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LAY SUMMARY

Scanning electrochemical microscopy (SECM) is an established imaging technique, where a
probe electrode moves parallel to a surface of interest, typically at a set and constant height,
and records a local current or voltage signal in an electrolyte (salt) solution. SECM obtains
useful electrochemical information about spatial differences in activity of the sample, which is
usually made up of a combination of insulating (inactive) and conducting electrode (active)
regions. SECM has been used to study a range of processes at surfaces including, for example,
localised electrochemical reactions, uptake/release of chemical species by biological cells,
metal corrosion or adsorption. When using this technique, it is common to validate the
measured response using a well-characterised reference sample consisting of micro or

nanoscale structures of known dimensions and electrochemical behaviour.

In this thesis, robust, high-precision test samples consisting of micro and nanoscale electrodes
with well-defined disc and square geometries and well characterised electrochemical
behaviour have been fabricated and used as substrates for the SECM. The generated images
clearly show the conducting electrode regions surrounded by areas of insulator and it has been
demonstrated that these samples are suitable as potential benchmark systems for SECM

imaging by developing and applying both qualitative and quantitative analysis.

Prior to quantitative analysis, the separation between the tip and the substrate, d, had to be
identified. This was achieved by performing probe approach curve (PAC) experiments, where
the tip slowly approaches the insulator surface and stops when the measured current reaches
a specified value. Values of d were then extracted by comparison of this experimental data

with data predicted by theoretical calculations and mathematical models.

Next, SECM was employed to record images of the substrates, during which a range of
parameters were varied, such as the probe working distance (d), the scanning speed and the
voltage applied to the probe and sample. SECM images of such well-defined substrates are
easily predictable. Therefore, any discrepancies in the SECM images regarding the expected
electrode shape and size or the electrochemical response of the insulating or conducting
surface can point to two possible issues: (i) mechanical or electrical problems with the
performance of the SECM imaging system or probe; (ii) imaging artefacts in which the signal
recorded gives a false impression of the sample. The most significant imaging artefact that
was observed was enhanced current signals resulting from solution stirring by the movement
of the probe, and these effects have been identified and evaluated qualitatively and
quantitatively by analysing horizontal and vertical line profiles extracted from the recorded
SECM images.



Finally, the SECM images generated also provided interesting information about the
electrodes, such as uniformity and fidelity of the surfaces as well as visualization of the
diffusion of the electroactive species arising from these electrodes (due to oxidation and
reduction processes on the electrode surface) which has the potential to provide new practical

and/or fundamental insights.
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ABSTRACT

Imaging by scanning electrochemical microscopy (SECM) is an established technique that
mixes electrochemistry with microscopy. To name a few examples of its broad applicability, it
is used for imaging nanoparticles, enzymes, monitoring corrosion processes and redox
processes in living cells. However, the information gathered from such images is mostly
qualitative, rather than quantitative. Gold band arrays have been used as a standard substrate
of nominally defined dimensions for conventional SECM imaging, but they are known to be
non-uniform across the electrode surface and suffer ageing, producing significantly time-
variant currents among other uncertainties. This thesis addresses this by imaging robust single
and array micro and nanoband edge electrodes of controlled design, shape, size dimension

and spacing and assists the quantitative analysis of the response.

Both qualitative and quantitative analysis was performed on these SECM images. First, data
from experimental probe approach curve (PAC) experiments obtained before imaging were
compared to the established analytical model reported by Lefrou et al., confirming its
applicability. This was then used to fit COMSOL simulated data to extract real tip working
distances in um above the insulator surface specific for these experiments. Then, qualitative
analysis of SECM images of micro array, single micro and nanoband edge platinum (Pt)
electrodes allowed the evaluation of the impact of effects such as convection, sample
orientation and changes in the response of the SECM tip with time in feedback (FB) and
substrate generator-tip collector (SG-TC) mode. From single electrode analysis, differences
between the imaging modes regarding image resolution and imaging artefacts, also disc and
square geometry impact, and differences between imaging micro and nanoband edge
electrodes are discussed. Two types of arrays, hexagonal and square, were used as SECM
substrates, also allowing to evaluate hemispherical diffusion field overlap evolution from
differently arranged arrays. This allowed to visually evaluate the quality of the in-house
fabricated electrodes which has not been reported before, together with visual evaluation and
direct evidence that hemispherical diffusion field evolves from both disc and square geometry

micro and nanoband edge electrodes.

Extraction of line profiles from various parts of the images was then used to further compare
SG-TC and FB modes. This lead to the quantitative analysis of the tip response of selected
scan lines (both vertical and horizontal) in these 2D images collected at fixed tip working
distances. The responses of square nanoband edge electrodes were shown to fit to Gaussian
distributions and to be consistent with a combination of diffusional broadening and convolution
of the sample and tip response. Further, the tip currents were shown to follow the expected
concentration profiles of diffusion from the ring nanoband generated analytically using

modified Bessel function.

vii



Finally, imaging settings and substrate and tip size were varied to evaluate their effect on
image spatial resolution, on artefact occurrence and the effectiveness of the above
quantitation. Images of a smaller disc nanoband edge electrode of 50 um diameter instead of
the previously used 100 pm were collected using SECM FB and SG-TC modes and were
comparable to the 100 um diameter electrodes. A Pt tip of 1 um diameter, which is 10 times
smaller than the original Pt tip, was used to probe the effect of the tip size. Finally, the
effectiveness of quantitative approaches using Gaussian and modified Bessel functions on
disc nanoband substrate of 50 um diameter was evaluated and compared to 100 um fitting
results. Together this data analysis has enabled the evaluation of such electrodes as a
benchmark system for SECM probe response validation, method development, optimisation

and quantitation.
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LIST OF ABBREVIATIONS

AFM — atomic force microscopy

Ar — Argon

CA — chronoamperometry

Ca— capacitance of the electrical double layer
CE — counter electrode

CV - cyclic voltammetry

d — tip-substrate separation during SECM experiments
FB — feedback

FcMeOH — ferrocenemethanol

FWHM — full width at half maximum

G-C — generator-collector

H — horizontal

irPuk — bulk current measured at the tip

LHS - left hand side

MNEE — microsquare/microdisc nanoband edge electrode

N2 — nitrogen

NPs — nanoparticles

NPL — National Physical Laboratory

PAC — probe approach curve

PC — personal computer

Pd — palladium metal

Pt — platinum metal

PTFE — polytetrafluoroethylene

PVD - physical vapor deposition

RE — reference electrode

RHS - right hand side

SCE — saturated calomel electrode

SECM - scanning electrochemistry microscopy
SICM - scanning ion conductance microscopy
SG-TC - substrate generator-tip collector
SMC - Scottish Microelectronics Centre

SRN - silicon rich nitride

Ti — titanium

TG-SC - tip generator-substrate collector
UME — ultramicroelectrode

UoE — University of Edinburgh
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1 INTRODUCTION

1.1 SCANNING ELECTROCHEMICAL MICROSCOPY (SECM)

Scanning electrochemical microscopy (SECM) is a probe microscopy imaging technique,
powerful when studying topography and/or electrochemical processes/reactivity across a
specific area of the substrate. This is achieved by physically scanning above the area (the x-
y plane) using a micro-/nano-electrode (known as a tip or a probe) placed close (z value small
and often fixed) to the substrate (insulator or conductor) surface, as shown in Figure 1-1.12
Both the probe and the substrate must be immersed in an electrolyte solution, in which
electroactive species are also referred to as the redox mediator.2 The tip current is recorded
as a function of the tip location/position (x, y), and the resulting image is a two-dimensional
current map of the surface. Image resolution and collection time is dependent on the step size
and the step time (time spent by the tip at each point) as well as the tip radius* and the tip-
substrate separation, also known as the tip working distance, d. For example, a decrease in

resolution with increasing d resulting in image blurring has been shown to be related to the

11

i

electrode’s diffusion profile.5

Figure 1-1. Graphical presentation of the SECM functioning, when the probe moves left to right on x-
axis. The probe is shown to be above three locations (A-C) in a single line profile (dashed orange line),
which can be either horizontal or vertical (depending on the direction of scanning: left to right or front to
back, respectively). Each dash represents a step size.

Engstrom et al in 1986° first reported experiments similar to the scanning electrochemical
microscopy (SECM) imaging technique, where direct observation of concentration profiles
within the diffusion layer at an electrode-solution interface was recorded. Two electrodes, one
macroscale (Pt wire) and the other microscale (carbon fibre, diameter = 10 um), were placed
close to each other in potassium ferrocyanide and potassium chloride solution, and the
microelectrode was moved both parallel and orthogonal to the macro electrode. The
macroelectrode had a step in potential applied to it between -0.2 V and +0.6 V, while the

microelectrode was set at a constant -0.2 V potential. Such set up enabled monitoring of the



product species of ferricyanide generated at the macro electrode using the micro electrode.
Upon stepping to the macroelectrode potential value at which ferrocyanide was oxidized to
ferricyanide, the current at the microelectrode increased (positive feedback), representing that
the product species generated at the macroelectrode diffused to the microelectrode and got
reduced. When mass-transfer limited reaction at the macroelectrode was reached, the
microelectrode current reached a plateau. Also, with increasing distance between the two
electrodes, the current at the smaller one decreased, representing a smaller concentration of
the product species available at the microelectrode. A time delay in the current response was
also representative of the time needed for the product species to reach the microelectrode.®

Soon after this, SECM was introduced to the scientific community and now it has become a
significantly more sophisticated system for sensing and imaging surfaces and their
electrochemical behaviour. Conventional SECM was developed and introduced by Bard in
1989 and it mixes electrochemistry with microscopy.” The microelectrode tip never contacts
the substrate surface, which is one of the main differences between SECM and other
traditional scanning probe techniques.® The first commercial instrument was delivered by CH
Instruments in 1999, resulting in a dramatic increase of SECM usage in many research

groups.1°

1.1.1 Applications of SECM

Since SECM development in the 1980s, this unique electrochemistry imaging technique has
been modified to increase imaging resolution and to adjust to different substrates of interest,
allowing the use of SECM in a variety of applications.*! In general, SECM is a great tool for
analysing localized electrochemical reactions, the uptake/release of chemical species at the
surface, including processes in biological cells,'212 and micrometer and submicrometer- size
structures and processes. Electron, ion or molecule transfers can be examined at many
interfaces: solid-liquid®®4, liquid-liquid and liquid-air, allowing the visualization and
investigation of a variety of processes, such as metal corrosion, where corrosion products and
diverse reactive species can be detected,>16 metabolism and the other redox processes in

living cells, and adsorption processes to name a few,10.13

Original studies by Mirkin and Amemiya have shown that not only micro, but also nano-
resolution with SECM is possible.}”18 As such, SECM is emerging as a powerful tool in
obtaining nanoscale electrochemical imaging and investigation of electron-transfer processes
when using nanometer-sized electrodes as imaging probes.1?2° Nanoscale SECM has been
used to investigate: the topography of electrochemically active nano-objects?!, electrocatalytic
reactions at single nanopatrticles (NPs),?? the detection of short-lived reaction intermediates??

and the interrogation of biological cells?4.2®* SECM has also been used for nano-gap studies,



evaluation of the shapes of nanometer-sized microelectrodes and single nanoparticle

imaging.®17.25 Further details are discussed below.

Metal NPs have extraordinary physical and chemical properties, making them great for
sensing and electrocatalysis.?® They have uniquely high surface-to-volume ratio'”?? and they
can be cathodically charged with large populations of electrons.?? Investigations have been
carried out to intentionally control not only the size of NPs, but also their shape and surface
properties to achieve higher efficiencies in their catalytic activities so that the efficiency of e.g.
electrochemical energy conversion and storage processes would be improved. Higher
efficiencies in electrocatalytic devices can be achieved only if the structure and reactivity
relationship of the individual rather than an ensemble catalytic metal NPs is understood and
then controlled; understanding can be achieved through SECM nanoscale resolution

images.17:22

In Figure 1-2, the Mirkin group immobilized and characterised a gold NP on an inert surface in
several experiments. In the first example in Figure 1-2 (a), the unbiased NP was acting as a
bipolar electrode, since the regeneration of the redox species (reduction) was occurring at the
top half of the particle close to the tip, and the opposite reaction (oxidation) was occurring at
the lower part of the NP. The NP was seen to produce positive SECM feedback, resulting in
an increase in measured tip current (Section 2.9.2), the degree of which depended on the ratio
of the patrticle to the tip radii as well as the heterogenous charge-transfer kinetics. At as short
as <2-3 nm distances, the NP was observed to behave as a part of the tip electrode, as
electron tunnelling was initiated. Such a mode of SECM allows the investigation of
heterogeneous reactions at a single NP level without the need to make a direct ohmic contact,
as well as to explain NP/electrode interactions on the electrode surface or in the nanoimpact

collision events.28
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Figure 1-2. (a) Schematic diagram of the SECM probe above a single nanoparticle floating over the
insulator surface. Positive feedback is observed between the tip and the upper part of the NP upon
reduction, while oxidation occurs at the lower part of the NP upon interaction with the bulk solution.?® (b)
SECM image of a single gold NP on an HOPG surface.?2



In Figure 1-2 (b), a single gold NP was immobilized on an inert highly ordered pyrolytic graphite
(HOPG) surface. The SECM results allowed the investigation of the relationship between NP
size, shape and orientation on the surface. The image clearly distinguishes between the
significant positive and negative feedback (Section 2.9.2) over the NP and surrounding surface
represented as red and blue colours in the image, respectively. The diameter of the NP from
this image was observed to be close to the expected 20 nm value, unlike the 50 nm value
obtained in an atomic force microscope (AFM) image taken during the same study. It was
shown that SECM can be used to quantitatively probe an electrochemical reaction, such as
an electron transfer (ET) at a single 20 nm NP, allowing the use of such approaches for

characterization of the activities of NPs used as real-world macroscopic catalysts.??

The SECM technique has also been shown to be applicable in biosensing and bioimaging,?®
as both topography and electrochemical responses can be imaged.3® Considerable progress
has been made using SECM in the analysis of biological samples, including living cells and
immobilized biomacromolecules such as enzymes, antibodies and DNA fragments.3!
Reduction-oxidation processes can be imaged and provide useful information about enzymatic
activity, cellular functions, such as metabolism, and cell morphology, allowing the investigation
of such important biological systems.3233 The activity of various cells can also be observed
when monitoring oxygen consumption (oxygen reduction) at the tip, since oxygen

concentration is related to cell respiration.3?

Cells have been examined using different mediators, such as menadione. This is a synthetic
form of vitamin K,3* and it is a hydrophobic mediator which both oxidised and reduced forms
can enter the cell and be regenerated at a measurable rate.3® As a result, it was shown to
result in a positive feedback in SECM imaging experiments, meaning that the tip current
increased when scanning above the immobilized cell due to an intracellular oxidation of the
reduced mediator species.®?3 In a Bard study, SECM was used to study the uptake of
menadione into yeast cells and its ejection as a glutathione complex; the SECM tip current
was measured on yeast cells, suspended in the menadione-containing solution, allowing the
measurement of the exported conjugate from cells with time.35> The ultra-micro electrode
(UME) tip was also positioned above the yeast cell aggregate, menadione was introduced and
cyclic voltammograms were taken. Through the measurement of the tip current, concentration
of the thiodione was measured. As this is the detoxification product released from yeast cells
when they are stressed with menadione, this enabled an intracellular redox activity of yeast

study.3®

Electrochemical imaging is becoming more favourable for bio-imaging instead of standard
fluorescence-based techniques due to simplicity, high speed, selectivity and the lower
detection limit.3> SECM also removes the need for labelling and allows for direct interrogation

of the natural redox processes.?°



There is the need for new electrocatalyst materials for energy conversion and SECM has been
shown to be applicable in the assessment of oxygen reduction reaction (ORR) and hydrogen
oxidation reaction (HOR) electrocatalysts for proton exchange membrane fuel cell (PEMFC)
electrodes.?® PEMFCs have attracted considerable attention in the scientific community in
order to reduce the cost and improve the performance of these cells, which can be done if less
costly (than Pt-based) electrocatalysts are found for the ORR in the acidic media.3¢-38 Bard’s
group has compared ORR activity of various electrocatalysts using SECM; oxygen was
generated at the tip via water electrolysis and the local ORR current was collected at the
substrate.??36:38 SECM then allows a rapid scanning of catalyst spots, containing various
mixtures of metals, and the identification of catalysts with relatively high activity for the ORR
in acidic media.®63 This approach can yield a rapid screening method for testing large arrays
of multicomponent, metallic electro-catalyst spots of varying compositions, which would
significantly contribute to an effective way of discovering and evaluating alternative
electrocatalysts for ORR in PEMFCs.38 For example a Pd-Co electrocatalyst was found to

show similar activity to Pt in strong acid.38

Challenges similar to those in electrocatalysis are experienced in photoelectrochemistry,
where photoactive materials for solar energy harvesting and conversion are being
developed.?® Despite the progress made in understanding photoelectrochemical (PEC)
systems, there is still the lack of practical, efficient, inexpensive and stable devices. There is
an extensive number of metal combinations and dopants available for testing to achieve these
desired characteristics, but a method allowing the synthesis and testing of these systems in a
fast and efficient way is needed. SECM has been shown by Bard’s group to be a suitable
technique for this when the tip is replaced with an optical fiore which enables localized
photoexcitation of the surface. The fibre is connected to a xenon lamp and rapidly scanned
over the array, where the induced photocurrents are collected (as in the ORR current
previously) at the substrate.?® The light source illuminates each photocatalyst spot, whose
activity gets determined from the generated photocurrent, as shown in Figure 1-3. The
electrochemically active spots were imaged as high currents, while less active and non-active
spots resulted in less intense positive feedback (hence lower feedback currents) and no sign
of positive feedback at all, respectively.3°
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Figure 1-3. (a) Spots of photocatalysts in row 1-4, where rows 1 and 4 are 100 % Fe203 and rows 2-3
contain Fe(NOz3)z with Pd. Numbers in circles indicate number of drops of each, respectively. (b) SECM
results of row 2 and 3 under UV-vis light illumination, showing that the two spots around the middle in
the top row were the most photoelectrochemically active. (Images taken from reference3.)

1.1.2 SECM developments to allow distance determination and control

SECM is used in a great variety of applications, as discussed above, but it is often lacking
reliable quantitative distance determination and control. The measured current can be used to
extract information about the tip-substrate distance, d, which is usually set using probe
approach curves (PACs): the final value of d depends on the final measured tip current
(Section 2.9.2). However, this can be challenging due to several reasons. If the tip electrode
geometry is non-standard and hence lacking steady state expressions, or the underlying
substrate is non-uniform, or the insulator surface isolated from the electrode is limited, or the
distance is limited by the electrode and its sheath size, extracting d in a standard SECM set
up becomes limited or even impossible.’® Also, the SECM probe is typically a conductive
electrode surrounded by an insulating glass, and a proper alignment between high fidelity

probe and substrate surfaces is crucial.’®

As a result of SECM coupling with other techniques through special combined probes, not only
enhanced and complimentary information is collected to that available from SECM, but also
the tip-substrate distance is determined more precisely.1%40 Despite these special probes often
being time consuming and difficult to fabricate, SECM variations have been introduced to
obtain precise tip-substrate separation.?°4142 Tip positioning and distance control have been
developed using SECM coupled with shear force*3, atomic force** and optical microscopy, as
well as using a derived variation of SECM imaging modes*>46,11.1° This means that SECM can

be either a complementary technique for other microscopies or new SECM imaging modes



can be introduced when using such non-standard imaging probes in order to introduce

distance (feedback) control and to improve sensitivity.2041

As SECM keeps advancing, more imaging probes also become available. One of such new
probes is a micro pipette, filled with a liquid electrolyte containing neutral redox species and
immiscible with the external solution, which allows the analysis of ionic reactants instead of
redox species. As a result, another type of SECM mode, known as ion transfer (IT) or electron
transfer/ion transfer (ET/IT) mode was introduced by Mirkin.*6 Neutral redox species are
initially present only in the solution in the pipette but during the experiment the species partition
from organic to aqueous phase. Upon bringing the pipette tip within a few tip radii from a
conductive substrate surface, these neutral species diffuse to the surface and get oxidised.
The resulting oxidation current corresponds to the local ET rate at the substrate surface facing
the tip.#¢ Such SECM variation allows for the same application of imaging surface topography
and reactivity, only combining advantages of standard imaging modes of feedback (FB) and
substrate generator-tip collector (SG-TC) (Section 2.9.2) while also removing their
shortcomings.*¢4” The negative feedback response in ET/IT SECM is independent of the
surface, unlike in standard SECM, and it can be used for the positioning of the pipette and

importantly distance control.46

A constant-distance alternating current (AC) mode of SECM has been shown to be useful for
imaging by Schuhmann.'648 |n one of the studies, AC-SECM was used to image the
metal/coating interface of lacquered tin plates, commonly used for manufacturing metal food
containers, and the microscopic cracks and holes in the coating were visualized with high
lateral resolution.#® The mode is based on electrochemical impedance spectroscopy (EIS),
which through the application of a sinusoidal excitation signal across the solid-liquid interface
allows the measurement of the corresponding current or voltage response and the analysis of
the data using AC theory.*84° The tip positioning is based on the application of high-frequency
alternating voltage between two electrodes (SECM tip and counter electrode), and the AC
current response is measured using a lock-in amplifier or frequency response analyser,

thereby determining the system’s impedance for analysis.*®

Other types of microscopies, such as scanning ion conductance microscopy (SICM) and AFM
can be coupled with SECM, allowing the use of SECM-SICM and SECM-AFM for more
sophisticated analysis and imaging at the nanoscale.>*5! For example, the SECM technique
requires ultramicroelectrodes (UMESs), having dimensions of 1-25 um,5? for imaging the
variation in electrochemical activity of a surface, covered by a redox mediator. However, the
variations in topography are likely to distort results of electrochemical variations on the surface.
Therefore, both electrochemical activity and high resolution topography of a surface can be

simultaneously imaged when SECM is combined with SICM. 41:42,50,53



SICM has been used for the studies of biological surface morphology at the nanoscale, and
Figure 1-4 (a) shows a standard SICM setup.®® SICM allows surfaces, covered by an
electrolyte, to be probed by a glass pipette (d < 100 nm), and an ion current is produced when
one electrode is present at the pipette and another one — within the electrolyte solution
covering the sample. The ion current decreases as the tip approaches the surface of the
sample, hindering ion conduction, and so the immersed surface can be topographically
mapped, since the ion current is used as a feedback parameter. The image is again therefore
obtained in a non-contact regime.?® A carbon nanoprobe double barrel tip in Figure 1-4 (b)
can be used for SECM-SICM imaging of such substrates as nanopores and Pt interdigitated

arrays (IDA), as shown in Figure 1-5 (a).%?
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Figure 1-4. SICM setup (LHS) with a double barrel probe for SICM-SECM imaging (RHS). (Image taken

from reference®.)

In another study presented by Matsue, a Pt-based double barrel probe was used in SICM-
SECM experiments for imaging of epidermal growth factor receptors on the membrane surface
in Figure 1-5 (b).*! Pt electrochemical deposition was performed on a carbon probe —
nanoelectrode. The resulting spherical probe acted as an amplifier for electrochemical
response, and the total flux of all electroactive species at the electrode surface was amplified.
The probe was used for constant distance SECM-SICM imaging and higher electrochemical
sensitivity was observed when compared to a bare carbon electrode of a hano size. This study
for the first time demonstrated that a spherical electrode probe can be used for high-resolution

electrochemical imaging.**
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Figure 1-5. Simultaneous topographical (left) and electrochemical (right) images of (a) Pt-interdigitated
electrode array and (b) living sensory neurons using SECM-SICM and a double barrel carbon nanoprobe.
(Image taken from reference 2°.)

SECM-AFM is another great tool for high-resolution electrochemical-topographical nanoscale
imaging when using special probes, such as a Pt-coated AFM cantilever.®1454 A feedback
loop, controlled by a computer, allows for a constant cantilever amplitude, and hence a
constant gap distance, while the tip is scanning the surface.® As such, SECM-AFM conductive
tips have been used for simultaneous topographic and electrochemical property
measurements of individual NPs, proteins on an individual virus,®%55 nanopores,>” and
graphene and graphite substrates®®! to name but a few. However, one of the main
disadvantages is the imperfect geometry of the tip, which means that quantitative

electrochemical measurements are difficult.®
1.1.3 Quantitative SECM theory

SECM is an analytical technique, thus is it based on quantitative measurements. However,
the probe system geometry is not as simple as in regular electrochemistry experiments. Even
when a well described microelectrode tip is used in the simple positive and negative feedback
PAC experiments, they are more challenging to be described with exact analytical
expressions. Various general expressions or approximate analytical expressions are thus

used instead to analyse steady-state feedback experiments.58

Analytical approximations have enabled generation of theoretical SECM dependencies and
analysis of SECM experimental data. Most of these approximations are derived for a steady-
state SECM response, because such quantitative studies are simpler than for non-steady-
state responses, which depend on too many parameters complicating presentation of the
experimental possibilities. Steady-state theory allows the usage of dimensionless working

curves or analytical approximations.1©



Kwak and Bard were the first ones to humerically calculate the dimensionless steady-state
current-distance curves, known as probe approach curves (PACSs), for a pure negative and a
pure positive feedback (Section 2.9.2). The calculations assumed diffusion controlled redox
species turnover, equal diffusion coefficients and an infinitely large substrate underneath the
probe.>® Based on these, other analytical expressions and approximations for various Rq
values (Section 2.9.1) have been published.50.61

A disc geometry of microelectrodes used as SECM tips has been used the most widely, hence
the approximate analytical and quantitative expressions and solutions have been derived
mostly to disc geometry.1962 Analytical expressions for simulated data fitting are constantly
improved and derived for other geometry probes as well to allow more effective and suitable
modelling of various systems.858.60 The lack of exact analytical descriptions of electrochemical
responses means that modelling of experimental feedback curves is of a great importance.
Zero tip-substrate separation point can be determined by fitting an experimental current-
distance curve to the theory. This way the distance scale can be established which is essential

for any guantitative SECM measurement.10

The PAC shape is dependent on the electron transfer rate at the substrate surface and there
are two extremes.®® The electron transfer rate can be zero or one when the probe is
approaching an insulating or conducting surface, respectively, representing “pure negative
feedback” and “pure positive feedback”.863 A variety of curves are obtained for the
intermediate electron transfer rate values,?8%3 such as in Figure 1-6. PACs are explained in
more detail in Section 2.9.2.
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Figure 1-6. A variety of simulated PACs, representing varying electron transfer rate from ca. zero to ca.
one. Both current and tip working distance have been normalized to bulk current and tip radius,
respectively. (Image adjusted from reference??.)

The SECM PACs are modelled using finite element model (FEM), built through COMSOL

Multiphysics software, to achieve a quantitative insight into the imaging probe and underlying

10



substrate interaction. These are also typically modelled before any further, more complicated
SECM system is modelled through COMSOL, such as 3D COMSOL modelling for the
determination of live cell topography®* or when probing passivating porous films8. Comparison
between experimental and modelled curves also allows obtaining quantitative analysis of e.g.

kinetic and physical properties of the sample.®°

1.1.4 Issues with SECM standardised measurements

The development of different SECM probes and SECM combined with other techniques have
enabled the imaging of smaller substrates. However, it does not fully solve the problem of the
lack of standardised measurements and benchmarking substrate systems for SECM.
Quantitative evaluation of whether the system is functioning as expected has not been fully
developed and ways to better evaluate and account for imaging artefacts are still highly
desired. Other microscopy techniques have some well-established standard systems for such
measurements. For example, scanning tunnelling microscopy (STM) typically uses a gold grid
of set dimensions®® for initial imaging experiments or an HOPG graphite layer, freshly exposed

for each measurement, allowing the imaging of hexagonal C planes®’.

Gold band arrays® have been used as a standard substrate of nominally defined dimensions
for conventional SECM and SECM variation imaging.>® Gold band arrays are easy to fabricate,
have a defined spacing, are long and narrow, and are regularly placed hence it is known what
dimension of results should be expected, making it a satisfactory standard.®® However, there
are also several characteristics that make them not the most desirable standard. They are
known to be non-uniform in response across the electrode surface and to be lacking definition
along the edges.5! They typically suffer ageing, as the bands begin to delaminate at the edges
after or during the use.®®7° Fundamentally, they also produce time-variant current due to the
cylindrical rather than steady-state hemispherical diffusion which is produced as a result of
these long and narrow electrodes.”*72 Together with a possibility of overlapping diffusion fields
from the individual elements, this hinders quantitation in SECM measurements. Finally, gold
band arrays are fragile, being susceptible to damage by simple handling errors or by the SECM

tip if it hits the exposed electrode surface when imaging at smaller d.®°

As such, SECM still would benefit from an easy to use and reliable standard. Our group has
previously demonstrated the in-house photolithographic fabrication of rigid and robust Pt micro
and nanoband edge electrodes.”* Unlike gold band arrays or similar structures, these
electrodes have high fidelity in terms of their geometry and dimensions due to the techniques
used for their fabrication. The nanoband edge electrodes are readily and reproducibly obtained
from the micro electrodes on etching through the metal, resulting in the electrode layer with an
insulator layer top, preventing them from scratching and delaminating. Such electrodes show
enhanced robustness and fidelity due to this recessed nature and their formation from the

etching of selected areas of encapsulated thin film metal layers.”>76 Quantitative reproducible
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steady-state currents are obtained when under mass transport control.” This potentially allows
the use of these electrodes not only for qualitative, but also for the quantitative analysis of
imaging artefacts, related to the SECM technique. To the current knowledge, only kinetic

studies have been shown to be quantified using SECM.10

1.2 MICROELECTRODES, MNEES AND ELECTRODE ARRAYS

1.2.1 Advantages of using micro versus macro electrodes in electrochemical
experiments

Microelectrodes, also known as UMEs and also used as SECM tips,”” due to a small electrode
size have several different characteristics than macro electrodes.>? In this section,
microelectrodes, used for sensing instead of microelectrodes as SECM tips, that are spatially
localised and measure a steady state current (see Section 2.9) are further discussed. First,
linear diffusion transitions into more efficient hemispherical (radial) diffusion (Section 2.4),
meaning that mass transport to/from the electrode surface of the redox species is faster, since
the concentration gradients are very high.”® This also means that less sensitivity to convection
is experienced, and as the diffusion layer grows to the order of the electrode dimension, I, a
steady-state current (Section 2.5) is recorded.52 This never happens for a macro electrode due
to the timescale and the effects of natural convection but happens in seconds or milliseconds
for a microelectrode as this time ~ I2/D (Section 2.4), given a typical diffusion coefficient, D, of

5x10%cm2s1.10

Although the hemispherical diffusion results in the steady-state fluxes to the electrode surface
(currents), the diffusion layer still grows with time.1® As the double layer capacitance scales
with electrode area (macro and microelectrode) but the Faradaic currents scale with radius (at
the micro dimension and below), as the electrodes get smaller, at this scale the signal to noise
gets bigger. Hence, microelectrodes have higher sensitivity than macro electrodes.5278 In
addition, ohmic (iR) drop, a potential decrease at WE due to the resistance of the solution
between reference and working electrodes when current flows in the electrochemical cell, is
smaller. This means that some effects of this phenomena (peak signal shift in potential,
decrease of the current and increased peak separation) are minimized in cyclic voltammogram

experiments (Section 2.5).77.79-83

Microelectrodes definitely have become of real interest in modern electroanalytical chemistry,
electrochemical studies and in many areas of science and technology, as predicted by
Pletcher in the early 90s.8183 Electrodes even slightly larger than this still have the advantages
for electroanalytical applications,>? absent when using conventional, macro size electrodes. A
combination of steady state behaviour, increased current density and improved signal to noise

ratio (greater sensitivity) mean that microelectrodes are great electrochemical sensors.5?
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Small electrode size allows for the experiments in microscopic domains, and so
microchemistry is applicable and benefits some of the technology application fields.10.83
Electrodes can be incorporated in microelectronics, and they have been successfully
incorporated in electrochemical devices for a variety of applications, including biosensing.°:83
Electrochemistry became more useful in in vivo analysis as well as clinical treatment, since
microelectrodes have low current flow due to their small size, meaning they are relatively non-

invasive.83

Microelectrodes have been found to be applicable in many application fields and by far have
showed better results than the standard macro electrodes in bioresearch, trace analysis and
energy related areas.8! Other applications include but are not limited to: high speed
voltammetry, electrochemical experiments in highly resistive media, in vivo voltammetry.80.81
There is a great potential to use them in imaging techniques to image diffusion fields and other
electrodes, such as in SECM, which development also is strongly related to the development
of the UMEs.”” Fast mass transport allows to study fast processes such as fast-charge kinetics
because the current is not as limited by how quickly redox species can diffuse to/from the

electrode.83.84

1.2.2 Characteristics of nanoscale electrochemical systems

As the size of the electrode is further decreased past micro scale, the majority of the above
discussed advantages further improve. This results in even more enhanced mass transport

and further with this related advantages in sensing.”

