthetic and biological membranes is of great
interest in many areas, ranging from, for example, separation, membrane-supported reactions
and gas permeation, to life science applications, such as transdermal drug delivery. Membrane
transport through synthetic membranes is also a popular example in AFM-SECM studies to
demonstrate the dual functionality of AFM-SECM probes [1,35,45,118,119]. Pores are readily
identified topographically with high spatial resolution, while transport through an individual
pore can be mapped simultaneously by measuring the current signal. The only requirement for
the measurement is that the molecule transporting through the membrane has an associated
electrochemical signature e.g., is redox active or can be detected indirectly via electrochemical
means. Through simulation this signal can then be converted into a quantifiable rate of mass
transfer.

The membrane usually functions as a separator between a donor (containing the species
of interest) and a receptor compartment. Transport across the membrane can occur via diffusion,
migration, or convection, although using AFM-SECM only the first two transport modes have

been studied.

Diffusion through the pores of a track-etched membrane was the first example demonstrating

the functionality of hand fabricated AFM-SECM tip (shown in Figure 1A)) driving through the
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concentration gradient Fe(CN)s* across a low pore density, track-etched polyethylene
terephthalate membrane, with pores in the range of 0.5 — 1.5 um (diameter) [1]. The tip current
thus has contributions from diffusion and migration under the experimental conditions
employed. Experimentally, the AFM-SECM tip currents were found to vary significantly
between different pores, but correlated well with pore diameter, which could be accurately
characterized by the topographical image. Macpherson and Unwin used Pt-coated commercial
AFM cantilevers to record topographical images of a hydrated polycarbonate membrane with
100 nm (diameter) pores and at the same time record the electrochemical signal of the
electrolyte filled pores that contained IrCls> as redox active species [118]. In this case, the
resolution of the current image was defined by the part of the Pt coated tip that penetrates the
pore AFM-SECM. Also, Baker and coworkers demonstrated the functionality of their AFM-
SECM probes by mapping the diffusion of Ru(NH3)s>* through a porous poly(imide) membrane
with highly uniform size distribution of well-defined micro-sized pores as shown in Figure 15

[35].
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Figure 15. a) Scheme for SECM-AFM transport experiment with poly(imide) membranes and an
asymmetric concentration gradient. (b) Topographic image of a porous poly(imide) membrane and (c)
the corresponding electrochemical image from reduction of Ru(NHe)**. Reproduced with permission
from M. A. Derylo et al., Langmuir 27, 13925-13930 (2011). Copyright 2011 American Chemical
Society.

Kueng et al. investigated the diffusion-controlled transport of glucose through a porous
polycarbonate membrane, containing pores of size ~ 200 nm [120]. For these experiments the
frame electrode of the AFM-SECM tip was modified with glucose oxidase (GOx) that was
immobilized at the surface of the integrated frame electrode by electrochemically induced
entrapment of the enzyme in electrophoretic paint. If the AFM-SECM tip was located over the
pores during imaging the membrane, glucose diffusing through the pores was oxidized in the

enzyme-catalyzed reaction and H20z, as side product, was electrochemically detected at the
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AFM-SECM frame electrode. The current measured could be accurately quantified in terms of
a local glucose concentration and was found to be in good agreement with that predicted for
radial diffusion of glucose away from the pore opening. In a collaborative study, the research
groups of Arrigan, Gregoire, and Kranz investigated the diffusion profiles in dependence of the
pore distance in nano-pore arrays between two immiscible electrolyte solutions forming a
liquid/liquid interface (nano-ITIES [121]) [119]. It has been shown in previous studies [122]
that the measured currents were lower than the theoretically derived currents using the common
design criterion that rc > 20ra (1c, center-to-center distance; ra, disc electrode radius) established
for microelectrode arrays. The authors used FIB to fabricate nanoarrays with different re/ra
ratios in silicon nitride (SiN) membranes (50 nm thick) with 100 pores (pore radii (ra): 86 + 6
nm) in a hexagonal arrangement. The diffusion profiles were investigated with deposition of
silica induced by surfactant diffusion at the nanoITIES and by imaging the diffusion profiles of
Ru(NH3)s*" through the pores using an AFM-SECM-probe with a conical conductive Pt/C tip.
For the narrow-spaced pores (re/ra: 21 £ 2), the whole array is covered by the silica deposit due
to the overlapping diffusion profiles at the individual pores, which is also evident in the AFM-

SECM images shown in Figure 16.
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Figure 16. a) AFM height images of the silica-modified nanopore arrays w1th r/ra 0f 21 £2 (A) and 91
+ 7 (D) obtained by calcination. The corresponding height vs distance profiles marked by the white lines
are shown below. b) AFM height (A, C) and electrochemical current (B, D) images of unmodified
nanopore arrays with ro/r. of 21 £ 2 (A, B) and 91 = 7 (C, D), recorded with a Pt/C AFM-SECM probe.
Faradaic current resulted from the reduction of Ru(NHs)s®" diffusing through the nanopores. The
corresponding height or current signal vs distance along the white lines is illustrated below each image.
Adapted with permission from Y. Liu et al., Anal. Chem. 88, 6689—-6695 (2016). Copyright 2016
American Chemical Society.

The topography image clearly reflects the hexagonal arrangement of the individual pores, while
the current image shows an increased current value over the whole array with a decreasing
current gradient towards the edges. The individual pores are only visible as current spikes in
the cross-sectional profile as the conical Pt/C tip (tip curvature radius: 20 nm) penetrates the
pores, where the concentration of the redox mediator is higher compared to the upper
compartment, which is initially filled with electrolyte solution. Only a few pores in the current
images seems to be blocked visible by decreased currents over such pores. Increasing the
distance of the pores to a rc/ra ratio of 91 + 7, both the silica deposition and the current image

clearly indicate the independent diffusion zones around the individual pores.

49



1.6.6. Biological related studies

AFM as well as SECM and their hybrid techniques have a long tradition in studying
biologically/biomedically relevant systems. Early studies were predominantly focused on
studying enzyme activity. Kranz and co-workers imaged the enzyme activity of patterned
enzyme-containing spots. Glucose oxidase was immobilized in a soft polymer matrix that was
electrochemically deposited in presence of the enzyme at pores with a periodic microstructure
[63]. In presence of glucose, the SECM-AFM tip electrode detected H202, which is the
electroactive byproduct of the GOx catalyzed reaction of glucose with oxygen. This was one of
the early dynamic mode AFM-SECM measurements, as the soft polymer spots could not be
imaged in contact mode and even in dynamic mode, some artifacts like stripes are visible. The
topographic image in presence of glucose corresponds well with the current image, clearly
showing high currents due to the enzymatically produced H202 concentration above the GOx-
containing spots. A similar experiment at micropatterned enzyme spots was shown by the same
group using horseradish peroxidase, which was covalently immobilized via a self-assembled
monolayer at micro-structured gold pattern [65]. In the presence of H202 and hydroxyl methyl
ferrocene (FMA), horseradish peroxidase catalysis resulted in the formation of water and
FMA". The latter was electrochemically detected at the AFM-SECM tip electrode. In this case
the AFM-SECM mappings were recorded in contact mode AFM and feedback mode SECM
visualizing redox enzyme activity correlated with substrate topography.

Hirata et al. used a similar approach to map the topography and redox activity of glucose
oxidase immobilized on poly-L-lysine and poly(4-styrenesulfonate) using HOPG as substrate
[26]. In the presence of glucose, variation in current activity was seen over the enzymatic film,
however when the HOPG was biased at a potential to oxidize H202, the current detected at the
AFM-SECM electrode was significantly reduced. As already described in section 1.6.5, the

electrode of the AFM-SECM probe, ideally with a design that omits contact between the
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electrode and the surface, can be modified with an enzyme containing film, e.g., enclosing GOx
[120].

Demaille and colleagues used Mt/AFM-SECM for imaging biological nano objects with
high topographical and electrochemical resolution [87,92-95]. In their initial studies, the
conformation and motional dynamics of end-grafted DNA oligonucleotides was studied on the
basis of force and current approach curves, as discussed in detail in section 1.6.7 [95].

In a subsequent study, the same group introduced the idea of using redox-immuno-
marking to render any protein visible in Mt/AFM-SECM imaging. As a proof of concept,
regular arrays of mouse IgG (used as a model non-redox protein to locate) was formed on a
gold substrate using bead lithography. [87] Subsequently, the immobilized IgGs were redox-
immunomarked by making use of Fc-PEG-labeled antimouse antibodies, and then imaged in
tapping mode Mt/AFM-SECM. The topography and current images revealed individual
antigen/antibody dots, with a width of approx. 300 nm and a height of around 12 nm. Control
experiments, such as recording scans varying the substrate or tip potential, confirmed that the
current image of the dots resulted from the detection of the Fc heads by the probe, and thus
evidenced the specific on-surface formation of the antigen/redox-labeled-antibody immune-
complex.

Nault et al. used Mt/AFM-SECM in combination with redox-immuno-marking to
identify the protein distribution on individual virus particles [92]. They studied rod-shaped
potyvirus particles, namely the lettuce mosaic virus (LMV) and potato virus A (PVA), which
have a length of approx. 700-900 nm and a diameter of 10-15 nm. In this remarkable work, two
virus proteins were marked in separate experiments: the coat protein CP and the protein VPg,
existing as a single copy located at the extremity of the rod-shaped viral particles. For the
selective redox-immuno labelling of these proteins, anti-CP- or anti-VPg-rabbit
immunoglobulin gamma (IgG) were used as primary antibodies and anti-rabbit IgG labeled

with Fc- PEG;,, chains as secondary antibodies. To avoid non-specific binding, the substrate
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was modified with a PEG/BSA layer. The modified viruses were imaged with Mt/AFM-SECM.
The Mt/AFM-SECM images reproduced in Figure 17 reveal 5 CP-marked virus particles with
the expected rod like shape and dimensions of 900 nm in length (see Figure 17d)), approx. 85

nm in diameter and 5-6 nm in height.
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Figure 17. Left: In-situ Mt/AFM-SECM tapping mode imaging of CP-marked LMV particles
immobilized on a gold substrate. Top: Scheme of the redox cycling of the Fc heads borne by the Fc-
PEGylated antibodies generating the tip current. Bottom: Simultaneously acquired topography (a) and
tip current (b) images. The histogram in (c) shows the distribution of the contour length L of the virus
particles as measured in (a). Shown in (d) is the dependence of the tip current is, with the substrate
potential Equ,, with i, being measured either above a virus particle (red dot in (b) and (d)) or away from
the viruses (green dot in (b) and (d)). Cross sections of the topography and current images along the
dotted lines shown in (a) and (b) are plotted in (e), respectively, as red and blue traces. Tip potential for
imaging Egp, = 0.3 V/SCE and substrate potential Es, = 0.0 V/SCE. Imaging medium: 10 mM pH 7.4
phosphate buffer. The tip current image was first order flattened. Right: /n-situ Mt/AFM-SECM tapping
mode imaging of CP-marked LMYV particles immobilized on a gold substrate. Simultaneously acquired
topography (a) and raw tip current (b) images. The tip current image is also presented in a 3D format in
(c) to better show the string of current spots “borne” by the viruses. (d) Cross sections of the topography
and current images taken along the viruses labeled (1) and (2) in (a) and (b). Curves in red are cross
sections of the topography image (a); curves in blue and purple are cross sections of the trace (b) and
retrace (not shown) current images, respectively. Cross sections taken away from the viruses are also
shown as dark curves. (e) 3D tilted views of the topography and current images; Ey,= 0.3 V/SCE, Eg,
= 0.0 V/SCE. Imaging medium: 10 mM pH 7.4 phosphate buffer. Adapted with permission from L.
Nault et al., ACS Nano. 9, 4911-4924 (2015). Copyright 2015 American Chemical Society.
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The deviations in height and diameter from literature values were attributed to artifacts
known when imaging soft samples, as well as convolution of tip geometry when imaging
nanoscale objects. The simultaneously recorded current image reveals current spots, which
exactly match the locations of the viruses in the topography image. The number of current spots
varied from one particle to the other: a statistical analysis showed that most of the virus particles
displayed 4 to 10 spots (see Figure 17)). This result evidenced how Mt/AFMSECM can
uniquely reveal the way redox functionalization endowed to viral particles is distributed both
statistically within the virus population, but also spatially over individual virions. The authors
also labeled the terminal protein VPg using the same strategy. Comparing the topographical
with the current image, current spots located only at one end of the virus particles were observed
in this case, indicating the electrochemical detection of VPg, thus demonstrating the capability

of Mt/AFM-SECM for locating individual copies of viral proteins.

Recently, Demaille and colleagues studied scaffolding of enzymes on virus nanoarrays
[93,94,123], to evaluate the potential of such scaffolds for bioelectrocatalysis and for
biosynthetic and sensing applications. Random arrays of fd bacteriophage particles, composed
of approx. 2700 copies of a major coat protein, packed around a single-stranded circular DNA,
were modified with pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH)
along with co-immobilized ferrocene PEGylated antibodies on their protein shell [94]. These
enzyme/redox mediator-modified virus scaffolds showed significant enhanced catalytic
currents compared to non-scaffolded PQQ-GDH. In a highly interesting follow up study [85],
the authors used Mt/AFM-SECM to gain insight in the correlation of location (topography) and

catalytic activity (current response) at a single particle level.

The rod-shaped fd bacteriophage particles were immobilized on a silane (C11) SAM
modified SiO:2 substrate and subsequently modified with the antibodies, redox-labeled proteins

and enzyme as shown in Figure 18.
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Figure 18. Left: Molecular components of the Fc-PEG / PQQ-GDH integrated system immuno-
assembled onto fd-particles, (i), functional interrogation of the resulting scaffolded integrated system by
a Mt/AFM-SECM tip (ii). Right: In-situ tapping-mode Mt/AFM-SECM imaging of a random array of
Fc-PEG / PQQ-GDH immunodecorated fd-particles adsorbed on a SiO, surface. Shown are the
simultaneous topography and tip current images of the very same particles, acquired in the absence (i)
and after the addition (i7) of 10 mM glucose. Tip potential £, = + 0.3 V/SCE. Imaging buffer: Tris
buffer pH 7.5. The correlated height and current profiles shown in (B) are image cross-sections taken
along the dotted line. Reproduced with permission from T. O. Paiva et al., ACS Catal. 10, 78437856
(2020). Copyright 2020 American Chemical Society.

Mt/AFM-SECM images were recorded in absence and in presence of the co-substrate
glucose. Only in the presence of glucose, and at a sufficient tip potential of +0.3 V vs. SCE,
were the fd particles appearing in the current image, evidencing that the current was associated
with the enzymatically catalyzed glucose oxidation reaction. All particles investigated during
these studies showed that the current response peaked in the middle of the fd bacteriophage
particles visible as catalytic “hot spots”. Using the obtained high-resolution current data and
assuming the particles can be considered as homogeneous 1D objects, the authors provided a

quantitative model which suggested that these catalytic hotspots were related to an interplay
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between charge transport by electron hopping between ferrocene moieties along the viral
particles and enzymatic catalysis. Based on the statistical analysis of the biocatalytic activity
across 59 individually decorated fd bacteriophage particles and the quantitative model, the
authors provided an analysis of the PGG-GDH enzyme kinetics at the single fd-scaffold level.
Although electrocatalytic data at the single nanoparticle level have been reported, this is the
first comprehensive study on mapping enzymatic activity with such high resolution and
providing a quantitative evaluation of the enzyme kinetics. So far, only fluorescence studies,
i.e., total internal reflection fluorescence microscopy (TIRF) have been reported to map

catalytic bursts from single enzyme molecules [124].

1.6.7 Electrochemical force spectroscopy

Force spectroscopy has been extensively used to study cell mechanics and cell adhesion
[125] but also for quantitative determination of mechanical properties of polymers, modified
surfaces, electrodes etc. Recording force distances curves while simultaneously recording
SECM approach curves was first shown by MacPherson and Unwin [1,118] and by Demaille
and colleagues using their hand fabricated probes [14].

Demaille and colleagues recorded simultaneously force and current approach curves
upon approaching an AFM-SECM probe toward a layer of flexible linear polyethylene glycol
(PEG3400) chains, end-grafted onto a gold substrate, and bearing a terminal redox Ferrocene

(Fc) label [84], as shown in Figure 19.
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Figure 19. (a): Representative deflection behavior of a combined AFM-SECM probe partially
penetrating a substrate-grafted PEG layer (represented as a dotted area). (I) The gold tip is in solution

far away from the substrate and thus not deflected. (II) Upon further approach by an increment AZpico,
the tip is brought in contact with the layer and starts to compress it. As a result, the flexible cantilever-
arm bends upward by an amount Z;;,. When in region III, the tip has made hard contact with the substrate.
Simultaneously recorded tip-deflection (b) and tip-current (c) vs. piezo elongation Zpic,, curves for a
gold substrate bearing redox Fc-PEG3400 chains (continuous lines) or Biotin-PEGgago chains (dashed line
in (c), the retraction curve is not represented). The dotted line in (b) is used to show graphically how the
tip-to-substrate distance d is determined and how the Z,.-,=0 point is defined. The insets in (b) and (c)
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show the respective re-plots of the curves as a function of d as derived as explained in the text. Fg» = -
0.1 V/SCE; E,,= +0.4 V/SCE. 1M NaClO4 supporting electrolyte. Adapted with permission from J.
Abbou et al., J. Am. Chem. Soc. 126, 10095-10108 (2004). Copyright 2004 American Chemical Society.

The force curve revealed the typical compression of the elastic layer formed by the end-
grafted chains, indicated by a rounded region in the force-distance curve. The current signal
corresponded to detection of the Fc labels undergoing positive feedback tip-to-substrate redox
cycling. The current approach curve was quantitatively analyzed using a model which described
motion of the Fc head as a diffusion process retarded by the restoring force exerted by the PEG
chain. This model allowed the dynamics of the end-grafted chain to be quantified in terms of
an effective chain-end diffusion coefficient.