At nano scale, the critical dimension of an electrode is of the same order as the size of the
electrical double layer (EDL) (electrolyte-electrode interface®®),”t which has an effect on
electron transfer (ET) reaction kinetics.8 Since kinetics can be measured using steady-state
experiments, it is expected that faster electrochemical and chemical reactions would be

possible to study when using nano rather than microelectrode systems.8!

While microchemistry and microelectrodes have been quite well understood and developed,
nano materials have become of interest for further research and analysis in electrochemical
applications.8” Nanoband electrodes are expected to deliver even better results than
microelectrodes in many areas, including 2D imaging. E.g., the resolution of the SECM image
depends on the probe scale, and greater spatial resolution (useful electrochemical information

about spatial differences in activity of the sample) is enabled when using nano probe.?888

One of the main reasons why nanoband electrodes differ from microelectrodes is that
experimental behaviour deviates from extrapolations of larger electrode's behaviour requiring
further studies. At the band edges, the current density is expected to be the highest. The

diffusion layer is the thinnest and migration is mostly contributing to the mass transport,

13



resulting in asymmetric current distribution.”* This means that radial diffusion is dominant and

negative effects of the solution resistance are decreased.’1.81.87

There is a lot of ongoing work in order to show more advantageous behaviour of the nanoscale
comparing to the bigger scale electrodes.” One of direct comparisons of electrochemistry
arising from nano and macro scale is comparing Pt macro electrode with nanoband array
having similar active Pt area. From the very initial CV experiment in KCI solution, it was
observed that oxygen reduction wave below 0O V was much greater for
microelectrode/microsquare nanoband edge electrode (MNEE), primitive nanoelectrode array
system made by microfabrication, than for a macro electrode; hence more diffusion limited
current has passed. Such experiment confirmed enhanced mass transport for nanoband

electrode array, further backed up by a chronoamperometry experiment.8”

1.2.3 Description of the electrode arrays

Micro- and nano- electrodes have increased mass transport and low ohmic drop compared to
macro electrode. However, the reduced size of the electrode results in reduced currents, and
obtained currents are tiny, and can be hard to measure with high fidelity, when measurement
noise is greater than the signal. 4! If measured currents from single micro and nano electrodes
are too small to work with and there is a requirement for higher sensitivity, electrode arrays
can be used.”>7489 Such devices allow one to record higher currents which equal a product of
the current from a single electrode multiplied by the number of the electrodes present in the

array, N.71.81

Arrays can be interdigitated®° (Figure 1-5 (a)), long band’>.7? (gold band) or MNEE."174.89
The latter ones are robust, well defined and have been used in this thesis. Typical MNEE
structure and design are shown in Figure 1-7. Array devices can be imaged using SECM,

allowing evaluation of individual electrode activity as well as monitoring diffusion field

expansion.
(b) Contact
Pad/
/
(a) g I N 1 |
Toplnsulator:’ v (5 S 1 O O £
Conductor I (B EE e
Base Insulatoi™ oooo
Silicon Substrate

NOT TO SCALE

Figure 1-7. Schematic of an example of the MNEE array: (a) single square aperture in cross-section and
(b) a plan view of the complete chip. (Image adjusted from reference®’.)

14



In order to preserve individual micro/nano electrode behaviour in any of the array type, it is
important to prevent the hemispherical diffusion fields from individual electrodes
overlapping.”t82 Arrays must be designed so that appropriate distances between the
electrodes are set to allow for each of the diffusion fields expansion. If overlap occurs, the
resulting diffusion field can become linear, just like for macro electrodes, and so the
characteristics of the system will also become similar to a macro electrode.®! If that is
prevented, all of the UME advantages such as high mass transport rates by hemispherical
diffusion, resulting in a steady state behaviour and small charging times can be preserved
while also recording higher currents which are much easier to measure and analyse.®! As such,
SECM can be used to image individual electrodes in the array devices to record visual proof
if hemispherical diffusion fields are overlapping, and if so, to what extent and how much time

is needed until the overlap is substantial, resulting in a macro electrode response.

1.2.4 Micro and nanoelectrode fabrication

As seen in the above sections, SECM probes and substrates tend to be of micro or nano scale.
Depending on the electrode size, geometry and application, electrodes can be fabricated in
various ways.?? Micro electrodes (also used in this thesis) can be categorized as probe- or
chip-based devices depending on their fabrication method.®® Chip-based ones are usually
obtained using photolithography technique.5292 Such microfabrication is an effective electrode
fabrication method resulting in robust, well-defined electrodes and electrode arrays, where the
size of individual elements as well as spacing between the elements are all controllable and
highly reproducible.”*.7* Fabrication of the probe-based chips is usually specific by a fine metal
being coated with an insulating material, e.g. glass or polymer. This way fabrication of probes

for imaging techniques, such as SECM, is performed.52:92

An emerging way for microelectrode fabrication is screen-printing, which is more budget
friendly and has advantages of simplicity as well as reproducibility, which is not always the
case for photolithography-based technique, allowing for the mass production of the electrodes.
However, there are also challenges, since depending on which method and materials are
used, the screen-printed electrode array can be non-reproducible, meaning that electrodes
can be of varying sizes and shapes.52 Also, there might be leakage problems, which result in
the loss of microelectrode behaviour, or electrochemical performance can get affected due
t0.52 When dielectric layer, defining micro electrode size, is cured in the oven, efficient bonding
to the carbon surface occurs, preventing above problems.5? Further studies can be done to
explore what sizes and geometry of the electrodes can be fabricated to compete with the

photolithographic techniques.

There is a lot of concern regarding reproducibility of nano scale electrodes, which is the

limitation regarding wider, industrial applicability.8” Arrayed nanoelectrodes, resolving the low
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signal issues, can be fabricated in several ways, some of which are briefly presented in this

section.

Fabrication is relatively easy if there is no specific control of the inter-electrode spacing in the
array devices, often referred to as ensembles. These can be produced by opening the pores
in insulating layers deposited over conductive materials, hence exposing an ensemble of
active electrode areas. This can be achieved using ultrasound or neutron track etching,
templated growth in the nanopores of membranes or the imprinting of structures. However,
large nanoelectrode arrays with systematic control of the size and separation of each electrode
cannot be achieved in these ways. Instead, individual electrodes are likely to be affected by
diffusional layer overlap from the neighbouring electrodes to variable extents as a function of

time and there is heterogeneity of individual electrode response.”

Alternatively, ordered nanoscale arrays can be produced, but considerable expense and/or
complexity is commonly encountered. Lower cost methods include micron resolution
photolithography and reactive ion etch techniques. This way, arrays of individually addressable
submicron band electrodes (e.g. 2 mm long with widths as small as 37 nm) can be fabricated.
The electrodes are long and narrow, hence susceptible to line breakages during the fabrication
process and/or operation. These electrodes also are not considered to produce steady-state

response, desirable for some applications.%72

The MNEE has been developed to address some of the above-mentioned issues. It is
fabricated using reliable micron scale microfabrication techniques, including photolithography,
which allows not only to control the size and shape of the electrode, but also the width of the

nanoband.”3.74

1.3 AIMS OF THIS THESIS

The SECM technique has been improved by introducing various different probes for scanning
and combining with other imaging techniques. However, the original SECM set up is still widely
used, and yet there is no standard set of measurements allowing ready evaluation of the
sample and tip function as well as the presence and amount of imaging artefacts, ideally
through quantitative analysis. The aim of this thesis is the qualitative and quantitative analysis
of the SECM imaging of high fidelity micro electrodes and MNEEs and assessment of their
suitability for standardised measurements and as a SECM benchmark system. Within the

context discussed in this section, the main objectives of this thesis are to address the following:

- Fabrication of robust and well-defined single micro and nanoband-edge (MNEE)
electrodes as well as micro electrode arrays using photolithographic techniques
(Chapter 3).
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1.4

10.

11.

Use of analytical and numerical modelling to extract accurate SECM tip working
distances (Chapter 4).

Use of SECM for characterisation and diffusion field evolution imaging of the above-
mentioned substrate samples in both disc and square geometry (Chapter 5-6, 8-9).
Such analysis is only made possible through high fidelity substrate electrodes.
Evaluation of diffusion field overlap in electrode array devices from SECM images
(Chapter 5).

Analysis of imaging artefacts and their dependence on imaging mode (Chapter 5-6,
8-9).

Systematic study of the effect of the substrate size, the probe size, the imaging step
and the imaging speed variation on SECM image resolution and artefacts (Chapter 8-
9).

Semi-quantitative and quantitative horizontal and vertical line profile analysis (Chapter
5-9).
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2 THEORY

2.1 ELECTROCHEMISTRY OVERVIEW AND APPLICATIONS

Electrochemistry has obviously been around for a long time. ‘The roots of electrochemistry
can be traced to Egyptian and Roman physicians who used the discharges of electric eels as
a method of treatment.’? It is therefore no surprise that many basic electrochemical principles
as well as relationships had been described before the discovery of the electron in 1893 by J.
J. Thompson.? Electrochemistry is fundamentally a study of the interconversion between
chemical and electrical energy.3-® In this work, it involves the monitoring of electron transfer at
the interface between a metallic electrode and a solution (solid-liquid interface) containing

redox active species.?

A wide range of research and applications involve understanding and controlling this form of
electrochemistry. It can be used to determine and/or develop electrochemical properties of
organic and inorganic materials, to develop enhanced fuel cells, battery technology and solar
cells, to investigate electrocatalysis, to understand colloid science, electrochemical sensors,
electrodeposition, corrosion, nanoscale effects, and to explore biochemical and biological
systems, including nerves and enzyme reactions.®5 In this chapter, the basic terminology,
methods and principles of electrochemistry relevant to the results shown in the following

chapters is presented.

2.2 DEFINING TERMS

2.2.1 Thermodynamically driven redox reactions

Electrochemical experiments as defined in this thesis can be carried out only if
electrochemically active species are present in the solution, also referred to as an electrolyte.
An electrolyte is a solution containing solvent and supporting electrolyte (inert salt) ions,
typically of high concentration for balancing the charge on the electrode through the formation
of a thin double layer. The concentration of the dissolved salt also governs the conductivity of
the solution, hence, high values minimize the solution electrical resistance to passage of
current.2® The electrochemically active species in such solutions undergo reduction/oxidation
reactions, also known as redox reactions, unlike the supporting electrolyte. This means that
an electron is transferred to/from the active species next to the electrode in solution (a local
electron transfer), and this transfer occurs across the metal electrode-electrolyte interface. An
example of one-electron electrochemically and chemically reversible redox couple (see
Section 2.2.2) includes ferrocene/ferrocinium methanol (FcMeOH/FcMeOH*) as shown in
Equation (2.1).56
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FcMeOH* + e~ = FcMeOH (2.1)

Reduction reactions are typically presented when reading the reaction from left to right, and

oxidation reactions are read from right to left.2

FcMeOH species are typically a choice for SECM experiments not only due to reversible redox
reactions, but also due to fast kinetics during electron transfer processes (very efficient
electron transfer rate).”® Thus, it can be used for quantitative studies of the kinetics, such as
the measurements of electron transfer rate constants.”® FcMeOH also results in a well-
predicted, of a sharp ‘S’ shape cyclic voltammogram under typical experimental conditions
(Section 2.5). Since FcMeOH was used in all of the SECM experiments in this thesis, the
oxidation reaction of Equation (2.1) is referred to in the results chapters and Figure 2-1 shows

this reaction using chemical structures.

[I,TIH oH
J _;'I +

{'_Tj’ oxidation @f

-
Fe -
,l_ reduction

+e

Figure 2-1 Chemical structures of ferrocenemethanol (left) and ferrocinium methanol (right) related by
oxidation/reduction processes. This also represents redox reactions discussed in the results chapters of

this thesis.

The driving force for these electrochemical reactions is thermodynamics, controlled by the
change in free energy during such reactions. This can be explained though the change of
Gibb’s free energy, AG, which combines changes in enthalpy, AH, and entropy, AS, of the
reaction as shown in Equation (2.2) below, either where these three parameters are under
standard conditions (denoted by 9) or not (no %) and T is temperature.>10

AG® = AH® — TAS® (2.2)
The change in enthalpy reflects the heat change in the system during the reaction.! Entropy
is a property of matter and it tells us how energy is dispersed within it.!* The reaction is
spontaneous (will occur) when AG is negative, meaning that the reaction does not require an

energy input to occur.?

In electrochemistry, any redox reaction can be made to occur by changing the energy of the
electron through changing the electrode potential. How this occurs can be explained by
considering the energy levels of the electronic orbitals. When a potential (V) is applied to an
inert electrode, usually made of gold, platinum, glassy carbon or mercury, the highest energy
of the electrons in the electrode is controlled. At a certain potential, the highest occupied

molecular orbital (HOMO) energy of the electrode (the Fermi level) is higher than the lowest
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unoccupied molecular orbital (LUMO) or the lowest partially occupied molecular orbital of the
redox species, as shown in Figure 2-2 (b). This leads to a thermodynamically spontaneous
reaction where an electron transfer from the electrode to the redox species occurs (reduction),
as shown in Figure 2-2 (c). The driving force for this reaction is the energy difference between
the two orbitals, and the reduction is thermodynamically favourable (overall negative AG). As
the Fermi level can be raised or lowered upon a change in the potential of the electrode (to
more negative or positive potentials), a more positive potential will lead to this orbital of the
electrode being below the molecular orbital of Fc in energy, and electron transfer from Fc to

metal (oxidation) will be spontaneous.®

: G (b) (c)
Energy | e |I
Fc* —Fc* —FG

Electrode Electrode Electrode

Figure 2-2. Schematic diagram showing highest occupied molecular orbital (MO) of ferrocinium and
highest occupied molecular orbital (Fermi level) of the metal electrode (with red denoting the filled
electron energy levels) when they are (a) at the same level and no net electron transfer occurs and (b)
the electrode potential is made more negative (decreased), raising the Fermi level and causing the
reduction of ferricinium (c). (Figure adjusted from reference.®)

2.2.2 Kinetics and reversibility

If the forward and reverse reaction in Equation (2.1) is rapid, then equilibrium will be
established at the electrode, as shown by the use of two-way half-headed arrows, which
represent an electrochemically reversible reaction.®> Electrochemical reversibility is possible
when there is a low kinetic barrier to an electron transfer compared to the thermal energy.®
Equation (2.1) is an example of such reactions, where minimal change in the configuration of
the coordination shell of the molecule occurs on oxidation or reduction and where the added
electronic charge is effectively delocalised around the reduced species.®

Depending on the slowest step of the reaction, it can be either mass transfer or charge transfer
limited. Generally, both of these processes are required e.g. mass transfer of a reactant from
bulk solution occurs prior to charge transfer. If the excess potential (known as overpotential)
applied to the working electrode (WE) is large (positive or negative compared to the standard
or formal potential, see Section 2.2.3), the charge transfer at the electrode-electrolyte interface
is generally fast and the reaction is mass transfer limited. For an irreversible reaction, when a
small excess potential (near the standard or formal electrode potential) is applied to the WE,

charge transfer is often the slowest step, and hence the rate-determining step of the reaction.

Electrochemically reversible reactions are different to chemically reversible or irreversible

reactions. Chemical irreversibility occurs when the product of an electrochemical reaction can
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further react in a subsequent chemical reaction.?1? In other words, if a reduction process is
chemically reversible, the product is sufficiently stable to be subsequently reoxidised.?® This

means that FcMeOH/FcMeOH?* is also a chemically reversible redox couple.

2.2.3 Nernst equation

If the system is electrochemically reversible with fast kinetics, the Nernst equation relates the
potential of the electrochemical cell (two electrodes) or a half cell (one electrode) to the
activities (concentrations) at the surface of the electrode(s).2 This equation is one of the most
important equations in electrochemistry and it provides a powerful way to predict how a system
will respond to or effect a change of redox species concentration at the electrode-solution
interface due to electrode potential variation.2® Thus the term ‘Nernstian equilibrium’ is used
and it can be assumed to be established at the electrode surface essentially immediately upon
any change in applied potential in such systems when there is a low barrier to an electron
transfer.®

The Nernst equation is derived from thermodynamics. To be specific, from the Gibbs’s free

energy, G, as shown in Equations (2.3-2.5).213

AG = —nFEce” (23)9
AG = AG® + RT In Q, (2.4)2
AGO = _nFEge” (2.5)2

Where n is the number of electrons involved in an electrode redox reaction, F is the Faraday’s
constant (96 485 C molt), AG is the change in free energy for the process, AG° is the change
in G for the process when reactants and products are in their standard states, R is the gas
constant (8.314 J / (molxK)), In Q is the natural log of the reaction quotient (relative activities
(concentrations) of products divided by the relative activities (concentrations) of reactants in
the reaction!415).213 The cell voltage, Ec, is the potential difference between the two
electrodes in the cell at open circuit (no current flowing in the cell), and the potential of each
electrode is also referred to as the open-circuit potential (OCP).213

For areaction O + e~ = R, we solve for Ecei from Equation (2.3) while using AG from Equation
(2.4) and AG° from Equation (2.5). The result is the Nernst equation, which relates potential
measured at the cell and the concentration of the redox species at the surface of an electrode,
as shown in Equation (2.6).216

o RT
Ecew = Ecen ——%

—=InQ (2.6)

E?,, is the voltage under standard conditions or simply the measured voltage when Q = 1.1 If

the concentrations of the reactants and products on both sides of the cell represent chemical
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equilibrium, the cell cannot perform any electrical work, Ecen = 0 and there can be no net flow
of electrons between the two sides of the cell. Then Q = K, meaning that the reaction quotient
becomes the equilibrium constant, K.13 In this case, at T = 25 °C the Nernst equation can be

expressed as follows:1613

0.0591 |

0o _
cell —

nK 2.7)

Then, it is also possible to get the Nernst equation for a single electrode. By the substitution

of K or Q for the activities of the products and the reactants Equation (2.6) becomes as follows:

E=E+ 2% 2.8)
nF  ag
where E° is a standard potential of an electrode (not a cell as above). Since activities cannot
be measured, they are assumed to be proportional to concentration of the redox species, c,
which can actually be measured. The two terms are related via the activity coefficient, y,
measuring by how much solution activity is different from the ideal solution (y = 1), as shown

in Equation (2.9).1516

c (2.9)

where c? is the standard concentration (1 mol dm-3). Since the standard potential is not often
measured in the electrochemical cell, the formal potential, E?, against the reference electrode
(RE) (under non-standard conditions) is measured and used in the equation instead. Such
substitution is possible due to the following relationship:

RT  ¥o
EY=E°+ —In— 2.1
+nF nyR (2.10)

When y, = yz= 1, the concentration ratio of O and R is unity and all other concentrations are
fixed; therefore, formal potential equals to standard potential. When n = 1, Equation (2.8)

becomes as follows:

N

Where E is a potential applied to (or measured at) the WE with respect to the RE. When
substituting T = 25 °C, R and F for their values, this leads to the final one-electrode Nernst
equation at;>13

[0]

E=E"+ 0.0591lnm (2.12)
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2.2.4 Faradaic and non-Faradaic reactions

Faradaic and non-Faradaic processes, both occurring at the electrode, are distinguished by
whether charge (electron) transfer across the metal-solution interface occurs.2!” The two
processes represent fundamentally different modes of electrode behaviour.'” In a Faradaic
electrode process, charge transfer occurs and both product and reactant redox species are
typically in the solution phase.l” The current is proportional to the rate of electron transfer at
the electrode surface and hence the rate of the redox reaction,'” while the charge, Q, (the
integral of the current with time) is proportional to the amount of a substance generated, as

stated by the Faraday’s law shown in Equation (2.13).18

Q =nFN (2.13)
The amount of a substance consumed/deposited or liberated on an electrode during
electrolysis (the number of moles, N) is therefore directly proportional to the total quantity of

electric charge passed.18

Non-Faradaic currents are attributed to all the other processes that induce current. such as
parasitic currents.'” These are typically small and an example of undesired currents, including
noise, which can occur as a result of the experimental set-up. A Faraday cage is typically used
to minimise electrical noise. Another example of non-Faradaic currents is the charging current
(electrical double layer) as is outlined in Section 2.2.5. In the experiments in this thesis
(voltammetry and PACSs), it is transitory and/or constant, and a small contribution to the overall
current compared to the current due to the redox reactions, since the work has been done
exclusively with microelectrodes and MNEESs. The overall contribution of non-Faradic currents

can be neglected, and the currents measured in this thesis are mainly Faradaic.

2.2.5 Electrical double layer

The capacitance of the electrical double layer (Cq) is the most important parameter which
determines the double layer charging (non-Faradaic) currents. The double layer is a region of
solution that is close to the electrode surface where electric fields exist as a result of the excess
charge on the electrode.’® The Cq is proportional to the area of a macroelectrode and is
independent of the scan rate.2® The magnitude and variation of Cy can be explained using the
double layer models of the interfacial region between a macro electrode surface and an

electrolyte solution (Section 2.2.1).

Such electrode/electrolyte interface was first considered by Helmholtz (1853), using a simple
model, assuming that no electron transfer reactions (Faradaic processes) occur.?! The model
is shown in Figure 2-3 (a). lons are either attracted or repelled electrostatically depending on
the charge within the solution layer which is close to the electrode surface. This results in an
excess of counterions (either anions (negatively charged ions) or cations (positively charged

ions)) which build up at this interface to balance the charge on the electrode. These attracted
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ions can typically approach an electrode to a minimum distance determined by the solvated
size of the ion. The plane through the centre of this layer of ions is called the Outer Helmholtz
Plane (OHP), which in this model completely balances the excess charge on the metal.?! The
corresponding potential drop (Section 2.2.6) across this metal surface-OHP interface is shown
in Figure 2-3 (d). Helmholtz named this interface as an ‘electrical double layer'. It is also
equivalent to an electrical capacitor, since charge is stored in the two layers of ions, as on the

plates of a capacitor.2!
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Figure 2-3. Schematic of (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern electrical double layer and the
corresponding plots of the surface potential versus distance from an electrode surface in (d-f)

(reproduced from reference??).

Then, the double layer model was improved by Gouy and Chapman independently (Gouy-
Chapman theory). This model in Figure 2-3 (b) uses point charges representing ions to enable
a Boltzmann distribution of cations and anions in the electric field near the electrode, and the
corresponding imbalance of charge to determine the evolution of this field with distance from
the electrode. The charge density in the solution is thus contained within a ‘diffuse layer’, which
is close to the electrode surface but is spread over a greater distance (more diffuse) than in
the Helmholtz model. This is due to the Brownian motion and the kT (thermal energy) of the
neighbouring molecules, which is the random thermal motion of molecules mathematically
expressed as a function of probabilities.?223 |t counteracts electrostatic attraction forces by
providing enough energy to overcome the attractive forces to the electrode for some ions at
the OHP and this means that the excess charge density in solution is present not only at the
OHP.21 As a result, the potential drop across this diffuse layer is less sharp than in the
Helmholtz model, as some charge is also held further away from the electrode and the OHP.
The net charge density decreases with increasing distance away from the electrode surface,

as depicted in Figure 2-3 (e).
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Both models have problems, as the first neglects the thermal forces and the second neglects
the ion size and assumes the ions can approach infinitely close to the electrode. These issues
were addressed by Stern, who finalised the model in 1924, by combining the two models, as
shown in Figure 2-3 (c).?* The resulting (Gouy-Chapman-Stern) model considers two layers
within the electrode-electrolyte interface: the first is a compact layer of ions strongly
electrostatically adsorbed at the surface of the electrode — giving rise to the Helmholtz-like
double layer capacitance (Cn); and the second is a diffuse layer, taking into account a
continuous distribution of ions driven by thermal motion — the diffuse double layer capacitance
(Cuairr), where the attractive forces are lower and the ions compensate the charge over a larger
distance in a Boltzmann distribution.%2425 Therefore, the overall observed capacitance of the
double layer (Ca) is a combination of the two capacitances in series, as shown in Equation

(2.14), and it is usually of the order of nanometres.*®

1 _ 1 4 1
Ca Cy  Cayy

(2.14)

The initial potential drop is sharp between the electrode and OHP and then it gradually falls to
a value, which is characteristic of the bulk electrolyte at the edge of the diffuse double layer,
which is further away from the electrode surface, as shown in Figure 2-3 (f).2 When using
smaller than macro electrode, the overall Cq is reduced, resulting in smaller electrical double
layer (EDL) effects on electron transfer (ET) reactions.?6:27 Therefore, capacitive effects
typically become less important than Faradaic processes for microelectrodes. In other words,
the enhanced mass transport (diffusion) at microelectrodes means the Faradaic currents
become more dominant (Section 2.4). At smaller electrode scale depletion (diffusion) layer

also starts approaching the size of the double layer and the two become interlinked.1°28

2.2.6 Three electrode system

Electrochemical experiments are a great tool to observe/detect/study specific species in the
solution if Faradaic reactions are involved.>2° A standard set-up in electrochemistry involves
a three-electrode system. It includes counter electrode (CE), reference electrode (RE) and
working electrode (WE) as well as hardware, such as a potentiostat, required to control and
monitor the system.?® The potential, E (V), is typically set in the experiment and it is applied to
the WE as a voltage (a measured potential difference between two electrodes) or simply
measured (in the case of OCP measurements (Section 2.2.2)) with respect to the constant
potential RE. Meanwhile, the CE is a current sink for the system, and it is used for supporting
the resulting current at WE in order to ensure only current between CE and WE is measured;
a large area CE is typically used.?2% As a result of the resistance of the solution between WE
and RE, when current flows in an electrochemical cell the potential drop at a WE surface may

be less than the applied potential. This phenomenon is described by Ohm’s law in Equation
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(2.15) and hence it is often called Ohmic drop or simply iR drop. This equation shows that this
potential drop, V, is related to the measured current in the cell, i, multiplied by the solution

resistance, Rs.2:26

V = iR, (2.15)
To ensure V is so small it can be neglected, Rs must be minimised. This is achieved by adding
the background electrolyte (Rs is inversely proportional to ¢) and, additionally where this is not
enough e.g. for non-aqueous solvents, placing the WE and RE close together. The latter is
typically not done unless strictly necessary, as if the electrodes are too close together this will
interfere with transport to the WE.? Another way to minimise the iR drop is to reduce the current,
which means operating with as small a current as possible. This is done by simply using micro-

and nano-electrodes, and reduced iR drop is one of the advantages of these electrodes.

It is possible for a second WE to be introduced, in which case the potential (Ez) and current
(iz) are then also controlled and measured between this WE and a common RE and CE
respectively. This makes it a four-electrode system, an example of which is the SECM

technique used throughout this thesis, in which the two WEs are the tip and the substrate.

2.2.7 Electrochemical windows

An electrochemical window of a solvent is the potential limits between which the solvent does
not oxidise or reduce* and there are no electrolyte related Faradaic currents (the electrolyte is
electrochemically inert).430 A smaller electrochemical window within this solvent window is
then chosen to study the reaction of choice in electrochemical experiments, allowing focus on
redox characterisation at the electrode/electrolyte interface without interference from other

electrochemical processes.*3°

2.3 MASS TRANSPORT TO THE ELECTRODE SURFACE

As mentioned in Section 2.2.4, Faradaic currents are dependent on a combination of two
processes: mass transport, which is a rate at which redox species reach the electrode from
the bulk solution, and charge transfer, which is the rate of electrons transferring across the
electrode/electrolyte interface.23! Therefore, it is important to understand mass transport,
which has three mechanisms: diffusion, migration and convection. All three phenomena affect
the movement of redox species and can contribute to the magnitude and evolution of a
measured current. Typically it is desired to design an experiment in a way so that the effects

of one or more transport processes of species are negligible, controlled and/or predictable.10:3!

Diffusion is a spontaneous, random movement of species from regions of high to low
concentration (or activity) of the same species. The rate of diffusion is dependent on the

difference between the concentrations at the two points of interest (which is also known as the
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concentration gradient) and on the diffusion coefficient, D. The latter has a specific value for
each of the solution species at fixed temperature.1931.32 An uneven concentration distribution

is equalised by diffusion, which at the same time maximises the system entropy.*!