These results illustrate the capability of Mt/AFM-SECM for characterizing, in-situ, the
dynamics of end grafted polymer chains. Moreover, as AFM-SECM allows the force and
current responses associated with chain compression to be simultaneously measured, the
interplay between chain conformation and dynamics and their modulation upon confinement,
can be explored. Additionally, since redox cycling of the Fc head is an efficient amplification
mechanism, only a small number of chains are addressed by the tip (~100-200 in Figure 19).
Mt/AFM-SECM was also used to explore the conformation and motional dynamics of end-
grafted DNA oligonucleotides [95]. Contact mode force and current approach curves were
recorded at a gold surface bearing a layer of thiol-end grafted Fc-labeled (dT)z20 chains, both
before and after hybridization with complementary (dA)2o strands. The force curves recorded
before and after hybridization were similar, while a ~ 4-fold decrease in the intensity of the
current approach curve was observed after hybridization. It was concluded that the dominant
motional mode of both single and double stranded oligonucleotides was hinge motion around
the relatively long Ce-thiol anchoring spacer of the chains. Anne et al. monitored in-situ the
enzymatic incorporation of a Fc-labeled nucleotide at the free end of oligonucleotides grafted
on a gold surface [85]. Force spectroscopy was used to demonstrate grafting of unlabeled (dT)z2o0

— SH chains onto the gold surface. The onset of a current approach curve after the DNA layer
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had been exposed to the enzyme terminal transferase in the presence of the Fc-nucleotide,
revealed the efficient single base extension of the end-grafted DNA strands.

Kranz and colleagues developed colloidal AFM-SECM probes with low force constants (to
ensure high sensitivity force measurements) [72,73,75] facilitating studies on the adhesion
forces at electrified interfaces in dependence of the applied potential. These probes are intended
for high-throughput single cell force spectroscopy measurements and single cell adhesion
studies. By applying a potential to the e.g., polymer-modified colloidal AFM-SECM probe, the
adhesion properties between the polymer and individual living cells can be altered. Knittel et
al. showed in an initial study force spectroscopy using conical Pt/C-AFM-SECM probes, which
were modified with a conductive polymer (p-toluene sulfonate doped Ppy) [39]. The
electrochemical and physical properties of the conductive polypyrrole tip can be altered from a
conductive (hydrophilic state) to an insulating state (hydrophobic state) by either applying
positive potential (+400 mV vs Ag/AgCl) or negative potential (-400 mV vs Ag/AgCl) to the
tip, respectively. During first model studies, the adhesion forces between an oxygen plasma-
treated glass slide (hydrophilic substrate) and the PPy-coated AFM-SECM tip was recorded in
dependence of the applied bias to the tip. For the positively biased tip-surface contact region,
adhesion forces were observed which are attributed to van der Waals attraction, its interplay
with the electrostatic repulsion and other contributions such as ionic binding and hydrogen
bonding. If the AFM-SECM tip is biased negatively, the polymer becomes more hydrophobic

and significantly less adhesion forces were observed is observed.

The quantitative evaluation of the force curves requires the precise knowledge on the contact
area between the AFM probe with the sample using models such as the Hertz model or the
Derjaguin-Muller-Toporov (DMT) model (Young’s modulus) [126]. For soft samples, the so-
called colloidal AFM probe technique [70,71] using a spherical AFM tip is advantageous, as

the mechanical pressure due to a large contact area is reduced compared to sharp AFM probes,
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which may substantially penetrate the soft material surfaces, resulting in a variable contact area

of the AFM probe with the sample.

Kranz and colleagues used conductive colloidal AFM-SECM probes that are fabricated by
attachment of a conductive colloid to an inlaid microscopic disc electrode at the end of a gold-
coated and insulated tipless cantilever for electrochemical force spectroscopy. Thereby,
electrical contact can be established to the colloid. Daboss et al. modified tipless silicon nitride
cantilevers with boron-doped diamond colloids [75] and performed force spectroscopy in
dependence of the BDD surface termination and the applied potential to the tip [75]. The force
constants of these physically and chemically robust colloidal BDD-AFM-SECM probes were
as low as 0.85 +/- 0.04 N/m. The authors demonstrated that the same probe can be used for
different measurements without changing probe at the same sample location (e.g., conductive
AFM, AFM-SECM measurements and electrochemical force spectroscopy). Of course, it
should be noted that given the size of the actual BDD colloid, the achievable resolution in the
SECM imaging is only comparable with conventional SECM measurements using

microelectrodes.

Conductive colloidal AFM-SECM probes are an attractive alternative to conventional single-
cell force spectroscopy (SCFS) measurements, where a single cell is attached to a tipless AFM
cantilever and the adhesion forces of the cell with a specific substrate are quantitatively
evaluated. In a collaborative effort, Higgins, Kranz and co-workers used conductive colloidal
probes modified with poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT:PSS) to map the adhesion forces between mouse fibroblast cells and the conductive
polymer at physiological conditions in dependence of the applied probe bias [72]. PEDOT:PSS
is frequently used as scaffold material, as its properties such as conductivity, stiffness, and
surface morphology can be easily altered e.g., by the used dopant. Initial adhesion

measurements performed on hydrophilic glass samples in 0.1 M KCI solution to screen
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electrostatic interactions. The applied bias to the AFM-SECM probe, open circuit potential
(OCP, -0.2 V), +0.8 V and —0.6 V vs. Ag/AgCl) resulted in a statistically significant difference
in the measured adhesion forces. The lowest adhesion force was recorded for the positively
biased polymer, which may be related to the ionic interactions of the negatively charged, fairly
large PSS molecules with the positively charged polymer in the oxidized state. At negative bias,
a maximum adhesion of to 2.13 £+ 0.53 nN, similar to the measured adhesion at OCP was
observed. For the negatively biased AFM-SECM probe and at OPC, also rupture forces are
observed, which are related to the “pulling” and stretching of polymer chains, which is less
pronounced for the oxidized PEDOT:PSS film. Electrochemical force spectroscopy
measurements at living mouse fibroblast cells revealed jumps in the force curves related to
membrane tethers known from interaction with membrane proteins. Statistical analysis of the
data did not result in a statistically significant difference neither in maximum energy, nor in
adhesion forces in respect to the bias of the colloidal probe. This may be explained by the large
PSS-dopant (My = 70 000), resulting in the fact that the overall polymeric structure does not
drastically change when applying moderate positive or negative potentials. However, the
advantage of this approach is that many cells can be probed with the same modified colloidal
AFM-SECM probe (in this study up to 14 cells were investigated), whereas in SCFS limited

cell viability leads to low throughput.

Daboss et al. electrodeposited polydopamine (PDA) onto conductive colloidal AFM-SECM
probes from basic dopamine solutions [73]. PDA films are characterized by strong adhesive
and redox- and pH-switchable properties related to its multitude of functional groups (phenolic,
quinone, amine, imine groups), which renders PDA ideally suited as adhesive coatings for cell
immobilization and cell proliferation. The presence of the catechol/quinone groups, when the
PDA film was biased at -0.3 V vs Ag/AgCl or +0.5 V vs Ag/AgCl was confirmed by FTIR
microscopy. The adhesion properties of PDA in respect to the applied potential were

investigated for surfaces of different wettability, such as hydrophobic or hydrophilic self-
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assembled monolayers using electrochemical force spectroscopy. The force curves also
confirmed that electrochemically deposited PDA films are indeed polymeric in nature, which
could be derived from the observed plateaus of constant forces, with contour lengths up to
200 nm. Besides the significant differences of the obtained adhesion force in dependence of the
applied potential (i.e., positively polarized PDA-modified 6.2 + 2.2 nN and negatively polarized

film 2.6 = 1.1 nN, as depicted in Figure 20), adhesion measurements were also carried out at

Pseudomonas fluorescens bacterial cells.
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Figure 20. Schematic of the postulated redox switchable character of PDA and scheme of the PDA
modified colloidal probe Electrochemical force spectroscopy on SAM-modified gold surfaces a) and b)
CH3-terminated and c) and d) OH-terminated with the colloidal PDA-modified AFM-SECM probe
biased at a) and ¢) 0.5 V vs Ag/AgCl and b) and d) —0.3 V vs Ag/AgCl. e) Bar chart of adhesion forces

(n=220). Adapted with permission from S. Daboss et al., Anal. Chem. 92, 8404—8413 (2020). Copyright
2020 American Chemical Society.

In dependence of the applied potential, the adhesion forces between the bacterial cells and the
PDA-coated polymer, a similar trend with adhesion forces of 6.0 = 1.1 nN (positively biased)
and 1.1 £ 0.7 nN (negatively biased) were observed, clearly revealing the dependence of surface
charges of the PDA film on bacterial adhesion which are attributed to strong force interaction
of molecules at cell surface (i.e., polysaccharides) with the quinoids groups of the oxidized

PDA film. The recorded force curves revealed also long-distance interactions (rupture features)
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of flagella and fimbriae at the cell surface. Like the studies with PEDOT-coated colloidal AFM-
SECM probes, these experiments showed that such probes are ideally suited for high-
throughput experiments, as single cell attachment at the tipless cantilever is avoided. In
addition, by tuning the properties of the polymer film, valuable insight into cell adhesion can

be provided.

1.6.8 Emerging areas of applications

So far, AFM-SECM has been predominantly used in corrosion science, for studies at
catalytically active surfaces, e.g., nanoparticles and for investigating biological samples. The
multiple data set achievable in AFM-SECM measurements may also be highly suitable for in-
situ/operando studies at other complex systems such as battery electrodes. To date, this
potential has not yet been fully explored and only few examples were reported using AFM and
SECM sequentially e.g., for investigations of solid/liquid interphase (SEI) formation at glassy
carbon electrodes [127], or to study interface processes of redox flow batteries [128]. Recently,
Mahankali et al. demonstrated AFM-SECM studies using commercial probes from Nanonics
Imaging Ltd. (conical Pt probe with a diameter of 100 nm) in non-contact AFM mode and redox
competition mode to study Li—S interfacial redox reactions at glassy carbon electrodes in
solutions containing Li2Ss [99]. Given the abundance of sulfur, lithium—sulfur (Li—S) batteries
may be a promising concept, if the current limitations of short cycle life, fast capacity fade and
poor efficiency, associated with the dissolution of lithium polysulfides (LiPS), and the
associated side reactions could be circumvented. The initial formation of Li2S/Li2S> particles
was achieved by a nucleation process at galvanostatic discharge from OCP to 2.05 V vs Li/Li"
followed by a growth process. AFM-SECM studies were then performed in pure electrolyte to
avoid side reactions of the polysulfide-containing solution. The substrate potential was varied
from 2.5 to 2.7 V vs Li/Li", while the AFM-SECM probe potential was kept at a constant

potential of 2.6 V vs Li/Li". Correlating the topographical information of Li2S/Li2S2 particles
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at different applied potentials at the electrode with the laterally resolved information from the
SECM maps, the authors could identify electrochemically active (i.e., conducting) and inactive

(i.e., insulating) regions as shown in Figure 21).
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Figure 21. a) Schematic representation of SECM electrochemical cell setup and zoom-in part depicts
the competitive SECM mode used for imaging of Li-S cathode surface where the substrate was biased
between 2.5 to 2.7 V, and tip was biased at a constant potential of 2.6 V vs Li/Li". b) AFM—SECM
imaging of Li,S/Li,S; on carbon surface during oxidation: simultaneous height (first row), current
(second row), and phase shift (third row) mapping of Li>S/Li,S; surface. First column images (a,e,i)
correspond to Li>S/Li,S; [galvanostatically deposited] on glassy carbon before oxidation; second, third,
and fourth column images correspond to the Li>S oxidation at different substrate potentials of 2.5 (b,fj),
2.6 (c,gk), and 2.7 V (d,h,]) vs Li/Li" respectively; Eup = 2.6 V. Adapted with permission from
Mahankali et al., Nano Lett. 19, 5229-5236 (2019). Copyright 2019 American Chemical Society.

Combining the measurements with ex-situ data (e.g., XPS measurements), the authors
concluded that Li2S: is more easily oxidized compared to the Li>S and that formed intermediate
LiPS species react with Li2S at higher potentials leading to the deposition of insulating solid
products. In addition, a size-dependent oxidation process with smaller particles being oxidized

at initial stages at lower overpotential was identified.

2. COMBINED SCANNING ELECTROCHEMICAL MICROSCOPY-

SCANNING TUNNELING MICROSCOPY (STM-SECM)

Electrochemical scanning tunneling microscopy (EC-STM) is a very useful technique

for investigating electrochemical processes at the solid-liquid interface at extremely high (~ sub
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A to ~ nm level) x, y and z resolution [12]. In EC-STM the tip consists of a conventional
sharpened STM tip, coated in insulator, at all but the tip apex to minimize unwanted
electrochemical processes contributing to the tunneling current, during topographical imaging
of the substrate. Given that this tip design has also been used by many for the fabrication of
nanoelectrodes in electrochemical studies [3,11,12], it is no surprise that researchers have
investigated ways forward to perform EC-STM and SECM together, with the same probe. In
fact there has been some debate in the literature as to whether the current that flows when STM
is carried out in a humid environment on low conductivity substrates is actually due to
electrochemistry or tunneling [129,130].

Initial studies in this area were carried out by Williams and co-workers who employed
a Pt-Ir wire electrolytically sharpened and insulated, in EC-STM tunneling mode, to determine
the point of contact with the substrate of interest i.e. tip-sample separation = 0. The tip was then
retracted a set distance (100 — 500 nm) and SECM SG-TC imaging carried out in a fixed plane
above the sample surface [131,132]. However, given that the tip is not tracing sample
topography in SECM mode, significant variations in sample topographically can result in tip
crash.

This approach was employed to investigate pitting corrosion activity on stainless steel
surfaces. Current spikes were observed in the SECM images which were thought to be linked
to pitting precursor events and the formation of metastable pits. In most cases the local
environment was unable to support continued propagation of the pits and the spiked current
signal indicated re-passivation. Where pit growth was possible it was postulated that this was
due to the presence of manganese sulfide inclusions in the surface [131,132].

In an interesting approach, Stimmig and researchers used the EC-STM tip to directly
transfer a single Pd nanoparticle, deposited electrochemically, from the tip to a conducting
substrate and then the same tip was employed to probe the electrocatalytic activity of the

particle [133]. Once transferred, the EC-STM imaging mode was used to first locate the Pd
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particle and then with the feedback control disabled the tip was retracted ~ 10 nm from the
surface of the nanoparticle. Finally, in a solution containing 0.1 M sulfuric acid, the substrate
potential was pulsed to a potential sufficient to enable proton reduction at the surface of the Pd
nanoparticle (~ 2 nm — 5 nm radius), whilst the tip was held constant at a potential sufficient to
detect any electrogenerated hydrogen. Current densities for the electrooxidation of hydrogen,
at the Pd nanoparticles investigated in this study, were found to be two orders of magnitude
greater than for a 200 nm sized particle.

Treutler and Wittstock employed Pt etched tips coated with an electrophoretic paint, of
an optimized geometry, for combined ECSTM and SECM measurements [134]. After the probe
was brought into tunneling contact, an ECSTM image of the substrate topography was recorded
in constant current mode. The tip was then retracted a set distance (here ~ 20 nm) and an SECM
feedback map of the sample recorded (with tip and substrate held under appropriate potential
control) at constant distance, i.e., tracing the substrate topography. In this way it was possible
to record SECM maps at tip-substrate separations that were smaller than the surface roughness.
This methodology was applied to a flame annealed gold substrate covered with an insulating
self-assembled monolayer (SAM). The tip was used to mechanically remove zones of the SAM
in selected areas, in order to pattern the sample.

Figure 22 shows an ECSTM topography map of the substrate and the corresponding
SECM feedback map of the surface recorded in a solution containing the redox mediator,
Ru(NH3)s>". [134] The substrate was biased at a potential to reduce Ru(NH3)s>" whilst the tip

was poised at a potential to detect electrogenerated Ru(NH3)e>".
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Figure 22: (a) ECSTM scan of a dodecanethiolate-covered gold electrode, Er = -50 mV, Es = 0 mV,
tunneling current = 0.8 nA, after tip induced removal of the dodecanethiolate film; (b) quasi-
simultaneous SECM scan of the same area, image frame 3000 x 3000 nm?, 2D FFT filtered, Er = -250
mV, Es = 10 mV, radius of tip electrode = 69 nm, imaging distance = 20 nm, inset shows SECM data
without filtering. (c) pseudo-3D representation of the measurements; top, SECM data from (b), bottom,
ECSTM data from (a). Reproduced with permission from Treutler et al., Electrochim. Acta 48, 2923-
2932 (2003). Copyright 2003 Elsevier B.V.

Figure 22a shows although the ECSTM tip was able to resolve the structure of the
underlying Au substrate, at high resolution, revealing height differences of ca. 70 nm, it was
not possible to reveal the areas where the insulating SAM had been mechanically removed.
However, these appear to have been revealed in the SECM feedback map, Figure 22b, where
zones of increased current are clearly evident.

Siegenthaler and co-workers integrated a pH electrode into the STM tip design so that
it was possible to simultaneously combine in-situ STM studies with the ability to

electrochemically generate or scavenge protons and hydroxide ions. [135] The STM tip
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protruded ~ 50 um from a cylinder structure that incorporated a microring iridium oxide (pH)
electrode. The distance between the STM tip and the pH electrode was ~ 80 um. This structure
was similar to the integrated frame electrode AFM tips introduced by Kranz and colleagues
(discussed in section 1.2.3). The concept was demonstrated by investigating the pH dependent
properties of an electropolymerized polyaniline film. It was shown that decreasing the pH
resulted in the thickness of the film increasing whilst increasing the pH resulted in a decrease
in film conductivity.

Although a useful technique, STM-SECM has not shown as much promise or been used
as widely as SECM-AFM, most likely due to the fact that the substrate topography can only be
obtained using ECSTM if the sample is sufficiently conducting, given that a tunneling current
must be recorded. Moreover, AFM typically can be used on much rougher surfaces than STM
and obviously can be employed independent of substrate conductivity. Nevertheless, the
possibility of coupling STM to SECM has been very recently reevaluated by Unwin et al. [136],
with the aim of imaging the proton reduction activity of gold nanocrystals deposited onto a
carbon sample. Several issues that so far limited the development of combined STM-SECM
have been tackled. Nanopipette-based SECM probes displaying much less leakage current than
the usual coated wire STM tips were specially designed. A “tip hopping — potential pulse”
scanning pattern was implemented, where the tip was approached to every pixel of the sample.
The tip was initially biased at a potential where no electrochemical process took place, so that
a purely tunneling current was recorded and used to set a minimal tip-substrate separation. The
tip was then withdrawn by a programmable distance, and the sample biased at the
electrochemical potential of interest, corresponding here to proton reduction. After a short delay
allowing capacitive currents decay, the tip current corresponding to the collection of H2 was
recorded. The tip was then withdrawn again before being moved to the next pixel. The
requirements of repeating this process fast enough to yield acceptable imaging times, while

keeping the approach speed slow enough to ensure accurate STM-based distance control, were
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shown to be largely conflicting. In spite of this, synchronous topography and electrochemical
current images showing H' reduction at the gold nanocrystals could be obtained.

It is also noteworthy that very recently, the onset of nanoscale SECM, and the ensuing
reduction in achievable tip-substrate distance, has led tunneling currents to be measured jointly
with SECM currents. This could be seen as an unwilling combination of STM with SECM

[137].

3. DISTANCE CONTROL IN SECM

There have been many different approaches employed to control and measure the tip-
substrate distance of “conventional” glass coated UME disc probes during SECM imaging. One
of the most utilized at the time of writing is shear force — SECM, pioneered by Schuhmann and
colleagues, although here specialized glass coated electrodes are required. However other
methodologies such as alternating current SECM have been implemented with glass-insulated
UMEs and important developments have seen the introduction of intermittent contact SECM

(IC-SECM) by Unwin and co-workers. These techniques are described in this section.

3.1. Shear Force Scanning Electrochemical Microscopy
The idea of using the detection shear forces occurring when a vibrating local probe tip

is approached towards a planar substrate, as a way of measuring and controlling the tip-substrate
distance was initially developed for near-field optical microscopy (NSOM) [138]. It was found
that when an optical fiber (the tip) was vibrated horizontally the amplitude of the vibration was
damped as the tip approached within a few tens of nanometers from the surface. It was thus
possible to use the strong distance-dependence of damping to set a desired tip-substrate distance
and offer a convenient way of controlling the tip approach, avoiding crash.

This methodology was adopted by the SECM community as a means of developing

constant-distance mode SECM. Two experimental strategies have been proposed and are
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described in detail below: (1) specially designed flexible needle-type UMEs that can be easily
vibrated upon mechanical excitation; (2) attaching SECM electrodes to an oscillating device,

such as a quartz oscillator.

3.1.1 Shear Force SECM with vibrating needle UMEs

3.1.1.1 Shear Force SECM at the micron scale
The first attempt to adapt shear force detection to SECM was reported by Schuhmann’s

group [139]. In the original configuration, a long and flexible needle-type glass insulated disk
UME, fabricated by sealing 25 pm diameter platinum wire in a pulled glass capillary (1-1.5 cm
long, 100 um outer diameter), was vibrated using an excitation piezo. The vibrational motion
of the tip was monitored by focusing a laser onto the lower part of the tip and detecting the

resulting diffraction pattern on a spilt photodiode, Figure 23.
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Figure 23. Instrumental set-up for shear force-based constant distance SECM. The SECM tip is a needle
type microelectrode vibrated using a piezo. The tip vibration is monitored optically by diffracting a laser
on the electrode body. The diffraction pattern formed on a 2-segment photodiode (upper right) is used
to monitor shear force-induced damping of the tip vibration. Adapted with permission from M. Ludwig
et al., Rev. Sci. Instrum. 66, 2857-2860 (1995). Copyright 1995 American Institute of Physics.

69



The tip excitation amplitude spectrum of the vibrating UME submerged into buffer
solution displayed numerous peaks in the 0-20 kHz region corresponding to various modes of
tip vibration. Only the lowest mode, corresponding to a frequency around 1 kHz, was sensitive
to the tip-substrate sample distance. The excitation amplitude of the tip vibration was varied
from 1 nm up to a few microns. The effect of vibrating the UME on the tip current recorded in
a SECM configuration was investigated. It was shown that the tip current displayed a linear
dependence on amplitude for large excitation amplitudes. However, by employing a low
enough amplitude (< 1 pum) conditions could be found so that the tip current was not affected
by the vibration.

Upon approaching the vibrating tip towards a conducting (gold) surface, the expected
decay in tip amplitude, resulting from shear forces, was recorded concomitantly with an
increase in tip current as a result of SECM positive feedback. However, it was observed that
the decay length of the vibration approach curve was highly dependent on the stiffness of the
underlying substrate material. On hard surfaces this length was ~ 1 pum, whereas on softer
surfaces e.g., gold on mica, it was several tens of microns. These results indicated the non-
negligible magnitude of the tip-substrate interaction forces involved, estimated to be ~ 150 uN,
high enough to even bend a mica substrate. However, this initial work established the
compatibility of SECM with shear force.

In a following paper Schuhmann and co-workers demonstrated that by employing a
feedback loop which relied on the detection of shear forces between the vibrating UME and
sample, it was possible to keep the tip-substrate distance constant (constant damping amplitude)
during SECM imaging [140]. Hence it was possible to implement constant-distance mode
SECM imaging, a mode free of artifacts due to sample tilt and roughness. Moreover, it was
demonstrated that shear force damping of the needle-like UMEs occurred within a distance of
100 nm from the surface, meaning it was possible to hold the UME extremely close to the

surface during imaging. This resulted in a much better lateral resolution compared to fixed
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height imaging. Additionally, an image of the substrate topography could be reconstructed from
the known adjustments of the vertical tip position imposed by the feedback loop in order to
maintain a constant distance at each position of the scanned area. Hence in constant distance
SECM imaging, topography and SECM current images could be simultaneously acquired.

Shear force can be used to bring any tip close to a surface and this approach has been
successfully employed with non-amperometric pipette-based tips, such as miniaturized
enzyme-sensors or potentiometric probes [140]. Initially, work saw the use of an enzyme-filled
glass capillary tip to image a 50 um Pt modified disk in shear force feedback mode [140]. In
one application, a glucose-dehydrogenase (GLDH) filled micropipette tip was used to map the
production of NAD", the natural cofactor of GLDH, resulting from the catalytic oxidation of
NADH at the surface of the modified-Pt UME [140].

Shear force constant distance scanning potentiometry has been employed to map the
dissolution of calcite crystals and shells and to map spatial variations in pH at high resolution
over complex microcavity patterned substrates [141,142]. The ability to approach capillaries
very close to a surface, using shear force feedback, was also used for the local deposition of
silver microstructures on conducting surfaces using potential assisted ion-transfer at the tip of
a micropipette [143].

Using shear force based constant distance SECM imaging to characterize the activity of
single live cells was demonstrated by Schumann and colleagues [144]. Here glass needle-type
SECM tips could not be used, since the significant tip-surface interactions occurring during
shear force feedback caused irreversible damage to the cells. For this work, a special type of
needle electrode consisting of ~ 10 um diameter carbon fibers protruding by ~ 0.5 mm from a
supporting glass capillary, were employed. The walls of the carbon fiber were insulated by
deposition of an electrophoretic paint. The extremity of the fiber was cut with a scalpel to
expose a disk-shaped electrode. The resulting carbon fiber UME was flexible enough for the

interaction forces between the tip and the cell to be sufficiently small to allow shear force mode
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to be applied to visualize the topography of individual living cells without damaging them. The
carbon fiber tip could thus be positioned above a single cell and the secretion of redox-active
neurotransmitters amperometrically detected at the tip. The very short gap between the cell
membrane and the UME, made possible by shear force positioning, insured a 100% collection
efficiency of the neurotransmitter.

The shear force constant distance-mode SECM was later mounted onto an inverted
optical microscope, in a so-called “Bio-SECM” configuration, in order to study individual
living cells. The Bio-SECM instrument was notably used to detect nitric oxide release and
oxygen consumption [ 145,146], by single living cells. Note that in these works, optical readout
of the distance controlling shear-forces (SFs) was used, and that specific implementation of
such a setup for single cell imaging has been reviewed in literature [147]. Later on, the shear
force setup was modified by replacing the optical detection system, used to monitor the tip
vibrating motion, by piezoelectric elements, typically comprising an excitation dither piezo,
and a receiver piezo [ 148]. Electrical detection of the tip vibration was shown to be much easier
and more convenient than optical detection, partly because the delicate laser alignment on the
tip was made unnecessary.

Further developments to shear force SECM have seen the implementation of high
resolution constant-distance mode alternating current electrochemical microscopy (AC-
SECM), which was used for the visualization of corrosion pits on stainless steel samples
[106,149].

Over the last decade, a large amount of work aiming at making shear force regulated
SECM a more reproducible and robust technique has been published. Etienne et al. reported an
automated approach procedure for combined shear-force SECM imaging of large samples
displaying complex topography features such as millimeter curvature/tilt [150]. The same
group also proposed a setup for optimizing the shape of disk-in glass tips, enabling the glass

sheath to be polished into a conical shape, while ensuring a perfect alignment of the tip versus
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the substrate surface [151]. This notably resulted in enhancing the resolution of the topography
images acquired in SF-SECM. In a subsequent related work, the authors addressed the key
question of identifying resonance frequencies of the vibrating tip effectively enabling tip-
surface control [152]. They noticed that using large excitation amplitudes enabled to enter a so-
called hydrodynamic regime, where peaks recorded in the SF spectrum far from the substrate
were associated with concomitant increase in tip current (i.e. with current peaks visible in a
current vs. piezo excitation spectrum). They showed that the corresponding peak frequencies
could subsequently be safely used, at low excitation amplitude, to approach the tip close to the
substrate and record unperturbed SECM approach curves for kinetic measurements. It was also
shown that the excitation amplitude and frequency, and also the tip size, modulated the spatial
range of tip-surface SF-interactions, in the 1 -10 pm range.

It is worth mentioning that SF-SECM has shown to be particularly suitable for corrosion
studies, since it enables millimeter to micrometer scale high aspect ratio features, typically
covering corroded samples, to be readily imaged [153—155]. This capacity of SF-SECM to
image large samples has also been exploited to characterize the electrochemical activity of a
350 pm x 350 um sample bearing reduced graphene oxide, with a 5 pm resolution [156].
SF-controlled tip positioning has recently enabled a new SECM technique to be developed
[157]. This technique, labeled Scanning Gel Electrochemical Microscopy (SGECM), employs
a drop of ionically conducting gel electrodeposited onto a micro-sized UME as a local probe.
The position of the gel-probe versus a sample of interest is controlled using shear force

feedback, Figure 24.
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Figure 24. Scanning Gel ElectroChemical Microscopy (SGECM) (A) Principle of the method: a drop
of an ionically conducting gel electrodeposited onto a micro-sized UME is used as a local probe. The
position of the gel-probe versus a sample of interest is controlled using shear-force (SF). (B) Sample
topography acquired using SF feedback (C) Simultaneous current image showing the local
electrochemical reactivity of the sample. The sample is a steel plate covered by an insulating film, except
for the region seen in the center of the topography image, where the film was vertically scratched to
expose the metal. Reproduced with permission from L. Liu et al., Anal. Chem. 90, 8889—8895 (2018).
Copyright 2018 American Chemical Society.

Upon contact of the gel with a conducting substrate, a local two-electrodes electrochemical cell

forms, in a way similar to SECCM (see Chapter 15). SGECM can be used in amperometric
mode, where a current characterizing the local reactivity of the sample is recorded, or in
potentiometric mode, where the local corrosion potential of the substrate is measured [158]. In
both cases SF control enables a topography image to be acquired simultaneously with the
electrochemical image (see Figure 24). Electrochemical resolution is controlled by the area of
the contact between the gel and the sample, which can be modulated through pulling or pressing

the gel probe away/against the sample. Resolution in the 10 um range was demonstrated [159].

3.1.1.2 Shear Force SECM at the sub-micron scale
All of above works have focused on needle type SECM tips having a diameter of the

order of a few to tens of microns, positioned very close to a surface. Bringing such relatively

“large” electrodes very close to a surface may be advantageous in the case where the tip is used
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as a collector. However, for SECM imaging the “electrochemical” resolution is not only
governed by the tip-substrate distance, which can be made very small using shear force, but
also by the size of the disk-shaped UME. Moreover, the lateral resolution of the topography
image, acquired simultaneously with the current image, is, in theory, limited by the overall size
of the imaging tip, which includes the glass sheath surrounding the disk-shaped electrode. Note,
in practice, the actual resolution is often higher than expected because the edge of the glass
sheath (in the case of a non-perfect tip-sample alignment), or any small-sized protruding
corrugation of the glass, can serve as an effective imaging tip.

However, reduction in tip-size is necessary for a better control of the imaging conditions
and to improve both the topographical and electrochemical resolution of constant-distance
mode SECM imaging. To this end, needle-type nanoelectrodes were fabricated by pulling Pt
wires in glass capillaries. This method, described in detail in the chapter “Instrumentation and
tip preparation” [Chapter 2], results in submicron-sized disk shaped Pt electrodes encased in
long, thin glass capillaries [160].

It was found that, upon mechanical excitation, these nanoneedles displayed several
resonance frequencies in the 150 — 300 kHz range; although only some were sensitive to the
presence of the substrate and were thus suitable for use to control the tip-substrate approach
and distance. By holding the submicron sized probes some ~100-200 nm away from a surface
using shear force feedback, very high resolution topographic and constant-distance current
images could be acquired [148].

In order to further improve the topographical resolution of constant-distance mode
SECM a new generation of platinum nanoelectrodes were produced. Instead of the classical
inlaid disk format these pulled-glass Pt electrodes were conically polished so that the Pt disk
electrode was located hundreds of nanometers above the conical extremity of the tip. Due to
the geometric shape the probe did not exhibit SECM feedback while approaching a sample.

Thus, these probes are best suited for concentration gradient profiling at active submicron-sized
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sites on a surface without interference from SECM feedback. As a proof-of-concept these
electrodes were successfully used for imaging the diffusion layer of a redox mediator
[Ru(NH3)s]** generated at a complex test structure consisting of microcavities incorporating
disk (cavity bottom) and ring (cavity walls) electrodes [161].

Even though shear force feedback has been successfully used for constant distance mode
SECM imaging in many instances, it nevertheless has several shortcomings. One of the
problems is that the imaging scan rate has to be low in order for the electronic feedback loop to
reestablish the set-point value (hence distance) every time the tip is moved to a new position,
otherwise tip-crash occurs. Additionally, the range of the shear force interaction can be very
small (a few 100 nm’s) and shear force-based feedback can thus only position tips at this
distance or closer to the substrate. For very small tip-substrate separations the presence of the
tip will block diffusion of species toward/away from the surface thus potentially interfering
with the phenomenon to be probed, for example this is problematic when probing the activity
of surface-attached enzymes.

Schuhmann and colleagues proposed a new imaging mode to address many of the above
issues [162]; 4D shear force based constant distance SECM. Here, the tip is first approached
under shear force control very close to the substrate. The tip current and vertical tip position are
then recorded, allowing current and topography images to be reconstituted as usual. The tip is
then retracted from the surface by small user-defined increments and the tip current at each
distance is recorded. When the tip is retracted to its final position it is laterally moved to a new
x,y position above the sample and approached again at this new location. This procedure
minimizes both the risk of crashing the tip and tip-substrate interactions occurring during lateral
tip motion. Ultimately a 4D data set (x,),z tip current) is acquired from which topography and
SECM images at different but constant tip-sample distances can be built. The feasibility of 4D

imaging was demonstrated using amperometric feedback mode imaging of a Pt band electrode
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array and mapping of the diffusion profile of a redox active species above a microelectrode in
the generator/collector arrangement.

The work described above has demonstrated that monitoring shear force interactions
between a vibrating needle SECM tip and a substrate is a robust approach for implementing
constant distance SECM. As an important improvement of this combined technique, Mauzeroll
and colleagues demonstrated that monitoring the phase change of the tip vibration associated
with the onset of shear forces, instead of the amplitude change, could further improve the
sensitivity of distance regulation [163]. Accordingly, Heinze et al. demonstrated that phase-
operated shear force SECM enabled high resolution imaging of the electrochemical activity of
single, 320 nm diameter, boron doped nanoelectrodes forming an array [164].

The 2010-2020 decade saw the publication of interesting contributions addressing many
of the practical limitations of nanoscale shear force SECM, such as identifying tip resonance
frequencies sensitive to the presence of the substrate (i.e., shear-force sensitive frequencies), or
even describing new tip fabrication and insulation methods. Mauzeroll and co-workers reported
a detailed fabrication protocol for pulled nanoelectrodes, characterized by an electrochemical
radius in the 3 — 190 nm, and displaying long flexible tappers particularly suitable for SF control
[165]. Several factors influencing the shear-force sensitivity of these electrodes were
experimentally identified. The respective orientation of the dithering and receiving piezo was
shown to have a strong influence on the shear force spectrum, 0° and 90 ° alignment yielding
the highest sensitivity. At the opposite, no clear trend was noted regarding the effect of the
distance separating the two piezos. Moreover, a new experimental approach was suggested for
rapidly identifying shear-force sensitive frequencies from the global excitation spectrum of the
tip, recorded in air and far from the surface: only those peaks associated with a drastic shift of
phase ultimately enabled safe control of the tip-surface distance.