Migration is a movement of charged particles driven by electrostatic fields.53132 This means
that positive ions are attracted to negative electrodes or vice versa unless effectively shielded
such that there is no field. An addition of ions that make up a background electrolyte at a 10-
100-fold excess with respect to the redox species concentration eliminates this migration effect
(outside the double layer) through the double layer formation and shielding. This way an
electric field arising due to a positive-negative charge attraction gets minimized, as electrolyte
(of high concentrations) migrates to the electrode surface for a charge balance. An electric
field between the two electrodes involved in the experimental measurement is then spread
over more ions in the solution compared to when only redox species are present, as discussed
in Section 2.2.5,510:31.32

Convection is a movement of species placed within a specific volume of hydrodynamically
moving (stirred or agitated) solution.1%:3132 This is driven by net hydrodynamic flow, and it
represents the action of convective forces, such as stirring, thermal gradients which give rise
to density fluctuations, or vibrations. Forced convection may be suppressed by simply not
stirring and thermally equilibrating the solution but natural convection (although relatively

inefficient) cannot be completely eliminated.10.31.32

Individual contributions from diffusion, migration and convection feature in the Nernst-Planck
equation as a concentration gradient, an electric field and a hydrodynamic velocity,
respectively.3132 This equation reveals that the total flux of species moving towards the
electrode surface is proportional to either of the slopes of these terms, represented as a
function of distance from the electrode surface.®13? Since current leads to local changes in
concentration, diffusion is hard to be eliminated and thus it dominates mass transport in most
electrochemical experiments. As a result, only diffusion controlled currents are analysed and
modelled, as migration and major convection effects, as discussed above, can be removed
and therefore excluded from the most commonly used theoretical treatments and
modelling.31:32 This means that most of the experiments can be designed in a way that mass
transport would be only diffusion-controlled and modelled by Fick’s 1st law of diffusion in one
dimension, X, as shown in Equation (2.16).1%31 This represents diffusion term in Nernst-Planck

equation and more details on the other two terms can be found in the literature.3334
D, 0[A]

J= - e (2.16)
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where J is diffusive flux, Da is the diffusion coefficient of species A, which can be either oxidant
or reductant and d[A]/dx is the concentration gradient of A with respect to the distance from

an electrode surface, x.10:31

2.4 DIFFUSION LAYER EVOLUTION

Diffusion governed mass transport results from reaction at an electrode such as the WE. Thus
the diffusion/depletion layer is a region of electrolyte adjacent to the WE, where reactants are
depleted and products accumulate and from this region redox species (reactants/products)
diffuse to/from the bulk solution.?® Redox species concentrations within this field differ from
the bulk concentration, hence concentration gradients exist, as discussed in Section 2.3.
Figure 2-4 shows the two mostly encountered types of diffusion of reactants, marked as arrows
towards the electrodes. The mass transfer can approach such an electrode surface either
normal to the electrode surface (linearly) or from/to the edge (radially). Hence the diffusion to

the electrode surface can be either linear or radial (hemispherical), respectively.26

In this thesis, as a result of the diffusive flux and progressive diffusion of the reactant species,
the diffusion layer thickness from an electrode surface, |, grows with time (or space between
the tip and the substrate).3® The characteristic relationship used in electrochemistry is shown
in Equation (2.17), which can also be rearranged to a more relevant to this thesis expression
in Equation (2.18).

4D (2.17)

| = 2Dt (2.18)

Equation (2.18) allows one to calculate the diffusion length (the depletion layer thickness), |,
depending on the diffusion coefficient of the redox species and time.1926:32 |n other words, a
semi-infinite electrochemical diffusion layer thickness can be obtained.®¢ Such I, t and D
relationship has also been shown by Einstein to be related to Brownian motion (a random walk
process), showing that diffusion and random walk share the same mathematical
represantation.2° The numerical value in front of D was shown different in the original paper

by Einstein (possibly representing linear diffusion).

Macro electrode, described as having at least millimetre (mm) size critical dimension (which
determines the electrochemical response of the electrode®), has a large area, hence the
thickness of the diffusion layer at any time is relatively small compared to the electrode

dimensions. Mass transport to the electrode surface is linear with negligible edge contribution,
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as shown in Figure 2-4 (a). Since the edge contribution (edge effect), also known as radial

diffusion, is tiny compared to the linear diffusion, the latter dominates.3°

Smaller dimension electrodes such as microelectrodes or nanobands, where at least one of
the characteristic dimensions needs to be on the micro or nano scale, experience different
diffusion controlled mass transfer.3®> When the electrode is this small, diffusion from the edges
of the electrode rapidly becomes more significant than linear diffusion, and radial diffusion
contributes more to the mass transport of redox species.2635 This results in an overall
hemispherical diffusion field, as shown in Figure 2-4 (b)2® as soon as the diffusion layer
thickness is comparable in size to the electrode dimension, a, and at longer times (Equation
(2.18), with a substituted for [).4°

@ Vbbbl (o)

] ]

Electrode UME

Figure 2-4. lllustrations of (a) a linear diffusion to a macro electrode surface where radial diffusion to the
corners of the electrode are negligible and (b) a radial diffusion to an UME where linear diffusion is

negligible. (Figure adjusted from reference?%.)

Square electrodes have a very specific diffusion profile, which is a combination of three
diffusional modes: linear, edge and point diffusion. Linear diffusion exists initially over the
majority (central) electrode area, while edge diffusion is seen at the edges and point diffusion
takes place at the corners. The concentration gradient is the greatest at the corners, meaning
that the current density is also the greatest initially and in this area the diffusion layer increases
at the fastest rate.3%4! However, when dimension of the square electrode is microns or smaller,
it has been shown by modelling theoretically and through impedance analysis®? that as the
diffusion layer grows with time, an overall near hemispherical diffusion layer rapidly forms, just
like for a micro disc or an ultra-micro disc electrode. It is typical to distinguish UMEs from
microelectrodes in order to emphasize the smaller size of the former’s dimensions, as they are
within a specific 1-25 pm range.2% Although the diffusion field evolution for both disc and square
electrodes has been modelled and the results predict that both diffusion fields are
hemispherical,®? consistent with electrochemical measurements, this remains to be observed

and confirmed by SECM imaging (see Chapter 5).

2.5 CYCLIC VOLTAMMETRY RESPONSES

One of the most commonly encountered experiments in electroanalytical studies of a WE
system is cyclic voltammetry (CV). It is a dynamic experiment where an applied potential to a

WE is varied linearly with time at a constant sweep (scan) rate, as shown in Figure 2-5 and
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then the sweep is reversed to return, resulting in a triangular potential cycle.?! For an oxidation,
the CV experiment is set to start sweeping at the leftmost point of the desired electrochemical
window limits E; and in the forward (initial) scan. The potential E is swept positively from the
starting point until it reaches the switching potential E> and it generates an anodic (oxidising)
current. At this point the scan direction is reversed, hence the potential is swept negatively
until the same starting point, inducing the re-reduction of the oxidised product, and the

resulting signal is cathodic.>?!

Time (t)

Figure 2-5. Applied potential versus time in a typical CV experiment when studying an oxidation. E1is a
potential applied at the start of the experiment, Ez is a switching potential. Standard (formal) reduction
potential is between Ei1and Ez. (Reproduced from reference?8.)

The resulting data are plotted as cyclic voltammograms, which are plots of the generated
current (the response) versus the applied potential (the parameter imposed on the system).4°
The response reflects three stages of the redox reactions occurring at the electrode surface:
an electroactive species traveling towards the surface of working electrode (WE), the species
getting reduced/oxidised, and the resulting product of this reaction moving away into the bulk

solution from the electrode surface.?®

In this thesis, all recorded cyclic voltammograms are from reversible one electron transfer
reactions, providing typical responses as shown in Figure 2-6. The generated cyclic
voltammograms give characteristic shapes for macro, micro and nano scale electrodes.2
These shapes (and currents) are governed by diffusion-controlled mass transport processes
in the solution.1? Both the peaks and sigmoidal responses in cyclic voltammograms arise from

Faradaic currents, consistent with electron transfer redox processes taking place.'’

Macro electrodes have their peak-shaped signals shown in Figure 2-6 (a) due to linear
diffusion. The signal is often referred to as a duck (body and beak) shaped signal.526:3% As the
potential is swept from an initial point towards the switching potential, it reaches values that
can induce oxidation of the redox species, resulting in a measured current increase. As more

positive potential values are reached, the current rise slows down and a maximum value of
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the anodic peak, ipa, at the maximum peak potential, Epa, is reached as mass transport

becomes limiting.2*
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Figure 2-6. Typical cyclic voltammograms for different size electrodes: (a) a Pt macro electrode CV,
where ipc is the cathodic peak current, ipa is the anodic peak current, Epc is the cathodic peak potential,
Epa is the anodic peak potential, arrows show forward and backward reactions; scan rate 0.1 Vs *; (b)
Pt micro disc, r = 50 um, scan rate 0.1 V s *; (c) MNEE (50 nm Pt band thickness), r = 10 um, scan rate
0.01V s “1; (d) micro disc electrode, r = 15 um, scan rate 0.01 V s 1. All experiments were performed in
KCI (100 mM) and FcMeOH (a) 1 mM, (b-d) 0.5 mM) solutions in DI water with 2 % EtOH (b-d). For all

experimental details see Chapter 3. Horizontal black lines indicate zero on current axis.

Then, the current starts falling off with increasing potential (time) as a result of the growing
dominance of the effect of diffusion of the reactant species at the electrode surface. This is
the increase of the thickness of the diffusion layer (Section 2.4).43 In this region, current
becomes governed by the rate of reactant species delivery via diffusion from the bulk solution
as the thickness of the diffusion layer increases and the concentration gradient decreases, as
shown by Fick’s first law (Equation (2.17)). The volume of the product species at the electrode
surface continues growing throughout the scan, leading to ever shallower diffusion gradients
and slowing down the mass transport of the reactant species to the electrode surface. The
mass transfer of the reactant species to the electrode surface is slower, as the species need

to travel from further away. 526
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Upon reaching the switching potential, potential scan is reversed, and currents are observed
in the reverse direction (reduction) and so the process occurs in the reverse direction. The
product species which were produced in the diffusion layer are now the reactant species. As
the reduction potentials are applied, the measured reduction current starts increasing again,
and the re-reduction process is observed. This results in another, cathodic peak, iy, at a
maximum potential value, E,.. Once the diffusion layer is depleted, current decreases

again.526

Diffusion controlled reversible reactions at macro electrodes have the characteristic that the
peak current is directly proportional to the concentration and it increases with the square root
of the scan rate (v/V s1).16:20.4445 The exact relationship is described by the Randles-Sevcik
equation in Equation (2.19).46

nFvD 1

. _ v 2
i, = 0.4663nFAc( RT )2 (2.19)

where ip is the peak current, either anodic or cathodic, and A is the electrode area.

Scan rate is therefore an important parameter in CV as it defines the experimental timescale
and hence the extent of reactant depletion.® If the process is diffusional, peak current against

the square root of the scan rate should give a straight line.*

As the electrode size decreases, the peaks disappear and are replaced by a wavelike, time-
independent response, as shown in Figure 2-6 (c-d) when using e.g. an UME or a MNEE.
Unlike for a macro electrode, in these cases the diffusion layer thickness rapidly becomes
relatively large compared to the electrode dimension and the diffusion field becomes
hemispherical (Section 2.4). The resulting CV signal is therefore different from that at a macro
electrode. There are no observable peaks as there is a time independent mass transfer by
diffusion to the electrode as hemispherical diffusion is established. As radial diffusion is more
efficient than linear diffusion, the rate of mass transport to the electrode is always able to
exceed the rate of electron transfer, so depletion is balanced by diffusion of fresh redox
species to the electrode and the diffusion profile becomes constant with time (steady state).
The resulting signal is sigmoidal and it represents a steady-state current.?6 At bigger
electrodes, the amount of redox species exchanging electrons at the electrode surface is
higher than those that diffuse from the bulk of the solution; hence, equilibrium cannot be

established.40

Although the average diffusion rate across the electrode is constant, the hemispherical
diffusion field is not uniform over the whole microelectrode e.g. disc surface, resulting in a non-
uniform current density. This is because the diffusion rate is always higher at the edge of the

electrode than at the centre. For a MNEE it can be considered that there is only edge hence
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the mass transport limited current density is even higher. As the current is measured over the
entire electrode both diffusion rate and the resulting current density are normally calculated as
space-averaged quantities by integration over the entire electrode area.** Such spatial

variations are suitable to be analysed through imaging, as shown in Chapters 5-9.

Figure 2-6 shows that for an individual microelectrode whether or not one obtains the
characteristic CV shape depends not only on the size of the electrode, but also on the scan
rate.?® This governs the timescale of the experiment and whether there is time for
hemispherical diffusion to be established. For example, the CV signal from a disc electrode of
30 um diameter at a scan rate of 0.01 V s in (d) is equivalent to the MNEE nanoelectrode
signal in (c) at the same scan rate*216:31 while a 100 um diameter micro electrode generates
a signal somewhere in between the characteristic macro and microelectrode responses when
using a faster 0.1 V s scan rate.?° Larger micro electrodes (compared to UME) will therefore
deliver a characteristic sigmoidal signal at slower scan rates but at faster scan rates the signal
will most likely start to contain peak-like characteristics of the macroelectrode CV, indicative

of the growing contribution of linear diffusion as the diffusion layer becomes thinner.

Scan rate also has an impact on a micro and nano electrode array signals. As discussed in
Section 1.2.3, a CV on a micro electrode array can result in either peak or sigmoidal signal,
depending on the design of the array. The diffusion field grows with time (Section 2.4); hence
when the scan rate is too slow, even though hemispherical diffusion has been established it is
likely that the neighbouring hemispherical diffusion fields overlap when the diffusion layer
thickness, determined by (2Dt)¥2 becomes comparable to or greater than the neighbouring
electrode separation. They combine to produce linear diffusion across the entire array,
resulting again in a peak-shaped signal, which can also result if scanning is performed too fast.
Therefore, not only electrode size and separation but also the scan rate has to be considered
when designing and using the array.?> Because of this a single electrode is sometimes
preferable over an array if the experimental set up and application allows it. But imaging of
arrays would be informative to not only asses the relative response of different electrodes, but

to probe this developing diffusional overlap.

2.6 MASS TRANSFER LIMITED CURRENT EQUATIONS TO MICRO AND
NANOELECTRODES

A steady-state, iss, also known as bulk, inuk, current expression in Equation (2.20) is used as
a common practice to check if a recorded CV signal corresponds to the theoretical value under
mass transport limited conditions when the electrochemical reaction is relatively fast, and the
reactant concentration is zero at the electrode surface. Since the current is diffusion controlled,
the expression involves the diffusion coefficient specific to the reactant, which is the redox

species initially present in the solution.4748
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iss = BNnFDcL (2.20)
Here, N is the number of electrodes if it is an array; L is the electrode size (radius of a single
disc or length of a single square side) and B is the numerical factor dependent on a WE
geometry and size. This equation is applicable to an array at scan rates where electrodes can
be considered to be acting independently; hence there is no diffusional overlap from

neighbouring electrodes.

Then, B = 4 for a disc microelectrode; B = 2.34 for a square microelectrode; B = 0.96 for a
square nanoband.?6:29.324449 Since there was no specific B value for disc nanoband reported
at the time this thesis work commenced, it was modelled using a 3D finite element model (FEM)
in COMSOL and found to be 1.44 (Dr llka Schmueser, UoE). The reported value of D for
FcMeOH in the literature varies from 7.8 x 1019 m? s-1 to 6.1 x 1019 m? 51 50-52 a5 the diffusion
coefficient is known to vary with the temperature and solution composition and SECM
experiments are often not temperature-controlled.5354 In this thesis, a specific value for this

data set (at room temperature) was determined in Section 4.3.1.

2.7 RECESSED VERSUS INLAID ELECTRODES

Depending on the electrode fabrication technique, electrodes can be inlaid, also known as co-
planar, or recessed, as shown in Figure 2-7 (a-b), respectively. In this case, the limiting current
for a recessed microdisc electrodes is slightly different from Equation (2.20) due to the linear

diffusion profile within the recess, and can be estimated from Equation (2.21).4%.5556

recess _ .
irecess = 4nFDer( ) (2.21)

4G + nir

where G is the depth of the electrode recess for a single microdisc (for which B=4and N =1
in Equation 2.20).

(a) (b)

il K W

Figure 2-7. Graphical presentation of a cross section of (a) an inlaid and (b) a recessed micro electrode,
where metal is shown as grey and the surrounding insulator is presented as blue. Orange arrows
represent diffusion to the electrode in the solution.

At the interface of the electrode and insulator there is an increased current density, known as
an edge effect, which leads to more complicated numerical simulations.#5” To model a
recessed microdisc response, a FEM is used commonly, where more mesh points are required
at the edge and directly above the active metal area.>® For the recessed electrodes used in

this thesis (Chapter 3), it has been shown by Woodvine®° that inlaid electrode approximations
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are valid, simplifying the analysis and numerical modelling in the following chapters.3°
Therefore, an inlaid electrode Equation (2.20) was used, since the recess of 0.5 pum was found
to be relatively small and insignificant for such steady state calculations, allowing to neglect

the recess.

2.8 CHRONOAMPEROMETRY

Chronoamperometry (CA), also known as a potential step voltammetry, is a technigue in which
the potential applied to the WE is changed from one value to another in steps and the resulting
current is monitored as a function of time for the diffusion controlled processes (Section
2.3).2106061 Ag shown in Figure 2-8 (a), the time at which the potential step is initiated is
considered as the zero time (t = 0), and at this time the reactive species concentration at the
electrode surface is zero. The chosen step potential values usually span across the region
where redox processes occur, often starting at a value E; where the redox species are
electrochemically inactive (no Faradaic currents are observed).1% In general, this ‘zero
current’ potential condition is also used to start CV experiments.1® The step potential E; at t =
0 is often chosen to be sufficiently large to ensure mass transport limited oxidation or
reduction.®! The WE is then held at this potential value for a chosen amount of time usually

starting from several seconds.

Since a measurable current is generated as shown in Figure 2-8 (b-c), chronoamperometry is
an amperometric technique.2 Apart from very short times, where the current is dominated by
the non-Faradaic double layer charging process (Section 2.2.5), CA gives information about
the Faradaic current response of the electrode.1%6° When the step potential is such that mass
transport limited reaction of a species A occurs at a macroelectrode, the Cottrell equation in
Equation (2.22) below shows the relationship between the magnitude of the current response

and time?! as the diffusion layer thickness evolves with the square root of time (Section 2.4).
60

1
., nFADZ[Apyy]

il = (2.22)

nZt2
For both macro and micro (as well as nano) electrodes, at t = 0 the current sharply increases
as a result of a double layer charging, and then drops, as shown in Figure 2-8 (b-c). However,
a difference between the two is observed at longer times, reflecting the same differences
observed in the CV responses (Section 2.5). When using a macro electrode, the current
decreases and approaches zero current value as the time approaches infinity as shown in (b),
unlike when using a micro (or nano) electrode, at which mass transfer is time independent and
current approaches a steady state current instead, as shown in (c). The latter is applicable to

work in this thesis, since PAC experiments are similar in principle to such CA experiments.
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Figure 2-8. (a) A typical potential step experiment waveform and (b) the resulting chronoamperometry
signal for a macro and (c) a micro (or nano) electrode. (Figure adjusted from reference°3))

2.9 SCANNING ELECTROCHEMICAL MICROSCOPY (SECM)

2.9.1 SECM tip current

Fabrication of a typical SECM tip (also referred to as probe) usually involves heat-sealing of a
conductive microdisc of a metal (microwire of Pt or carbon fibre or similar) with sheath glass
or polymer and making a connection to a larger wire on the back side.64%5 The sealed side of
the probe has to be exposed to the solution and manually polished. Critical dimensions are
the radius of the exposed metal disc, a, and the total tip radius, referred to as insulating sheath
radius, rq. These are used to obtain the dimensionless Ry ratio,® which is the ratio of the radius
of the entire tip to the disc electrode radius, as shown in Equation (2.23) and in a schematic
representation in Figure 2-9 (b).5465
Ry=1,/a (2.23)

Depending on the Ry value, the steady-state tip current, also referred to as the tip bulk current,
ibulk varies.s465 A commonly encountered value is Ry < 10,2666 for which diffusion of the redox
species from the back of the tip starts playing a significant role, as shown in Figure 2-9 (a).
The transition from linear to radial diffusion occurs and the diffusion field extends beyond the
outer edge of the insulating shield. %567 This means that the flux to the inlaid electrode is

enhanced by diffusion from behind the plane of the electrode when the insulating sheath
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thickness is of comparable dimension to the electrode radius, and the most extreme example
is when Ry is close to 1.7 When Rg 2 10, this effect is smaller, as shown in Figure 2-9 (b). In
both cases, the expanding hemispherical diffusion field is affected, and Equation (2.20) must

be adjusted to reflect this current increase, as follows:43:64.67

ibulk = AnFDcrp (2.24)
where S is the beta factor, quantifying the enhanced diffusion due to the glass insulator around
the Pt wire. This phenomena for a micro disc probe was observed first in 1984, and has been
considered since.®467 With decreasing Ry, 8 and hence i2** increase, resulting in a significant
difference between a simple micro disc electrode (Equation (2.20)) and a probe steady state
currents (Equation (2.24). When Ry is large (e.g. 1000), the tip behaves as an inlaid disk and
Equation (2.20) can be used.®® 8 = 1.02 for Ry = 10 (applicable to this thesis) was
demonstrated in 2002 by Zoski and Mirkin using the following equation:&”

izsiisk(Rg)/itsiisk = 1.0000 + B(Rg - C)D (2.25)

where i3, is the disk steady state current, B = 0.1380, C = 0.6723, and D =-0.8686.%" Thus 8

= 1.02 was used.

la—pl 1
R = S e
Pt wire Insulating
shield

Figure 2-9. Schematic representation of micro disc probes and the resulting diffusion fields for (a) Rg
ca. 2 and (b) Rq greater than 10. Note the drawing in (b) is not to scale.

2.9.2 Description of SECM imaging modes

There are two typical SECM imaging modes: feedback (FB) and generator-collector (G-C),
shown in Figure 2-10. G-C mode in general is used for tip-substrate separation distances, d,
not greater than ten radii of the tip electrode,5° and it can be in either a tip generator-substrate

collector (TG-SC) or substrate generator-tip collector (SG-TC) configuration.

In TG-SC, the tip electrode is used to perturb the surface in order to induce an electrochemical
reaction, sensed by the substrate as a collected current. The tip is held at a potential which
allows 0 + ne™ — R reaction to occur, where R is the reduced, and O is the oxidised species.
Meanwhile, the substrate is held at a different potential where this product will rapidly react

(R = 0 + ne™) (get collected) at the substrate. Since the tip is usually much smaller than the
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substrate, a collection efficiency, measured by is/ir, where is is the substrate current, is
essentially 1 (100 %) for a stable tip-generated product.*”4870 TG-SC imaging mode is usually
used for kinetic measurements, one of which is the rate constant determination for a
homogeneous reaction, as is/ir ratio becomes smaller with increasing d, or for screening

electrocatalysts.”®

Figure 2-10. Types of SECM imaging modes: (a) tip generator-substrate collector and (b) feedback,
where the substrate surface is conducting. (Figure recreated from reference*®.)

SG-TC mode is the opposite to TG-SC, as the potentials of tip and substrate are reversed,
such that reaction of the bulk species (product generation) is driven at the substrate and
probed (collected) by the tip. During the scan in xy-plane, local changes in concentration of
the electroactive product species are sensed by the tip. In other words, when the tip is
scanning across the substrate surface, the tip determines spots where substrate reaction
occurs at a higher rate, through higher currents.4748.70 A diffusion layer is generated by the
substrate and the tip is typically travelling and scanning within this thin diffusion layer. The
collection efficiency then often can approach zero particularly when there are very large
electrode size differences, giving a relatively small ratio of it to is. SG-TC mode also benefits
from low background currents as there is no R in solution to react and so there is no current
unless the substrate is detected below. This mode has often been used to scan unbiased
surfaces, for electrocatalysts examination,*”48.70 for monitoring enzymatic reactions, corrosion
and similar heterogeneous processes taking place at the substrate surface. 4’ However, if the
substrate is very large, the use of SG-TC has been limited, since non-steady state processes

result in significant iR drop and low collection efficiency.4”

The most frequently used SECM imaging mode is FB mode. It is a special tip-collection mode
used for analysing reversible redox reactions, where only the tip current is monitored.5%7°
When the tip is relatively far away from the substrate (more than several tip diameters), there
is a general (essentially bulk) diffusion of electroactive species, which get reduced at the tip,
as discussed in Section 2.9.1 and shown in Figure 2-11 (a). However, when the tip-substrate
separation is reduced, the presence of the substrate perturbs the tip current and depending

on what type of substrate is (conducting substrate electrode or insulator), the current increases
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or decreases.?%47.70-73  The effect is either negative or positive feedback due to the local

presence of an insulating surface or conducting electrode as a substrate, respectively.

(@

Figure 2-11. Diffusion (orange arrows) of reactant (O) and product (R) species, when SECM imaging
probe in FB mode is: (a) above the substrate at a large d, resulting in a steady-state tip current; (b) above
the conductor surface at a moderate height from the substrate, resulting in a positive feedback; (c) above

the insulator surface close to the substrate, resulting in a negative feedback.26:47:66

If the tip at the oxidising potential is above a substrate which is a conducting electrode,
diffusion of the product species, R, results in conversion back to the reactant species, O, at
this conductive surface, as shown in Figure 2-11 (b). This results in enhanced flux of O to the
tip, hence an increasing tip current and a term ‘positive feedback’ is used, where the tip current
is greater than the bulk current, being it > it?. In contrast, if the tip is placed close to a
substrate which is an insulator surface, diffusion of the species from the bulk towards the tip
becomes hindered/blocked by the narrow channel between the substrate and the sheath of
the tip, shown in Figure 2-11 (c). This results in hindered diffusion and a decrease of the tip
current, known as ‘negative feedback’, where ir < it?“k. Positive and negative feedback
responses can readily be presented as curves in Figure 2-12 obtained in probe approach curve
(PAC) experiments where position above the surface is fixed (fixed x, y coordinate) and the

tip is moved towards the surface (z-direction).26:47.70-73

In these PACs both experimental currents and distances are typically normalized to itP“k and
probe radius, a, respectively. The tip approach towards a conducting or insulating surface is
then clearly reflected by currents higher or lower than 1, when the normalized distance, L =
d/a, becomes smaller than around 4. Such normalisation allows one to directly compare
measurements performed using different probes and imaging settings, and eliminates the
need to worry about time dependent tip currents, which may affect experiments to a different

extent.”

All'in all, tip currents in FB mode are more sensitive to changes in d than the ratio of currents
(substrate and tip) in G-C modes. FB mode also tends to be more experimentally challenging
and occasionally suffers from microelectrode passivation over the timescale needed to

perform an experiment.#”#8 Nevertheless, experiments in FB mode make use of extremely fast
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mass transport, useful for a rapid electron-transfer kinetics analysis at both tip and substrate

surfaces.5*75 A fuller discussion of PACs and their theory is to be found in Chapter 4, while FB

and SG-TC mode further analysis and comparison is discussed throughout Chapters 5-9.

0o 1 2 4 5 6

3
d/a

Figure 2-12. Positive (black line) and negative (red line) feedback curves, where both currents and tip
working distances were normalized.
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3 MATERIALS AND METHODS

3.1 INTRODUCTION

This is an experimental chapter regarding single and array platinum (Pt) electrode fabrication
and their usage for SECM imaging. The discussion includes the electrode fabrication process,
cleaning protocols and electrode characterisation using simple CV experiments. A variety of
electrode arrangements used for the experimental work in this thesis, as well as experimental

and set-up details for the electrochemical and SECM experiments are presented.

3.2 ELECTRODE FABRICATION

Pt electrodes were used as WEs in CV experiments and substrates in SECM. They were
fabricated in-house (Scottish Microelectronics Centre (SMC), University of Edinburgh (UoE))
using standard photolithography techniques, as published in more detail elsewhere'-> and
briefly presented below. Machinery and equipment used were standard for such clean room
facilities. Single and array electrode fabrication process steps, recorded in the run sheet, were
identical. The time spent on steps, such as etching, was altered in order to optimise the
process. Devices of interest were disc and square geometry micro and nanoband edge single
and array electrodes. The individual arrangement of electrodes in the latter was either
honeycomb (hexagonal) or square; this difference only becomes important when considering
the analysis of the diffusion profile overlap, as discussed in Section 5.3.

3.2.1 Fabrication of single electrodes

The established typical electrode fabrication process was as follows. An SiO: insulator layer
(500 nm) was grown on Si wafers (of 3” diameter), followed by a deposition of a thin
(approximately 5 nm) titanium (Ti) adhesion layer and Pt metal layer (approximately 45 nm).
AFM experiments determined the actual step height between SiO2 and the combined Ti and
Pt layers as 48 nm, as shown in Figure 3-1. It was not possible to determine what the precise
individual thicknesses of each of the two deposited metals were, as deposition of Ti and Pt
metals occurs one after another, without exposure of the wafer to the environment for

measurement in between these two depositions.

The deposited metal was then patterned by selective exposure, and dissolution of positive
photoresist (SPR 220 — 3) activated by heat (at 110 °C) was completed. Chemical etching of
Pt by Argon (Ar) ion milling (or wet etch) and photoresist removal in an ultrasonic bath was
performed, followed by deposition of the top insulator of silicon rich nitride (SiRN, thickness
500 nm). A second step of photoresist patterning and activating followed, etching through the

top insulator layer to expose recessed Pt micro electrodes with specific, edge length (square)



or diameter (disc) as determined by the mask. Further Pt etching using the Ar ion mill was
employed to generate a deeper (550 nm) cavity, maintaining the desired electrode dimension
with the Ti/Pt nanoband (approximately 50 nm in height) located at the base of the internal
periphery. The resulting micro and nanoband edge electrodes were therefore recessed by 500
and 550 nm, respectively due to removal of the top insulating nitride layer. Wafers were then
immersed in ACT stripper at 50 °C to remove all remaining photoresist layers. Finally, wafers
were covered with an easy to remove sprayable photoresist. This step ensures protection of
the surface from small particles and dust, which may contaminate the electrode surface during
the dicing process and from any overall possible damage to the metal during dicing. Diced and
framed wafers were packed and transported to the chemistry laboratory. Before using, each
electrode was individually washed with acetone, methanol and deionised water to remove this

photoresist layer and dried with nitrogen (N2) gun.