Interestingly shear force feedback was also used to ease the fabrication of SECM

nanoelectrodes, by solving the major issue of insulating the whole body of nanoelectrodes while
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leaving their very end exposed. [166] For this, conically etched carbon fibers were brought
under shear force control into gentle contact with a soft substrate (silicon rubber).
Electrodeposition of a thin polymer layer onto the carbon fiber was then triggered by applying
a suitable potential. This resulted in deposition of an insulating polymer film on the whole body
of the fiber beside the very end, where deposition was hampered by the presence of the
substrate. Carbon nanoelectrodes characterized by an effective radius as small as 46 nm could
thus be fabricated. In a similar approach shear force positioning was employed to position the
extremity of a bundle of conically etched and gold coated optical fibers within a ~Ium thick
PDMS layer deposited onto a glass slide [167]. Ensuing deposition of an electrophoretic paint
resulted in insulating the body of the bundle, while leaving only exposed the conical extremity

of the fibers, ultimately forming an arrays of conical nanoelectrodes.

3.1.2 Using quartz crystal resonators as shear force transducers for SECM

In 1995, a paper from the NSOM community introduced the use of a small oscillating
piezoelectric component, a crystal oscillator in the shape of a mm sized tuning fork, as a
transducer for detecting shear force damping of an oscillating optical fiber approaching a
surface. [168] Typically, the fiber was glued onto one of the arms of the tuning fork which was
mechanically excited by a dithering piezo. The tuning fork was oriented toward the substrate
and hence the fiber was vibrated parallel to the sample surface. Here the excitation frequency
was perfectly defined: it had to exactly match the resonance frequency of the tuning fork (e.g.,
32 kHz). The oscillation of the fork/fiber assembly was electrically monitored by measuring
the voltage between electrical contacts on the prongs of the fork and analyzed using lock-in
detection.

This shear force monitoring technique was later adapted to SECM by Smyrl et al. who
replaced the optical fiber by an etched tungsten wire (~ 2 um apex), insulated by dip coating,

and acting as an SECM tip [169]. The conical tungsten tip was glued onto one of the prongs of
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the tuning fork so that a few millimeters of the probe extremity was protruding from the fork.
In order to avoid complete damping of the tuning fork (and tip) motion, only the very end of
the probe was immersed into the solution i.e., the tuning fork was in air. Thus, measurements
were made in a thin film of solution (a few millimeters deep) bathing the substrate.

The tuning fork/tip assembly was mounted on the head of a commercial NSOM
microscope, and the tuning fork oscillation amplitude used as a feedback signal to regulate the
tip-substrate separation. With this set-up an extremely small tip-substrate separation of the order
of 10-30 nm was maintained by the feedback loop. Constant distance SECM imaging in SG-
TC mode of a 50 um platinum disk UME was carried out. Topography and SECM images were
simultaneously acquired validating the use of the tuning fork for shear force based constant
distance SECM imaging. Later, feedback mode constant distance imaging of 5 um gold wires
aligned onto a substrate, using a gold coated pulled optical fiber as an SECM tip, was
successfully carried out with the same tuning-fork based setup [170]. This approach has also
been used to observe defects in hexadecanthiol monolayers at submicron resolution [171].

A similar configuration was later used by Bard and co-workers to develop a combined
scanning electrochemical-optical microscope (see section 4.1 also) [172,173]. Here the SECM
tip, a conically etched platinum wire insulated with electrophoretic paint, was used to generate
light in-situ via an electrogenerated (ECL) reaction. Due to the small effective size of the
conical microelectrode tip (down to 155 nm), shear force monitoring had to be used to control
the tip to substrate approach and distance. The tip was thus attached to one of the prongs of a
tuning fork. Here again, and this is pertinent to all tuning fork-based systems used in solution,
immersion of the tuning fork itself had to be avoided. Hence, only the last ~ 0.5 mm of the
probe, protruding form the end of the tuning fork, was in contact with solution.

The tip was first brought into very close proximity to the surface by shear force
feedback: the approach was stopped when a 3-5% damping of the fork oscillation was recorded.

The tip was then withdrawn by 24 nm, before the ECL light intensity transmitted to the substrate
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was monitored. This “tapping mode-like” procedure was repeated for every imaging position
of the substrate. The tip was thus not scanned above the surface, but rather approached and then
withdrawn, and only then translated laterally between measurements. This process minimized
the chances of crashing the tip. Due to the small size of the tip, and the very close tip-substrate
separation enabled by shear force distance control, sub-micrometer resolution ECL near-field
images were acquired.

The same shear force based SECM setup was later employed using, this time as the tip,
a pulled optical fiber bearing a ring-shape electrode at its apex. Shear force detection using the
tuning fork signal set a constant tip-substrate distance while simultaneous topography, current
and optical images of test substrates were acquired. Interdigitated band electrodes, consisting
of 30 um wide gold bands spaced by 25 um glass were imaged. Even though the “tapping mode-
like” scanning procedure was utilized it was observed that some samples were destroyed by the
tip, for example, diatoms immobilized on glass [173]. This was a result of potentially
destructive tip-substrate interactions which occur when a tuning fork is used as a shear force
sensing element.

The recurring problem of imaging fragile biological material using a tuning-fork based
shear force distance control was addressed by Matsue and Yamada by judicious choice of the
imaging conditions in combination with the standard approach (STA) imaging mode [174—
176], which is similar to the “tapping mode-like” mode introduced by Bard’s group [173].
Yamada et al. imaged a glass surface bearing co-immobilized diaphorase and albumin with an
SECM equipped with a tuning fork [174]. Disk shaped platinum UMEs (2-10 um) were used
as the imaging tip that were cut to 4 mm length and glued onto the tuning fork. Only the last
0.5-1.5 mm of the tip was immersed in solution. Experimental conditions minimizing tip-
substrate interactions were chosen, in particular a low setpoint which was 2% damping of the
tip oscillation, and the amplitude of the shear fork excitation signal was kept at a minimum.

Under these conditions, STA mode imaging allowed the enzyme layer to be preserved.
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Later Yamada and Matsue showed that the STA mode could also safely be used for
constant-distance SECM imaging of living cells provided the shear force excitation signal was
kept low enough [175]. Here, a combined optical fiber / UME having an effective electrode
radius ~ 35 nm, was used for imaging oxygen consumption by single PC12 cells in a culture
medium. The local oxygen level was monitored amperometrically by the tip. Electrochemical
images, reflecting the localized oxygen consumption by cell respiration, and topographic

images of the single cell were acquired simultaneously with micron level resolution, Figure 25.
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Figure 25. Constant distance SECM imaging using shear force feedback in the STA mode of model
neurons (PC 12 cells). Topography (a) and electrochemical (b) images of PC12 in a PBS solution using
a capillary electrode probe. The tip was biased at -0.50 V (vs Ag/AgCl) to reduce oxygen. Hence the
contrast of the electrochemical image (b) reflects the local oxygen level. Oxygen depletion due to cell
respiration is visualized as orange-red regions. The cross sections of the cell body (c) and axons (d) are

shown for the topographic and electrochemical signals. The scan range was 47 um x 47 um, and the
step size was 1.0 um. The white lines in a and b indicate the position of the cross section. Adapted with
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permission from Y. Takahashi et al., Langmuir 22, 10299-10306 (2016). Copyright 2006 American
Chemical Society.

In related work, Matsue and co-workers investigated systematically the influence of the
amplitude of the vibration of the tuning fork on cell imaging [176]. They showed that if too
large amplitudes are used the cells were damaged whereas if too low amplitudes were employed
the hydrodynamic forces caused by solution viscosity interfered with shear force detection and
increased the noise level. Hence, an optimal amplitude has to be found. It was emphasized that
this value actually depends on the shape of the probe and the depth of immersion of the probe
into solution. Under optimal condition well resolved topography images of living cells could

be obtained, Figure 26.
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Figure 26. Imaging live HeLa cells using shear force feedback with a tuning fork transducer.
Optimization of tuning-fork amplitude for living cell topography imaging. (a) Tuning for amplitude-
distance profiles of a living cell. The cells are not detected in the approach curve (the tip probably
impales the cells) if the tuning fork amplitude is too high (> 100 mV).(b) Topography images of HeLa
cells at tuning fork amplitudes of 30 #V and 75 xV. Noise (white dots in image b-1 ) appears if a too
low tuning fork amplitude is used. The scan range was 100 um x 80 um, and the step size was 2.0 ym.
Adapted with permission from Y. Takahashi et al., Anal. Chem. 81, 9674-9681 (2009). Copyright 2009
American Chemical Society.
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These images were acquired in STA mode using fast electronic circuitry to shorten the
scanning time acquisition. Moreover, in this particular work, with the probe acting both as a
UME and an optical fiber, topography, fluorescent and current images of single cells could be
obtained in constant distance mode SECM-optical microcopy. Finally, Yamada et al. showed
that using STA in a differential mode (d-STA), i.e. considering the differential output voltage
of a tuning fork rather than its absolute value for distance control, enabled even softer imaging
of living cells than regular STA mode [177,178].

Other improvements to shear force based SECM systems using tuning fork transducers
have been reported [179,180]. Heinze et al. showed that by using high frequency (1 MHz)
crystal oscillators, instead of the commonly used tuning fork (32 kHz) quartz, the dependence
of the quartz resonance on the tip immersion depth could be minimized [179]. Moreover, by
using the phase shift of the quartz oscillation, as a feedback signal rather than the amplitude,
the system achieved a greater stability. Matsue and colleagues reported the use of beveled disk-
in glass Pt UMESs glued to a tuning fork as a local probe for constant distance SECM shear force
feedback imaging of enzyme activity [180], adopting a similar approach to Etienne et al. [161]
discussed above in section 3.1.2.

Using quartz crystal resonators as shear force transducers for distance control in SECM
is seemingly universal since it simply requires the gluing of a low mass probe to a crystal
resonator to obtain a shear force sensing device. Sensing is straightforward as it can be
performed simply by measuring the voltage at the electrical pins of the tuning fork. However,
many parameters, including the immersion depth of the probe and even the amount of glue used
to attach the tip can modify the crystal response, hence care is advised. Moreover, as the shear
force signal is only obtained for extremely short tip-substrate distances, of the order of a few
tens of nm, this translates to very intense tip-substrate interactions. However, researchers, as
reviewed above, have proposed many alternative strategies to alleviate, if not to solve, these

problems.
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As a final word for this section, it seems important to stress out that within the last
decade SF-coupled SECM has sufficiently gained in maturity for commercial instruments to be

developed, they are now widely available [181,182].

3.2 Intermittent Contact-Scanning Electrochemical Microscopy (IC-SECM)

One of the most common modes of AFM imaging is tapping mode. Here the probe is
oscillated close to resonance, 4o, and then brought into intermittent contact with the sample
resulting in damping of the oscillation amplitude to a value, A [183]. The level of damping
(4/4o0) is kept constant and used as the feedback signal to monitor the topography of the surface.
The value of A/A4o denotes the hardness of the tap on the surface, with a light tap close to 1 and
a hard tap much less than 1. By monitoring the phase, it is also possible to extract information

on the material properties of the sample such as elasticity, adhesion ezc.

This general concept has been applied to SECM by Unwin and co-workers to control
the tip-substrate separation during imaging [184]. Here, a small AC positional perturbation is
made to the piezoelectric positioner controlling the tip position normal to the surface of interest
(z-axis). This is especially attractive as it requires minimal additional hardware and is easily
implemented. Typically much lower oscillation frequencies (< 100 Hz with the system
documented in reference [184]) are employed than in conventional tapping mode AFM
(typically > two orders of magnitude higher). The amplitude of the oscillation is damped as the
tip touches the surface. This damping is detected and used to provide information on the point
of tip-substrate contact and hence can be used to quantify tip-surface separation (e.g., for
approach curve measurements). The damping can also be used as a set point to determine the
tip-substrate contact point at all x,y positions during a scan. Intermittent contact (IC-SECM)
differs from the early tip position modulation (TPM) studies of Wipf and Bard [185], and their
more recent development [186], in that here a non-electrochemical signal is used to provide the

feedback and positioning sensitivity.
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Key advantages over shear force are (i) the experimental set-up is much simpler, existing
traditional glass coated SECM probes can be utilized, (ii) the level of immersion into the fluid
of interest does not need to be controlled and (iii) the tip can be operated for imaging at any
user defined tip-substrate separation. During imaging the tip typically scans across the surface
in “tapping mode” recording the topography of the surface. At the same time it is possible to
record the tip current (both mean current and AC current information). Here it is advantageous
if the tip is polished at a slight angle or fortuitously the tip-substrate alignment is not exactly
parallel so that direct contact is avoided between the substrate and electrode. This is especially
problematic for conducting substrates. The tip can then retrace the topographical line scan for
electrochemical imaging at any distance the user so chooses.

Figure 27(a) shows typical approach curves recorded with a 2 um diameter Pt disk
UME towards an insulating and conducting surface. Also simultaneously recorded is the

oscillation amplitude (typically ~ 40 nm as used in this study).
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Figure 27. (a) Feedback approach curves to conducting, gold (red), and nonconducting, glass (blue),
substrates. 1 pm radius Pt disk electrode oscillated at 70 Hz, oscillation amplitude 39 nm in 2 mM
FcTMA". Top: SECM tip oscillation amplitude as a function of the tip-substrate separation. Bottom:
Mean SECM tip current, imean, as a function of the tip-substrate separation. The mean SECM current for
the analytical approximation for the feedback response is shown in green. Excellent agreement is seen
between theory and experiment for both positive and negative feedback. imean Was normalized by the
bulk steady-state SECM tip current. The distance from the substrate, d, was normalized by the SECM
tip radius, a. (b) IC-SECM imaging of gold bands on glass obtained using a 1 um radius Pt disk electrode
(70 Hz, oscillation amplitude is 39 nm in 2 mM FcTMA". Average tip current in IC forward scan.
Adapted with permission from K. McKelvey et al., Anal. Chem. 82, 6334-6337 (2010). Copyright 2010
American Chemical Society.
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For the studies herein, contact was assumed when there was a greater than 15%
sustained decrease in the z piezoelectric positioner strain gauge sensor oscillation amplitude, as
compared to that in the bulk solution. Figure 27(b) shows a constant distance feedback SECM
image (1 um tip-substrate separation) recorded with a I um radius Pt UME of Au bands 25 pm
wide on glass, separated by 20 um. Beyond the above mentioned initial works, significant
developments and new applications of IC-SECM have been reported in the last decade.

It was first demonstrated that IC-SECM could be used to visualize and quantify
molecular transport thought a porous membrane [187]. Pressure induced ruthenium
hexaammine transport through dentine was employed as a model system. IC-controlled
feedback enabled a 1 um radius UME (RG ~ 10) to be brought within a constant distance of ~1
um from the surface. Four independent signals were acquired while scanning the surface,
enabling four corresponding images to be constructed, showing: (i) The sample topography, (ii)
the DC (time averaged) tip current, (i) the amplitude and (iv) the phase of the AC component
of the tip current, which is modulated by the periodic UME motion. Due to the large RG value
no useful information could be obtained from the topography image. However, The DC and
AC amplitude current images revealed the heterogeneity of mass transport across the dentin
surface. The DC images, especially the phase image, displayed a better resolution than AC
images, enabling the identification of individual pores and measurement of individual fluxes
(pore velocities).

Later, IC-SECM proved to be particularly suitable for mapping the heterogeneous
electrochemical activity of diamond electrode surfaces [188,189]. At first, Unwin et al.
quantitatively mapped the distribution of the local rate of electron transfer (ET) at a
polycrystalline boron-doped diamond (pBDD) electrode surface [188]. A perfect overlap was
observed between the ET rate constant map and dopant level density map, visualized through

subsequent Raman imaging. A direct link between electron transfer kinetics and local doping
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levels was thus evidenced. Later on, the same authors showed that defects in single crystal BDD
electrodes could be straightforwardly evidenced and mapped by IC-SECM, since they
displayed enhanced electron transfer due to higher doping levels [189].

Further work reported the expansion of IC-SECM to the nanoscale [190]. This required
using sub-micron sized laser-pulled Pt nanoelectrodes, whose RG had to be decreased by ion
beam etching to enable closer tip-substrate separation. In order to avoid breaking such fragile
nanotips, the tip to substrate interaction forces, inherent to IC-operation, had to be decreased.
This was achieved by introducing a piezo bender actuator which had a much smaller spring
constant than the strain gauge sensor used previously, allowing better sensing of the tip-surface
interactions. As a result, tip-surface forces were reduced from 3000 to 100 uN. Nanoscale IC-
SECM was finally demonstrated by imaging a gold nanoband in positive feedback mode, a
resolution better than 200 nm was achieved.

An improved version of IC-SECM, labelled Hopping Intermittent Contact-Scanning
microscopy (HIC-SECM) was introduced by Unwin et al. [191]. A key feature of HIC is that
the tip is not scanned over the surface once a set point amplitude damping is established, but
rather sequentially brought in an out of feedback contact at every point of the surface. This type
of hopping mode approach and imaging was previously implemented for shear force SECM
[162,173,174]. Beyond minimizing tip-surface interaction, it provides the unique opportunity
of acquiring information at any X, y, z position above the surface in the form of 3D data sets.
For HIC-SECM information such as the DC tip current, amplitude and phase of AC tip current,
and sample topography are acquired. The wealth of data collected enables hundreds of possible
plots (images, 1D and 2D cross-sections, approach curves) to be constructed. The performances
of HIC-SECM were first demonstrated by imaging test samples, such as band or disk electrodes
[191]. This technique was later used to study the local dissolution of salicylic acid in saturated
aqueous solution [192]. More recently IC- distance control was implemented for recording

impedance data locally, in a so called IC-AC-SECM imaging mode [193,194].
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As a final word, we note that the tip-surface forces involved in IC-SECM operation
remain relatively strong, making this technique more indicated to characterize robust solid
surfaces than fragile samples. It is also worth mentioning that at least one commercial SECM

system featuring IC mode is available [17].

3.3 Alternating current—Scanning Electrochemical Microscopy (AC-SECM)
3.3.1 AC-SECM as a tip-positioning technique

AC-SECM is a specific mode of SECM which can also be used as an alternative to
hybrid SECM techniques to set a constant tip-substrate distance during SECM imaging. The
use of AC-SECM as a tip-positioning technique was initially introduced by Horrocks et al.
[195]. The various applications of this technique were reviewed, and are therefore only briefly
presented here [196]. In AC-SECM a low amplitude (~10 mV) alternating potential is
superimposed on the tip bias while the ensuing modulation of the tip current is recorded. The
current signal is then analyzed in terms of the AC-current magnitude and phase offset with
respect to the tip potential excitation signal. Interestingly no redox mediator is required in
solution since it is the local impedance of the tip-sample system which is probed.

In low supporting electrolyte solution (1-10 mM ionic strength) the impedance is
dominated by the solution resistance. Both the current and phase have been shown to display a
smooth tip-sample distance dependence. For insulating substrates this dependence originates
from hindered ion movement in the tip substrate gap, which results in a decrease of the AC-tip
current amplitude as the tip-substrate distance is made smaller, closely following negative
feedback behavior. Importantly it was shown that, if a redox mediator is introduced in solution,
the contribution of the faradaic process appears as a DC amperometric signal which can be
electronically separated from the high frequency component of the full impedance signal.
Hence for insulating substrates, the AC impedance signal can be used to hold the tip at a
constant tip-substrate separation whilst the DC current, relates to local faradaic processes which

can be independently and simultaneously measured [197].
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The simplicity of AC-SECM is that it can be implemented using regular disk in glass
SECM tips, i.e. no specific sophisticated tips have to be fabricated. However, a limitation of
using AC-SECM as a vertical positioning technique is that it can only be confidently used if
the substrate is homogeneously insulating. The reason is that the AC-signal is also modulated
by the local conductivity of the sample surface: a higher AC-current is recorded over a
conducting surface than over an insulating surface. Hence over conductive surfaces information
regarding the topography and the local conductivity of the substrate cannot be separated from
simply recording the AC-current signal.

However, a notable exception is when the conductive substrate is unbiased: it has been
reported that, in such cases, provided a low AC-frequency and low supporting electrolyte
concentration are used, an AC-SECM feedback signal, similar to the one recorded at insulating
surfaces i.e. negative feedback, is obtained [198]. In this particular case, AC-current based
constant distance amperometric SECM imaging can be implemented.

AC-SECM has notably been used for single cell studies. The specific advantage of AC-
SECM for imaging cells is that, as mentioned above, no potentially toxic redox mediator has to
be added to the solution. Hence AC-SECM imaging can be carried out directly in the cell
growth media. Baur and Wipf et al. have shown that AC-based feedback can be used for
constant impedance (i.e. distance) topographic imaging of model neurons PC12 cells, Figure
28 [199]. The resolution obtained was slightly lower in this AC-mode than in amperometric

constant-current DC-mode imaging.
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Figure 28. Topographic images of differentiated PC12 cells (model neurons) acquired using constant-
impedance imaging (AC-SECM). (A) Mosaic image of several cells joined by neurites recorded in
supplemented RPMI 1640 growth media; (B) closeup image of a neurite bifurcation recorded in HBSS
(buffer). Conditions: 5- um -diameter carbon fiber electrode, no mediator, and scan rate 7 pm/s. AC-
signal: 90 kHz and 10 mVpp superimposed onto a 0.75 V (vs. 3 M NaCl Ag/AgCl) DC bias applied to
the tip. Adapted with permission from R.T. Kurulugama et al., Anal. Chem. 77, 1111-1117 (2005).
Copyright 2005 American Chemical Society.

The ability to amperometrically record vesicular release at the tip while using AC-
current based distance feedback was also demonstrated [199]. It was observed that vesicular
release did not significantly alter the local impedance (albeit ions were released) meaning
constant distance imaging/positioning was unaffected. However, it was observed that the
injection of a K™ containing solution, used to depolarize the cell and trigger vesicular release,
did cause a large decrease of the background impedance, thus prohibiting the use of AC-current
based distance regulation during application of this stimulus.

It was therefore determined that provided the tip is initially positioned next to a cell, and
at such a distance so that it cannot collide with the cell, the distance feedback loop can be

disabled, the stimulus applied and the tip rastered at fixed height above the cell. In such a case

the AC-current probes the tip position with respect to the cell, while the amperometric current
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reveals individual release events, Figure 29. Impedance feedback control of the sample-probe

separation was also used to position an SECM tip above single cells and monitor

amperometrically metabolic cellular consumption [200].
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Figure 29. AC-SECM study of isolated cells. Simultaneous recordings of release by amperometry
(upper trace) and cell morphology by tip impedance (lower trace) during a 6-s K" stimulus at an
undifferentiated PC12 cell. The data were recorded during repeated line scans in the x direction at a

constant y location. Arrows denote changes in direction (i.e., forward/reverse) of the x line scan.
Conditions: HBSS buffer (no mediator), 5-um-diameter carbon fiber electrode, and scan rate 20 pm/s.
AC-signal: 90 kHz and 10 mVpp superimposed onto a 0.75 V (vs. 3 M NaCl Ag/AgCl) DC bias applied
to the tip. Adapted with permission from R. T. Kurulugama et al., Anal. Chem. 77,1111-1117 (2005).
Copyright 2005 American Chemical Society.

Improvements in the resolution of AC-SECM imaging is possible either by increasing the
frequency of the AC voltage applied to the tip [201], or by implementing constant distance
mode AC-SECM. This requires coupling AC-SECM with an external distance regulation
mechanism such as shear force detection [106,149], intermittent-contact SECM (IC-SECM)

[193,194], or AFM, the latter is illustrated in Figure 30 [106,107].
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Figure 30. AC-SECM coupled with AFM. Images of periodically microstructured silicon nitride/gold
structure with recessed 1 um gold spots: (left) topography recorded in contact mode; scanned area: 25 -
25 um; scan speed: 0.1 lines/s, (right) simultaneously recorded AC-SECM image at 14.92 kHz and 110
mVpp superimposed onto a 100 mV DC bias applied to the tip-integrated WE in 1 mM KCI. Adapted
with permission from K. Eckhard et al., Electrochem. Commun. 9, 1311-1315 (2007). Copyright 2007
Elsevier B.V.

3.3.2 AC-SECM for local impedance measurement and scanning impedance microscopy,
SEIM

So far only the use of AC-current measurements as a distance regulation mechanism
have been considered, however, AC-SECM can also be used in the fixed height mode to carry
out local impedance measurements, or to image the conductivity or reactivity of a sample. For
example, it was shown that fixed height AC-SECM imaging reveals not only cell topography
but also local variations in impedance linked to cell activity e.g. cell wall oscillation or release
of metabolites [204]. Fixed height AC-SECM imaging was also used to image the reactivity of
composite substrates such as model Pt-microband electrode arrays (25 pum width) [205] and

recessed Pt UMEs (cavity electrodes, 60 um in diameter) [197]. In this later case, amperometric
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feedback and AC-impedance (electrolyte resistance) images were acquired simultaneously and
displayed similar resolution of a few microns.

AC-SECM can equally be used to characterize the local impedance property of complex
materials, for example to evidence localized hydrogen charging of aluminum alloys [194].
Studying the frequency dependence of the AC-SECM signals further extends the possibility of
this technique by enabling local impedance spectra to be recorded [206-209]. Such a
combination of AC-SECM with local impedance spectroscopy has been termed scanning
electrochemical impedance spectroscopy (SEIM), and proposed as a new tool to study corrosion
processes [210]. It has been employed to study electrochemical heterogeneities of iron oxide
(hematite) surfaces at the um scale [211], but also shown to be suitable for characterizing
ultrathin (molecular) films on conducting surfaces. [212] Yet, SEIM is not limited to corrosion
or material studies, indeed Ramanavicius et al. showed that it could be also successfully used
to characterize the activity of glucose oxidase immobilized on a non-conducting surface [213].
Enzymatic activity was then sensed via changes in the impedance spectra resulting from the
accumulation of the enzymatic reaction products. This study exemplified the possibilities
opened by SEIM for the investigation of biosensor and biofuel surfaces.

A major limitation of SEIM is that varying (scanning) the frequency of the sinusoidal
perturbation superimposed to the tip or substrate potential for recording an impedance spectrum
at every tip position is very time-consuming. To address this issue, Ramanavicius et al.
implemented fast Fourier transform electrochemical impedance spectroscopy (FFT-EIS) for
SEIM [214-216]. In FFT-EIS 30-50 perturbation frequencies are simultaneously applied and
the impedance data collected, so that FFT-EIS/SECM combination enables full impedance
spectra to be rapidly collected at every tip position. This hybrid technique was used to
investigate the electrochemical activity of yeast cells, in the presence of lipophilic vitamin K3

and hydrophilic vitamin K1 as redox mediators [217].

93



3.4 Optical feedback for distance controlled SECM

In an original approach, Willets, Zhang et al. reported the use of 3D Super-resolution optical
imaging for visualizing and calculating the tip-substrate separation in SECM. [218] Their
strategy relies on introducing two fluorescence emission sources, one at the substrate surface
and the other at the SECM tip. In the latter case the source can be a fluorogenic reaction
occurring at the tip, or a fluorescent nanoparticle (nanodiamond) attached to the glass sheath,
in the former case a fluorescent bead is simply attached to the substrate. The substrate has to be
transparent and placed onto an inverted microscope. The fluorescent sources are simultaneous
visualized on the optical image acquired. By passing the emitted light through a special phase
mask, the fluorescent sources were made to appear as two lobes forming an angle that depended
on the distance separating them from the focal plane of the objective. The tip-to-substrate
distance can thus ultimately be determined, with an accuracy of 25 nm over a dynamic range

of 2 um.

4. COMBINATION OF SECM WITH OPTICAL and SPECTROSCOPIC
TECHIQUES

4.1 Scanning Electrochemical Microscopy-PhotoElectrochemical
Microscopy (SPECM)

Coupling of SECM with photoelectrochemical microscopy (PEM) was originally
described by Smyrl et al. and given the abbreviation SPECM [219,220]. Scanning PEM is a
surface characterization technique which involves rastering a small spot of light across a surface
while recording the total electrochemical current from the entire sample. The light spot, which
is the effective local probe, is either focused laser light or light passed down an optical fiber.
PEM is typically used to characterize semiconducting surfaces; the light spot produces a
photocurrent by driving locally an electroassisted reaction at the surface. The photocurrent is
plotted as a function of spot position to create a map of the electronic properties of the

semiconducting surface.
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To combine PEM with SECM a combined probe needs to be fabricated which can serve
both as a SECM tip electrode and a light source. This is typically achieved by coating an optical
fiber with a gold layer which is subsequently insulated. Exposing the end of the modified fiber
yields a gold ring-electrode surrounding the fiber core. By recording the tip current (SECM)
additional information regarding the local light-triggered photoelectrochemical reactions at the
substrate can be obtained. For example the tip can be used as a collector to detect and identify
products from the local surface reaction.

In the original paper from Smyrl’s group a combined SECM/PEM tip probe was
fabricated from a standard 50 um diameter quartz optical fiber (125 pm cladding) which was
coated with 15 um gold and insulated by a 10 um thick polyimide layer [219,220]. The fiber
was cleaved and polished. The outer diameter of the overall cylindrical combined probe was
thus quite large (175 pm), the external and internal diameters of the ring microelectrode were
respectively, 155 um and 140 um. The probe was positioned approx. 40 um above a Ti/TiO2
substrate surface and rastered in constant height mode in a Br™ containing solution. Illumination
of the TiO2/Ti substrate by a 351 nm laser light guided through the fiber microelectrode initiated
the local photooxidation of Br- at the surface. The produced Br2 was collected at the gold ring
electrode and reduced back to Br. Simultaneously acquired tip current (SECM) and substrate
current (PEM) images allowed pitting precursor sites, a few tens of microns in size, to be
identified on the Ti/TiO2 surface.

In order to increase the resolution of SPECM the Smyrl group reported a technique to
prepare micron-sized SPECM probes [221]. This involved chemically etching the optical fiber
in dilute HF solutions to form a cone-shaped apex ~1 pm in size. The etched fiber was sputter-
coated with a ~1 um thick layer of gold and insulated with varnish. The disk-shaped gold ring
electrode surrounding the fiber core was exposed by polishing. The final tip diameter of the
gold probe, 3 — 5 um, was very substantially reduced compared to previous work. Even though

electrochemical characterization of the probes revealed imperfect insulation, these probes were
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successfully employed for PEM and SECM imaging of a titanium surface. Since these initial
reports SPECM has been used by several groups to gain insights into the mechanism of
corrosion of metals and alloys [132,222].

Bard’s group also reported the use of SPECM for rapid screening of photocatalysts
[223,224]. Here, photocatalysts with different compositions were deposited as ~300 um spots
on a conducting glass substrate. Typically, these spots consisted of iron oxide doped with
various metals (Ag, Pd, Eu, Rb). Under illumination the anodically biased spots catalyzed the
oxidation of water (1M OH"). In PEM mode, a fiber optic was scanned over the substrate and
the performance of the spots could be evaluated by measuring the photocurrent at the substrate.
In a SPECM configuration the product of water photooxidation (O2) was also detected at the
combined optical fiber/ ring electrode probe. For both configurations, fixed height mode was
used (~50 um) and the combined probes were unsharpened optical fibers. Due to the large
number of spots which could be deposited and analyzed, this methodology constitutes an
effective way to quickly identify metallic combinations which yield high photocatalytic effects.

In the last decade application of SECM to screen the activity of photocatalysts has been

blooming [225-232]. this topic is reviewed in chapter 13 of the present book.
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SPECM has also recently been extensively employed to study biophotocathodes,
comprising natural photosystems I and II. Photosystem I (PSI) is a photosynthetic membrane
protein complex that, in nature, utilizes light to generate electrons needed for producing the
energy carrier NADPH, while simultaneously oxidizing plastocyanine. These reduction and
oxidation reactions occur at distinct sites of PSI, labeled FB~ and P700, respectively.
Schuhmann et al. integrated PSI into a redox hydrogel deposited on an electrode surface in such
a way that the oxidizing P700 site was efficiently wired to the electrode via electron hoping

between the gel-bound redox sites (Figure 31) [233].

PtTip

| Electrode |

Figure 31. SPECM interrogation of Photosystem 1 (PS1) embedded in an osmium(Os)-based redox
polymer deposited on an electrode surface. The sheath of the disk-in-glass SECM tip is used to convey
light to locally trigger the photoactivity of PS1. A high energy electron is generated at the FB™ site of
PS1 and a hole at its P700 site. Electrons propagate from the supporting electrode to the P700 site, by
hopping between the osmium sites of the redox polymer. Concomitantly, an artificial electron acceptor
species introduced in solution, methyl viologen (MV?*"), is reduced at the FB" site to MV"". The tip UME
is biased to detect this later species. Reproduced with permission from F. Zhao et al., Small 13, 1604093
(2017). Copyright 2017 Wiley VCH.

A disk-in glass SECM UME was used as a light source (the glass sheath playing the role
of a wave guide), to locally trigger the photoactivity of PSI, and also to collect the species
formed at the FB" site. Precious insights into the electron transfer processes associated with the

activity of PSI could then be acquired by relating the UME current to the photocurrent recorded
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at the substrate electrode. For example, when methyl viologen was added as a terminal electron
acceptor for FB™ a charge recombination process (oxidation of reduced viologen at the substrate)
could be evidenced [233]. In the absence of added electron acceptor, oxygen consumption and
associated H2O2 production by PSI could be simultaneously evidenced using a dual UME. [234]
In another set of experiments, platinum nanoparticles were attached near the FB- site [235]. In
this configuration H> was detected at the UME, evidencing via-PSI photocatalyzed reduction
of H" at the Pt particles. For a more sensitive detection of H2 the UME was later functionalized
with a hydrogenase wired by a viologen-modified redox polymer [236]. Finally, the same
SPECM configuration was also used to evaluate the performance of a photobioanode consisting
of photo system Il embedded into an osmium complex-modified redox polymer [237]. In nature
PSII photocatalyses the 4 electrons oxidation of water into oxygen. Here an UME both locally
illuminated the sample and collected oxygen. The use of a dual UME, capable of detecting O2
and H202, evidenced the existence of a competing charge transfer pathway in the PS2 complex,
resulting in incomplete oxygen reduction.

As a final word to the subject matter, it is worth mentioning that probe design for

SPECM has been very recently reviewed in great length [238].

4.2 Scanning Electrochemical Microscopy - Scanning Optical Microscopy
(SECM-OM)

The idea behind combining SECM with scanning optical microscopy is to be able to
simultaneously probe the local electrochemical and the optical properties of interfaces at high
spatial resolution. To accomplish SECM-OM a combined probe which can serve as a light
source and as a microelectrode is required. To build an optical image, light transmitted through
the substrate has to be detected, using, for example, a photomultiplier (PMT) placed under the
substrate, Figure 32 (left). Optical fiber / ring microelectrode combined probes, initially
designed for SPECM (section 4.1) [219], are also suitable for SECM-OM, as shown in Figure

32 (right).
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Figure 32. (Left) Block diagram of an experimental setup for combined scanning electrochemical and
optical microscopy (SECM/OM). A photo multiplier tube (PMT) is positioned below the (partly
transparent) substrate. (Right) (a) Schematic diagram of an ideal optical fiber/microelectrode tip for
SECM/OM: A sharpened optical fiber bearing a ring-shaped microelectrode at its apex. Optical
microscopy images of an anodic paint insulated combined SECM/OM tip (b) without and (c) with
coupling of Ar ion laser light at 514 nm. Reproduced with permission from Y. Lee et al., Anal. Chem.
74, 3626-3633 (2002). Copyright 2002 American Chemical Society.