Stepheight
(b) nm
0I A A 10 I 0 A I o A

Step height
48.126 nm
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Figure 3-1. AFM (a) image and (b) levelling data to determine the step height between insulator and
metal layers. (Dr Camelia Dunare, UoE.)

Figure 3-2 summarizes the results of this process, containing images of a framed wafer,
separated and cleaned chip devices and a cross-sectional view of the micro and nanoband
devices. Two batches, each consisting of 4 wafers each of which contained one kind of
electrode (micro electrode or MNEE) and geometry (disc or square) were fabricated using the
procedure as explained above. Micro disc, micro square, nanoband edge disc and nanoband
edge square devices of 10, 20, 30, 50 and 100 um diameter and edge length, L, for a disc and
square, respectively, were the resulting fabricated devices. As a result of analysis of the first
produced batch, fabricated electrodes from the first batch in Figure 3-3 were found to have
corrugated cavity edges due to the use of a dirty mask. Occasionally such masks were found

to require harsh cleaning using concentrated acid solutions to remove accumulated
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photoresist or similar chemical residues and dust, which have become stuck on the mask and
compromise electrode definition. As a result, electrode features were affected, resulting in
devices with varying and not precisely known active area, and hence unknown expected
performance (e.g. limiting currents). From Figure 3-3, smaller electrodes (L = 20 pm) were

affected to a greater extent than large (L = 100 um) electrodes.

I siwafer 7] ptsonm

50, insulator [l SIRN insulator 500 nm

Figure 3-2. (a) Fabricated wafer of diced Pt electrode chips covered with the sprayed photoresist layer.
(b) Pt electrode chips removed from the frame, washed with acetone, methanol and deionised water and
ready to be used for the experiments. Each chip has width of 0.7 cm and length of 3.5 cm. (c) Schematic
figure of the cross sectional view of the micro and (d) nanoband edge electrodes to show the layers of
different materials used during fabrication process (note: the relative thicknesses of the layers are not
drawn to scale).?

(a)

Figure 3-3. (a) Micro and (b-c) nanoband edge square electrodes from the first batch with the edge length
of (a) 100 pm, (b) 30 um, (c) 20 pm. Curvy edges were the consequences of dirty masks, used for the
electrodes patterning, and they were more visible on smaller electrodes. Resulting electrodes are
challenging to use for quantitative analysis as precise area and edge length are unknown.

To ensure such unwanted devices were fabricated only once, along with this mask cleaning
more control steps during the fabrication process were introduced, collecting further
microscope images during processing to ensure high fidelity production. Wet etching for Pt
and Ti layer removal outside of the bond pads and tracks using an acid mixture solution (3:2:1
HCI (37 %):DI water:HNO3 (70 %) at 60 °C) was used instead of the previously performed dry
etching using JLS machinery. Such an etching method was expected to be more reliable and
precise when removing metal from unwanted areas. However, this resulted in the uneven edge
around the remaining metal area observed from the AFM image in Figure 3-1. The features
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were not visible from optical images unlike for the first batch, confirming that the effect was of
a negligible scale and the actual electrode size, area or performance were not affected. The
electrodes from this batch were used for the qualitative and quantitative analysis in the

following chapters.

3.2.2 Fabrication of the array devices

All array devices used in this thesis were fabricated by Dr llka Schmueser and Dr Ewen Blair,
UoE, SMC, not exclusively for this thesis. Array devices of different size, shape, arrangement
and electrode-to-electrode separation were fabricated using different masks but the same
process as above. Two chip designs and an optical image of the micro square electrode array
arranged in a square geometry, where each electrode was of 30 um edge length and the edge-
to-edge separation distance was 3L = 90 um, are shown in Figure 3-4. This array was of the
‘old’ design layout presented in Figure 3-4 (a), which is no longer favoured in the group due to
identified connection disadvantages in the conventional set-up for the electrochemical

experiments, as discussed in Section 3.3.3.

(a) B Bondpad (b)

Chip area,
- . o
insulator

—— Electrode

array Thin track
N

Figure 3-4. (a) Old chip design with an electrode array in the middle® and (b) an improved electrode
design — ‘thin track’ — chip. Both schemes are not to scale. (c) Optical image of a subset of the electrode
array, where the square electrodes are arranged in a square geometry, the edge length is 30 um and
edge-to-edge separation between electrodes is 90 um.

Subsequent in-house fabricated array electrodes were of a different design, where a narrow
metal track was found and the chip was longer and narrower than in the old design; hence,
the name ‘thin track’ electrodes, as shown in Figure 3-4 (b). Another electrode design used in
some experiments in this thesis (Section 3.6.8.3) was ‘super thin track’, similar to the one
showed in Figure 3-4 (b). The track width at the top is the same as in the ‘thin track’ design,
and then the track becomes slightly thinner further down. The ‘thin track’ design allows the
fitting of a larger number of electrodes on one wafer compared to the old design, making this
a preferable choice for fabrication efficiency as well as for ease of establishing electrode

connection.

54



3.3 EXPERIMENTAL

The following experimental details were used in the standard electrochemical experiments
performed for this thesis to validate the electrode cleanliness and ensure they were functioning

as expected.

3.3.1 Chemical reagents and experimental conditions

All chemicals were used as purchased without further purification and all solutions were
prepared using deionized (DI) water with a resistivity of 18.2 MQ cm. Electrochemical
experiments were performed in 0.5 mM FcMeOH (97%, Sigma-Aldrich) aqueous solutions,
containing 100 mM KCI (99.0+%, Sigma) as background electrolyte, prepared in 98:2% DI
water:ethanol (EtOH, 95%, Sigma-Aldrich) in order to improve FcMeOH solubility.” For
complete and faster FcMeOH dissolution, the mixture was placed in a sonicating bath for 15-

25 minutes.

3.3.2 Instrumentation

All initial electrochemical experiments were temperature controlled, using an in-house made
water bath (T = 25 °C). Experiments were carried out on AutoLab potentiostats, controlled on
a PC by NOVA software (Metrohm), with integrated data analysis. Further data processing

was performed using Origin software (MicroCal).

3.3.3 Electrochemical testing set-up

Figure 3-5 shows a typical set-up used for those experiments in this thesis which involved a
three-electrode cell. The in-house fabricated substrate (Pt) chip electrodes were used as the
working electrodes (WEs), saturated calomel electrode (SCE) or Ag/AgCI/KCI (sat.) electrode
as the reference electrode (RE), and a Pt gauze or an electrode chip with a physical vapor
deposition (PVD) blanket deposited uniform Pt layer was the counter electrode (CE). All
potentials are reported with respect to the relevant RE. The WE was connected via a crocodile
clip, which had an insulating ceramic substrate placed underneath the chip to minimize the
chances of breaking the thin brittle chip, as shown in Figure 3-5 (c). A metal ball-bearing on
top of the electrode was used in order to protect the WE surface, to prevent scratching of the
bond pad by the crocodile clip “teeth” and as a further prevention against breaking the chip.
As seen from Figure 3-5 (b), one crocodile clip “tooth” was bent to create some space for the
ball-bearing and assure that it was fixed in place. Such a connection method was applicable
to thin track electrodes showed in Figure 3-4 (b), allowing easy connection and handling of
these chip devices. (The alternative electrode design in Figure 3-4 (a) was not used for any of
these control experiments.) Using such a set-up, CV scans were obtained between +0.45 V
and 0.00 V to obtain one electron reversible oxidation-reduction wave of 0.5 mM
FcMeOH/FcMeOH*.8
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Crocodile clip

Metal ball-bearing

Ceramic
substrate

Pt chip — WE

Figure 3-5. (a) Electrochemical experiments set-up, showing WE, RE and CE; (b) side view of the WE
clipped with a crocodile clip: ceramic substrate is underneath and a metal ball bearing on top of the WE;
(c) top view of (b).

3.4 ELECTRODE CLEANING

Metals, including Pt, readily form oxide layers (Pt oxide) either during the electrode fabrication
processes or in the air, or in the oxygen rich aqueous solutions.® The requirement of cleaning
these in-house fabricated electrodes comes from the need to remove these metal oxide layers
that inhibit electrode surface and hence the electrochemical signal (e.g. limiting current).
Cleaning protocols of micro electrodes and MNEEs differ from macroelectrodes.® Physical
polishing often used for the latter cannot be employed for such significantly smaller and more
fragile devices; instead, electrochemical cleaning has been shown to be an effective method.
Some small organic material residues from the fabrication process are also likely to get
removed during this process; however, if the residues on the electrode surface were significant
and visible from the optical images, electrodes required further investigation and more

aggressive cleaning than described below.

Electrochemical cleaning was initially performed by cycling within the upper potential limit of
+1.6 V and the lower limit of -0.32 V in sulphuric acid (100 mM) solution. Then, cycling in the
experimental solution containing FcMeOH within the electrochemical window of the redox
species where the peak features are typically observed (between +0.4 V and -0.05 V for
FcMeOH) followed. When cycling in sulphuric acid, a Pt micro square electrode, L = 30 pm,
was rinsed with DI water in between cleaning and characterisation in experimental redox
solution (Section 3.3.1), but it was observed that the solution changed colour from pale yellow

to light blue. This suggests that there was a strong acid contamination and a chemical reaction.
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If cycling in sulphuric acid solution, it is advised to leave the WE immersed in DI water for a
significant period of time to ensure no contamination, and only consider solutions that are fine
and have not gone blue. Sulphuric acid was observed to cause more trouble than deliver

improved results and so an alternative electrode cleaning process was used.
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Figure 3-6. Electrochemical cleaning in FcMeOH solution (Section 3.3) at 0.1 V sof the following: (a)
MNEE, L = 50 um, where the first cycle (red) generated a 45° angle-like almost linear response but
cycling to a more negative potential (such as -0.9 V) likely reduced Pt oxide on the electrode surface,
and an improved CV response was recorded (navy). (b) MNEE, where scanning between -1.1 V and
+0.45 V was performed and almost no difference in the response shape before and after such scanning
was observed. (c) MNEE, d = 30 um, where the 4™ scan of the provisional CV (before cleaning) and a
scan after cycling to -1.0 V are shown; some improvement in an oxidative peak is observed. (d) MNEE,
d = 100 pm, where provisional CV response and CV responses after the first and second rounds of
cleaning show improvement in the reductive end.

A typical electrochemical cleaning protocol of micro electrodes and MNEEs was developed by
Piper.® Depending on the electrode cleanliness, some or significant signal improvement was
observed after several full scans between a more negative potential (approximately -1.0 V)
and a standard positive potential (e.g., 0.45 V for FcMeOH) when cycling in the experimental
redox solution.® An example of such variation in the initial response is shown in Figure 3-6. An
example in (a) shows the signal that started with the response indicating that metal layer is
hindered (cycle 1), as the initial signal was resistive and resembling a 45° angle line. However,

the signal significantly improved after one full scan and then gradually improved with the
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following full scans, indicating that the electrode was getting cleaned (oxide layer removal).
Some electrodes showed a clean electrode response from the beginning of the electrode
cleanliness inspection, such as in (b), and some electrodes showed some improvement of the

signal on the oxidative or reductive end in (c) and (d), respectively.

Cycling to a more negative potential value allows the reduction of PtO2 which may form on the
surface of the electrode when it is left in contact with the air, resulting in hindering active
electrode surface. Such results showed that current flowing through the electrode increased
and the electrode got cleaner. Most importantly, this electrochemical cleaning was done in the
same solution, which is used for general electrochemical experiments, eliminating the need of
tedious and time-consuming set-up changes. For the consistency of this work, 15 full scans
were mostly used for cleaning each electrode. More scans could be used, and more detailed
analysis of the procedure could be carried out but for the purposes of this project, such a
cleaning protocol was satisfactory and hence was used with occasional modifications in
negative potential values and/or scan number throughout the work. The cleaning process was
always continued until (c-d) responses were obtained, ensuring a clean electrode. If the

response was not achieved, the electrode was not used for the following SECM experiments.

3.5 ELECTRODE CHARACTERISATION

From each wafer a significant number of chip devices (electrodes) were tested using CV
experiments. A scan rate of 0.1 V s was considered as a standard, and occasionally a full
range of scan rates (0.01; 0.05; 0.1; 0.2; 0.3; 0.4 and 0.5 V s!) was used to collect a set of
data to observe changes in the peaks as a result of the scan rate variation, as shown in Figure
3-7 (a). As expected, at faster scan rates, such as 0.5-0.3 V s the microelectrode CVs
typically produced peaks (Section 2.5). Starting at 0.2 V s, the peaks started diminishing and
the shape became sigmoidal, which is specific to MNEEs at relatively fast scan rates and micro
electrodes at progressively slower scan rates due the steady state currents when under
hemispherical diffusion.’>12 An example of this is shown in Figure 3-7 (b-c), where little
difference is observed between the shape of the CV responses from the MNEE of 10 pum

diameter at 0.1 V s* and a 30 um diameter micro disc electrode at 0.01 V s,

As discussed in Section 3.4, once distinctive micro or nanoband electrode features were
revealed, often after electrochemical cleaning, then, measured and expected limited currents
(Equation (2.20)) of the electrodes were compared to finalize the evaluation of the cleanliness
of the electrode. In the examples showed in this thesis, electrodes behaved as expected
generating well defined CV responses where limiting currents were within a reasonable error
from the theoretical currents, suggesting that fabrication was successful, and cleaning of the

electrodes was performed to a satisfactory level for the work in this thesis.
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Figure 3-7. CV signal of (a) a micro disc electrode, d = 30 um, at scan rates of 0.5-0.05 V s1; (b) a micro
disc, d = 30 um, at 0.01 V s* showing that at slower scan rates micro electrode CV signal becomes
sigmoidal; (c) a MNEE, d = 10 um, at 0.1 V s'%; (d) a micro disc, d = 100 um, at 0.1 V s. Inserts in the
graphs show optical images of the electrodes.

3.6 SECM EXPERIMENTS

3.6.1 Experimental

All SECM experiments were performed in an aqueous solution of 0.5 mM FcMeOH (97%,
Sigma-Aldrich) containing 100 mM KCI (99+%, Sigma) as a background electrolyte prepared
in 98:2% DI water:ethanol (EtOH, 95%, Sigma-Aldrich) in order to improve FcMeOH solubility

(same experimental redox solution as in Section 3.3.1).7

3.6.2 SECM set-up

SECM experiments were performed at the National Physical Laboratory (NPL) using a
bipotentiostat (CHI900B SECM) instrument. Experiments were carried out without
temperature control, at room temperature (22-25 °C) in a Faraday cage. SECM imaging and
electrochemical data were exported and analysed using CHI900B or CHI920D and Origin
software. The set-up included Ag/AgCI/KCI (sat.) RE, a Pt coil or an electrode chip with a PVD
blanket deposited uniform Pt layer used as a CE and two working electrodes: WE1 being the
tip and WEZ2 the substrate electrode. All potentials, E, are quoted with respect to this RE unless

otherwise stated.
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The standard SECM set-up is shown in Figure 3-8. A personal computer (PC) is connected to
a bipotentiostat and a three-dimensional positioner consisting of three stepper motors for
coarse movement and a piezo positioner for fine movement. The substrate electrode is
immersed in the electrochemical solution positioned parallel to the tip, and both are connected

to the potentiostat, producing a four-electrode electrochemical cell.13.14
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Figure 3-8. The block diagram of the SECM set-up, where tip’is the tip electrode, ‘reference’is a RE,
‘auxiliary’is a CE, ‘substrate’is a substrate electrode, ‘solution with mediator’is the experimental solution
(containing FcMeOH). (Figure taken from reference'3.)

3.6.3 SECM operation

Conventional SECM imaging typically involves scanning an UME tip at a constant height
above the sample, defined by the tip-substrate distance (separation), d. The tip is designed to
induce measurable electrochemical reactions and/or collect the response when scanning the
surface. Regarding the possible tip geometries, which include hemispherical, cylindrical,
microband, and microring, the disc shaped microelectrode has been preferred due to easier
data analysis resulting from the symmetry of the disc. The advantages of UMEs observed in
general electrochemistry are exploited in SECM. These include low ohmic drop, fast steady-
state response, and small tip size, which enables SECM to investigate micro- or nano- scale

environments.13.15

An FcMeOH oxidation potential of +0.45 V or reduction potential of 0 V was always applied to
the tip and the underlying substrate electrode, depending on the imaging mode, to ensure
mass transport limited oxidation or reduction. Currents were measured at both electrodes but
only the tip currents were analysed in this thesis. Since two SECM modes will be used
throughout the work, it is worthwhile explaining how they differ in this specific system using

FcMeOH as a redox species.
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A solution phase redox mediator such as ferrocene methanol (FcMeOH) was used to probe
the surface electrochemical activity through feedback, as shown in Figure 3-9. In what is
commonly called feedback (FB) mode, the SECM tip current is measured as the tip is held at
a potential sufficient to oxidize FcMeOH to FcMeOH* under diffusion control, as shown in
Figure 3-9 (a). The measured current is dependent on the tip-substrate separation and the
nature of the sample: if the tip is brought close to an insulating sample, the hindered diffusion
to the tip results in a decrease in current (negative feedback), whereas if the sample is
conducting and is set to a potential to rereduce FcMeOH* to FcMeOH under diffusional control,
the resulting redox cycling leads to an augmented current (positive feedback) (Section 2.9.2).
Alternatively, in substrate generation-tip collection (SG-TC) mode in Figure 3-9 (b), the
potential is set such that FcMeOH is now completely oxidised at the conducting substrate, and
the collector tip electrode is held at a potential where complete reduction of FcMeOH™* occurs,
again under mass transport control.16:17.18 |t is worth noting that redox cycling occurs in both
modes, with the difference being the additional effect of transport of FcMeOH from the bulk

solution to the substrate and tip, respectively.

™ b ™
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Figure 3-9. Schematic diagram of SECM modes over a conducting substrate surface with FcMeOH redox
species undergoing one electron transfer, where micro disc, r = 50 pm, and tip dimensions result in Rg =
10: (a) FB mode, showing positive feedback and (b) SG-TC mode.

3.6.4 SECM imaging

All images were collected as the tip scanned the substrate surface horizontally in successive
lines from left to right (long move = x-axis) starting from the top and moving towards the bottom
of the image (y-axis). Specifically, the movement pattern, referred to as a raster scan, was so
that the probe moves slowly from left to right according to the step size and increment time,
records the current during this movement and then quickly returns to x = 0 without recording
the current, before starting the next scan line. A precondition time (also referred to as ‘quiet
time’), during which the potentials are applied to the tip and substrate before the probe
movement is initiated. This was varied for different experiments depending on tip current

stability, but the most common value was 60 s. The scanning speed was determined by a
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combination of the step size and the increment time (time that the tip spends at each pixel
before moving to another one) settings, when either of the two was varied. An increment step
of 5 um and an increment time of 0.2 s were used as the benchmark settings, so unless stated
otherwise, these settings were used. Another typical SECM imaging setting, in this case only
relevant to approach curves, was the ‘max increment’ (set to 1 um) which specifies the fastest
rate of probe movement in the z direction. During approach curves the SECM software
automatically decreases this increment size as the tip current begins to increase or decrease
towards the current setpoint. Total x and y imaging distances were 400 um and 200 um for
100 um and 50 um electrodes, respectively. Other specific details can be found in the Figure

legends or in the Experimental section of the results chapters.

3.6.5 SECM probe cleaning

(b)

Pt d=10 um tip

(d)

Figure 3-10. (a) Variation of the glass insulator surrounding Pt tip after polishing performed in between
the experiments. All images are of the same tip, where rip = 50 um, rp¢=5 pum, Rg = 10. (b) Polished and
ready to use Pt probe and (c) the same probe after some experiments, requiring polishing. (d) 1 um Pt
probe, Rq = 15 before polishing.

SECM probes with a Pt disc radius, r, of 5 um (CH Instruments) and 0.5 pm (Heka Elektronik,
Germany) and Ry of approximately 10 and 15, respectively, were used to collect SECM images
in this thesis. Each probe was examined under the microscope to ensure fidelity, e.g. see
Figure 3-10, and polished prior to use. Throughout the text, the tip size will be defined as either

10 pm or 1 pum, referring to the Pt diameter value. Tip polishing was performed using a 0.05 pm
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aqueous alumina slurry using manual polishing and/or a semi-automatic system, when the tip

is polished on micro polishing wheel, adding DI water to keep the surface of the wheel damp.

During scanning experiments the tip may become damaged or dirty, resulting in lower currents;
hence, the tip was examined again under the microscope and repolished. The amount of
polishing required depended on the extent of scratching. Several optical images of damaged
and clean probes are also presented in Figure 3-10. When comparing the same probe before
and after some experiments, it was clear that it needed to be refreshed to remove some dirt
and scratches that appeared during immersion in the solution and possibly through touching
the substrate surface. During the setup (including the surface alignment to the tip), tip crashing

to some extent was possible, which would result in such visible scratches on the probe surface.

3.6.6 SECM set-up evaluation prior to imaging

Following experimental set-up for SECM imaging, simple CVs were performed on both WEs
(tip and substrate) to make sure both were functioning as expected and to evaluate if further
cleaning was required. CV scans were performed between +0.45 V and 0.00 V to obtain one
electron reversible oxidation-reduction wave of 0.5 mM FcMeOH/FcMeOH* at 0.1 V s

Electrochemical cleaning was performed on the substrates, as described in Section 3.4.

The substrate alignment to the tip was evaluated using the line scans. They were performed
across the insulating regions of the surface in both x and y directions to get the tip current as
stable as possible, which would mean that the substrate tilt is minimal. As discussed in the

results chapters, sometimes this was not completely successful.

3.6.7 Extraction of the middle line profiles

In this thesis, horizontal (H) and vertical (V) middle line profiles extracted from the SECM
images were used for quantitative analysis (Chapters 5-9). They were chosen through the
evaluation of the images: the electrode centre and edges were located through symmetry and
through corresponding middle left and right or top and bottom edge electrode image values,
as shown in Figure 3-11. These edge coordinates (either for disc or square geometry), x (yellow)
and y (purple), were then confirmed visually and the middle values were found for both V and
H line profiles respectively. The absolute values varied within different electrodes, due to some

variation in centring of the image.

Selected line profiles were extracted from the images by collecting the current values in an
Excel spreadsheet for each pixel, at given x (row) and y (column) values. For H line profiles,
the required data row was selected with increasing y value, representing the left to right tip
movement in these experiments. For V line profiles, the required column of data was selected,
and the data were rotated. Neighbouring line profiles were also extracted and compared to

confirm an effective middle line profile selection in both directions.
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----- Electrode area

Insulator area

Yy

Figure 3-11. H (purple) and V (yellow) middle line profiles, derived using middle coordinates of the electrode edges
for a square (or equivalent approach for a disc).The initial (0;0) coordinate is at the top left corner.

3.6.8 Substrate samples in the SECM set-up

The SECM set-up usually includes a cell with an o-ring, which is placed on top of the sample
clamped with sufficient surface pressure to make sure the liquid does not escape. Some
adjustments to this system were required to fit in-house fabricated electrode designs,
introduced in Section 3.2. Four sample configurations were used for single and array electrode
chips used to collect data for this thesis, requiring creativity in adjusting the set-up as well as

SECM set-up versatility to a variety of the substrate samples.

3.6.8.1 SECM set-up for the old design chip substrate

The Pt micro square electrode array of the old design (Figure 3-4) was used as a substrate.
The relatively wide chip dimension was small enough to be immobilized in a small petri dish
(of approximately 3 cm diameter) using AIB epoxy mixture B:A (100:27), as shown in Figure
3-12. Connection to the bond pad was achieved by fixing a wire on the electrode using silver
loaded epoxy adhesive and hardener (approx. 1:1 ratio) and this was then insulated from the
solution by covering with further AIB epoxy. Electrical connection to the other end of the wire
was then easily achieved with a crocodile clip via a piece of copper tape. The petri dish was
filled with the experimental solution and RE, CE and probe were placed within the petri dish

and connected to enable imaging.
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RE

Figure 3-12. (a) SECM set-up when the substrate was an old design array, which was immobilized in a
petri dish. Yellow clip connects WE placed in the petri dish on the stage, red clip connects CE.

3.6.8.2 SECM set-up for thin track chips

A plastic substrate with a cavity of the dimensions of the electrode was laser cut by Anthony
Buchoux (SMC) to fit a single ‘thin track’ design electrode. Some polytetrafluoroethylene
(PTFE) tape was placed at the base of the cavity, and an electrode was placed in this custom-
built cell, as shown in Figure 3-13 (a). An original o-ring seal was placed on top, Figure 3-13
(b), and the final assembly was checked for leakage with and without the externally attached

crocodile clip. CE, RE and probe electrode were placed within the o-ring and connected.

This set-up was confirmed to be suitable to use for SECM imaging, allowing a reusable cell to
be used for as many electrodes as needed, without damaging the electrodes. However, the
PTFE tape did not always ensure complete insulation and protection of the bond pad and the
crocodile clip against water leakage. The set-up was therefore regularly controlled to check
that water did not leak and reach the bond pad. Due to such leakage problems, a different

approach was developed.

(a) (b)

| Plastic cell
g

Figure 3-13. (a) Reusable plastic cell, ‘case’, with an inserted WE and PTFE tape on the base to prevent
solution leaking in the final set-up in (b), where the case is fixed to the stage with a double-sided sticky
tape and the electrode area of interest is sealed with an o-ring on top of it (set-up using 4 screws).
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A different substrate set-up was made for the single 50 pm MNEE devices of thin track design
(Chapter 8-9), as shown in Figure 3-14, with the help of Mr David Paden (School of Chemistry
Mechanical Workshop). The set-up required more preparation than in the above example, but
it was robust and prevented leaking at all times during the experiments. First, a slot in the wall
of a small petri dish (approximately 3 cm diameter) was cut out just wide enough for the
electrode chip to be placed through and into the dish, as shown in Figure 3-14 (a). The chip
was placed flat in the dish and its end with the electrode was positioned so that it would be
placed approximately in the middle of the dish. In this position, the chip was glued using an
araldite mixture (fast drying, 1:1 ratio) to hold it in place, and the sides around the cut-out
space were also sealed with this araldite mixture. Sticky tape was then used to create a new
wall in that area and araldite was used to make it solid, as shown in Figure 3-14 (b). The overall
finish of this design clearly shows it has been custom made in-house, but it proved to be easy
to handle during the experimental work. Although the electrode could not be recovered from
the dish it could be continuously used for other electrochemical experiments using a small RE
and a CE, both placed in the dish just like for the SECM experiments, as shown in Figure 3-14

(c).

(a)

o,

‘New wall’ built from
sticky tape and
araldite mixture

1 -
AT AR

Figure 3-14. Thin-track chip set-up progress: (a) a petri dish with a cut-out wall, so that the bond pad of
the glued electrode chip would be outside of the dish. Some araldite around the cut-out space reassured
good sealing and parafilm above the electrode area prevented accidental araldite drops to the electrode
area; (b) petri dishes with glued electrodes and fully built new walls made using sticky tape and araldite
mixture. (c) Full SECM set-up using this substrate design, where RE, CE and probe electrode were
immersed in the petri dish filled with the experimental solution.

3.6.8.3 SECM set-up for a super-thin track chip

A reusable cell for the thin track electrode was made, using a silicon multi-well replaceable
superstructure (Nexterion ® 1C-16s), which was modified to fit our design, as shown in Figure
3-15. The structure contained 16 chambers but due to it being made from a soft material, it
was easily cut to have 12 chambers and two of the separation bars in the structure were cut
out, making some space for CE and RE. The WE chip was slit in through the two H cuts made
in the separation bars to have it parallel to the surface. The structure comes with a sticky side

which was used to adhere it on a microscope slide, which was positioned on the SECM stage
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using double-sided tape. SECM requires little solution for the experiments, hence the height
of this structure was sufficient, and all four electrodes, including the probe, which could move

above the defined surface without any constraints, were immersed in the solution.

The problem with this set-up was related to the crocodile clip connection. When in a near
horizontal, rather than vertical position often used for the electrochemical experiments, the clip
weighs significantly more than the rest of the system, which occasionally produced cell lifting
despite the sticky tape. Some blue tack was eventually placed under the clip to prevent such
movement. In the future, a stronger adhesive could be used to ensure resistance to leverage
induced by the crocodile clip weight or a different connection to the electrode should be made.
The structure made of silicon is however still soft, suggesting further issues in holding the
electrode in place. In case of the future experiments, a set-up similar to the one in Figure 3-14

could be used for these electrodes instead.

Figure 3-15. (a) Silicon multi-well structure with all 4 electrodes in place on the SECM stage. (b) A closer
look of the super-thin track electrode substrate positioned in the silicon multi-well cell.
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4 ANALYSIS OF EXPERIMENTAL AND NUMERICALLY
DERIVED PROBE APPROACH CURVES

4.1 INTRODUCTION

Prior to SECM imaging, probe approach curves (PACs) are used to determine and set the tip
working distance, d. It is therefore important to establish the appropriate PAC calibration for
the system. In this work, PACs were recorded above an insulator surface and the centre of
micro electrode and microdisc/microsquare nanoband edge electrode (MNEE), as well as the
edge of the electrode. COMSOL Multiphysics was used to model equivalent PACs to pure
insulator and conductor surfaces at specific d values. The experimentally recorded PACs for
several substrate electrodes are compared with numerically modelled data, both of which are
then fitted with the approximate analytical expressions reported in the literature. The latest
approximate analytical expressions by Lefrou et al.l are tested to determine their validity
compared to the other models. All of this is required to enable the determination of real tip
working distances (in um) from the tip current values measured during PAC experiments.
Knowing these values is important for quantitative SECM image data analysis in the following

chapters.

4.2 EXPERIMENTAL PROBE APPROACH CURVES

4.2.1 Experimental details

Both substrate and probe electrodes used in this thesis have dimensions in the 1-100 um
range so they can be well-defined by electrochemical methods and establish steady state
currents on typical experimental timescales. This is unlike electrodes of macroscopic
dimensions which are too large to establish steady state signals on such timescales.? A mass
transport limited steady state current is a requirement for establishing the tip working distance
in a repeatable manner, which is conventionally achieved by recording PACs over a region of
the substrate surface with known electrochemical properties. In this thesis, the region of the
substrate surrounding the electrode area is known to be a pure insulator, so this region was

used for probe positioning using negative feedback.