In developing SECM-OM the aim is to achieve < 100 nm resolution (as with NSOM)
and thus ultra-small SECM-OM probes are required. Bard’s group reported the fabrication of a
combined probe with ring electrodes less than 1 um in diameter (Figure 32 b,c) [239]. The
procedure included (i) heating and pulling optical fibers using a laser puller, so that pulled fibers
with a sharp conical apex were produced. (i) Vacuum evaporating a thin gold film on the pulled
fiber (~50-100 nm gold). (iii) Insulating the whole coated fiber body by electrophoretic
deposition of an anodic paint, followed by heat curing at 150 °C. The insulating layer shrinks

during this last heating step so that the sharp gold coated extremity of the tip is selectively

exposed, while the rest of the tip surface remains insulated. These combined probes were
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thoroughly characterized by CV and by recording SECM approach curves at both conducting
and insulating surfaces. The voltammetric response of these probes was shown to be ideal, while
SECM approach curves confirmed the ring shape of the gold microelectrode and allowed the
outer and inner radii of the ring to be measured.

The imaging capability of the SECM-OM probes was tested using an interdigitated array
(IDA) electrode which contained 30 um gold bands spaced by 25 um glass gaps. The solution
contained 20 mM Ru(NH3)s>" as redox mediator in 0.1 M aqueous KC1. The SECM-OM fiber
probe was approached toward the IDA substrate until an SECM feedback current was recorded
corresponding to a tip-substrate separation of ~1 um. Imaging was carried out in the fixed height
mode.

An SECM electrochemical image and an optical image, obtained by plotting the
intensity of the light transmitted thought the IDA as a function of the probe position, were

simultaneously recorded, Figure 33.
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Figure 33. SECM/optical microscopy images of band microelectrodes (IDA electrode) acquired using
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an optical fiber / microelectrode tip in the fixed-height mode. Simultaneously obtained (a)
electrochemical and (b) optical images (d = 1 um over the bands). Scan speed was 1 pm/s. Fiber apex
(rg) = 1. 75 pm. Reproduced with permission from Y. Lee et al., Anal. Chem. 74, 3626-3633 (2002).
Copyright 2002 American Chemical Society.

As expected, positive and negative SECM feedback responses were recorded
respectively when the tip was above a gold band or the glass interband spacing. The optical
image correlated well with the SECM feedback image, showing dark and white areas
respectively for the gold (opaque) and glass (transparent) bands. Hence the principle of
acquiring SECM-OM images of microstructures was validated. Even though the width of the
gold bands and glass spacing measured from the optical image matched relatively well with the
actual IDA dimensions, the achieved spatial resolution was limited by the use of fixed height
imaging.

In order to increase the imaging resolution, Bard and co-workers later modified their
SECM-OM set-up to add a shear force based distance regulating mechanism, enabling constant
distance imaging [173], as discussed in section 3.1.2. Three images were simultaneously
obtained by plotting the following recorded data as a function of tip position, as shown in

Figure 34.
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Figure 34. SECM/optical microscopy images of band microelectrodes (IDA electrode) acquired using

an optical fiber / microelectrode tip in the constant-distance mode. Constant distance was maintained
using shear force feedback. Simultaneously obtained (a) topographic, (b) electrochemical, and (c)
optical images over an IDA electrode: 30-pm gold bands spaced by 25-pum glass. Fiber apex (rg) = 1. 75
pm. Scan speed was 1 um s™'; 5-mV pusher voltage corresponds to 8 nm of distance change. Reproduced
with permission from Y. Lee et al., Anal. Chem. 74, 3634-3643 (2002). Copyright 2002 American
Chemical Society.

(1) The voltage applied to the piezoelectric pusher to bring the tip in “contact” with the

surface i.e., enabling a topographic image to be constructed. (2) The tip SECM current image,
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providing a map of the electrochemical reactivity of the substrate, free from any topographic
artifacts. (3) Light intensity data providing a map of the optical properties of the substrate.

This SECM-OM imaging technique was validated by acquiring simultaneously high
resolution topographic, electrochemical and optical images of an IDA structure (30 pm wide
gold bands separated by 25 um wide glass gaps). It was observed that softer samples, such as
diatoms immobilized on glass, could not be imaged using the reported tapping mode-like
scanning mode, attributed to the strong interaction forces occurring between the vibrating tip
and the diatoms. As an alternative to the tuning fork signal the SECM feedback current was
used to regulate the tip sample separation, i.e., imaging was carried out in constant-current-
mode. Since SECM is a non-contact mode of imaging, deformation of the cell by the tip was
fully avoided and simultaneous topography and optical images of live diatoms could be
obtained.

An SECM-OM set up specifically designed to allow imaging of biological material was
later developed in Matsue’s group [175]. The combined optical fiber-microelectrode probes
were based on laser-pulled fibers, coated with Ti/Pt by sputtering and subsequently insulated
with a 900 nm thick layer of vapor deposited Parylene C. The electroactive area of the probe
was created by blowing hot air (450°C) vertically toward the probe apex using a heat gun. The
radius of curvature of the probe including the insulator was ca. 250 nm. The precise shape of
the electroactive area of the probe could not be determined, but an electrochemical apparent
radius of ~35 nm was determined form recording CVs at the probe. Combined SECM-OM
constant distance images were acquired using shear force distance feedback.

Similar to Bard and co-workers approach, [172] the probe was initially brought in close
“contact” with the substrate, using damping of the shear force oscillation to sense the surface,
and retracted before electrochemical or optical data were acquired. This mode was labeled STA
for standing approach mode [172], as discussed in section 3.1.2. The possibility of acquiring

topographic images of live cells in STA mode using a glass fiber was also demonstrated,
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indicating that with the reported shear force-based step up destructive tip-cell surface
interactions were minimal. Finally, in a fully integrated configuration, simultaneous
topographic, electrochemical and optical images of an IDA structure composed of alternating

gold bands and glass gaps each 5p um wide were acquired, Figure 35.

™
.’r .\
[ \

/ FcMetOH ‘
[chtonr :

(a) me—=_ Constant-height (b) ww==_Constant-height
1. 50 == Constant-distance ~8 === Constant-distance
& 7
< 1.45 < @
=3 o
= 1.40; =5
o) . c 4
£ 1.35 ) g,
3 2
Q50 g 2 :
1 \
1. 26 0
0 5 10 15 20 26 30 0 5 10 15 20 25 30

Distance ( um ) Distance ( um)

Figure 35. Comparison of the resolution achieved in constant height versus constant distance
SECM/OM imaging of a Au band array. Current (a) and Optical (b) line scans recorded in constant
height (blue traces) or constant distance (STA) mode (pink traces). The approximate size of the optical
fiber microelectrode probe was 6.5 um. Probe potential of +0.50 V (vs Ag/AgCl) in 0.5 mM FcMeOH,
0.1 M KCI. Adapted with permission from Y. Takahashi et al., Langmuir 22, 10299-10306 (2006).
Copyright 2006 American Chemical Society.

Subsequently, Matsue’s group described an improved SECM/OM setup allowing the
simultaneous capture of electrochemical, fluorescent and topographic images of immobilized
cells [176]. The authors improved their probe fabrication technique by using an ion beam to

mill the apex of the probe to expose a better-defined sub-micron sized electroactive ring-shaped
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area. This also had the effect of giving the tip apex a flat disk-like shape thus increasing the
SECM feedback sensitivity of the probe. The shear force distance regulation was also
optimized. In particular, the effect of the tuning fork free excitation amplitude on the tip-cell
wall interaction was studied. It was shown that, provided a low enough tuning fork amplitude
was used, shear force regulation could be safely employed to image living cells, Figure 26.
Constant distance imaging was carried out in STA mode [174].

Simultaneous topography and fluorescent images of cells expressing the green
fluorescent protein (GFP) was demonstrated. Simultaneous detection of topography,
fluorescence and electrochemical activity was also demonstrated by imaging cells expressing

both GFP but also secreting alkaline phosphatase, Figure 36.

(a) Topography

b-1) fluorescent c-1) Current

_—

o M 102 30 M Wocoo 20 MR W 25

um cps 5 pA
Figure 36. Simultaneous topographic (a), fluorescent (b-1), and electrochemical (c-1) images of a GFP
(green fluorescent protein) - and SEAP (secreted alkaline phosphatase)- transfected single HeLa cell
obtained in the constant-distance mode. The cell both expresses GFP and excretes the enzyme alkaline
phosphatase. The combined SECM/OM tip, an optical fiber bearing a ring-shaped microelectrode at its
apex, excites the fluorescence of GFP and collects the electroactive enzymatic product (p-aminophenyl).
A tuning fork is used as a shear force transducer. The scan rate was 3 um/s. The scan range was 40 ym

x 40 um, and the step size was 1.0 um. Adapted with permission from Y. Takahashi et al., Anal. Chem.
81, 9674-9681 (2009). Copyright 2009 American Chemical Society.

The enzyme substrate PAPP (P-aminophenol phosphate) was added into the medium.
Phosphatase liberated by the cell catalyzed the conversion of PAPP into p-aminophenol which
was detected amperometrically (oxidized) at the tip. Hence in this work two proteins reporting

gene cellular expression were simultaneously detected at the single cell level using SECM-OM.
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Further improvement in SECM-OM includes optimizing the combined probe
fabrication technique to yield probes of nanometer dimensions. This would improve the spatial
resolution of SECM-OM and ultimately lead to NSOM-SECM. In this respect it is noted that
the fabrication of nanometer-sized optical fiber electrode based on selective etching of fibers

has already been reported [240].

4.3 Scanning Electrochemical Microscopy - Electrogenerated
Chemiluminescence (SECM-ECL)

4.3.1 Using the SECM tip as a light source for Scanning Optical Microscopy

One motivation for coupling SECM with ECL is to be able to use the SECM tip as a
controllable light source which locally illuminates the sample surface. To achieve this, the tip
is biased so as to trigger an electrochemical reaction which produces light by
chemiluminescence. The sample surface has to be at least partly transparent, and the emitted
light is collected by a PMT tube located below the substrate. The ECL intensity measured by
the PMT can then be plotted as a function of the tip position to form an image which reflects
the local optical properties of the substrate e.g., its absorbance. The setup is similar to the one
used for SECM/Optical Microscopy described above in section 4.2.

One of the interests of using an SECM tip instead of a metal-coated fiber-optic probe as
a light source is that preparation of the SECM tip is comparatively easier. Additionally, no laser
is needed to illuminate the tip apex which avoids heating of the sample or tip. Moreover, the
SECM tip current can provide feedback for positioning the light source in close proximity to
the substrate surface. The first description of SECM-ECL in a scanning optical microscopy
configuration was reported by Bard and co-workers [241]. In this pioneering work the choice
of the tip-triggered ECL reaction was discussed together with the effect of tip-substrate distance

on light emission.
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Two kinds of ECL generating reactions were considered. The first one involved the
annihilation of Ru(bpy)s*" and Ru(bpy)s" sequentially generated at the tip from the solution
species Ru(bpy)s**, by applying potential pulses (between +1.6 and -1.4 V versus SCE). The
tip generated Ru(bpy)s** and Ru(bpy)s* species encounter in a reaction zone located close to the
surface of the tip electrode. A high energy electron transfer process takes place between these
species, generating the excited species Ru(bpy)s**", which emits light upon deactivation. Due
to the large tip potentials applied a non-aqueous solvent, such as acetonitrile, is required.

When the tip was approached towards an insulator the ECL intensity was observed to
be steady until the tip was within a few tenths of the tip radius away. A sharp drop of the ECL
intensity was recorded upon closer approach due to hindered diffusion of the ruthenium species
in the tip-substrate gap. When the tip was approached toward a conducting substrate the ECL
intensity was shown to again remain nearly steady until the tip-substrate separation distance
was ~0.3 times the tip radius. For such a close tip-substrate separation, electron transfer at the
conducting substrate competes with the annihilation reaction and limits the ECL intensity.
However, the tip could be brought close enough to a test IDA substrate for a scanning optical
image to be acquired. The resolution was limited to the micron range due to the relatively large
tip size and tip-substrate spacing; ~ 5 um disk-in-glass tip held at a constant height of 25 pm
over the substrate.

The possibility of generating ECL from the co-oxidation of Ru(bpy)s*" and tri-n-
propylamine (TPrA) for combined SECM-ECL was also investigated. In this co-reactant ECL
scheme the tip potential is set at a sufficiently anodic potential to oxidize both Ru(bpy):** and

TPrA. The ensuing reduction of the Ru(bpy)s*"**

species by the highly reductive radical species
produced by TPrA oxidation ultimately results in the formation of the light emitting Ru(bpy)2>"
species [242]. Compared to the annihilation reaction [241], this ECL reaction has the advantage

of not requiring pulsing of the tip potential. Moreover, the ECL reaction takes place in a very

thin reaction layer around the tip surface and is not broadened by diffusion of the reactants away
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from the tip. This also allows for very close tip sample separations without interference from
SECM feedback i.e., the presence of the substrate.

The use of the TPrA - Ru(bpy)s** co-reactant scheme for generating ECL in acetonitrile
was shown to result in rapid tip fouling which is problematic. However, in a following paper
Bard and co-workers demonstrated that very stable ECL signals, enabling SECM-ECL imaging,
could be obtained using the Ru(bpy)s*" / TrPA system in an aqueous medium [172]. Using
conically etched sub-micron sized Pt UMEs as tips the authors also considerably improved the
resolution of SECM-ECL, reaching a resolution close to that achieved with NSOM, i.e., of the

order of ~ 100 nm, Figure 37.
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Figure 37 SECM/ECL near-field image of a test sample containing sub-micrometer holes. The tip was
a conically etched Pt wire, insulated by an electrophoretic paint, and displaying a 172-nm effective
diameter. ECL emission at the tip was triggered by biasing the tip at 1.2 V in a Ru(bpy);*"/TPrA
containing aqueous phosphate buffer solution (pH 7.5). A tuning fork-based shear force detection
scheme is used to hold a constant tip-substrate distance during imaging. Data acquisition time, 8 min.
Adapted with permission from Y. Zu et al., Anal. Chem. 73, 2153-2156 (2001). Copyright 2001
American Chemical Society.

As it was necessary to place the tip very close to the substrate, a shear force-based
feedback had to be used to control the tip-substrate distance with sub-micrometer resolution.
The cone shape of the Pt tip limited the effect of hindered diffusion of the ECL reagents to the

tip surface which, in the case of disk-in-glass electrodes, decreased ECL intensity for insulating

substrates at close tip-substrate separation.
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At about the same time, Wightman and colleague described an alternative ECL system
for scanning optical microscopy [243]. In this work 9,10-dihenylanthracene (DPA) and
benzonitrile (BN) were respectively oxidized and reduced at a microelectrode which was
alternatively biased at anodic and cathodic potentials. Electron transfer between the tip
generated BN- and DPA™ radicals generated an emissive excited state of DPA which gave out
light. BN was not only a reactant but was also used as the solvent.

A conically shaped carbon fiber, with a high aspect ratio, functioned as the
microelectrode for these studies. Interestingly, the electrode was not insulated to its very apex
as it was demonstrated that ECL emission could be forced to occur selectively at the tip apex
by using high frequency (20 kHz) tip potential modulation. With this ECL scheme as one of the
reactants was the solvent, the reaction layer, where light is emitted, is located very close to the
tip electrode surface. Thus, the presence of the substrate interferes much less with light
generation, i.e. there is no SECM feedback effect on the ECL intensity. The tip was placed at
fixed height above the sample and the substrate was raster scanned in the x and y dimensions.
The absence of a feedback mechanism enabled fast scan rates. The resolution attained was of
the order of 600 nm.

Finally it is worth noting that SECM-ECL has been used to investigate the mechanism

of ECL emission for the Ru(bpy)3** / TrPA and Ru(bpy)s** /oxalate systems [242,244].

4.3.2 Detection of enzyme activity by SECM-ECL

The SECM-ECL configuration was also used to image the activity of enzymes
immobilized on a surface [245,246]. In particular, the chemiluminescence and topography of a
glass surface bearing immobilized enzyme horseradish peroxidase (HRP) were simultaneously
imaged. [245] The SECM tip was scanned over the enzyme-bearing surface in a luminol
containing solution. The tip was biased so as to generate the enzyme substrate (H202) by
reduction of dissolved oxygen. When the tip passed over an enzyme-containing region the tip—

generated H2O:2 diffused to the immobilized HRP-catalyzed and reacted with luminol to emit
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light. The distribution of active enzyme “spots” on the surface was thus mapped by plotting the
collected light intensity as a function of the tip position. Since the tip current was not affected
by the presence or the absence of the enzyme, but solely controlled by oxygen diffusion, the
variation of the current during the (fixed height) scan could be translated into surface
topography. Hence dual chemiluminescent and tip current SECM images could be acquired
simultaneously without interference.

In a more recent work a similar experimental configuration was used to image the
biocatalytic activity of localized GOx-containing surface structures [246]. In this paper the
oxidized form of luminol was generated at the SECM tip. When the tip was scanned over active
GOx spots light was emitted due to the reaction of oxidized luminol with H20O2 produced by the

glucose oxidase-catalyzed oxidation of glucose, Figure 38.
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Figure 38. SECM/ECL for studying local biocatalytic activity of enzyme-polymer spots. Top: Working
principle. The oxidized form of luminol (L") is generated at the SECM tip. When the tip is scanned over
active glucose oxidase (Gox) spots light is emitted due to the reaction of oxidized luminol with H,O»
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produced by the GOx-catalyzed oxidation of glucose. Bottom: (A) GC-SECM image of GOx-polymer
spots in 100 mM glucose and 0.20 M phosphate buffer (pH 6.8); (B) ECL image of the same spots as
SECM in 100 mM glucose, 1 mM luminol, and 0.20 M Tris-HCI buffer (pH 8.5) using a 250 um Pt disk
as tip electrode (RG 2.2). Adapted with permission from R. Lei et al., Anal. Chem. 81, 5070-5074
(2009). Copyright 2009 American Chemical Society.

Large Pt disk electrodes, 250 um in diameter, had to be employed due to the limited
amount of H202 generated by the enzyme-catalyzed reaction. To increase sensitivity, the ECL
emission was modulated by oscillating the tip potential and using a phase-sensitive lock-in

amplifier for light detection.

4.4 Scanning Electrochemical Microscopy — Fluorescence Microscopy

In sections 4.1 — 4.3, the tip was primarily used as the light source, providing the same
probe with both spatial optical and electrochemical information. However, there is still much
to be gained by mounting an SECM on an optical microscope. At the simplest level an optical
microscope can be used to aid positioning of an SECM tip over a feature of interest, for example
a single cell, provided it is within the resolution limit of the microscope. By using a fluorescent
microscope, it is possible to spatially locate fluorescently active zones on the surface. Hence

fluorescent labeling is often employed to aid identification of areas of interest on a substrate.

Taking this approach one step further by using a confocal laser scanning microscope
(CLSM) it is possible to obtain higher resolution than any other conventional microscope,
especially in the depth (z) direction, due to the reduction of out-of-focus blur [247]. This
enables direct, non-invasive serial optical sectioning of objects or profiling of multilayer
structures. The ultimate sensitivity is provided by single molecule fluorescence spectroscopy
which requires both the optical detection volume to be confined to femtolitres and concentration
of the analyte of interest to be at the nanomolar and lower level. This can be achieved in two
ways: (1) for surfaces, the use of total internal reflection fluorescent microscopy enables single

molecules immobilized on a surface to be detected and (2) in solution, a laser beam is focused
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to a diffraction limited spot size. When the fluorescent molecules traverse the detection volume
a burst of photons is generated. To date there have been many interesting applications of SECM

combined with fluorescent microscopy.

4.4.1 Solution studies

Unwin and co-workers used CLSM to quantify three dimensional pH diffusion gradients
generated at UMEs in solution [248,249]. Two reactions were studies: (i) the reduction of 1,4-
benzoquinone (BQ) in an unbuffered solution of fluorescein; fluorescein exhibits a pH sensitive
fluorescence signal. As this process involves the addition of two protons and two electrons, the
local consumption of protons, causes the pH to increase locally at the surface of the electrode
which in turn causes the fluorescein to fluoresce with greater intensity. (ii) The reduction of
oxygen at Pt UMEs and the reduction of water at both Pt and Au UMEs, in unbuffered
electrolyte solutions containing fluorescein. Both processes result in the production of
hydroxide ions which again causes fluorescein to fluoresce with greater intensity.

Figure 39 shows CLSM profiles for the reduction of BQ as a function of driving

potential [249].

Figure 39: (Left) CLSM images of fluorescence profiles for the reduction of 1 mM benzoquinone in
disodium fluorescein solution, at the surface of a 25 um Pt disc electrode (clearly seen in the center of
the image). Potential held at (a) -0.10 V, (b) -0.15 V, (¢) -0.20 V, (d) -0.25 V. Image size, 650 pm x 650
um. (Right) Fluorescence images of an electrode surface at -0.25 V. (a) Two-dimensional x—y image at
a distance 2 um above the electrode. (b i—iii) Cross sections through the x-axis in the z-direction (normal
to the electrode surface) of the image (a) at marked distances. This series of x—z-axis scans was taken
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over a distance of 200 um in the z-direction, which is the height scale on these images. Reproduced with
permission from S. Cannan et al., Electrochem. Commun. 4, 886-892 (2002). Copyright 2002 Elsevier
B.V.

As the reaction is driven to more negative potentials the size of the pH dependent diffusion
field can be seen, by CLSM, to increase in size, as expected. Taking advantage of the CLSM’s
ability to cross section in the z direction, it was also possible to map the diffusion profile in 3D.
Figure 39 displays x, z profiles recorded in different zones of the 3D pH diffusion profile. Using
FEM modeling the experimental observations were found to be in very good agreement with
the theoretical predictions [249].

Using CLSM it was also possible to map the pH diffusion profile of an electrode only

80 nm in diameter given that the size of the diffusion field is significantly larger than the size
of the active site, thus illustrating the power of the technique for identifying sub-microscopic
sites on a surface [248]. For the reduction of oxygen at a Pt UME, FEM modeling showed that
the size of the resulting pH dependent diffusion field correlated with the number of electrons,
n, transferred in the process. In this way it was possible to determine » for oxygen reduction at

a Pt UME [248].
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Finally by coupling SECM with CLSM it was possible to quantitatively measure the
permeation of a weak acid through a bilayer lipid membrane (BLM) [250]. Here an UME placed
close to a BLM was used to deliver weak acids in a well-defined manner by the

electrogeneration of protons in the presence of weak acid anions and fluorescein, Figure 40.
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Figure 40: Image and imaging plane for the visualization of electrochemically induced passive

transport. (A) Simulated pH profile (Left) and experimental pH profile (Right) for the permeation of
hexanoic acid. Bilayer position is marked by a solid line in the simulated profile and a dashed line in the
experimental profile. (B) Illustration of the LCSM scan plane with respect to the experimental bilayer.
Reproduced with permission from J. M. A. Grime et al., Proc. Natl. Acad. Sci. 105,14277-14282 (2008).
Copyright 2008 National Academy of Sciences, U.S.A.

The resulting steady-state pH distribution in the vicinity of the UME and on either side of the
BLM, visualized using CLSM, was found to be, from FEM simulation, highly dependent on
the distribution of the weak acid and the BLM permeation coefficient. Hence by matching
experiment to theory it was possible to determine permeation coefficients for a series of
aliphatic weak acids. Significantly, the data obtained cast doubt on the applicability of a well-
known existing model which had been previously employed to extract permeation values.

In an exciting development Heinze and Borsch combined SECM with single molecule
fluorescence spectroscopy (SMFS) to generate space and time-controlled pH gradients in

solution, in a similar way to that discussed above. However, here fluorescence detection was
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possible at the single molecule level and information was also provided on the real-time
behavior of systems in response to pH gradients [251]. The pH dependent fluorophore used in
these studies was SNARF-1-dextran. For solution work the optical detection volume was
positioned inside the proton or hydroxide generated diffusion field, whilst for pH profiling of
fluorophores immobilized on a surface, total internal reflection excitation was employed.
Initial studies focused on generating pH gradients at UMEs of sizes over the wide range
2 nm — 5 pum and mapping the resulting fluorescent intensity either in solution or at a
fluorescently labeled surface; for the latter a UME positioned in close proximity provides a
local pH gradient. Both the oxidation of nitrite to nitrate (generates protons) and the reduction
of BQ (consumes protons) where employed to generate pH diffusion profiles. To demonstrate
a biological application, the researchers studied the enzyme ATP synthase embedded in a
liposome. In response to a proton gradient the ATP synthase is stimulated to produce ATP.
When ATP is synthesized the head unit of the enzyme rotates in one direction, conversely when
ATP is hydrolyzed the head unit rotates in the opposite direction. Fluorophores were added to
two of the ATP synthase sub-units so that rotation of the two units relative to one another during
ATP synthesis and hydrolysis could be studied using single molecule fluorescence resonance
energy transfer (FRET). The SECM tip was used to create a pH gradient. When the liposome
carrying the enzyme diffused into this gradient, the enzyme responded to the changing pH.
Although there was no direct evidence for ATP synthesis, the resulting FRET patterns observed
indicated that the system was likely to be rotating in the correct direction for ATP production

[252].

4.4.2 Surface measurements

Combined SECM — CLSM was employed by Matsue and colleagues to both identify
fluorescently active spots of the enzyme diaphorase supported on a substrate surface (CLSM)
and provide information on the activity of the enzyme towards turnover of NADH (SECM)

[253]. It was also shown that by using both CLSM and SECM it was possible to locally pattern
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the enzyme. This was achieved by using an enzyme covered substrate and then selectively de-
activating the enzyme in defined zones. With CLSM this was undertaken by irradiating the
sample with very strong light from a focused laser beam (to photodegrade the enzyme). By
scanning the beam over the surface, the enzyme could be deactivated in selected regions. Using
electrochemistry, the tip UME was used to electrogenerate Br2 from Br~ which when coupled
with water formed HOBr a strong oxidant. Diffusion of HOBR to the substrate surface resulted
in degradation of the enzyme in the zones where the SECM tip scanned. The regions of
deactivated enzyme could then be visualized using CLSM, as photodegradation caused the
fluorescently intensity of the enzyme to greatly reduce [253].

Bard and co-workers used an SECM tip to selectively pattern redox inactive fluorescent
labeled molecules onto an azido functionalized glass substrate using “click” chemistry [254].
The tip UME was utilized to produce Cu® from Cu** salen oxidation in DMF (to stabilize the
Cu") in the small gap between the Au UME and the underlying substrate. The Cu” served as a
catalyst to “click” the fluorescently labeled alkyne on to the glass supported azide molecules.
The size of the patterned zones could then be visualized using fluorescence microscopy. They
were found to be bigger than the size of the UME employed, which was thought to result from
the reaction rate of the click process and the thick insulating layer around the Au UME.
Fluorescence microscopy was also coupled with SECM for single cells studies, by Lai and co-
authors, with the aim of detecting reactive oxygen species (ROS) in prostate cancer cells [255].
An inverted epifluorescence microscope was used to locate individual cells on the bottom of a
petri-dish, and also to position a 10 pm UME in their vicinity. Negative feedback current of
added ruthenium hexaammine was used to place the UME at a fix height of about 8 pm from
the bottom of the dish. Thanks to optical monitoring, the tip could then be linearly scanned
precisely across individual cells. The resulting current profile showed pure negative feedback
above the cells. When the ruthenium hexaammine was then removed from the dish, and the tip

biased at a negative enough potential to detect O2 and H202, the current profile showed distinct
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positive feedback features. This was attributed to the released of oxygenated species by the cell,
as dismutation products of the reactive oxygen species it likely contained. Epifluorescence
microscopy was used to confirm such a proper (yet indirect) SECM detection of ROS, by
making use of a fluorophore (carboxy-H2DCFA) which specifically revealed the presence of

ROS inside the cell.

4.4.3 SECM-Fluorescence microscopy using electrofluorochromic dyes as redox

mediators

In the SECM-fluorescence coupling schemes reviewed above, the fluorescence and
electrochemical signals originated from different molecular species. Conversely, Miomandre et
al. reported the use of molecules being both electroactive and luminescent as SECM mediators.
[256] They first selected electrofluorochromic tetrazine (Tz) molecules, whose fluorescence
can be turned from “on” to “off” upon reduction at an electrode. Using a classical SECM setup
placed on top of an inverted epifluorescence microscope, they approached a 20 um diameter
UME from a conducting and an insulating transparent substrate, while recording the current
due to Tz reduction and its fluorescence emission. They were thus able to construct correlated
current and fluorescence approach curves. The fluorescence signal was plotted as a normalized
amplitude signal (IM), which actually reflected the relative magnitude of fluorescence
extinction due to Tz reduction. The current approach curves displayed the behavior expected
for negative or positive feedback, depending on the surface conductivity. However, the IM
approach curves displayed a similar shape for both types of substrates, IM increasing as the tip-
substrate distance was decreased. Far from the surface IM was low because the tip was not in
the field of view of the microscope, whereas at closer tip-substrate separation “darkening” of
the area surrounding the tip, due to Tz reduction, was better sensed, so IM was higher. This
effect was sensed at much longer distances than either positive or negative feedback were.
These results suggest that monitoring fluorescence in such a way could be used for controlling

the tip-to-surface distance in SECM independently from the surface reactivity.
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In a subsequent paper the same group reproduced similar experiments but using this time the
water soluble electrofluorochromic species resorufin as a SECM mediator [257]. Finally, they
showed that fluorescence approach curves could also be constructed by plotting not only IM
but also the fluorescence lifetime of the tetrazine mediator chloromethoxy-1,2,4,5-tetrazine.
Both IM and fluorescence approach curves displayed similar shapes, increasing upon

approaching the tip to the substrate [258].

4.5 Scanning Electrochemical Microscopy — Surface Plasmon Resonance
(SECM-SPR)

A surface plasmon is an electromagnetic wave that propagates along the surface of a
metal in contact with a dielectric. Surface plasmons can thus be generated at the surface of
metal electrodes in contact with an electrolyte. A configuration coupling SPR with
electrochemistry typically uses a thin layer of gold (~ 50 nm) deposited on a glass prism, as the
working electrode, Figure 41. A polarized laser beam is directed through the prism in order to
illuminate the back side of the gold/solution interface, under total reflection conditions. The
intensity of the reflected light is monitored as a function of the incident angle of the laser with
respect to the gold surface. At a defined angle there is coupling of the incident light with the
surface plasmon modes and consequently the intensity of the reflected light decreases. Hence

the reflected intensity vs. illumination angle curve presents a very distinct minimum, whose
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position on the incident angle axis is extremely dependent on the local optical properties of the

electrode/ solution interface, Figure 41.
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Figure 41. Combining SECM with Surface Plasmon Resonance imaging (SPRi). (A) Principle for
simultaneously writing and imaging micropatterns on a surface in SECM/SPRi. (B) Reflectivity versus
incident angle curves recorded at a gold substrate, either bare (solid line), or coated with a polypyrrole
ultrathin film (dashed line). The vertical red line shows the fixed incidence angle used for SPR imaging.
One can see that for the angle chosen the presence of the polypyrrole film translates into a higher
substrate reflectivity. (C) SPR-i images of polypyrrole dots locally deposited onto the substrate using
the SECM tip as the counter electrode. Tip-substrate distance during deposition ~ 10 pm. Spots of
varying sizes and thicknesses were deposited by decreasing the deposition time from 600 ms (spot 1)
down to 1 ms (spot 6). The last visible spot (spot 5) was only ~ 3 nm thick. Adapted with permission
from S. Szunerits et al., Langmuir 20, 9236-9241(2004). Copyright 2004 American Chemical Society.

Deposition of minute amounts of material onto the gold electrode surface, e.g., polymer
or macromolecular ultrathin-films, modifies these optical properties (optical index) resulting in
detectable shifts of the angular position of the SPR minimum. The magnitude of this shift allows
the thickness of even nanometer thick films to be quantified. SPR can thus be used to probe
interfacial phenomena at a fixed location, corresponding to the position of a focused laser spot

on the surface (~ tens of um), but can also be used to map film deposition over a larger

illuminated surface area (few mm’s) in SPR- imaging mode (SPR-i). Here the incidence angle
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of the laser is kept constant, and an image of the illuminated area is acquired using a CCD
camera. The presence of the deposited layer results in a shift of the reflectivity curve so that
more light is reflected from areas where the film is deposited, as shown in Figure 41 b. Hence
areas covered with film appear as bright zones in SPR-i images.

Coupling of SECM with SPR-i was originally described in the seminal work by
Szunerits et al. [259,260]. In the proposed configuration, SECM was used to locally deposit
polypyrrole and polypyrrole-oligonucleotides microspots onto the gold surface of a SPR gold
sensor. A 10 um diameter SECM disk-in-glass tip was initially positioned ~5 —10 um from the
gold SPR substrate using the positive feedback response of a redox mediator. The SECM cell
was then flushed, rinsed and filled with a pyrrole containing solution. For polypyrrole
deposition short duration pulses were applied to the gold substrate while the SECM tip was
used as a counter electrode. As a result, polypyrrole spots were specifically deposited below
the tip, Figure 41c.

In this configuration the thickness and lateral dimensions of the deposited polypyrrole
spots could be monitored (read) from the SPR-i image during in situ-deposition by SECM
(writing). Using only SECM to deposit and subsequently image the spots would have been
possible in principle but would have required significantly more time. Moreover, the exquisite
sensitivity of SPR-i allowed very thin (~ 3 nm thick) polypyrrole spots to be clearly visualized.
The respective influence of the pyrrole monomer concentration and of the potential pulse time
on the dimensions of the polypyrrole and polypyrrole-oligonucleotides were quantified.

Combination of SPR with SECM was also reported by Zhou et al. [261]. In these studies,
the back-side of the gold SPR surface was illuminated using a ~100 um diameter focused laser
and the angular position of the SPR minimum was monitored using a photodetector. In the first
set of experiments, molecular layers of 6-ferrocenyl-1-hexanethiol were assembled onto the

gold surface and a redox mediator (Ce**) was introduced in solution. A 10 um diameter SECM

tip was then positioned 10 pm above the illuminated portion of the gold substrate. The SECM

120



tip was biased so as to generate the oxidizing Ce*" species which, upon reaching the gold surface
locally oxidized the surface containing ferrocene moieties.

It was observed that this oxidation was accompanied by a marked shift of the SPR
minimum which was attributed to a local change of the thickness of the film due to the repulsion
between adjacent ferrocenium ions. Based on this model system it was thus demonstrated that
SECM-SPR was viable for determining local variations in thin film thickness induced by redox
reactions. Here, redox conversion of surface bound species was achieved using SECM tip
generated species and not by biasing the substrate. Hence the interfering effect of an applied
substrate potential on the SPR signal was eliminated.