When the tip electrode is relatively far above the substrate, FcMeOH redox species diffuse
from the bulk towards the tip and are oxidised by the tip. This results in a steady state current
described in Section 2.6 and referred to as the bulk tip current, ir?k, in the SECM context. As
the probe approaches the surface (leading to a decrease in d), the tip current decreases as a
result of a greater negative feedback due to a hindered diffusion. This means that tip working
distances can be measured and defined according to the measured current as a fraction of

ittuk often referred to as the setpoint. In this work, this setpoint was varied between 0.9 and
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0.7, typically using working distances of d = 0.7ittuk, 0.8it°u* and 0.9ittuk, The aim of this

chapter is to convert these current percentages into absolute working distances, measured in

pm.

The substrate electrode was located by imaging with SECM and the probe was moved to the
desired position for PAC analysis. For more complete initial studies which can be confidently
built on for a further analysis using approximate analytical expressions, PACs were also
recorded over the middle of the substrate electrode. This area is conducting for a micro
electrode and insulating for a microdisc/microsquare nanoband edge electrode (MNEE). PACs
over the conductor area result in increasing positive feedback (Figure 2-12). PACs over the
insulator area in the middle and edge of the electrode of the MNEE were also collected for
additional analysis. Except where otherwise stated, the electrodes used for all of the data
collection in this chapter, were micro and nanoband edge single Pt electrodes of 100 um
diameter and single edge length for a disc and square geometry, respectively. All experimental

details are presented in Section 3.5.1.

4.2.2 Typical normalized probe approach curve responses

In this section, examples of normalized approach curves above an insulator, a conductor and
an electrode edge are presented in Figure 4-1 (a). A schematic figure depicting above which
areas in the electrode chip PACs were recorded is shown in Figure 4-1 (b). Current values
from the experimental PACs were normalised to the first recorded current value in each curve,
which in fact is Pk, since the first current point was recorded at a large d value.® PAC
normalization was used to remove the effect of changes due to varying concentration and
temperature between experiments. As expected, over the insulating surface a decrease in tip
current, ir, was recorded with decreasing d, reflecting a negative feedback response (black
squares), while an increase in ir, known as positive feedback (red circles), was recorded over

the conducting substrate electrode (Section 2.9.2).

The PAC recorded over the band edge (blue triangles) in Figure 4-1 exhibits a mixed conductor
and insulator-type response. As the tip approached the substrate surface, it initially generated
a positive feedback, while at smaller d, the currents decrease with decreasing d, as seen for
an insulator surface. Individual positive and negative feedback responses have been reported
extensively before and they are relatively well understood.*® A mixed response in this case
reflects the trade-off between an unhindered diffusion path between the tip and the band
electrode at intermediate distances and blocked diffusion caused by the presence of the
electrode recess at short distances. At very short distances, a very small region of the
nanoband electrode is probed, and in this case the probe electrode is much larger than the
“substrate”. This suggests that the latter cannot keep up with the electron transfer at the tip,

hence a negative feedback.
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Figure 4-1. (a) PACs recorded above an insulating (black squares), a micro electrode substrate (red
circles), which is a conducting surface, and an edge of the substrate electrode (MNEE) (blue triangles).
Currents were normalized to it°* and distance (x axis) is “z-d” where z is the starting position which was
arbitrarily set at 250 pm from the surface (i.e. d = 0 um is the electrode surface). (b) Schematic
presentation of the electrode chip, showing where all three PACs were performed, using the same colour
code asin (a).

4.2.3 Analysis of insulator probe approach curve currents

Following the initial PAC behaviour presented above, unnormalized current values from
experimental PACs are compared to evaluate if the data was indeed as expected and
reproducible. The itPYk values at large tip-substrate distances above the insulator were
recorded as the first current value of each PAC, and the values are presented in Table 4-1.
The average initial current across all measurements was 0.635+0.036 nA, which is within
experimental error from the theoretical steady state tip current of 0.638 nA. This value was
calculated using Equation (2.24), which is a variation of the widely accepted analytical
expression in Equation (2.20) for a microdisc electrode. When the diffusion coefficient of the
redox species, D = 6.48 x 1019 m2 s1 (Section 4.3), itk = 0.638 nA. Temperature, T, was not
controlled, allowing for a diffusion coefficient variation, to some extent affecting ittuk. Such ibuk

comparison shows a good correlation between experimental and theoretical values.

0.9irbuk PAC 0.8irtuk PAC 0.7ir? PAC

iTuk/nA iTPuk/nA it A
Microdisc 0.595 0.613 0.698
Microsquare 0.582 0.603 0.611
Nanoband disc 0.620 0.645 0.651
Nanoband square 0.656 0.654 0.693

Table 4-1. The first recorded tip current, it?“,(nA), from PACs set to stop at 0.7it°uk, 0.8itP and 0.9irbuk
above the insulator surface of four substrate electrodes listed on the left. Average it®' from all
measurements = 0.635 = 0.036 nA.

Experimental itPu* variation between 0.582 and 0.698 nA in Table 4-1 can be explained as
follows. After the first PAC was recorded to a setpoint of 0.9itPuk over an insulator surface, an
SECM image of the electrode was collected (time taken per image was approximately 15 min),

followed by a retraction of the probe by a constant value (250 pum) from the electrode surface.
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Another PAC to a setpoint of 0.8ir*“k and the SECM image were recorded, followed by the
same procedure regarding 0.7it° PAC and the image. This shows that there was some
control over the experimental work, but such approach also resulted in increasing ir? with a
decreasing setpoint. This could be due to the initial trace amounts of FcMeOH* in solution (e.g.
from aerial oxidation) that gets gradually reduced by the substrate electrode over time (since
it is biased at 0 V). Hence, there is more FeMeOH in bulk solution in the later approach curves

resulting in a greater itPuk with time.

Another possibility is that more tip area was getting exposed to the solution, as the tip may
have been getting cleaned due to constantly applied positive potential of +0.45 V, resulting in
an increasing current. However, this is unlikely, since such positive potential values were not
used for cleaning processes at any point, as discussed in Section 3.4. Such current increase
due to product species accumulation could be an important factor in time-dependent
experiments, such as corrosion monitoring.® Such current increase over time due to other than
the underlying substrate changes reasons could significantly affect the results and lead to
misinterpretations. In this work, tip bulk currents are within acceptable, experimental error, as

the substrates were not sensitive to time spent in the solution.

It was also checked if the SECM instrument stopped the tip at the correct values in the PAC
experiments above. This was done by comparing the final ir from PACs over four different
samples at three setpoints, as shown in Table 4-2. In such experiments, the type of electrode
should not matter as the tip is approaching an insulator surface which is at a reasonable
distance away from the electrode area. Therefore, final current values in each column are
expected to be the same within experimental error, since it?k is the same in all cases. The
values are as expected, within experimental error in each column, reflecting acceptable

functioning of the system (piezo controllers) and data reproducibility.

Electrode type 0.9ir?"/nA 0.8it™/nA 0.7it°/nA
Microdisc ‘ 0.536 0.490 0.489
Microsquare ‘ 0.523 0.481 0.427
Nanoband disc ‘ 0.558 0.515 0.456
Nanoband square ‘ 0.590 0.522 0.485

Table 4-2. Comparison of the final current values in PACs set to stop at three it?“k setpoints over the
insulator surface outside the different electrodes.

These final current values, it, from Table 4-2 were normalized to the initial current values, iUk,
from Table 4-1. Such current normalization (i+/it?") in Table 4-3 allows verification that the
software stopped PAC correctly at the set position. In all cases, it is confirmed that the settings
did not deviate, delivering ratio values of 0.9, 0.8 and 0.7 as expected, within an acceptable
+1% variation independent of the substrate type. This confirms that any time or temperature

dependent variations in tip current can be successfully removed by the normalization process.
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inu|k ratiO iT/iThqu iT/inqu iT/inqu iT/inqu

‘ Microdisc Microsquare Nanoband disc Nanoband square
0.9 0.90 0.90 0.90 0.91
0.8 0.81 0.80 0.80 0.81
0.7 | 0.69 0.70 0.70 0.71

Table 4-3. Normalized final current values (it) from insulator PACs to it?%, The resulting it/it°" reflect
the PAC setpoints: 0.9, 0.8 and 0.7.

4.2.4 Graphical presentation of the current variation in experimental probe
approach curves

Initial and final current values from PACs were shown to be mostly as expected, and the full
curves are shown in Figure 4-2 to evaluate data reproducibility further. Several PACs over the
middle of the electrode were collected together with the ones over the insulating surface on
the side of the electrode. Normalized PACs above the insulator surface are shown in (a), while
PACs above the middle of each electrode are presented in (b).
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Figure 4-2. Normalized PAC currents (it/iT®"¥) above the (a) insulator surface around one of the four

electrodes at 0.8it°, where it°“ is a tip current value at a large tip-substrate distance, (b) middle of the
four substrate electrodes at 0.7ir?!,

Insulator PACs in Figure 4-2 (a) are broadly as expected for negative feedback. Although,
some variation is observed in the case of the nanoband square substrate, in which the current
exhibits a gradual decay from the beginning of the PAC. This suggests that the tip current was
not completely stable when the PAC started, possibly due to the tip passivation or
contamination processes over time. Such time-dependent tip currents also impact SECM
imaging data (see Chapter 6). In the case of PACs, this can usually be minimised by applying
a tip pre-conditioning step (also referred to as “quiet time”) before the tip movement begins.

Such pre-conditioning may have been insufficient in the case of the nanoband square PAC.

Interestingly, the PAC response recorded at the middle position of the substrate electrodes in
Figure 4-2 (b) exhibit positive feedback for both micro and nanoband edge electrodes. The
middle of the latter is an insulator, so negative feedback might be expected, but when the tip
begins to block the diffusion to the electrode recess, the hemispherical diffusion field from the

band electrodes must extend sufficiently to give a positive feedback response. On close
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inspection of Figure 4-2 (b), the current values at intermediate distances (green box) vary
slightly for all electrodes. As with the insulator PACs, this likely reflects time-dependent tip

currents.

4.3 EXTRACTION OF THE DIFFUSION COEFFICIENT

Before proceeding with COMSOL modelling and PAC fitting using approximate analytical
expressions, it was important to determine diffusion coefficient, D, value specific for these
experiments. Whilst the nominal tip radius was 5 pum, throughout this work it was observed
that the value of ittuk varies considerably across experiments, which can be attributed to
changes in the apparent tip radius, a, which can vary due to a number of experimental factors.
First, probe electrode passivation or contamination over time typically causes a gradual decay
in the tip current, which can be accounted for by assuming an apparent loss of electrode size.
Second, it is a standard procedure to manually polish imaging probes before and in between
some of the experiments due to vast imaging, as explained in Section 3.5.5. Extensive
polishing will not only affect the absolute value of a, but will eventually affect the Rq value,

which governs ittuk related to the value of .

Since the experiments were not temperature controlled, the value of a = 5 um was assumed

to be correct for the calculations regarding D.

Since most of the COMSOL modelling was performed for a microdisc electrode, PAC
experimental data also from a microdisc electrode was used in this analysis section. At 0.8ir2ulk
tip working distance, iip over the insulator area was 0.497 nA, which approximates to 0.5 nA.
This value is 80% of the it?uk, so ituk = 0.625 nA. This value was used in Equation (2.21) to
obtain the diffusion coefficient, D = 6.48x10-1° m? s1, which falls within the cited literature
values between 7.81x101° m2 st and 6.1x101° m?2 s1 at room temperature.”® Equivalent
COMSOL simulated 0.8itPuk value using this value of D was 0.477 nA, resulting in it?u of 0.621
nA, which is comparable to the experimentally extracted value and confirms the reliability of
the results. Both D values from experimental and COMSOL calculations were similar, hence

the experimental one was further used throughout this work.

4.4 COMSOL MODELLING OF THE TIP CURRENTS

After experimental PACs over conductor and insulator surfaces were collected and analysed,
a COMSOL model was developed to obtain equivalent theoretical data in order to determine
the absolute values of d that correspond to the setpoints of 0.7itPuk, 0.8 itPuk and 0.9irPu* used
throughout this thesis. Only final current values over each surface at specific tip working
distances were numerically derived, as these were the most relevant to vertical probe

positioning. The model was used to generated flux values, which were integrated across the
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tip surface and converted to currents. These values were normalized by the tip current
calculated at a large d approaching infinitely large insulator area and compared to the

normalized values obtained from experimental PACs.
4.4.1 Description of the numerical model

(a) | pttie Bulk solution (b) | Pttie Bulk solution
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Figure 4-3. Schematic representation of COMSOL 2D axially symmetric model depicting SECM tip over
(a) an insulator surface outside electrode area and (b) the middle of the substrate electrode, which is a
conductor for micro electrodes and an insulator for nanoband electrodes. Substrate electrode is recessed
by 500 nm, r = 50 pm, Pt tip a = 5 pm, Rg = 10. Dimensions of the figure are not to scale. Equivalent
COMSOL generated surface concentration models (mol m-) for (a) when d = 23 um and (b) when d =
14 pm are in (c) and (d). The latter was modelled for a microdisc electrode, allowing to use the highest
symmetry possible. For both (c-d), t = 100 s and the scale on the right of (d) applies.

COMSOL 5.1 Multiphysics was used for diffusional simulations using 2D-axially symmetric
finite element method (FEM) for a microdisc substrate electrode with a radius of r = 50 um and
a probe electrode radius of a = 5 um. Figure 4-3 shows a schematic representation of the
model used, where the tip is situated above either: (a) the pure insulator (negative feedback);
or (b) the middle of the disc microelectrode (positive feedback), as set by the appropriate
boundary conditions. As substrate electrodes are recessed by 0.5 um (Section 3.2.1), the tip-
substrate distance is increased by this value over the middle of the electrode, referred to as a
conductor. Final current values over pure insulator and conductor at seven and six d values,
respectively, were modelled, and examples of the resulting 2D concentration profiles is shown

in Figure 4-3 (c-d). Since the disc has such a high symmetry, only a line in 2D needs to be
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modelled, as rotation around the central axis generates a complete picture of the model, as

shown in Figure 4-4.

%10

y.l.z 2D

“-..__One line generated i

Figure 4-4. 3D representation of a COMSOL-generated concentration profile surface (mol/m?) for a disc
electrode, created using 2D lines and boxes.

The model was set-up as follows: a simulation box, such as in Figure 4-3 (c-d), was created
by drawing lines and boxes to reflect electrode and probe dimensions from Figure 4-3 (a-b).
As shown in Figure 4-3 (c-d), the solution part of the box (coloured) was filled with a mesh,
required to enable diffusion modelling. A relatively high mesh density value (3000-10 000
domain elements), compared to approximately 100 for boxes further away from the electrodes,
was used near both tip and substrate electrode surfaces and around their edges to reflect the
greater diffusional gradients, as suggested by the literature.l® Either mesh density or mesh
size was increased or decreased, respectively, in a model until less than a 0.001 nA (<1%)
difference was observed in simulated steady-state current values for each d, just like in the
previously published examples.!! The mesh size used from the list in the model was ‘coarse’
or fine’, both giving similar results, and more than 760,000 degrees of freedom (DOF) were

solved for in each model.

Other important set-up details include the boundary conditions and concentration values. A no
flux boundary (or barrier boundary), where the concentration gradient is zero, was set at the
insulating surfaces (in green, Figure 4-3), while the FcMeOH bulk concentration (c = 0.5 mM)
was fixed at the semi-infinite diffusion boundaries (black lines, Figure 4-3) and the substrate
electrode surface. The FcMeOH concentration at the tip electrode was set to ¢ = 0 mM,

representing redox species oxidation under mass-transport (diffusion) limited conditions.
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Mechanical agitation, thermal and forced convection and migration effects were assumed to

be insignificant and were not included in the model.1?

The box dimensions are height (h) = 0.25 cm, width (w) = 0.1 cm. These values are enough
to prevent the hemispherical diffusion field reaching the edges of the box when using diffusion
time of t = 100 s for the simulations. From Equation (2.17), for D = 6.48 x 101°m? s it would

take over 770 s to reach the shorter edge of the simulation box.

Time-dependent and stationary Fick’s first and second laws of diffusion in Equation (4.1) and

(4.2), respectively, were used to simulate time-dependent and steady state currents.

Ni = —DiVCi (41)
oc;
5_; = D,V?¢; (4.2)

where N; is the molar flux (mol m2s?t), D, is the diffusion coefficient (m2s?1), Vis a nabla
mathematical operator and c; is the concentration (mol m-3) of the diffusing species, i. The
generated normal diffusive flux values (mol/s) were multiplied by Faraday’s constant to obtain

current values.

Initial numerical modelling was validated by comparing theoretical ir?uk with the modelled value,
obtained using a large tip working distance (d = 1.5 mm) above an insulating surface, similar
to Figure 4-3 (a). Importantly, the calculated COMSOL tip current was ir? = 0.641 nA, which
is within 0.5 % of the value determined by Equation (2.20), it?“ = 0.638 nA. This is well within
previously reported errors of up to 2% in COMSOL modelling.*® Such close agreement
between theoretical and COMSOL modelling values suggests that concentration profiles were
successfully solved in this model, and that the input parameters such as diffusion coefficient
(Section 4.3), are valid. This also shows that in this case the presence of the recess of 0.5 um
was insignificant for the steady state (limiting) current calculations, agreeing with Woodvine1?,
who showed that recess at this scale is insignificant for the determination of the limiting current.
Otherwise, a greater difference between the values would be observed, as Equation (2.20)4
is derived for an inlaid electrode (Section 2.7). The calculated value of it®' = 0.638 nA was

used for the current normalization processes in the following sections.

4.4.2 COMSOL prediction of PAC final normalized currents

As presented in the above section, COMSOL 2D rotational symmetry model was used to
generate final PAC current values over an insulator surface at three tip working distances. The
initial values used were d = 14.00, 9.95 and 7.55 um, representing approximately 0.9irbuk,
0.8itPuk and 0.7itbuk, respectively, obtained from one of the first literature entries for such tip
working distances calculations based on analytical expressions for negative feedback (Section

4.5.1).%5 These initially selected values were known to be imprecise for the tip electrode size

77



and geometry (Section 4.5.1) but were still used to obtain some current values, which are later

related to more precise tip working distances.

Table 4-4 shows the tip current, ir, calculated at the three defined d values using COMSOL at
two values of time, t = 100 s and t = 300 s, to assure that a steady state signal was achieved
(Section 4.4.1). Since all of the generated values differ by 0.001 or 0.002 nA, which is less

than 0.2%, it suggests that 100 s was sufficient to establish itPuk,

inU|k setpoints d/pm COMSOL COMSOL COMSOL it (t = 100 s)
iT/NA (t=1005s) it/nA(t=300s) normalized to it®* (0.638 nA)

0.7 | 7.55 0.405 0.404 0.635

0.8 \ 9.95 0.462 0.461 0.724

0.9 \ 14.00 0.522 0.520 0.818

Table 4-4. Tip current values (it) values that were modelled by COMSOL using t = 100 s and 300 s at
three d values. COMSOL (t = 100 s) values were normalized and used in the following sections for the
extraction of the nominal d values.

Generated current values at selected d, based on the early published analytical expression for
negative feedback at t = 100 s, were normalized to it?u* = 0.638 nA and compared with the
setpoint values. All normalized COMSOL values are lower than the expected values based on
the selected setpoint values of 0.7, 0.8 and 0.9, in all cases by approximately 10%, as shown
in the last column of Table 4-4. These uniformly lower values suggest that the absolute tip
working distances derived from the early analytical expression were not accurate, resulting in
an offset in normalized currents. At the end of this chapter, more accurate d values are

extracted with the aid of a more appropriate analytical expression.

COMSOL 2D simulations were also performed to predict current values representing the last
it values from PACs over a conductor surface at the same tip working distances as used for
the insulator PACs. COMSOL generated values were normalized to the same ittuk = 0.638 nA,

as shown in Table 4-5.

d/um itPuk setpoint COMSOL it /InA COMSOL itfit® ' (0.638 nA)
7.55 ‘ 0.7 0.839 1.315
9.95 ‘ 0.8 0.784 1.229

14.0 ‘ 0.9 0.735 1.152
Table 4-5. The values of it modelled by COMSOL and normalized to it?"* = 0.638 nA at three tip working

distances representing final current values from PACs over the conductor surface.

4.5 APPROXIMATE ANALYTICAL EXPRESSIONS FOR DATA FITTING

In order to extract specific tip working distances valid for this work, COMSOL generated values
were further validated using more recent approximate analytical expressions derived in the
literature than in Section 4.4.2. First, experimental insulator and conductor PACs were fitted
to specific for negative and positive feedback approximate analytical expressions, respectively,

to confirm that the expressions are valid for data in this chapter. Then, constructed curves
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from COMSOL modelled current values over insulator and conductor surfaces at several tip
working distances were fitted to the same analytical expressions to extract more accurate
absolute values for the 0.9itbuk, 0.8irPuk and 0.7irouk tip working distances. All data were fitted

using the least squares regression method (Origin software).

451 Approximate analytical expressions for negative and positive feedback

The first analytical approximations for the tip currents above conductor and insulator surfaces
shown in Equation (4.3) and (4.4), respectively, were proposed by Mirkin et al.’6 Both
expressed as a function of L, the distance between the probe and a substrate normalized to
the tip radius (=d/a), and were created specifically for a disk-shaped tip steady-state currents
over infinite insulator and conductor surfaces.1®> These expressions have been shown to be

valid only as far as L = 100.16

0.78377 1.0672
igond /ibulk = 0,68 + <7> + 0.3315 = EXP (— ) (4.3)
. 1.5151 2.4035 4.4
iins /ibulk — 1 (0.292 + +0.6553 + exp (- )) (44)

where it°nd and ir"s refer to the tip currents approaching a conductor and insulator,

respectively.

Several groups have since derived expressions with improved accuracy, also including the tip
geometry and Ry factor. In the previous models the latter was omitted, presumably for
simplicity or because the impact of its variation on the tip current was not fully appreciated.
The latest literature considers that Ry greatly varies within different probes and as a result of
this different expressions have been developed not only for different Ry values, but also for
different geometry probes.1® One example of this is shown in Equation (4.5), which was
derived by Lefrou et al. to describe negative feedback,'® and has been reported as valid for Rq
between 1.3 and 62. In this study, the probe has Rgvalue of approximately 10, since ria = 50
um, a = 5 um, which should allow the use of this equation for fitting of the experimental and
modelled data.

_ —42+23+In(R, +6.65)\°
lr = 1+ (4.5)

1,(0:34+0.81+atan(Rg?))

Equation (4.6) was shown to be even more precise. It was also presented by Lefrou et al. and
it is based on the above equation.>16 However, the accuracy was quoted as better than 1%
for all L and values of Ry < 200.116 Being specific for microdisc electrodes with finite Rg
values, 1% it was considered to be the most recent and appropriate, hence it was used for the

fitting of experimental and COMSOL PAC data over an insulator surface.
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i?ulk_ RgO.358 Rg

2.08 InR,
+1.585( * W(L +0.0023 *Ry) + 1.57 + -

2 (1+7TR9> B
mR, '\ 2L

There has been significantly less discussion in the literature regarding fitting data from positive

(4.6)

feedback PACs than negative feedback PACs. One approximate analytical expression is
shown in Equation (4.7), also derived by Lefrou et al.! It was specifically designed for positive

feedback and also takes into account the Ry value.

B R+t (1—a(ry) - —— ) 2 atant 4.7
hut = a( g)+ﬂ(Rg)4aan+ —af( g)_ZB(Rg) - atan 4.7)

_ 2 1 2 1 R
a(Rg) = In2 + In2 <1 ——acos <R_)> — In2[1 - (—acos <R—>) ] (4.8)

9 9

B(Ry) =1+0.639 <1 - %acos (R—i)) —0.186[1 — (%acos <Rig)) ] (4.9)

4.5.2 Evaluation of negative feedback approximate analytical expressions

Experimental PACs over an insulator surface were fitted to the newest expressions in
Equations (4.5) and (4.6) to verify their suitability for interpreting the PAC data. Throughout
this chapter it has been shown that collected insulator PACs are very similar, in that the
hemispherical diffusion field emerging from the electrode has been shown not to affect the
location where the PACs were recorded, which can be considered as purely insulating. To be
more consistent with the fitting approach, only values below d = 100 um were used, and this
value was considered the maximum tip-substrate distance, also used for the current
normalization. Such selection allows the fitting to focus on the area where current values are

decreasing due to the negative feedback.

The data from an example experimental PAC recorded over an insulator surface is presented
in Figure 4-5 along with its fits produced using both Lefrou et al. Equations (4.5) and (4.6). The
first simpler Lefrou et al. Equation (4.5) in (a) does not fit well as seen from the mismatching
experimental (black squares) and analytical expression values (red line). Meanwhile, Equation
(4.6) is more effective as shown by the greater overlap between the experimental and
modelled data in (b) and obtained higher R? values. Hence, it was concluded that Equation

(4.6) is more suitable than Equation (4.5) for interpreting the PACs generated in this work.
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Figure 4-5. The PAC over an insulator surface (microdisc electrode) (black squares) fitted (red line) with
(a) a simpler Equation (4.5) when Ry = 10, a = 5 were fixed values, resulting in R?=0.898 and (b) the
most recent Lefrou expression in Equation (4.6) when Rq = 10, a = 5 were fixed values and (c) only a =
5 was fixed, resulting in Rg = 9.83. PAC values were normalized to the specific for each PAC current

value atd = 100 pm.

Example 1 Example 2 Example 3
Fixed both variables Fixed a Fixed Rg
Paramete | Value Standard Value Standard Error  Value Standard Error
:(off 0.187 g.r(;((;;% 0.183 0.0149 0.180 0.012
Rg 10 0 9.825 0.620 10 0
a 5 0 5 0 4.923 0.115
R? 0.985 0.985 0.985

Table 4-6. Values and their standard errors generated from an experimental PAC fitting to Lefrou et al.
analytical expression designed for an insulator PAC in Equation (4.6). Values in green and italics were

fixed during the fitting process.

Next, data from fitting using the more recent Equation (4.6) was further evaluated. Initially, the
experimental PAC data was fitted by fixing the parameters Ry = 10 and a = 5. This resulted in
a successful iterative fit, as presented in Figure 4-5 (b) and a high R2 value of 0.985, as shown
in Table 4-6 (example 1). Then, the effect of allowing one of these parameters to be varied
during the iterative fitting was explored, whilst keeping the other parameter fixed, thus allowing

the varied parameter to be determined. Both parameters were examined in this way, and
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generated values of R; = 9.83 and a = 4.92 um are close to the expected values of 10 um and
5 um respectively. The same high R? values of 0.985 were obtained, as shown in Table 4-6
(example 2 and 3). The quality of one of these fits can also be seen in Figure 4-5 (c). This
confirmed that the fitting model was efficient for this type of data and it built confidence in using
it for fitting COMSOL modelled data, shown in the following sections.

4.5.3 Positive feedback experimental data fitting using approximate analytical
expression

Equivalent fitting using expression in Equation (4.7) was performed to the PACs over the
middle of a microdisc electrode (r = 50 um), known as a conductor surface. Again, it is enough
to discuss only one PAC, such as in Figure 4-6, since it is expected that PACs above all
conductor surfaces would be similar. In this case, the PAC data to the microdisc electrode was

used.
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Figure 4-6. Experimental PAC over the middle of the micro electrode (black squares) fitted to Lefrou et
al. analytical expression in Equation (4.7) (red line) when (a) Rq = 10 and a = 5 were fixed, resulting in
R? = 0.987, and when (b) Rq = 10, generating a = 4.11 and R? = 0.992. Green box emphasizes that the
fitting was the most effective at small d values.

Example 1 Example 2
Fixed both variables Fixed Rg
Parameter Value Standard Error Value Standard Error
Xoff -2.006 0.0507 -0.0337 0.168
Ry 10 0 10 0
a 5 0 4.106 0.0768
R? 0.987 0.992

Table 4-7. Values and their standard errors generated from an experimental PAC fitting to Lefrou et al.
analytical expression designed for a conductor PAC in Equation (4.7). Values in green and italics were
fixed during the fitting process.

First, in Figure 4-6 (a), both Ry and tip radius parameters were fixed to their expected values
of 10 and 5 um, respectively, generating a fit with R? = 0.987, as shown in Table 4-7. This
value is as high as in the above section, showing effectiveness of the fitting. However, a
relatively poor fit was observed at >20 pm tip working distances from Figure 4-6 (outside the

green box), unlike in the insulator data fitting. Then, it was evaluated if expected Ry = 10 and
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a = 5 values were suitable for this data fitting, and one parameter at a time was fixed in the
same way as for the insulator PACs. When Ry = 10 was fixed, the determined a value was
4+0.1, resulting in fitting in Figure 4-6 (b) and higher R? = 0.992 than in (a) (Table 4-7). When
both Ry and a were allowed to vary within reasonable boundaries, the fitting model suggested
values of 8 and 4, respectively. Together with relatively high associated errors, this reflects
difficulty in fitting experimental data with Equation (4.7). The results of a =4 and Ry = 8 suggest
that the model did not fit experimental data well, and these values are outside experimental
error from the expected values unlike in the insulator data fitting. There is motivation for a

better equation to be used for fitting conductor data.

Interestingly, data from the expression seems not to reach the normalised current value of 1.
This could suggest that longer distances are needed to achieve bulk current; however, it is
unexpected to be true, especially since the normalization in both experimental and analytical
expression data were effective in the insulator case when d = 100 um. Then, either fitting to
the conductor surface is overall more challenging due to reasons such as additional currents
over the middle of the electrode than fitting to the insulator surface, or the approximate
analytical expression in Equation (4.7) was not particularly effective for this data, or it is a
combination of both. Most likely, this shows a limitation of the analytical expression (i.e. the

accuracy becomes insufficient at larger values of d).

4.5.4 Evaluation of the positive feedback approximate analytical expression

Since experimental conductor data fitting with the latest Lefrou et al. expression in Equation
(4.7) was not as effective as expected, it was further evaluated. The expression was used to
generate normalized tip currents at several values of d, which were then compared with the
values obtained from one of the first such positive feedback expressions presented by Mirkin
in Equation (4.5)*> and with numerically derived values using COMSOL (Section 4.4.3). It was
evaluated if ireond/itbuk extracted from the analytical expressions differed from the COMSOL

data.

In Table 4-8, six tip working distances and corresponding normalized tip current values are
shown. The former in um (used for COMSOL modelling) and dimensionless ratios L (used in
the expressions) are shown in columns [1-2]. Normalized tip current values from COMSOL,
Equation (4.3) and Equation (4.7) are shown in columns [3-5]. For comparison, normalised
current values calculated from COMSOL were divided by ireond/itbuk values obtained from
Equations (4.3) and (4.7) at each d to reflect the difference between the values from these
analytical expressions in columns [6-7]. COMSOL values are in a better agreement with the
ones from the latter equation, since the ratios in column 7 are on average 0.993 compared to
0.969 in column 6. The difference between COMSOL and Equation (4.7) values is less than
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1% at all d values compared to more than 2% when comparing to the values from Equation
(4.5).

Both expressions were designed for inlaid electrodes, while the electrodes used in this study
and in the modelling were recessed by 0.5 pm. The above agreement with the COMSOL
generated data suggests that such a recess for 100 pm edge length or diameter electrodes
should not have significant impact on the measured current. This agrees with the previous
measurements on recessed microelectrodes of this aspect ratio.!* This allows the model to be
kept as simple as possible, using the approximation for an inlaid electrode.

The above data comparison shows that even though Equation (4.7) did not fit the experimental
PAC data well, especially at larger than 20 um distances (Section 4.5.3), it seems to be a
reasonable choice for fitting COMSOL data at smaller d. Thus, comparison of the results with
those from the insulator data fitting is possible. Equivalent extensive comparison between
analytical expressions for the insulator data was unnecessary since experimental data agreed
well with the analytical expression values, and all COMSOL values were off by approximately

10%, suggesting that the initial d values employed require further refinement (Section 4.5.2).

1 2 3 4 5 6 7
d/pm L jreond/jbulk jcondjbulk jcond/jbulk COMSOL/Eq. COMSOL/Eq. (4.7)
COMSOL  Eg. (4.3) Eq. (4.7) (4.3)
8.05 161 1.315 1.338 1.320 0.983 0.997
9.10 1.82 1.271 1.295 1.277 0.981 0.996
10.45 2.09 1.229 1.254 1.236 0.980 0.995
12.15 243 1.189 1.216 1.198 0.978 0.993
14.50 290 1.152 1.180 1.162 0.977 0.992
18.20 3.64 1.114 1.143 1.126 0.975 0.990
Average 0.979 0.993

Table 4-8. Conductor PAC normalized final current values modelled using COMSOL and extracted using
Equation (4.3) and Equation (4.7) (column 3-5) at six tip working distances (columns 1-2). COMSOL
values were divided by the values from the two equations (column 7-8), showing that Equation (4.7)
generated data more similar to COMSOL than Equation (4.3).

455 COMSOL generated values fitted to analytical expressions

Finally, COMSOL tip current values above an insulator and conductor surfaces modelled at
several tip-substrate distances between 0.7-0.95ituk were plotted against d. More than three
experimentally used values were modelled in both cases to have more data points for a more
accurate line fitting, also allowing to extract smaller d values if needed. Data points were fitted
using approximate analytical expressions in Equation (4.6) and Equation (4.7), tested in the
above sections. If the COMSOL modelled values are effectively fitted, the real tip working
distance values applicable to the experiments with a Pt probe, where a =5 pm and Ry = 10,

can be extracted.

The resulting graphs are presented in Figure 4-7. The fit was generally effective in both

insulator and conductor cases, indicating good agreement between numerically simulated
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data points and the models. High values of R?were obtained for the insulator (R2= 0.999) and
conductor (R? = 0.993) surfaces. A slightly better correlation for the insulator case compared
to the conductor can be attributed to errors in the analytical expressions which are accurate to
within 1% and 2% for the insulator and conductor cases, respectively.! Closer inspection of
the data in Figure 4-7 (b) shows that the fit deviates the most at higher d values (> 12 um),
which possibly relates to the presence of the electrode recess, which is not accounted for in
the analytical expression. The insulator scenario may also be easier to model since it does not
include complications due to diffusion field interactions between the two electrodes. Similar
ineffectiveness of the model was present when fitting experimental conductor PACs in Figure
4-6 (Section 4.5.3), suggesting that Equation (4.7) was fine at shorter distances but it started
deviate at larger distances.
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Figure 4-7. Normalized tip currents (black squares) at several d values (um). Current values were
numerically derived using COMSOL models (Figure 4-3) and were normalized to it?" = 0.638 nA. These
values were fitted using approximate analytical expression in (a) Equation (4.8) for the insulator and (b)
Equation (4.9) for the conductor surface. Experimentally used tip working distances were extracted from
the fitting curves, where green dashed lines in (a) intercept with the red fitting curve.

Since the analytical expression for an insulator (Equation (4.6)) has been shown to be effective
at all d, experimental tip working distances were extracted using this data. The green dashed
lines in Figure 4-7 (a) indicate experimentally employed setpoints of 0.7it°uk 0.8it°* and
0.9ituk which correspond to the tip working distances of 9.2 um, 13.2 um and 22.1 pm,
respectively, found at the intersections between the red fitting line and horizontal green dashed
lines. Since Pt substrate electrodes used in this work were recessed by 0.5 um, the
corresponding experimental values of d over the Pt region should in principle be adjusted to
9.7 um, 13.7 pym and 22.6 pm, respectively. A full comparison of all d values in pum
corresponding to tip bulk current fractions of 0.9iruk, 0.8irtuk and 0.7it°w encountered in this

chapter is tabulated in Table 4-9.
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drelatedto d from Equation d from Figure 4-7 (a) d from Figure 4-7 (a) plus recess for

jrbulk (4.3)/um graph/pm the conductor surface/pm
0.7i7bulk ‘ 7.55 9.2 9.7
0.8itbulk ‘ 9.95 13.2 13.7

0.9irbulk ‘ 14.00 22.1 22.6

Table 4-9. Comparison of tip working distance values used in this chapter, when Pt tip of a =5 pm and
Rg = 10 was used.

4.6 CONCLUSIONS

Experimental and numerically modelled PACs were used to extract tip working distances in
pm contributing towards the quantitative analysis of the SECM images discussed in the
following chapters. Both insulator and conductor experimental PACs were as expected,
showing increasing negative and positive feedback, respectively, with decreasing d. Negative
feedback PACs were used to confirm reproducibility of the PAC experiment, as the recorded
ituk was consistent within an experimental error at all times. Normalized final current values
from such PACs also confirmed that the electronics were working as expected, stopping the
probe when a set fraction of itPuk was reached. Diffusion coefficient of 6.48x101° m?2 s1

applicable to the experiments in this thesis was extracted using experimental data.

Final PAC tip current values above the insulator and conductor surfaces were numerically
derived using COMSOL and normalized to it?uk = 0.638 nA. The former values were 10% lower
than the experimental ones at all d, mostly because the initial estimates for the currents based
on the nominal setpoints were up to 10% too high. Experimental insulator PACs were fitted
using the latest at the time approximate analytical expression, suggesting that the expression
was also suitable for COMSOL data fitting at all selected d values. An effective overall fit was
achieved, allowing determination of 0.7itPuk, 0.8irbuk and 0.9itPuk distances in um (Pt probe,
where a =5 pm and Rq = 10) as 9.2 um, 13.2 um and 22.1 pm, respectively. When holding
the tip above the electrode area, these values were adjusted to 9.7 um, 13.7 um and 22.6 um,

respectively, due to 0.5 um electrode recess.

Fitting of the experimental conductor PAC was not as effective as for the insulator PAC. At d >
12 pm (equivalent to L = 2.4) current values from the selected approximate analytical
expression did not show as effective agreement with the experimental values as at smaller d.
The same expression was used for fitting a set of COMSOL derived values, and fitting was
less effective than fitting to the insulator surface data. This suggests more analytical work is
needed to understand and model conductor response, and possibly even another analytical

expression might be required to ensure effective experimental conductor data fitting.
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5 SECM IMAGING OF SINGLE AND ARRAY MICRO
ELECTRODES

5.1 INTRODUCTION

In this chapter, SECM images of Pt micro-fabricated single and array micro electrodes are
evaluated and compared in terms of SG-TC and FB modes and several tip working distances
used for imaging. Single electrode devices of interest were designed as a disc and square, of
100 um diameter and a single edge length, respectively, and their images are discussed
individually and then compared to each other, also evaluating differences between FB and
SG-TC modes. Then, horizontal (H) (tip measurement along the x-axis of image, resulting from
one tip scan) and V (tip measurement at selected x along the y-axis of the image, constructed
from successive horizontal tip scans) middle line profiles across the electrode area extracted
from these images. They are used for a further qualitative and semi-quantitative analysis of
the imaging artefacts, such as sample tilting, convection and time-dependent tip currents,
which repeatedly appear within data in this thesis. Such data analysis demonstrates that high
fidelity and easy to handle micro electrodes are a suitable benchmark system for SECM probe
response validation and method development and optimisation. As a further step to show
SECM versatility for imaging different substrates, SECM images of array electrodes are also
briefly introduced and discussed in terms of the expanding hemispherical diffusion field and

its overlap by the neighbouring electrodes within the array.

5.2 SECM IMAGES OF SINGLE MICRO ELECTRODES

5.2.1 CQualitative analysis of SECM micro electrode images

In this section, SECM images of single microdisc and microsquare electrodes are qualitatively
evaluated regarding image resolution and imaging related artefacts. All images were collected
using a 10 um diameter Pt probe with identical imaging settings (Section 3.5). Figure 5-1
shows (a) SG-TC and (b) FB mode images of microdisc and (c-d) microsquare electrode 2D
images collected at the smallest experimentally used tip working distance of d = 9.2 um
(0.7itbukk) (Section 4.5.5). In all images, the tip currents, as expected, were positive for FB
mode and negative for SG-TC mode (as a result of the oxidation/reduction resulting from the
potential applied to the tip!). For a direct comparison between the modes, the same colours
for high and low magnitude currents in the colour map should be used, so the positive

magnitude of the FB mode is used, using a modulus on the SG-TC mode currents.
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Figure 5-1. SECM 2D images over 400x400 um area collected at d = 9.2 um and containing micro
electrodes in (a) disc geometry in SG-TC and (b) FB mode and (c) square geometry in SG-TC and (d)
FB mode. (e) A 3D image of a microsquare electrode in SG-TC and (f) FB mode, generated using 2D
images data to emphasize imaging artefacts. A current scale map is on the side of each image. (Note:
current in SG-TC and FB modes are absolute tip currents in Amps for a direct comparison between the
modes. Original SG-TC currents were negative.)

In allimages in Figure 5-1, electrodes have well-defined geometry and uniform currents across
the electroactive regions. An increase in tip currents, i, presented as a dark red colour, is
observed over the microdisc/square electrode area, as expected due to an increase in positive

feedback (Section 2.9.2). The insulator area, mostly presented as a blue/purple colour, around
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the electrode is also uniform, with no visible pin holes, which would be a result of failed
fabrication processes. It is clear from the images that there is some variation in current across
the insulating regions of the sample, indicating the presence of imaging artefacts, which could

be one of the following:

e Sample tilting resulting in a variable tip-substrate separation across the image;
e Convection effects caused by the tip dragging redox-active species along with it;
e Time-dependent tip currents resulting from gradual passivation of the tip electrode

over time.

These imaging artefacts will be briefly identified from the images in this section and then
discussed in a greater detail with more explanations using more images and extracted middle

line profiles from these images throughout this chapter.

SG-TC mode images in Figure 5-1 (a, c) are evaluated first. The insulator area is mostly
uniform, presented by a clear dominance of dark blue/dark violet colours, unlike in FB mode
images discussed below. The spatial expansion of the hemispherical diffusion field is clearly
reflected by circles of progressively lower currents, around the outside of the electrode area
of the highest currents. As seen in the colour maps, the current decrease is gradual, eventually
settling at the extremes of the surrounding insulator area at the top and bottom of the electrode
area. At greater than 9.2 um tip working distances, it is expected to see that the hemispherical
features are visible to a greater extent, having larger circles of different currents surrounding

the electrode area (Section 5.2.2).

In both SG-TC mode images in Figure 5-1 (a, ¢), the currents are higher on the left side of the
substrate electrode than on the right. This is unlikely to be due to time-dependent tip currents,
since current decay is not continuous across the entire image. The current increase only
occurs at the beginning of the middle scan lines which pass through the micro electrode, so
this observation likely results from convection. In SG-TC mode, an oxidation potential of +0.45
V is constantly applied to the substrate electrode so a diffusion field of FcMeOH* is established
at the surface. Therefore, the probe, travelling above the substrate electrode, could be
responsible for some of the FcMeOH* from this diffusion field being dragged from right to left
during the probe’s return to the left side in order to begin another scan line. Then, at the
beginning of the next scan line some residual FcMeOH" remains, as reflected in a non-zero

current which takes some time to settle.

These residual currents on the left side are higher in the microsquare than microdisc image
and thus the currents take longer to settle before the probe reaches the electrode area. We
attribute this difference to the larger total area of the 100 um square electrode compared to
the equivalent 100 pm diameter disc electrode area, which leads to a greater quantity of

FcMeOH* being dragged along by the tip.
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The diffusion field over the microsquare electrode itself is also perturbed by the probe’s left to
right movement, as indicated by the asymmetry of the electrode shape in the H-direction. This
is thought to be due to FcMeOH* being dragged along with the tip during scanning, resulting
in a current “tail” to the right hand side of the electrode. Such asymmetry is expected to be

more apparent from the line profile analysis presented later in this chapter.

FB mode images of microdisc and square electrodes are also compared in Figure 5-1 (b, d).
Horizontal line profiles of higher currents (light blue) compared to the surrounding insulator
surface (violet) were recorded at the top part of the disc image in (b). These higher currents
are present until approximately 100 um from the electrode top but, importantly, the currents
settle before the electrode area and do not seem to affect it. The fact that the current eventually
stabilises suggests that in this case the tip current experienced a time-dependent artefact, in
which the tip current decays over time. The cause of such effects is unclear but may relate to
the tip electrode passivation either due to chemical contaminants in the solution, or physical

contaminants (e.g. dust particles) picked up from the substrate surface by the tip.

Convection effects in FB mode are less significant than in SG-TC mode. Although, some
evidence of solution dragging is indicated by the fact that the electrode in Figure 5-1 (b) is not
perfectly round (green and light blue circles). This difference is to be expected: in FB mode,
the oxidation potential is constantly applied to the tip and so the measured current reflects the
overlap of the tip and the substrate diffusion fields. When the tip is not present, there is no
electrochemical process happening at the electrode, so there is no diffusion field for it to disturb.
As a result, the same colour was seen immediately surrounding all the electrode area, unlike

in SG-TC mode, where Figure 5-1 (c) is a great example.

The microsquare FB mode image in Figure 5-1 (d) is affected by an artefact that does not
exhibit the character of convection and time-dependent tip currents. The insulator surface
appears almost diagonally divided in two, having higher currents, presented as green colour,
on the left and lower currents, presented as shades of blue, on the right. From this it appears
that the left side is further away from the probe, resulting in higher currents due to a more
available space for the redox species to diffuse between the probe and the substrate, hence
less negative feedback over the insulator surface. The right side is then closer to the tip than
the left side, hence lower currents over the insulator area. Therefore, it is suspected that some
sample tilting, further discussed throughout this chapter, is present in microsquare FB mode
image in Figure 5-1 (d), resulting in different currents on the top left and bottom right of the

image.

In both modes, microsquare electrode images are more affected by the imaging artefacts,
which are further highlighted in the equivalent 3D images. The SG-TC mode microsquare
image in Figure 5-1 (e) emphasizes higher currents on the left side of the image due to

convection. The insulator surface overall is uniform but additional currents are also visible
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towards the right side of the image and to some extent towards the right side of the peak.
These effects are smaller over the electrode area than over the insulator area immediately
surrounding the electrode, resulting in a slightly distorted cone base in the 3D image in (e).
Meanwhile, the FB mode 3D image of a microsquare in Figure 5-1 (f) clearly confirms a tilting
artefact.

Overall, all SECM FB and SG-TC mode images of microdisc and square electrodes are prone
to different imaging artefacts, occurring to different extent. However, all images are of high
resolution and data from them are used for the semi-quantitative analysis in the following
sections.

5.2.2 Effect of tip working distance on image resolution and artefacts

Some of the above discussed imaging artefacts as well as image spatial resolution can also
be evaluated as a function of the tip working distance. Microdisc and microsquare electrodes
were imaged using three tip working distances, presented as tip bulk currents of 0.7ibulk,
0.8itbuk and 0.9itPuk which from Section 4.5.5 are known to correspond to the distances of
9.2 um, 13.2 um and 22.1 um, respectively. In Figure 5-2 and Figure 5-3, electrode images in
FB and SG-TC modes collected at these tip working distances are presented on a uniform
current scale, derived for each set by choosing the smallest and the greatest current values
from across the three images. These images are of a different colour scheme than in Figure
5-1, in which the images were constructed using different software (Origin). It was decided
that these original images, extracted directly from the SECM imaging software, effectively
convey the message of this work and so this method of data presentation was adopted for the
remainder of this thesis.

All images in Figure 5-2 and Figure 5-3 present clear and expected trends. With increasing tip
working distance (left to right), the spatial resolution of the micro electrode gradually decreases,
reflecting diffusional broadening deeper into solution. This fading is more gradual in SG-TC
than in FB mode, which is more sensitive to changing d, as established in qualitative image
evaluation in the above section. Resolution of the electrode geometry remains clear in all
cases, but at the largest tip working distance the current contrast is the poorest, as expected.
In FB mode the current measured over the insulator region increases with increasing d, which
reflects the fact that less negative feedback is experienced at longer tip working distances. In
contrast, in SG-TC mode the current over the insulator region appears to be constant since
this is expected to be close to zero irrespective of working distance. This effect is further

evaluated in Section 5.2.3.
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Figure 5-2. SECM images of microdisc electrode at 0.7ir?", 0.8irt" and 0.9it°“k tip working distances
increasing from left to right in (a) SG-TC and (b) FB modes. In each mode, the images were placed on
a uniform current scale, derived from the three images when selecting the overall lowest and the highest
current values in that set.

There are some differences in the observed convection effects of these SECM images of the
different geometry electrodes. In Figure 5-2, convection effects in SG-TC mode are minimal
and constant over the microdisc electrode area at all d, while in FB mode on the left side of
the image together with time-dependent tip currents at the top part of the image become the
most significant to the image collected at 0.9it°u%. In the microsquare electrode images in
Figure 5-3, convection artefacts in the SG-TC images appear more apparent. The extent of
the convection effect appears to increase with increasing d. In Figure 5-3 (a), the tip movement
effect from left to right is significantly more pronounced in 0.8it®" and 0.9it®" images, resulting
in a diffusion field over the electrode that appears rather elliptical in the horizontal direction.
Currents on the left side of the H scan lines which pass through the electrode area are also
higher at 0.9it? than at 0.7itt, again due to more significant convection effects at longer tip
working distances. This is possibly because a small gap between the tip and the sample
restricts the convective flow introduced by the tip movement, so the diffusion field appears less
distorted.

In FB mode, significant convection effects are absent at all tip working distances, as discussed
above, confirming that this mode is less sensitive to solution dragging or displacement.
However, the images in Figure 5-3 (b) indicate tilting, presented as higher currents towards
the top left and lower currents towards the bottom right side of the image, in the 0.7it?uk and
0.8ir°k images, but at 0.9ir?“k the insulator surface appears more uniform. This suggests that
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the extent of tilting was relatively small compared to the imaging distance, hence still allowing

collection of both high quality and resolution SECM images.
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Figure 5-3. SECM images of microdisc electrode at three tip working distances of 0.7ir?" 0.8ir?"* and
0.9it?"* increasing from left to right in (a) SG-TC and (b) FB modes. In each mode, the images were
placed on a uniform current scale, derived from the three images when selecting the overall lowest and
the highest current values in that set.

5.2.3 Semi-quantitative horizontal middle line profile analysis

Having discussed micro electrode image spatial resolution and a variety of the artefacts
present in these SECM FB and SG-TC mode images, semi-quantitative analysis follows. H
line profiles going through the middle of the electrode were extracted from the images collected
at three tip working distances (0.7irPuk, 0.8irPuk and 0.9irPuK) and are plotted in Figure 5-4. The
middle line profiles were chosen deliberately to have as much symmetry as possible for a more
simplified analysis. Current values were relatively normalized, dividing each value by the
smallest current value at the top part of the image, before the electrode area was reached, imin.
In SG-TC mode, the tip is constantly biased at a reducing potential (0 V), resulting in close to
zero current value in the original image. In contrast, in FB mode an oxidizing potential (+0.45
V) is constantly applied to the tip, resulting in a diffusion limited current value resulting from
the oxidation of FcMeOH. As a result, imin in FB mode is significantly greater and normalized

tip current in FB mode is on average 3.85 times smaller than in SG-TC mode.

In Figure 5-4, H central line profiles at three d values for a microdisc in (a-b) and a microsquare

electrode in (c-d) in both modes are presented. As expected, currents over the middle of the
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electrode increase with decreasing tip working distance, as a result of the increasing positive
feedback over the conductor area. This corresponds to the highest contrast and definition,
also observed from the qualitative SECM images analysis. For both microdisc and
microsquare electrodes the diffusion field begins to exhibit hemispherical shape with
increasing d, as indicated by the more pronounced rounding of the current in the middle of the

electrode. This agrees well with the literature23, which suggests that the diffusion field evolving

from both geometry electrodes should be hemispherical.
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Figure 5-4. H middle line profiles through micro (a) disc electrode in SG-TC and (b) FB modes and (c)
square electrode in SG-TC and (d) FB modes at tip working distances of 0.7it?u, 0.8it?uk and 0.9irbuk
presented as black squares, red circles, and green triangles, respectively. All currents were normalized
to imin @and 90 pm pink bar measures peak width over the flat top of the peak. Inserts are electrode SECM
images, having a dashed line representing a line profile across the middle. V green dashed lines in (a-b)
mark 100 pm on x axis allowing to compare initial line profiles between the modes. Green and purple
boxes mark the beginning and end of the line profile for the discussion in text. Black V double-headed
arrow in (a) emphasizes difference in magnitude between the two lines.

Even though electrode diameter or edge length was 100 um, at the shortest working distance,
the flat top of maximum enhanced current over the electrode itself was approximately 90 um
wide, as marked in each graph in Figure 5-4. The slightly smaller measured value can be
explained by considering the two electrodes in the imaging set-up. The probe electrode of 10

pum diameter is above the substrate electrode of 100 um critical dimension and the probe is
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moving horizontally in 5 pm increments. For the full enhancement of the current the whole
probe electrode needs to be directly above the substrate. Thus, for 5 um on both sides of the
substrate electrode the maximum current may not be reached, resulting in a total apparent

substrate width of 90 um.

When comparing middle line profiles from microdisc images in SG-TC and FB modes in Figure
5-4 (a-b), at all imaging distances FB mode in (b) provides line profiles of sharper corners.
This is because SG-TC mode is recording the hemispherical diffusion profile established at
the substrate electrode, while FB mode represents the overlap of the tip electrode diffusion
field with the substrate electrode, and thus to a greater extent captures features of the
substrate. This is also visible from microsquare middle line profiles in Figure 5-4 (c-d). The
differences of the two line profile (flat top) edges are relatively small at 0.7itPuk and 0.8irbuk but

at 0.9ir?" the peak in SG-TC mode in (c) is significantly more rounded than in FB mode in (d).

Then, from all graphs in Figure 5-4, the magnitude of the FB response is clearly more sensitive
to the tip working distance than in SG-TC mode. When comparing the gap between two
neighbouring lines (V black arrow in (a)), such as 0.7itP“k and 0.8itPvk as well as 0.8it?“k and
0.9itbuk, the drop in the peak currents with increasing d is more substantial in FB mode. In this
mode, the flat top is also becoming considerably smaller and less distinctive at greater d, while
in SG-TC mode all tops are relatively well defined and significantly further away from emerging
into a line (due to low peak currents). This effect in FB more is exaggerated as a result of
normalization and plotting all three line profiles in one graph, yet it still presents the mode
being more sensitive to varying d. More differences between the graphs are present, but they

are related to imaging artefacts and hence are discussed in the following sections.

5.2.4 Comparison of imaging artefacts in horizontal middle line profiles

The images presented thus far are broadly as expected. However, there are subtle
observations that encourage further discussion about possible imaging artefacts in FB and
SG-TC modes already briefly initiated in the above sections. Various phenomena, such as
image sharpness depending on the mode, sample tilt, time-dependent tip currents or
convective effects are discussed in this section in a greater detail using Figure 5-4 and

referring to Figure 5-1.

To start with, in SG-TC mode, the “baseline” current over the insulator regions should be 0 nA.
However, in the images, this baseline was always greater than zero, and was approximately
0.067 nA on average (calculated from (0;0) coordinate). This is due to trace amounts of
FcMeOH* present in bulk solution, presumably from oxidation during extensive imaging
experiments or from areal oxidation by dissolved oxygen. The extent of this oxidation is
presumed to be relatively small so that baseline current is constant, but even small changes

in this could have an impact on the normalised current.
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Then, from Figure 5-4 (a-b), the flat top of the current maxima at 0.7ittU in the two modes are
different. In SG-TC mode, the left side of the microdisc peak is visibly of higher currents, while
in FB mode the right side is of only slightly higher currents. Fabrication-related artefacts are
not likely to be present, as discussed in the Introduction. Tilting could have slightly affected
the LHS which would be closer to the tip resulting in a more positive feedback. However,
usually such tilting would also result in the insulator surface on the left side being presented
as lower currents than the right side due to a greater negative feedback. However, this was

not the case.

This artefact most likely reflects slight differences in the convection effects in FB and SG-TC
modes (Section 5.2.1). In FB mode in Figure 5-4 (b), left to right probe’s movement may have
resulted in subtle convection effects and hence slightly higher currents on the right side of the
peak. But convection is minimal on the left side of the line profile (beginning of each line profile
within the green box area), as also seen in Figure 5-1. In SG-TC mode in Figure 5-4 (a), the
residual currents at the beginning of the H line profiles may be the cause for the higher currents
on the left side of the peak. In other words, the current may not have fully settled to the baseline
value before the electrode area in SG-TC mode. In FB mode, as discussed above, these

effects are minimal.

The convection artefact in the microsquare data in Figure 5-4 (c-d) is also evaluated. In SG-
TC mode in (c), there is more current variation and disturbance in the measured signal at the
beginning of the line profile (area within the green box). This reflects decreasing convection
effects with the increasing tip working distance. As discussed in Section 5.2.2, from the images
it looks like convection gets worse with increasing tip working distance, whereas the residual
currents appear higher in the line profiles for the shorter working distances. This is probably
because in the images the residual currents appear small compared to the electrode size (L =
100 pm).

In Figure 5-4 (c-d), the right side of the line profile (area within the purple box) is of lower
currents than the left side (area within the green box), showing significant current decrease
from left to right. This absence of symmetry is likely to be due to sample tilting, because in FB
mode the positive feedback current over the electrode slightly increases from left to right,
consistent with a decrease in tip-substrate separation. The difference between the ends of the
line profiles (purple box) also varies to a greater extent in FB than SG-TC mode, since FB

mode is more sensitive to tip-surface separation and hence more susceptible to tilting effects.

5.2.5 Convection evaluation from horizontal and vertical middle line profiles

In this section, convection is evaluated by comparing middle line profiles in both H and V
directions from both microdisc and microsquare electrodes in FB mode. This mode has been

shown to generate more electrode features rather than hemispherical diffusion field as well as
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to be more sensitive to the variation of the tip working distance. Since the probe scanned the
substrate surface from left to right (horizontally), it is expected that convection artefacts should
be minimized in V middle line profiles extracted from the images. This comparison therefore
allows a better assessment of convection effects, which have been shown to be more subtle
in the case of FB mode. In Figure 5-5, an arrow in (a) indicates the start of the peak, which
corresponds to the electrode area, and numbers 1-2 mark the end of the electrode area in V
(red) and H (black) line profiles, respectively, from microdisc in (a) and microsquare electrode
in (b).

From both graphs in Figure 5-5, convection effects are observed in the H line profile. At
position 1, the line is narrower and more symmetric (resembling the LHS of the line profile)
than at position 2, indicating that the V middle line profile is indeed significantly less affected
by convection artefacts. The H line profile at position 2 exhibits a current “tail”, as discussed
above, which suggests that the left-to-right movement of the probe is stirring the electrolyte
solution in the gap between the tip and the substrate, leading to additional current measured
at the tip. The difference between V and H lines at x = 320 in (a), when the difference is the
greatest, is 0.024 nA, approximately 4.7 %. This may be used as an approximate measure of
how much convection is involved in this set of data.
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Figure 5-5. H (black) and V (red) middle line profiles from SECM images (inserts) of the (a) microdisc (V
dashed line marks x = 320 um) and (b) microsquare electrodes, both imaged in FB mode atd = 13.2 um.
Inserts contain red dashed lines representing middle line profiles; V black arrow and numbers 1-2 in (a)
mark areas of focus for comparison between the two line profiles to evaluate convection effects.

The sample tilt has been discussed and mentioned in almost every section thus far. Yet the
most obvious example is evident in microsquare data in Figure 5-5 (b). The negative FB
current baseline decreases from left to right, whilst the positive FB in the middle of the
electrode shows an increase from left to right in both, H and V, middle line profiles. This
indicates that sample tilting is present in both x and y directions of the image. During the set-
up of the experiment this artefact is, of course, aimed to be minimized, but in this case it was
not removed completely.
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Overall, the direct comparison of H and V middle line profiles for the same substrate, imaging
mode and tip working distance has provided a convenient means to evaluate the extent of
convection effects. This approach will be used in the following results chapters to establish if

convection effects vary when changing substrate, probe or imaging settings.