This approach was further extended to the determination of redox-induced
conformational changes of cytochrome ¢ molecules electrostatically attached to the gold
surface. Conversion of cytochrome ¢ from its oxidized to its reduced state by tip generated
methyl viologen monocations was found to result in a ~ 0.27 A increase in protein size. The
same SECM-SPR approach was used for real time detection of Cu?* sequestration and release
by an immobilized metalloprotein, metallothionein-2 (MT) [262]. Copper ions were stripped
from a Cu-coated SECM tip positioned close to a gold SPR surface bearing MT molecules.
Stepwise changes in the time-resolved SPR minimum shifts were observed and ascribed to
conversion of MT between three stable structures sequestrating 5, 9 and 12 copper ions.
Conversely metal release by MT was triggered by locally acidifying the solution with protons
generated from hydroquinone oxidation at the SECM tip. The simultaneously recorded time
resolved SPR shifts showed that metal release also proceeded through the three conformations
identified. More recently, the same group employed SECM-SPR to trigger and study oxidation
of MT by OH' radicals [263]. The SECM tip was used to generate H20z2 in the vicinity of a gold
surface bearing MT complexed with copper ions which catalyzed OH' production from H20:.
An irreversible variation in the SPR signal, attributed to oxidative damages to MT was then

observed.
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The advantage of using an SECM based configuration is that the fast mass transfer
achieved at the local scale avoids the mass transfer limitation on kinetic measurements
commonly encountered in flow injection SPR systems. This work evidenced that SECM-SPR
is amenable for studies of rapid functional and dynamic conformational changes of protein at

the solid/liquid interface.

4.6 SECM and nanoparticle plasmonics

In a series of seminal works, Willets et al. have described an SECM approach for probing the
plasmon-mediated photoelectrochemical activity of nanoparticles [264,265]. The configuration
used is typical of many SECM-coupled optical techniques : a transparent sample is mounted on
an inverted optical microscope, and locally illuminated from below using a laser beam. Yet
here the sample, glass or ITO, is covered with gold nanoparticles deposited by thermal
evaporation. Surface plasmons of the nanoparticles, excited by the laser, decay via heat
generation. The authors have shown that a SECM tip, positioned a few microns above the
substrate, could locally probe such a photothermal heating, via enhanced mass transfer of a
SECM redox mediator introduced in solution. In their most recent contribution these authors
demonstrated that the same configuration can also be used to evidence the generation of hot
carriers at the nanoparticles, and determine their energy distribution [266]. There, hot carriers
reacted with the SECM mediators, decreasing their local concentration and hence modulating

the tip current in a quantifiable way.

4.7 Scanning Electrochemical Microscopy—Attenuated Total Reflection
Spectroscopy (SECM-ATR)

A novel combination of SECM with mid-infrared (IR) (3 —25 um wavelength region)
spectroscopy was reported by Kranz and colleagues [267,268]. Here the SECM substrate is the
flat top of a hemispherical ZnSe attenuated total reflection (ATR) single bounce crystal. IR
radiation is directed through the crystal and focused onto a small spot at the ATR

crystal/solution interface. The locally created evanescent field penetrates a few microns into
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solution and the radiation reflected at the interface (internally reflected) is directed toward a
photodetector. Hence IR adsorbing molecules present in the close vicinity of the interface can

be spectroscopically probed, i.e., an evanescent field adsorption spectrum is acquired.

One of the interests of combining IR-ATR spectroscopy with SECM is that this
configuration affords a current independent way of determining tip-substrate distance [267].
Indeed, when the SECM tip is approached toward the IR-irradiated spot of the ATR crystal, so
that it enters the evanescent field, IR spectra corresponding to the IR-adsorption of the
borosilicate glass sheath of SECM tips can be detected. Since the IR-evanescent field decays
exponentially away from the surface, the closer the tip is approached the more intense the
absorbance of the IR radiation by the tip. Hence the absolute tip-substrate distance can be
quantitatively determined from the magnitude of the IR adsorption bands of the glass spectrum
(Si-O stretching and bending mode). Alternatively, provided an aqueous solvent is used, the O-
H bending mode of water can also be recorded and used for distance calibration. A narrowing
tip-substrate gap translates into a decreasing OH band due to water being expelled from the gap
upon the approach.

A major interest of ATR-SECM is that this combined technique allows for the specific
spectroscopic probing of species either located in the narrow tip-substrate gap or locally
adsorbed at the ATR surface. Moreover, since the “finger print” regime of the IR spectrum is
used (10 —25 um wavelength) almost any organic molecule can be unambiguously identified
from the distinct adsorption pattern acquired. In that respect it should be noted that using IR-
ATR spectroscopy provides a high surface sensitivity and alleviates the usual problem of the
strong IR adsorption of water which otherwise limits the use of in-situ IR spectroscopy.

The possibility of using ATR-SECM for in-situ studies of an electrochemically induced
process has been demonstrated by spectroscopically monitoring the deposition of polymer
micro-spots induced by SECM in feedback mode [268]. In this work Wang et al. coated the

surface of an ATR crystal with a ~ 300 nm thick water-insoluble layer of 2,5-di-(2-thienyl)-
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pyrrole (SNS) monomer. Local polymerization of SNS was then triggered by approaching a 25
um Pt tip, generating the oxidizing species Ru(bpy)s**, toward the surface. Polymerization of
SNS was simultaneously monitored by recording evanescent field absorption intensity changes
of SNS specific bands, providing information on the polymerization mechanism.

So far only insulating ATR-SECM substrates (ATR-crystals) have been used. However,
ATR-SECM conducting substrates could, in principle, be fabricated by coating ATR crystals
with mid-infrared transparent conducting thin films (such as diamond-like films). Combining
ATR-SECM with AFM for simultaneous in situ studies on topography, infrared spectroscopy

and electrochemical processes is also contemplated [268].

4.8 Scanning Electrochemical Microscopy—Raman Spectroscopy (SECM-
Raman)

Combination of SECM with Raman spectroscopy was originally described by Etienne et al. in
the framework of corrosion studies [153]. These authors combined shear force regulated SECM
with Raman microscopy using an original setup comprising a 25 pm Pt in glass microelectrode
positioned at a 30° angle from the opaque sample surface, which is attached to a confocal
microscope stage. With this arrangement, optical images of the surface showing the exact
position of the tip can be acquired. The laser spot, which is the excitation source for Raman
spectroscopy, can then be aligned with the tip extremity, ensuring that the exact same surface
location interrogated by the tip is also probed by Raman spectroscopy. Exploration of the
sample can be carried out by lateral motion of the microscope stage, without compromising the
tip/laser alignment. It is worth noting that this original setup is, by design, suitable for analyzing
opaque samples. Etienne et al. used it to characterize a corroding sample, consisting of a steel
sample covered with metallic and organic coatings. A millimeter-wide strip of the organic
coating was removed, and corrosion of the so-exposed metal was analyzed by constant distance
(shear force) SECM coupled to Raman, at first in the presence of a redox mediator (ruthenium

hexaammine). Sample topography, electrochemical current and Raman spectra were acquired
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at several locations across the metal strip. A very good correlation was observed between the
topography, the tip current, and the intensity of a Raman band at 450 cm™! evidencing depletion
of the TiOz2-containing coating across the strip. This was the first demonstration of the ability
of SECM-Raman to correlate in-situ the local chemical composition of a sample with
electrochemical activity. The corrosion behavior of the sample was further studied by replacing
the amperometric UME by a pH sensitive probe. The Raman spectra, acquired simultaneously
with the pH profile, revealed the formation of zinc chloride hydroxide monohydrate

(simonkolleite) at the corroding metal surface.

Still in the field of material characterization, coupling between Raman spectroscopy and SECM
was later reported by Bron et al. [269], who made use of an inverted confocal microscope to
study the electrochemical activity of Ni/Fe thin films deposited on a transparent ITO-coated
quartz slide. Such a configuration enables optical alignment of a SECM tip with the laser spot
of the Raman spectrometer illuminating the ITO surface from below. It is of course restricted
to transparent samples. The activity of the Ni/Fe thin films toward oxygen evolution (OER) was
studied by using a 25 pm Pt tip to detect Oz produced at the surface, while simultaneously
recording Raman spectra of the sample. Upon biasing the electrode at the anodic potentials
required for OER, specific Raman peaks appeared, revealing the formation of NiOOH in the
thin film. Formation of this species was shown to be necessary, albeit not sufficient, for good
OER activity.

Schuhmann and colleagues also reported the coupling of constant height SECM with Raman
with the aim of probing local modifications of molecular films on surfaces [270]. In their setup,
designed for opaque samples, the Raman excitation laser was oriented with an angle of 30° with
respect to the vertical tip, enabling alignment and simultaneous electrochemical and
spectroscopic investigations of the same sample area. The sample could be moved laterally to
acquire line scans. Self-assembled monolayers of p-nitrophenol (p-NTP) on gold were

investigated by with this setup. For such molecular system, surface enhancement of Raman
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scattering is expected to potentially enable the interrogation of a few molecules at a time. Here
galvanostatic pulses were first applied between a SECM tip and the surface, in order to locally
reduce p-NTP into p-aminothiophenol (p-ATP), forming p-ATP spots in a p-NTP matrix.
Raman-SECM line scans were subsequently acquired across these spots in a constant height,
positive feedback mode, with Fe(CN)s>" as a redox mediator. Enhanced tip current was recorded
at the level of some locations, that specific Raman bands enabled to confirm as being p-ATP
spots. This was a proof-of-concept demonstration of simultaneous chemical identification of a
surface adsorbed molecular species associated with locally enhanced electron transfer activity,
afforded by (SERS) Raman-SECM coupling.

A third group, Rodriguez-Lopez group at Urbana-Champaign, also recently combined Raman
spectroscopy with SECM [271]. Their setup was based on an inverted microscope, and as such
suited to characterize transparent substrates. As discussed above, this configuration enables
straightforward alignment of the Raman excitation laser with the SECM tip position, so that the
same substrate location is probed simultaneously by both techniques. In an initial report these
authors interrogated thin films of redox active colloidal (RAC) particles, consisting in cross-
linked polymeric material incorporating a high concentration of redox active methylviologen.
[271] 80 nm and 135 nm RAC particles were deposited as a monolayer on a glass slide, from
which a Pt UME was approached using negative feedback of ferrocenemethanol (FcMeOH)
mediator added in solution. The ferricinium ion generated at the UME was then used to locally
oxidize (i.e., to titrate) the RAC-contained viologen moieties located in the immediate vicinity
of the tip. This titration was monitored in real time by following the intensity of a Raman peak
specific of the locally generated viologen radical anion over time. Similar titration kinetics were
found for both sizes of RAC, showing that they displayed a similar concentration in viologen
and oxidation mechanism.

In their most recent study the same authors used their Raman-SECM setup for characterizing,

and even imaging, electron transfer properties of graphene electrodes [272]. Multilayered
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graphene electrode surfaces, consisting of ~ 10 stacked graphed layers, were grown by CVD.
Reactive ion etching (RIE) was then used to define 50 um diameter disk-shaped regions where
the number of graphene layer was etched down to three. Raman-SECM was then used to
investigate the constant height feedback response and Raman scattering of these regions. By
rastering the substrate stage, simultaneous electrochemical and Raman scattering images could

be produced for the first time, with a high spatial resolution of 5 pm and a time resolution of 5

s per pixel (Figure 42).
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Figure 42. Combined SECM and Raman imaging of a patterned graphene surface. The surface consists
of 10 stacked layers of graphene expect in disk-shaped patterned regions where the number of layers is
reduced to 3. One of such regions is imaged. (A) Depiction of the set up and of the alignment between
the SECM tip and Raman laser. (B) Calculated local electron transfer rate at the graphene surface from
the current feedback at the UME. (C) Image of the normalized G peak intensity of the local Raman
spectrum of the surface (D). Distance between defects determined from the intensity ratio of the D and
G Raman bands. 1mM Ferrocene methanol in 100 mM KNOs; was used as the SECM mediator.
Reproduced with permission from N. B. Schorr et al., Anal. Chem. 90, 7848-7854 (2018). Copyright
2018 American Chemical Society.
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Raman images showing the intensity of the G peak of graphene (Figure 42C), enabled the
circular regions consisting of only three stacked graphene layers to be identified. The
simultaneously acquired tip current image (Figure 42B), converted into an electron transfer
rate image, evidenced that such regions were associated with much reduced electron transfer

kinetics.

5. Scanning Electrochemical Microscopy — Quartz Crystal Microbalance
(SECM-QCM).

The quartz crystal microbalance consists of a quartz crystal which is electrically driven
into oscillation. The resonance frequency of the crystal is monitored. This frequency is highly
dependent on any mass added to the crystal surface. Hence the mass-dependence of the QCM

<

resonance frequency can be, in air, used to “weigh” minute amounts of material with a
sensitivity of the order of 1 ng cm™. QCM can also be coupled with electrochemistry; here the
quartz crystal surface is coated with an appropriate electrode material e.g., thin film gold. This
electrochemical-QCM (EQCM) configuration can be used to monitor electrochemically
triggered surface processes associated with the deposition (or loss) of material at the working
electrode surface. However, in liquid medium the frequency shift of the QCM crystal is not
solely sensitive to added mass but is also influenced by changes in the local property of the
medium associated with the surface electrochemical process of interest. For example, density
or viscosity variation of the medium in the electrode vicinity, in addition to variation in the

viscoelastic properties of the deposited layer, can cause shifts in the resonant frequency of

QCM.

The main interest in coupling QCM with SECM is that the SECM tip can specifically
monitor the flux of electroactive species associated with the surface electrochemical process.
This additional information can help to quantify the actual contribution of electroactive flux to
the apparent total mass change derived from the QCM frequency shift. The combination of

SECM with EQCM was initially described by Ward and Hillier [273]. The authors used a
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SECM tip to trigger the electrodeposition of a small amount of copper on pre-defined locations
of the QCM surface. By monitoring the ensuing frequency shift of the QCM, the radial
sensitivity of the QCM crystal was mapped.

The first use of SECM-QCM in a SG-TC configuration was later reported by Bard et al.
[274,275] The tip was used to detect Ceo ions released during the potential cycling of the quartz
substrate surface bearing either an insoluble Ceo film or Ceo caged in ter-butylcalix[8]arene, cast
as a particle film. In the first of these studies the effect of the lateral and vertical motion of the
SECM tip on the QCM response was investigated [274]. It was shown that both motions
resulted in a frequency shift of the QCM, which led to the conclusion that SECM-QCM
measurements should be performed with a stationary tip in order to avoid tip-motion induced
frequency shifts. Further studies by Bartlett et al. [276] and Heinze et al. [277] confirmed these
effects, and showed they could be minimized by using small tips (with small RG) or tips with
high aspect ratio cone-shaped glass sheath. However the tip-substrate distance dependence of
the QCM frequency shift can also be used to set the tip-substrate distance in SECM-QCM in a
current independent way [278].

SECM-QCM has been employed to monitor localized corrosion processes [279], the
electrochemical growth of poly(o-phenylenediamine) thin films, [280] and ion exchange at the

poly(butyl viologen)-electrolyte interface [281].

6. Fast-Scan Cyclic Voltammetry — Scanning Electrochemical Microscopy
(FSCV-SECM)

The coupling of fast scan CV with SECM to resolve the distribution of chemical species
generated at a substrate surface was first introduced by Wipf’s group [282,283]. In FSCV-
SECM, CV is carried out at an SECM tip using rapid scan rates, typically between 10 and 1000
Vs, The vertical and lateral positions of the SECM tip over the substrate have to be recorded
concomitantly with the transient tip CV. Unlike “classical “ amperometric SECM, where the

tip potential is typically held constant, in FSCV-SECM the tip potential is scanned so that
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several species of interest giving rise to differing CV peaks can be simultaneously detected i.e.,

images of multiple analytes can be recorded in a single surface scan.

The species are probed over a distance corresponding to the transient diffusion layer
created at the tip which, at high enough scan rates, can be made much smaller than the tip-
substrate distance. Hence no diffusional feedback interaction occurs, and the recorded signal
(and hence images) are free from perturbations due to substrate topography. Interestingly
images of the concentration profile of non-electroactive species can also be acquired in FSCV-
SECM since the only requirement for detection is that the surface released species modifies in
some way the fast scan CV. For example, the localized concentration of chloride ions was
mapped by collecting the chloride at a mercury SECM tip [282]. The Hg tip was first scanned
anodically to form a calomel layer (Hg2Cl2) on the tip surface. The cathodic (return) CV scan
then showed a characteristic chloride dependent peak corresponding to the stripping of the
HgoCl2 layer. FSCV-SECM has also been notably employed to map simultaneously oxygen and
hydrogen peroxide released during the oxidative bursts of stimulated macrophage cells [284].

FSCV-SECM combines the spatial resolution of SECM with the specificity of CV. A
theoretical description of the CV response of a disk UME facing an insulating substrate, i.e. in
a negative feedback FSCV-SECM configuration, can be found in literature [285].

As an important improvement of FSCV-SECM, coupling with AC-SECM for constant
distance imaging has been reported [286]. To this aim a small sinusoidal signal (10 mV rms)
was added to the tip bias on top of the triangular potential ramp used for voltammetry.
Instrumental conditions were identified where FSCV and AC currents did not interfere. This
allowed the AC signal to be used as a feedback parameter to set the tip-substrate distance, while
recording unperturbed CVs at any pixel of the image scan. Such FSCV-AC-SECM coupling
enabled PC 12 cells to be located from topography images, while their oxygen consumption
was simultaneously mapped by recording the reduction CV of oxygen at high scan rate (450

V/s), see Figure 43.
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Figure 43. Combining alternating current SECM with fast-scan voltammetry. (A) Cathodic peak current
of the fast-scan O, reduction CV, recorded as a function of probe position. (B) Simultaneously acquired

local impedance data. (C) Overlay of the oxygen reduction current (from (A)) on the sample topography
derived from (B). Displayed in inset is an optical image showing the two cells identified in (B) and the
SECM tip. Reproduced with permission from J. A. Koch. et al., Anal. Chem. 84, 9537-9543 (2012).
Copyright 2012 American Chemical Society.
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