5.2.6 Construction of a conductor approach curve from SECM images

Quantitative analysis of the currents recorded over the conductor was achieved by using the
currents recorded at the three different d to construct a quasi-PAC (analysis shown in Table
5-1). From each image a current value over the middle of the electrode was normalized to itouk,
extracted using one of the current values over the insulator surface at the beginning of the
image and the tip setpoint value. The very first current value at (0;0) has been observed from
the SECM images as always being higher than expected and the rest of the current values
over the insulator surface due to the tip current conditioning effects. Therefore, currents at
(0;50) coordinate (H scan line) from 400400 um images were used for this purpose. The tip
at this location is relatively far away (in x- and y-axis) from the substrate, and so higher currents
due to the influence from the hemispherical diffusion field from the electrode are expected to
be non-existent or minimal. However, current variation across the image provides additional
challenges when deciding which experimental current value should be used for the most

effective current normalization. Depending on which value was used, normalized current value

will change.

ibulk it at (0;50) Extrapolated it from the it/ itouk dlym v from

setpoint  coordinate Ul SECM Equation
image/nA 4.7)

0.7 ‘ 0.470 0.671 0.821 1.223 9.7 1.257

0.8 ‘ 0.545 0.681 0.687 1.009 13.7 1.173

0.9 ‘ 0.598 0.665 0.673 1.013 22.6 1.099

Table 5-1. The values of ir over the middle of the microdisc electrode from SECM images at three it*“ setpoints.

These values were normalized to it°“K extracted from ir at (0;50) coordinate from the SECM images. Equivalent ir
values at selected d (Section 4.5) were extracted from Equation (4.7).

Therefore, such experimental data taken from the SECM images allows to construct a quasi-
PAC, which contains several differences from the typical PAC current values. In addition to
unclear normalization tip current, the tip instead of being gradually brought towards the
substrate at slow velocity like in PAC experiments was doing work (imaging the substrate).
This means that some additional imaging artefacts, such as convection, are present to a more
significant extent. These steps reflect how many variables there are to be considered, when

constructing a PAC from experimental imaging data.

For comparison, Table 5-1 also contains tip current values for the conductor surface extracted
from the approximate analytical expression in Equation (4.7). Normalized ir values from Table

5-1 together with the actual experimental conductor PAC are plotted in Figure 5-6, allowing a
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comparison of the quasi-PAC, the true PAC and the theoretical PAC. Only normalized
experimental current values at distances <90 um are shown, since the other two sets of data
contain values within a narrow d range. As shown in Chapter 4, experimental PAC data agrees
with the values derived from the approximate analytical expression at short distances.
However, the difference between these and the quasi-PAC is small only at the smallest d. the
other two data points are significantly off-set from both experimental and analytical expression
data. This reflects that conductor data is more challenging to model and compare with the

experimental data extracted in such a way.
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Figure 5-6. Comparison of normalized tip current values from: SECM images (quasi-PAC) (black squares) and
approximate analytical expression derived for the conductor surface (theoretical PAC) (red circles) at three d values
as well as experimental conductor PAC (green triangles) at d<90 um.

5.3 ARRAY CHARACTERISATION USING SECM

To further show versatility of the SECM technique, some of the array electrodes were
characterised using SECM. This work is the first to characterise such in-house Pt micro
fabricated array electrodes* in terms of their localised electrochemical performance in solution
during redox reactions. Two types of Pt electrode arrays were examined: hexagonal
(honeycomb) and square arrangement arrays. In the first case, each disc electrode is 30 um
diameter and the electrode arrangement is hexagonal so that the centre-to-centre electrode
separation is 100 um or the edge-to-edge distance is 70 um to all neighbours. A large area
close to the edge of the array and an area of eight electrodes which are close to but not at the
edge were imaged using SECM FB and SG-TC modes. The scanning scan speed was varied
either by changing the increment size (step size) between 2 and 5 um or the increment time
from 0.05 to 0.1 s, and the tip working currents (distances) of 0.6ir?“k and 0.7ir?u were used.
The second array consists of microsquare electrodes of 30 um edge length, L, where the
separation between the nearest neighbours from centre-to-centre is 120 um (edge-to-edge
separation of 90 pm) and between the diagonal neighbours the distance (centre-to-centre) is

approximately 170 um. Images were collected at increasing tip working distance over a large
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area of electrodes, over nine and two electrodes. All of this allows evaluation of image
resolution and artefact occurrence upon variation of imaging settings and diffusion field overlap
from individual electrodes in FB and SG-TC modes at different tip working distances for both

array types.

5.3.1 Effect of imaging settings on a hexagonally arranged microdisc array
spatial resolution

First, the hexagonally arranged Pt microdisc electrode array is evaluated through SECM
images of a large area of 500500 pum over the edge electrodes in SG-TC and FB modes at
0.7ir*“k imaging current, as shown in Figure 5-7. The electrodes are again clearly localised, of
the expected size and separation and surrounded by a uniform insulator surface, indicating
that good spatial resolution SECM images of the electrodes within the array were obtained,
just like the individual electrode images in Section 5.2. Also, the diffusion field overlap at this
hexagonal electrode array at this distance appears to be minimal. A hemispherical diffusion
field is to some extent observed as pale green circles surrounding the electrodes, but they do

not appear to reach the field of the neighbouring electrode.
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Figure 5-7. SECM (a) SG-TC and (b) FB mode images of edge electrodes over 500x500 pm area at
0.7ir?"*, Microdisc electrode array of r = 15 um, 70 um side-to-side spacing. Long move x, max increment
1 pm, 5um step, 0.5 s step time, 10 s quiet time.

In SG-TC mode image in Figure 5-7 (a), some tilting is observed. The electrodes at the bottom
right of the image appear more active (indicated by their darker brown colour) than the
electrodes at the top left of the image, which are more blurred and of lower currents.
Furthermore, the electrodes on the right side seem to be slightly higher in current than on the
left. This would suggest that the bottom right was slightly closer to the probe during imaging,
resulting in a greater positive feedback (Section 2.9.2). Alternatively, such a current variation
could be a real reflection of the electroactivity of the electrodes, in which some variation may
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be possible due to passivation of the surface. However, in this case, the current variation is

not random but shows a gradual change, hence a tilting artefact is more likely.

Meanwhile, FB mode equivalent image in Figure 5-7 (b) was collected after the substrate was
realigned in order to fix the tilting. As a result, the imaged electrodes are mostly uniformly
active and only minor current variations are present. Electrodes on the right remain slightly
more active than the ones on the left; however, the extent of differences is smaller than in
Figure 5-7 (a). In addition, as major tilting has been fixed, convection effects due to probe’s
movement to the right are also now observed in this image, indicated by the horizontally
distorted diffusion field, similar to those seen for single electrodes (Section 5.2). It is also worth
noting that in this image some features are observed on the insulator regions, highlighting the

sensitivity of this mode to surface topography.

Images of a smaller area of 260x260 um containing only eight electrodes were collected using
a variation of imaging settings to further evaluate image spatial resolution in both modes and
diffusional overlap effects. Over a larger area subtle changes might be less visible; hence the
smaller area was used. From SG-TC images collected at 0.6ittu and 0.7it? in Figure 5-8,
electrodes in both images are sharp and well localized, with their diffusion fields not
overlapping with the neighbour diffusion fields, nor visibly distorted by the convection. At the
bottom of the V middle row, there is a hint of the ninth electrode, suggesting that SG-TC mode
captures hemispherical diffusion field to a great extent, hence the diffusion field from an
additional, not fully imaged electrode is sensed. In this mode it is expected to see broader

diffusional fields than in FB mode, just like from a single electrode imaging.
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Figure 5-8. SECM SG-TC mode images of eight near the edge electrodes over 260x260 pum area from
microdisc electrode array of r = 15 pm, 100 pm centre-to-centre spacing, using the following settings:
0.05 s increment time, 10 s quiet time, 5 pm step size, (a) 0.6it°"* and (b) 0.7ir°uk,

The image collected at the shortest imaging distance in (a) is characteristic of clear electrode
features, just like for the single electrodes. With increasing tip working distance the
hemispherical diffusion field expands, which is expected to result in less resolved electrode
features. However, when the probe was lifted from 0.6ir? (Figure 5-8 (a)) to 0.7ittuk (Figure

5-8 (b)), no significant changes were observed, suggesting that the image resolution is not
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sensitive to such a change in SG-TC mode at very short working distances. In addition, from
Figure 5-8, it seems that the bottom part of both images was closer to the imaging probe than

the top, suggesting a minor tilting effect.

FB mode images of the same 30 um diameter microdisc array electrodes in Figure 5-9 were
collected using several different imaging settings. Electrodes in all images are clearly resolved
but variation of the step size, increment time and imaging distance result in some differences
between the images. When contrasting 5 um and 2 um step size images collected at 0.6iPuk
in Figure 5-9 (a-b), both images show localized diffusion fields around each of the eight
electrodes. The image collected using a 2 um step size is less pixelated than that using a 5
um step size, as expected, thus giving the perception of a higher quality image. However, the
smaller step size results in the electrodes in the lower part of the image being of lower currents
and the insulator being of higher currents than in the upper part. This suggests that the lower
part could have been further away from the probe due to tilting. Since the sample tilt was not
intentionally adjusted between recording the images in (a) and (b), this suggests that
decreasing the step size (and consequently the scan speed) makes the SECM more sensitive

to sample tilt effects.
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Figure 5-9. The same as in Figure 5-8 260x260 um area from a hexagonal microdisc electrode array of
r =15 um, 70 pm side-to-side spacing but imaged using SECM FB mode and the following settings: (a)
0.6it°"%, 5 um step size, 0.05 s increment time, 10 s quiet time, (b) 0.6it™%, 2 um step size, 0.05 s
increment time, 30 s quiet time; (c) 0.6it°"%, 5 um, 0.1 s, 10 s, (d) 0.7it°“k, 5 um, 0.05 s increment time,
10 s quiet time.
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These images show the difficulty in imaging electrodes close to the edges of the image without
the sufficient insulator area to allow for the imaging artefacts on the edges, unlike in Section
5.2. As such, whilst we have attributed this minor effect to tilting, it is possible that time
dependent tip currents or convection are also playing a role. It was shown that it is challenging
to clearly explain such differences only from the qualitative analysis. Semi-quantitative or
quantitative analysis would allow more confident evaluation of these images. Nevertheless, all
eight electrodes in both 2 um and 5 um step size images in Figure 5-9 (a-b) are well resolved
and of relatively uniform activity across the area. Slightly higher resolution of the electrodes
was achieved with a smaller step size, achieved at the expense of imaging time (approximately

2.5 min versus approximately 14 min).

The effect of increment time (scanning speed) and tip working distance on image resolution
and artefacts on the array electrodes in FB mode was evaluated next. Figure 5-9 contains
images collected at 0.1 s increment time in (c) rather than 0.05 s in (a) and an image collected
at a greater tip working distance of 0.7ir?“k in (d) than 0.6it®“ in (a). The longer increment time
of 0.1 s in Figure 5-9 (c) resulted in slightly reduced visual artefacts, appearing in the form of
vertical lines down the image in (a), possibly related to step motor movement. Despite this,
the resolution or occurrence of artefacts appeared unchanged. Then, increasing the tip
working distance from 0.6itPk in Figure 5-9 (a) to 0.7it°uk in (d) resulted in slightly more
observable convection effects in the latter due to probe scanning left to right in H direction, but

this change did not significantly alter the overall appearance of the image.

Overall, this qualitative analysis of the individual hexagonally arranged array elements has
revealed similar observations as from single electrode images. Further, the importance of an
additional insulator area on the edges of the image was found to be important to allow for the

various artefacts, which otherwise are more challenging to identify.

5.3.2 SECM images of a square-arranged microsquare array
5.3.2.1 Effect of tip working distance on image spatial resolution

SECM images of nine electrodes from the microsquare electrode array, where L = 30 um, and
side-to-side separation between the closest neighbours is 90 um, were collected at different
heights to compare sensitivity of FB and SG-TC modes in this differently arranged array
compared to Section 5.3.1. The tip working distance was initially set at 0.75it°k, representing
the distance, d, of 10.9 um (Section 4.5.5). The probe was then lifted up by 5 um at a time in
order to see how far up the tip can be lifted until blurred, low resolution images of the electrode
features are observed. All images were placed on a uniform current/colour, specific to each
mode, derived using the overall lowest and the overall highest current values from that set of
data, to more effectively evaluate resolution decrease with increasing tip working distance. A

380x380 um area was imaged, containing three lines of three electrodes each.
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Sets of images in FB and SG-TC modes are presented in Figure 5-10 and Figure 5-11,
respectively. As observed before, at smaller tip working distance images collected in FB mode
are of a greater spatial resolution than in SG-TC mode. In all SG-TC mode images, the
diffusion fields are wider and starting to overlap unlike in FB mode, reflecting the hemispherical
diffusion fields adjacent to the electrodes, just like in single electrode images. Nevertheless,
at greater d values the electrodes in both modes become significantly more blurred as the
resolution decreases together with the expanding hemispherical diffusion fields from the
electrodes, which at some point inevitably start overlapping. At d = 35.9 um, only the
silhouettes of the electrodes are visible in FB mode, while in SG-TC mode in Figure 5-11 the
electrodes are still relatively well defined.
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Figure 5-10. A set of SECM images over 380x380 um area to check sensitivity of FB mode. Tip working
distances are shown above each image and z-axis values were fixed on each image to 0.725-0.475 nA
scale to compare tip working distance effect on image resolution. Initial tip working distance was set as
0.75ir?", corresponding to 10.9 um.

At d = 40.9 um, FB mode images exhibit very little current contrast and the spatial resolution
is poor. Meanwhile, in SG-TC mode the tip was lifted to a greater d of 60.9 um. The image is
certainly affected by the increased d, but it is still possible to identify that nine electrodes are
present. This image comparison confirms that SG-TC mode delivers poorer resolution images
when the tip is close to the substrate, as further discussed in the following chapters, but then
this mode is less sensitive to the increasing tip working distance than FB mode. More images
at greater tip working distances could be collected to establish at what tip working distances

the underlying electrodes are no longer resolved.

The above discussed hexagonally arranged array at similar d has not reached diffusion

overlap between individual electrodes unlike the one arranged in a square in Figure 5-10 and
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Figure 5-11. Hemispherical diffusion fields emerging from all nine electrodes formed H lines
of pale green colour alternating with bright green colour over the areas without the electrodes.
Within these lines it is also clear that convection effects are present in both modes, as indicated
by the elongated electrode appearance in the H direction and the absence of this pattern in
the V direction. The presence of these convection artefacts makes it difficult to be certain about

the extent of diffusional overlap between electrodes from these images.
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Figure 5-11. A set of SECM images to check sensitivity of SG-TC mode. Tip working distances are shown
above each image and z-axis values were fixed to -0.760-0.400 nA on each image to compare tip working
distance effect on image resolution. Initial tip working distance was set as 0.75it°“k, corresponding to
10.9 pm.

Finally, it is interesting that in both modes in Figure 5-10 and Figure 5-11 the electrodes seem
to be of a disc geometry, while from the microscope images it is known that they were of a
square shape (Figure 3-4). This suggests that hemispherical diffusion rather than precise
electrode features is captured when imaging under these conditions. In Section 5.2, a larger
electrode was imaged at a smaller d, making it easier to visualise the true square electrode

geometry than in the present case.

5.3.2.2 More detailed analysis of the square array

One of the above presented images of 380380 um area containing 9 electrodes collected in
FB mode is analysed in a greater detail in this section. Since the area is relatively small,
differences between individual electrodes are possible to be observed. To start with, a smaller
increment size of 2 um was used to collect the image in Figure 5-12 but the resulting image

barely changed from the previous one collected using a 5 pm step size. This suggests that
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such setting variation had little influence on image spatial resolution and minimizing of the

imaging artefacts, such as convection and time dependent tip currents.

Nevertheless, there is some variation in the electrode activity. From Figure 5-12, there is no
obvious variation pattern, since some electrodes on the right and some on the left are of a
greater activity. This suggests that tilting is unlikely to be the reason for such observations.
The image suggests minor inconsistency of electrode activity within the array and the reason
could be defects related to fabrication or passivating contaminants covering electrode surface,
that were not fully removed before imaging experiments (Section 3.4). The difference was
found to be approximately 0.05 nA (approximately 8%), which is small, but clearly within the
sensitivity limit of the SECM technique. Convection effects at the beginning of each H scan

line and on the right side of each electrode are also present, similarly as in Figure 5-10.
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Figure 5-12. Area containing nine microsquare electrodes from the array, imaged using FB mode at
0.75it?" tip working distance. Increment distance 2 um, incr. time 0.04 s, quiet time 10 s.

Next, the area of the image was decreased and only two randomly selected electrodes from
the array were imaged in SG-TC mode within a 250140 um area in Figure 5-13. The
increment distance was decreased to 1 um and there was more imaged insulator area
surrounding the electrodes. Nevertheless, convection effects were still observed, and the

electrode’s geometry remained resembling a disc rather than a square.

Interestingly, a clear difference in the activity of the two electrodes, indicating either the
presence of a defect in the array or the occurrence of electrode passivation, was observed.
The electrode on the left in Figure 5-13 is active, showing high current over Pt area, while the
one on the right seems to be significantly less active. It would be an interesting experiment to
check the activity of all electrodes in the array, allowing evaluation of the cleanliness and
uniformity of the array. These array SECM images are the first step towards such array

evaluation using visual and quantitative data.
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Figure 5-13. Two electrodes imaged over a randomly chosen 250x140 um area using SECM SG-TC mode
at 0.7it°"k, Increment distance 1 um, incr. time 0.05 s, and quiet time 30 s.

5.3.2.3 Diffusional field overlap effects in SECM images over a large area

Several images over a large area (2000x2000 um) of the same microsquare electrode array
were obtained using both SG-TC and FB modes to further evaluate diffusional field overlap
effects. In Figure 5-14, a large increment size of 10 um was used in order to be more
proportional to the imaging area and to obtain an image within a reasonable time. In both
images, the electrodes are visible, relatively well defined, apparently working uniformly, and
there are no random spots of significantly different currents compared to the rest of the
electrodes. In both cases there is a narrow region of low current (dark green) on the right hand
edge of the image, which represents pure insulator layer, too far away from the active electrode
area to be affected by the diffusion or it is believed to be an artefact that occurs during fast
scans at the end of each scan line.
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Figure 5-14. 2000x2000 um area of electrode array imaged using (a) SG-TC and (b) FB mode at 0.8ir?u,
increment distance 10 pum, incr. time 0.02 s, and quiet time 30 s.

SG-TC mode image in Figure 5-14 (a) suggests that expanding diffusion fields from individual
electrodes appear to have overlapped and expanded to reach the insulator region beyond the
array on the right side of the image. Diffusion fields from each micro electrode in SG-TC mode
are broader and giving impression of a more diffusional overlap at this d than in FB mode. This

reflects the fact that SG-TC mode captures more of a diffusion field profile rather than the
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features of the substrate electrode, agreeing with the previous such comparison between the

imaging modes.

FB mode in Figure 5-14 (b) results in a sharper spatial resolution image of the features of the
substrate, which is reflected by smaller diffusion field profiles and the imaged electrodes being
more defined. This is especially noticeable from the electrodes on the top right corner. Over
the middle of the array there is more current than over the corner, where the electrodes also
start to look slightly fused, just like in SG-TC mode. This is likely due to the diffusion field
surrounding the probe electrode communicating with multiple substrate electrodes when in the
middle of the array. The overlap observed in SG-TC mode suggests this array would deliver a
macro electrode CV response (linear diffusion) of a higher magnitude than theoretically
predicted signal for an array of isolated electrode, and it might not be the priority choice for the
sensing applications, requiring all the advantages micro electrodes usually offer (Section
1.2.1). These SECM images show that there is a difference between edge and middle
electrodes, and, again, quantitative analysis, such as middle line profile extraction and fitting,

similarly as seen in Section 5.2.3, would allow a further evaluation of these observations.

5.3.2.4 2D and 3D SECM images of hemispherical diffusion fields

Overall, in all SECM images of the array electrodes the hemispherical diffusion field of the
individual electrodes can be seen by the gradual decline in current around the electrode edges.
In some cases, due to the probe’s left to right scanning and resulting convection effects the
circle was observed to be elongated in the H direction. This effect could be removed or reduced
by changing imaging settings, probe size or substrate size, as discussed in a greater detail in
Chapters 8 and 9.

Using Origin and CHI software, both used for 2D images extraction throughout this thesis, a
hemispherical diffusion field evolving from the array electrodes can also be visualised by
presenting the current map in 3D. In Figure 5-15, one of the 2D images in Section 5.3.2.1 is
plotted in 3D using two different data analysis packages, which result in the same electrode
presentation. The current map images show that the whole electrode well is of the same
current as expected for a micro electrode. However, electrodes are indeed presented as
having hemispherical profile rather than square geometry. This means that at these imaging
settings hemispherical diffusion field overcame actual shape of the electrode. Each electrode
shows up as a cone of varying height across the area of interest. Some inconsistency of the
currents at the electrodes is more obvious and emphasized in a 3D representation, as different
height cones rather than different shades of colour in 2D image may be more easily compared.
Such current differences are numerically minor, yet they still exist and show how sensitive and

powerful SECM technique is to detect such feature variation.
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The results are also interesting regarding the actual current values for FB and SG-TC modes.
FB mode provides results as expected, as the background current, measured with the tip at
0.4 V, was approximately 0.5 nA. This current was increased as the tip was moved across the
electrode array due to the positive feedback (Section 2.9.2). Meanwhile, the background
current measured in SG-TC mode with the tip at 0 V, which is typically expected to be close
to zero nA, was actually closer to -0.5 nA, which is technically equivalent to the FB mode value
(when in modulus). Since this is a cathodic current, such a current value is possible only if
almost all of the present FcMeOH between the tip and the substrate was oxidised to FcMeOH*
by the substrate electrode. Therefore, a further increase in the current as the tip was moving
across the electrodes has to be due to an additional feedback effect. In this imaged array case,
diffusion fields of adjacent electrodes must have been overlapping so that a complete mediator
conversion occurred at the working distances used for these experiments. Finite element
model (FEM) using such software as COMSOL of such array arrangement would be of interest
to compare with the collected experimental data.
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Figure 5-15. 3D presentation of one of the array images from Section 5.3.2.1 using (a) CHI software
and (b) Origin software.

5.4 CONCLUSIONS

SECM images of single and array micro electrodes were collected at several d, and FB mode
images were of a better spatial resolution than in SG-TC mode in all cases. The latter to a
greater extent captured hemispherical diffusion field evolving from the substrate, to which the
oxidation potential was constantly applied. As a result, convection effects were more likely to
affect images in SG-TC mode due to the tip’s left to right movement within this field and the
resulting stirring. This is unlike in FB mode, where the probe’s diffusion field gets affected by
the presence of the substrate only when directly above it. From qualitative image analysis
convection effects were observed to generally increase with increasing tip working distance in

both modes, and it was possible to approximate them in H line profiles from the comparison
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of H and V middle line profiles. The latter were more symmetrical than the H ones as a result
of the minimized convection. From such analysis, FB mode was shown to be more sensitive
to the variation of d and the images contained some additional imaging artefacts compared to
SG-TC mode. The examples are time-dependent tip currents at the top part of the image and
tilting, which was observed to decrease with increasing tip working distance due to a smaller
percentage change of the currents. It is important to image the area of interest whilst including
some additional space around it to allow for imaging artefacts to die away; otherwise, it is likely
that the artefacts will overlap with the substrate’s response, causing imprecise and challenging
guantitative analysis.

Images of square and hexagonal-arranged microsquare and disc, respectively, electrode
arrays of similar electrode separation distances imaged using SECM in FB and SG-TC modes
confirmed a successful electrode fabrication, as the electrode surface was generally
homogenous in all cases. The effect of scanning speed by varying a step size and an
increment time on image spatial resolution and diffusion field overlap from neighbouring
electrodes in the array was evaluated. From a qualitative analysis of the individual array
elements similar observations as from single electrode images were obtained, but since there
was less electrode-surrounding insulator area on the edges of the image, imaging artefacts
and substrate response were occasionally more difficult to be separated. The square arranged
array was imaged with overlapping diffusion fields at selected d, while hexagonally arranged
array at the same d preserved localized diffusion fields which did not exhibit significant overlap.
The hemispherical diffusion field was shown to evolve not only from the disc, but also from the
square micro electrodes, overcoming the geometry of the electrode and resulting in circular
electrode presentation in the images. The microsquare of 30 um edge length was too small to

preserve the square features in most of the images.

Overall, SECM is a powerful technique for imaging micro fabricated Pt single and array
electrodes. The collected data was successfully used for comparison between different
electrodes and imaging modes, allowing to progress to a structured benchmarking system of
the SECM results. Continuing with this purpose, SECM images of nanoband edge electrodes
and their qualitative, semi-quantitative and gquantitative analysis is presented in the following

chapters.
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6 SECM IMAGES OF SINGLE NANOBAND EDGE
ELECTRODES

6.1 INTRODUCTION

In this thesis, the term “qualitative spatial resolution” describes the sharpness of the image,
based on the known dimensions of the substrate electrode. In the previous chapter, single
micro electrodes were imaged using SECM and the images were evaluated with respect to
gualitative spatial resolution and the occurrence of imaging artefacts. In this chapter, SECM is
used to image and qualitatively as well as semi-quantitatively analyse high fidelity
microfabricated platinum (Pt) nanoband edge electrodes, also of controlled design, shape and
dimension just like in Chapter 5. These single microsquare/microdisc nanoband edge
electrodes (MNEES) are of 100 um edge length/diameter, respectively. Images were collected
at three fixed tip working distances, d, to probe, quantify and mitigate the impact of effects
such as convection, sample orientation and changes in the response of the SECM tip with
time. Convective artefacts are evaluated by comparing H and V middle line profiles, and data

collected in FB and SG-TC modes are compared and contrasted.

6.2 SECM IMAGES OF THE MNEES IN FB AND SG-TC MODES

6.2.1 Resolution dependency on imaging mode

Disc and square nanoband edge electrode images in SG-TC and FB modes are shown in
Figure 6-1 on the left and right, respectively. For a direct comparison, like in Chapter 5, the
magnitude of the FB mode tip currents and SG-TC mode currents were compared as the
modulus was used. All images exhibit high currents around the conducting band edges (dark
red) with lower currents in the middle (mostly red-yellow) and outside the edges (blue-violet)
above the insulator as expected for nanoband edge electrodes. This confirms that Pt metal
was successfully fully removed from the electrode wells during the fabrication process to
reveal MNEEs.

The images are first compared to evaluate the image spatial resolution in the two modes.
Above the insulator cavity, the imaging currents are higher than above the surrounding
insulator area in both modes due to the expected establishment of the hemispherical diffusion
field above the Pt band?!. But it is interesting that in SG-TC mode image in Figure 6-1 (a) the
tip current measured at the centre of the electrode well is only slightly lower than that measured
at the edges, as indicated by a uniform red colouration. In contrast, in FB mode Figure 6-1 (b),
the tip current drops more significantly at the centre of the well (indicated by yellow in the
image) suggesting that FB mode better captures the band nature of the electrode than SG-TC

mode. Since both images were collected at the same tip working distance (at 0.7i?“k which in
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Section 4.5 is determined to be d = 9.2 um) such direct comparison is possible. Similarly, in

Chapter 5, FB modes images were also of a better spatial resolution than SG-TC mode images.
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Figure 6-1. SECM images of (a) a nanoband edge disc electrode in SG-TC and (b) FB modes at d = 9.2
pm and images of (c) a nanoband edge square electrode in SG-TC at d = 9.2 pm and (d) FB mode at d
= 13.2 um. On the side of each image there is a current scale map. Note: current in SG-TC and FB
modes are absolute tip currents in Amps for a direct comparison between the modes. (Images were
produced using Origin software.)

In FB mode, each circular band in the image (representing different current ranges) is relatively
narrower, and the region of current contrast is confined to a smaller fraction of the image area.
This is also indicative of sharper changes in current, hence sharper colour contrast than in
SG-TC mode. These observations reflect differences between the diffusion fields of the two
electrodes, as shown in Figure 6-2. In FB mode in (a), the 10 um diameter tip is set to the
mass transport limited FcMeOH oxidation potential (+0.45 V) at all times. Its hemispherical
diffusion field is therefore relatively small and compressed, compared to the near
hemispherical diffusion field established in SG-TC mode across the 100 pm diameter MNEE
substrate (also biased at +0.45 V) in (b). Depending on d, the extent of the overlap of the

diffusion field from the sides of the band is expected to vary, as shown in Figure 6-2 (b).

Thus, SG-TC mode tends to result in images depicting the overall diffusion field of the

substrate electrode, while FB mode delivers images of localized details, as also discussed in
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Section 5.2.1. Whilst these observations are as expected,? it is important to demonstrate that
such electrode and corresponding diffusion field size differences are fully reflected in the

experimental images recorded at these high fidelity substrate electrodes.
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Figure 6-2. Diffusion field differences in (a) FB and (b) SG-TC modes, reflecting that it depends to which electrode
oxidation potential of +0.45 V is applied. Diffusion field overlap from the band sides over the insulator cavity in the
middle of the electrode varies with d, as shown in (b).

As mentioned above, the overlap is such that in SG-TC mode the imaging current above the
middle of the cavity is only slightly lower than that above the Pt band, making it more
challenging to resolve from the image whether it is a microelectrode or a nanoband edge
electrode. Such diffusion field size effects on image sharpness are even clearer, when
considering that the SG-TC nanoband square image in Figure 6-1 (c) was collected at d = 9.2
pum, while FB image in Figure 6-1 (d) was collected at the greater working distance, d = 13.2
pum. This means that SG-TC mode generated a less sharp image at a smaller working distance
compared to the FB mode image collected at a greater d. Consequently, the square MNEE
corners look more rounded in Figure 6-1 (c) than in FB mode in Figure 6-1 (d). The insulating

area in the middle of the electrode is also more clearly visible in FB mode.

Overall, both nanoband disc electrode images contain less resolved insulator surface in the
middle of the electrode than nanoband square images. When considering qualitatively the
principle differences between the expected contributions of different parts of the square band
and the disc band, it is worth first considering the current along the middle line of the image,
as depicted in Figure 6-3. The middle line from the square (either H or V) should have equal
contributions from the two parallel sides (either top and bottom horizontal or left and right
vertical) at all points on the line, as the distance is the same from any point to each side wall.
This is unlike the middle line of a disc band, where there is slightly more contribution from the
two “walls”, due to their closer proximity and their rounding outside the middle plane. This
effect was of a smaller importance in Chapter 5 due to the electrodes being significantly larger
(micro versus nanoband). These geometry differences explain why in FB mode the insulator
cavity of the nanoband edge disc electrode in Figure 6-1 (b) is not as precisely defined in the
image as in a square in Figure 6-1 (d). In the latter, the middle area is obviously an insulator,
as it is of the same colour (blue) as the surrounding insulator. Meanwhile, in the disc image,
the cavity middle is of lower currents (yellow) than the band (red) but still of higher currents
than the surrounding insulator (blue), as the diffusion field from the edges extends to a greater

scope into this cavity than in a square electrode. This image still clearly shows a nanoband
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edge electrode of a disc geometry, but if the disc diameter were smaller, at the same tip
working distance as in Figure 6-1 (b), the image would most likely more resemble a

microelectrode, rather than a nanoband edge electrode.

The differences between SG-TC mode images are smaller. The centre of the disc in Figure
6-1 (a) exhibits a uniform current in the range of 3.0-3.5x10-10 A, while the current at the centre
of the square in Figure 6-1 (c) certainly drops below 3.0x101° A, as indicated by the hint of
orange colour above the very middle of the cavity. Thus, the geometry of the electrode has
less impact on SG-TC images on this scale. These effects will be further quantitatively

analysed in Section 6.3.7 and throughout Chapter 7.

(b)

Figure 6-3. (a) Square and (b) disc electrode geometries with the middle line profiles are drawn as vertical
dashed line. With respect to these middle lines, the contribution of the diffusion field from the walls of the
electrode in the disc geometry is greater than in the square geometry, where the contribution from the
walls is constant at all times.

6.2.2 Qualitative assessment of imaging artefacts

SECM images in Figure 6-1 are of high spatial resolution as the middle of the electrode clearly
contains an insulator cavity. However, several typical SECM imaging artefacts are still
observed, as in Chapter 5. Examples include convection effects that make the shape of the
substrate electrode appear distorted in the H direction from left to right and the tip current
decay effects that make the image appear tilted, when in fact it is level. Unlike some other
systems such as gold band arrays (Section 1.1.4), high-fidelity images of electrodes
(substrates) are required to provide some confidence in rationalising the artefacts as well as

any additional and unexpected surface features.

Since electrode features are better resolved in FB mode, observation of a more electroactive
spot on the insulator surface was possible only in this mode. In Figure 6-1 (b), at the top right
of the disc nanoband image, there is a significant size region of higher currents. In Figure 6-4
(a), the same image is presented in 3D, where the axis has been rotated away from its original
position to reveal and further emphasize this, captured as a current peak in the purple box.
Such higher currents seem to originate from more than one line profile; hence, this suggests
a real surface feature, not an artefact. It could have appeared due to a pinhole or the thinning
of the insulator surface which is not sensed in SG-TC mode. The electrode area is not affected,

and it is also absent from the middle line profile analysis in Section 6.3.
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Figure 6-4. 3D SECM images of (a) a nanoband edge disc electrode in FB mode and (b) a nanoband
square electrode in SG-TC mode, which (c) has been rotated to more clearly show an insulator profile
(blue) within the conductor area and the corners of the square electrode, both of which are within the
blue box. All images were collected at d = 9.2 um, and these 3D representations are equivalent to images
in Figure 6-1 (b-c). Green box in (a) emphasizes convection artefacts in FB mode and the smaller purple
box focuses on an artefact on the insulator surface.

The 3D representations also enable a clear observation of another artefact in FB mode. In the
equivalent 2D image in Figure 6-1 (b), this appears as a narrow line of higher currents
presented as a light blue colour on the very edge of the left side of the image. And in a 3D
image this is presented more clearly as indicated by the (green) box on the left edge of the
image in Figure 6-4 (a). This is likely a consequence of the solution being stirred by the SECM
tip® upon its returning rapidly from right to left to resume scanning after it has completed a
horizontal scan line. Upon returning to the original x-coordinate one scan line lower, the tip
appears to cause local stirring, which results in an additional convective transport of the redox
species from the bulk to the tip and hence an increase of these initial current values. Enhanced

currents at the beginning of each line profile show effective convection initially but within a few
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points in the x-direction the current decreases towards a stable value, presumably because
the scan speed during data collection (left to right) is significantly slower than the return scan
speed (right to left). As long as these convection effects die down well before the electrode

area, this does not disturb the collected data, allowing effective quantitative analysis.

The effect of imaging artefacts in the two imaging modes is evaluated from the comparison of
two electrode images in Figure 6-4 (a-b). The convection effects due to the rapid scanning
back from right to left (discussed in the above paragraph) are significantly more present in FB
than in SG-TC mode. In the latter, the green box in Figure 6-4 (b) captures convection-related
artefact at the front of the H line profiles. The effect is more localized than in FB mode, being
only at the start of the H line profiles which involve crossing the nanoband electrode area,
unlike in FB mode where all lines were affected. Since the redox couple oxidation potential
(+0.45 V) is now applied to the substrate, this is because the tip, upon rapid scan back, drags
some of the FcMeOH* generated at the substrate to the left side of the image, where it gets
reduced and results in a higher current seen on the subsequent scan. When the tip is scanning
over the area without the nanoband electrode, this affect is absent; thus, although both FB
and SG-TC images indicate convection effects on the left edge of the scan, they arise from

different processes.

When further evaluating these 3D images in Figure 6-4 (a-b), not only there is more current
variation across the insulator area in FB mode, but also the cone, representing the active band,
is more distorted. The right side of the cone at the base is elongated towards the right and the
top profile of this cone is also of higher currents on the right side, as indicated by a darker red
colour. In SG-TC mode, the right side of the nanoband square peak is also of higher currents
than the left side, but the current increase is smooth, resulting in a relatively gradual slope. In
FB mode, the slope is significantly steeper. It is not easy at this stage to explain why the
currents immediately to the right of the nanobands are higher than they should be in both
modes. It could be minor Pt band activity difference on the sides of the electrode or also
convection-related artefact. Semi-quantitative analysis of these artefacts in the following

sections of this chapter allows a further evaluation.

These higher currents on the sides of the electrode area result in an asymmetric (from left to
right) presentation of the nanoband electrode images. This effect is more pronounced in the
case of the nanoband disc, which appears elongated (egg-shaped), rather than perfectly
circular. The fact that these effects are absent in the y-direction are a good indication that they
are due to convection. Overall, FB mode has been shown to deliver greater spatial resolution
images, but it also has been shown to be more affected by some of the typical SECM imaging
artefacts than SG-TC mode.

The 3D figures clearly show the nature of the substrate electrode, as they visually establish

that the imaged electrode is a MNEE in a more convincing manner than equivalent 2D images.
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Specifically, for the nanoband disc 2D image in SG-TC mode from Figure 6-1 (a) it would need
to be considered whether it is a band or a micro electrode without further analysis and
comparison with the other images. When presented in 3D in Figure 6-4 (a), a high current
band with an insulator area within it is revealed, as represented by the hollow centre of this
band. This is also applicable to the square geometry. In addition, in Figure 6-4 (c), the square
electrode area is highlighted by a blue box to emphasize that the corners appear to be more
active. This, again, was not noticeable from the 2D image, and is potentially an example

highlighting the enhanced effects of corner diffusion previously discussed in the literature.14

A further imaging artefact can be seen at the very top of the image in Figure 6-1 (d). It is clear
that there is an area formed by H lines of significantly higher currents, which differs from the
rest of the insulator surface. To demonstrate this effect more clearly, the current scale has
been limited to a maximum upper value of 0.69 nA in Figure 6-5 (a), allowing the actual square
electrode to be fully revealed while removing the focus on those upper H scan lines. This
shows that the lines are of significantly higher currents for this insulator area in such images,
and when evaluating currents from the newly generated scale, it is clear that the current is
progressively dropping with successive H scans in this region. These changing currents
gradually settle with time and line profile number. However, when comparing this FB mode
image with the one from SG-TC mode in (b), the effect clearly has not fully settled before the
electrode area. The electrode-surrounding insulator area is of varying currents across the

whole surface.
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Figure 6-5. The same (a) FB and (b) SG-TC mode SECM square nanoband edge electrode images as
in Figure 6-1(c, b). In FB mode, the current scale has been fixed to a maximum value of 0.69 nA to allow
the focus of the image to be on the square rather than the H scan lines at the top of the image.

The reason for the occurrence of this time-dependent artefact could be an initial dragging of
some kind of an electroactive particle under the tip. This would result in abnormally high
currents at the beginning of the imaging, but then it also would be maintained if there was a
current path to the underlying substrate (which there is not), and so it is hard to explain a

gradual decrease in this current with scan number and time. Also, as a result of the presence

119



and then absence of the particle, the difference between high and low currents would be

significantly sharper rather than gradual.

An overall tilt of the MNEE electrode can also be eliminated. In case of tilting, higher currents
over the insulator at the top of the image would suggest that the tip was further away from the
substrate, allowing smaller negative feedback. The tip would be closer to the substrate at the
bottom part of the image allowing for a greater negative FB response. However, when
evaluating currents over the band area, the opposite dependency on d is observed, as the top
line of the square is of slightly higher currents, suggesting if anything greater positive feedback
and a closer distance than for the bottom line. Therefore, tilting cannot consistently explain
this response. The rest of the band electrode image is as expected in FB mode and the
equivalent image in SG-TC mode in Figure 6-5 (b) is also not affected (although topography
effects are known to be less pronounced in SG-TC mode compared to FB mode).

Therefore, it is most likely that this is an artefact related to the tip electrode conditioning. The
currents decrease in a smooth manner, and similar high current profiles have been observed
in other images, although normally the current stabilised much more quickly (i.e. within a few
scan lines). This unusual behaviour may either indicate some early chemical contamination of
the SECM tip or the time-dependent decrease in response of an unusually clean tip. Such
effects are normally removed due to the preconditioning potential applied to the tip, but in this
case, this was clearly not effective. This observation demonstrates the importance of the
imaging of the insulator around the electrode to first establish and then potentially account for
the effect of artefacts. The image was also used for a further discussion of semi-quantitative

analysis, as presented later on in this chapter.

6.2.3 Electrode resolution dependency on the tip working distance

The following discussion focuses on imaging of the diffusion field as a function of the tip
working distance. Nanoband disc and square electrode images were collected in SG-TC and
FB modes at three nominal tip working distances of d = 9.2; 13.2 and 22.1 um, as derived in
Section 4.5.5. The images are grouped in four sets as shown in Figure 6-6 (nanoband disc)
and Figure 6-7 (a-b) (nanoband square) and they are plotted on the same current range in
Amps, derived using the smallest and the highest current values prevailing in each set. In both
figures, part (a) and part (b) show the data recorded in SG-TC mode and FB mode,
respectively. Images are presented in different colour schemes than above to show that either
of the two software packages (Origin and CHInstrument) can be used to present and analyse
data. Since the FB mode images of the square nanoband edge electrode in Figure 6-7 (c) are
significantly affected by the tip conditioning artefact (Section 6.2.2), in Figure 6-7 (b), these
images are zoomed in, so that this top area of the image is cropped out. This again

emphasises the importance of identifying and, if possible, removing the effect of artefacts.
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Figure 6-6. SECM images of r = 50 um Pt nanoband edge disc using (a) SG-TC and (b) FB modes. Step
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size = 5 um, step time = 0.2 s. Images were placed on the same current range in Amps in each mode
for direct observations how variation of d (increasing from left to right) affects image spatial resolution.

Images were produced using CHInstrument software.

In Figure 6-6 and Figure 6-7, the left images were collected at the smallest out of three d and
the tip working distance increases towards the right. These MNEE images, as expected,
clearly show that increasing d results in successively lower spatial resolution of the electrode
features in both modes for both disc and square electrodes due to diffusional broadening.
Despite this, both electrodes in FB mode in Figure 6-6 (b) and Figure 6-7 (b, c) are clearly
seen to be band electrodes (MNEESs). FB mode MNEE images are consistently of a higher
electrode feature resolution than in SG-TC mode at all d. Even at d = 22.1 um in Figure 6-6
(b), it is clear a nanoband disc is being imaged. In SG-TC mode at the same d the diffusion
field from the substrate has evolved into the insulator cavity and become nearer to
hemispherical for both disc and square, as shown by the near circular disc-shaped image

obtained for both disc and square electrodes in this mode.
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Figure 6-7. SECM images of L = 100 um Pt square nanoband edge electrode at increasing tip working
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distance from left to right (d = 9.2, 13.2 and 22.1um) in (a) SG-TC, where images were placed on a
uniform current range for direct observations of how d affects spatial resolution and (b-c) FB mode, where
original images in (c) were disturbed by time-dependent artefacts, which were removed by cropping the
image in (c).

Atd =22.1 um, it was still possible to distinguish between disc and square electrode geometry
in both modes. But in SG-TC mode, the nanoband nature of the electrode is less apparent for
the disc in Figure 6-6 (a) compared to the square in Figure 6-7 (a). In the latter, it is much
clearer that a band was imaged, emphasizing that the geometry of the electrode is important.
The development of the expanding hemispherical diffusion field depends on the nature of the
electrode, which dictates how far above the surface the tip should be placed in order to fully
resolve the electrode. The nanoband disc electrode images in SG-TC mode in Figure 6-6 (a)
capture hemispherical profile to a great extent due to the greatest diffusional overlap from the
band sides, which also means that at tip working distances greater than the diameter of the

probe (10 um) in SG-TC mode it is difficult to identify if it is @ nanoband or a micro disc.

These sets of images at the three tip working distances allow evolution of diffusion for both
geometries of the electrode. It has been predicted that both MNEEs will produce overall
hemispherical diffusion fields (Section 2.4) at large enough times and distances, and from
these images it is clearly seen that a hemispherical diffusion field evolves from both disc and
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square nanobands within these experimental time and length scales. The hemisphere-like
diffusion field has started to overcome the square geometry of the electrode, similarly as in
Chapter 5. The hemispherical diffusion field was reached at a shorter distance by the disc than
the square: the disc band shape more naturally leads to a hemispherical diffusion due to a
circular geometry, and diffusional overlap from all parts of the band electrode as a function of

height occurs more rapidly than for the square (Figure 6-3).

Since the tip currents vary from experiment to experiment due to various factors such as minor
probe fouling and contamination, each image has a slightly different current range. It is
interesting that the image collected at d = 9.2 um shows the largest current range (also referred
to as current contrast) in FB mode whilst the image at d = 22.1 um shows the smallest. This
is because the effects of negative feedback at the insulator (hindered diffusion to the tip) and
positive feedback at the band electrode (reduction of the tip-generated redox species at the

band) both become more pronounced with decreasing d, leading to a greater current contrast.

In contrast, the corresponding SG-TC images in Figure 6-6 (a) and Figure 6-7 (a) show a
reduced current range. This can be seen to be primarily due to the invariance of the current
over the surrounding insulator with d. There is no FcMeOH* redox species in the bulk to be
affected by hindered diffusion and little detectable species from the MNEE electrode.
Comparison of images after arranging them to be on the same current scale therefore really
allows the comparison of the current ranges and relative resolution of the electrode features

as a function of the changing tip working distance and between the measurement modes.

In conclusion, the nanoband disc electrode image at d = 9.2 um in FB mode is the best of the
three distances for qualitative spatial resolution of the electrode. It not only depicts a high-
resolution circular band image with a clear, well established insulator area in the middle but
also contains little impact from artefacts further discussed in this chapter. The corresponding
square nanoband image suffers a tip conditioning artefact. Together these demonstrate how

MNEE images can be used to demonstrate and account for these counterbalancing effects.

6.3 SEMI-QUANTITATIVE ANALYSIS OF THE MIDDLE LINE PROFILES

The relative effects of imaging artefacts and tip working distance variation in FB and SG-TC
modes are further evaluated by comparing H and V line current profiles across the electrode
area in the images. The three tip working distances used in these experiments were d = 9.2;
13.2 and 22.1 pum (0.7irbuk, 0.8irbuk, 0.9itouk, respectively) like in Chapter 5. Since only specific

parts of the line profiles were analysed, this is a semi-quantitative analysis.
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6.3.1 Horizontal line profile analysis in FB mode

In this section, only the nanoband edge disc electrode was fully analysed, as similar analysis
was already performed on a micro disc and a micro square electrode in Section 5.2.3. H line
profiles from these images collected at three d values are compared in Figure 6-8. Both raw
and normalised currents are presented with three sections within these line profiles,
highlighted for a more structured analysis: initial tip currents (green box); area containing two

peaks present due to Pt electrode band (blue box); and final tip currents (purple box).

From the raw current line profiles, as expected, initial tip current increases with increasing tip
working distance due to a less negative feedback at the insulating region of the substrate and
the middle line profiles fall into an arrangement presented in Figure 6-8 (a). At d = 22.1 um,
the initial tip current has the highest value of the three lines, which is expected due to the
smallest negative feedback: tip and substrate are separated by the greatest distance, allowing
the greatest mass transport limited diffusion to the tip. It is worth mentioning that these images
were collected at the greatest d first and there was a significant time frame between images,
tiny currents and large solution volumes, which removes the possibility that the tip current is

higher due to the FcMeOH™ species gathering in the solution with time.
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Figure 6-8. (a) Raw current and (b) normalized to imin H middle line profiles from nanoband disc (r = 50
pm) FB mode images collected at the three tip-substrate distances. Dotted pink lines in (b) mark peak
separation with regards to 0.7ir?" line and a pink H bar represents 100 um, which is a diameter of the

electrode. Coloured boxes mark areas of interest discussed in the text.

An effective comparison of line profiles was enabled by dividing, ‘normalizing’, currents by imin
(defined as the smallest current value at the top part of the image over the insulator before the
electrode area was reached), as shown in Figure 6-8 (b). This approach seemed to be the
most effective for this type of analysis, allowing the line profiles to be arranged at
approximately the same initial position. As a result of the convection effects discussed above,
the first current values recorded in each line are always higher than the minimum current value

in FB mode. This shows how much time — distance into the image — was needed until the

124



current stabilised, ideally before the electrode area was reached. It also shows if the current
after the electrode area decreased, increased or remained at the similar level, allowing a better

insight into some of the convection artefacts present in the images.

After normalization, H middle line profiles across the nanoband edge disc electrode in FB
mode are stacked as presented in Figure 6-8 (b). Interestingly, the normalized current
response at the beginning of each of the middle line profiles appears to overlay each other,
independent of the tip working distance (pink box). This shows that the time taken for the
disappearance of the convection artefacts is independent of the tip height and consistent with
a diffusional process of the redox species. The line profile data also shows that with increasing
tip working distance, the current over the peaks (blue box) decreases due to decreasing
positive feedback. Furthermore, as more space between the tip and the substrate becomes
available, the diffusional gradient between the tip and the substrate electrodes is reduced,
allowing product species to diffuse into the bulk before being converted at the tip. As such, a
broader tip diffusion field is experienced by the substrate, and both qualitative resolution and
peak intensity decrease. This results in the sharpest and the highest peaks at 0.7ir?uk, (d = 9.2
um), where the peak separation is also the most distinctive due to the combination of sharp

peaks and a relatively lower current dip between those peaks.

In Figure 6-8 (b), the peaks in the line profiles are consistently higher on the right band
electrode than on the left, and an effect is the most pronounced at the shortest tip working
distance. This could be due to minor tilting of the substrate, present in all three line profiles.
This would mean that higher current value could represent greater positive FB over the
conductor area, meaning that the right-hand band was closer to the tip. However, there is no
obvious sign of tilting in the insulating regions of the image, suggesting that this is unlikely to
be the cause of the differing levels of positive FB observed for the two bands. The more likely
explanation is that convective mixing occurs, as discussed in Section 6.2. With decreasing tip
working distance the current difference between before and after electrode area — marked with
pink and purple boxes in Figure 6-8 (b) respectively — was found to increase. Thus, when the
tip is closer to the substrate, there is more effect from the tip’s left to right movement when
scanning the surface during imaging. Specifically, the right peak and the end of the line profile
(purple box) are both of higher currents compared to the left peak and the initial current (pink
box), respectively. The amount by which the peak on the right is of a higher current than that
on the left is comparable to the difference between left and right extremes of the line profile.
Such combination of current differences is a strong indication that convection rather than tilting

is present in the line profiles.

Finally, vertical dashed lines through the peaks in Figure 6-8 (b) represent position of the
bands separated by 100 pm, which is the nominal value of the MNEE diameter. When

examining line profiles more closely, the peak separation is 100, 95 and 90 pm from the
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smallest to the greatest imaging distances. From this and from visual representation, the peak
separations are indeed 100 pum with an experimental error, consistent with the step size during
SECM imaging of 5 um. The deviation at longer tip working distances likely arises due to an
additional current contribution towards the centre of the cavity, where the band diffusion fields
begin to overlap. These peak positions are discussed further in Section 6.3.6. At higher d, the
hemispherical diffusion field profile has grown the most, and, as expected, this results in the
two peaks starting to coalesce. However, the nanoband features presented by the distinct
peaks are still present. These H middle line profiles show more clearly than the 2D images
that the nanoband features are preserved in all three images, including the one collected at
the greatest d.

6.3.2 Horizontal line profile analysis in SG-TC mode

Equivalent raw and normalized to imin H middle line profiles at the three tip working distances
in SG-TC mode are presented in Figure 6-9. During the normalization process, the currents
were adjusted to be positive, enabling a clear comparison between the line profiles and also
between the two imaging modes.
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Figure 6-9. Nanoband disc H middle line profiles in SG-TC mode at the three tip-substrate distances in
(a) raw and (b) normalized to imin forms. Dotted lines in (b) mark peak separation with regards to 0.7i7uk
and the bar represents 100 um (diameter of the MNEE). Green arrows mark areas of interest discussed

in the text.

An important difference from the FB mode line profiles in Section 6.3.1 is seen in the raw
current line profile comparison in Figure 6-9 (a). First, the initial profiles (green arrow) over the
insulator are at approximately the same values for all imaging distances without the need to
normalize them. However, this apparently changed less steeply than in FB mode. It should be
remembered that the mass transport limited oxidation potential is constantly applied to the
substrate rather than the tip electrode, hence the tip current is due to the reduction of

FcMeOH*. In theory, this current should be zero over the insulator due to the absence of any
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FcMeOH* at a significant distance from the nanoband electrode. However, in practice a small
reductive current is still observed at the tip due to residual FcMeOH* present in solution near
the electrode (either generated by the band electrode and diffusing laterally during previous
experiments or due to aerobic oxidation of FcMeOH due to the presence of oxygen), similarly
as in Chapter 5.

In the normalized (i/imin) line profiles in Figure 6-9 (b), the arrows mark initial and end profiles
of the line profiles (before and after the peaks), respectively, which, differ much less compared
to the FB mode. This is because in SG-TC mode there is no/little current over the insulator
due to the absence of any product (generated on the substrate electrode) in the bulk and the
hindered diffusion of product from the substrate that scales with d. In FB mode, the edge
current values are higher due to the species being oxidised and being present in abundance
(0.5 mM), resulting in smaller normalized relative currents. Further, both sides of the
normalized line profiles are more similar in current values in SG-TC mode, supporting the
observations from the image analysis that the convective effects are less important in SG-TC
mode.

Similarly, as in FB mode, the current measured over the right-hand band electrode in Figure
6-9 is higher than on the left. However, the peak current values differ by a greater extent in
SG-TC mode than in FB mode. From H line profiles, the right-hand peak is between 12-16 %
higher than the left peak, which may be due to an enhanced convective effect within the
relatively large substrate’s diffusion field. It is shown that this convective effect is emphasized
over the electrode area but is not carried further on to the area outside the electrode, while in
FB mode, convection effects are present on both the right-hand peak and end profile of the
line profile. In SG-TC mode, the tip significantly affects the substrate’s hemispherical diffusion
field, displacing some FcMeOH* species generated at the left-hand band electrode with the
possible addition of feedback effects further enhancing the currents. This effect appears to be
less pronounced in FB mode where the small diffusion field at the tip is affected by the

underlying substrate electrode only when directly above it.

With increasing tip working distances the peak currents decrease due to the concentration of
FcMeOH* species becoming diluted with distance from the band electrode as the diffusion field
extends deeper into solution. At shorter tip working distances there may be added contribution
of positive feedback effects due to the regenerated FcMeOH at the tip diffusing to the substrate
and becoming oxidised again. But the peaks are still less sharp than in FB mode, which has
been shown be generate higher spatial resolution images of the electrodes and hence sharper

peaks at all d in the middle line profiles.

The peaks are close to 100 um separation (H dashed lines in Figure 6-9 (b)), but when
examining the peak values from the graph in a greater detail, the peak separation includes

more than the experimental error of 5 pm observed in FB mode. The peak separation values
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are 90, 90 and 80 pm at d = 9.2; 13.2 and 22.1 um, respectively, (Section 6.3.6) suggesting
that the band features are less resolved at comparable distance and the establishment of
hemispherical diffusion over the substrate is more rapid, due to FcMeOH* species emerging
from the opposing band beginning to contribute to the measured current. This is not
unexpected and is consistent with the other observations established throughout this chapter
that SG-TC mode generates images of less localized features and more effectively maps the
onset of substrate diffusion profiles. As the tip working distance is increased, the peaks start
to both overlap and get closer together, reflecting progressive development of a complete
hemispherical diffusion field over the substrate electrode. An overall trend of increasing
resolution of the peaks, presented as increasing currents, with decreasing tip working distance
is present in both modes.

6.3.3 Evaluation of convection effects from FB mode middle line profiles

In Figure 6-10, H and V middle line profiles were extracted from both nanoband edge disc and
square electrode images collected at d = 13.2 um in order to evaluate differences between the
directions of the line profiles in FB mode. This allows evaluation of convection effects, the
variation of which with distance along the profile is expected to be fully eliminated in these V
line profiles since the tip movement when scanning the surface was from left to right, rather
than top to bottom (V direction). Such a convective mixing effect is an imaging artefact, which

should be minimised and at least understood to simplify and assist in the data analysis process.
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Figure 6-10. H (black squares) and V (red circles) middle line profiles, represented as red dashed lines
in the inserts of the SECM electrode’s image collected at d = 13.2 um in FB mode: (a) nanoband disc
(dashed vertical line marks x = 275 pum), (b) nanoband square. Vertical arrow and numbers 1-2 in (a)
mark areas of focus for comparison between the two line profiles, applicable to both graphs.

In Figure 6-10 (a), a nanoband edge disc electrode image and its H and V middle line profiles
are shown in FB mode. An arrow indicates the area where the first peak (electrode area) starts,
and numbers 1-2 mark the end of the second peak (electrode area) in V and H line profiles,

respectively. The initial current in the V line profile is lower than in H line profile, since the
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former is composed from middle points of each H line profile, while the latter is an original scan
line, in which the currents were still stabilising at the beginning of the line (due to the convective
effects). Hence, higher currents are the result of the local stirring at the tip. The V line profile
also shows some decreasing tendency of the initial currents, but this is due to the common
observation of higher tip current values over the first few (H) line profiles due to gradual tip
conditioning at the beginning of the image. Therefore, both line profiles contain artefacts, but

they differ in their origin.

As the line profiles reach the 100 um position, marked with a black arrow in Figure 6-10 (a),
both currents overlap, as expected, showing that the differences between the two line profiles
at this point are minimal. This correspondence in current broadly continues through the middle
area between the two bands and even just after the second band. The peaks in the V line
profile are of the same current value, suggesting symmetry and absence of convection effects,
unlike in H line profile, where the left-hand peak is of lower currents than the right-hand one,

as discussed above, being diagnostic of a convection effect.

On the right side of the bands, convection effects can also be clearly observed and quantified
by comparing the H line profile with the V line profile. At position 2 in Figure 6-10 (a), the line
is at much higher currents than when it was at the position marked with the arrow. When
comparing positions 1 and 2, it is obvious that the V line profile is narrower and more symmetric.
Here, position 2 indicates a much wider H profile due to a convection artefact. The greatest
difference between V and H lines at x = 275 is 0.0208 nA, meaning that the V line profile point
is at 3.7% lower current than the equivalent H profile. The convective effect is therefore
relatively small but, given that the maximum peak currents are only approximately 15% above

the baseline current, this value is over 20% of the peak response and therefore quite significant.

In Figure 6-10 (b), the V line profile from the nanoband square image is rather disturbed due
to higher currents at the top of the image, discussed in the above sections. Thus, data analysis
is seen to be challenging, and it could lead to misleading conclusions and imprecise estimation
of the convection contribution. A comparison between the two images and their middle H and
V line profile in Figure 6-10 shows the importance of having collected a good resolution and
tip conditioning artefact-free images, which allows logical evaluation of the presence of
convective effects. Using this knowledge, other images can be evaluated in a more controlled
and confident manner to prevent inaccurate quantitation when comparing such line profiles.
Such affected data also shows the need for consideration of convective effects and extraction
of V profiles for quantitative analysis, as presented in Chapter 7. This allows a full evaluation

of experimental line profiles after allowing for the effect of any imaging artefacts.
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6.3.4 Evaluation of convection from the line profiles: SG-TC versus FB mode

SG-TC mode H and V middle line profiles across the nanoband edge disc and square
electrode images collected at d = 13.2 pm are presented in Figure 6-11. Convection effects
and other artefacts, as discussed in the above section regarding FB mode data, can again be

seen in SG-TC mode, which data are compared with the equivalent FB mode data.
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Figure 6-11. H (black squares) and V (red dots) middle line profiles across the nanoband edge (a) disc
and (b) square electrodes in SG-TC mode at d = 13.2 um with the inserts of the SECM electrode’s image,
containing red dashed lines presenting these line profiles. Blue dotted lines lead to the peak current
values from H line profile on y-axis.

The beginning and end profiles from the disc nanoband electrode, marked with the green
arrows in Figure 6-11 (a), are similar to the nanoband disc line profiles in FB mode in Figure
6-10 (a). The H line profiles are again of higher initial and final currents compared to the V
ones, where both currents are comparable, suggesting that similarly to FB mode convection
is more prominent in the H line profile. As in FB mode, the line profiles over the peak area are
broadly overlapping, showing correspondence between H and V line profiles at these specific

parts of the line profile.

Differences between the peak currents in H and V line profiles are greater in SG-TC than in
FB mode, confirming that convection is more important over the electrode region in the former.
The peak currents from the H line profile in Figure 6-11 (a) (blue dashed lines) show that the
right-hand peak current is 0.052 nA higher than the left-hand peak. As such, convection effects
result in a rather significant 13% difference in peak current values, compared to 2% difference
in FB mode. The higher sensitivity of SG-TC mode to convective effects is expected, as
diffusion governed mass transfer to the smaller tip in FB mode is more efficient. The peak
currents in V line profile are almost identical, again reflecting the absence of convection effects
which vary along the profile and giving complete symmetry in this direction. This observation
again highlights the importance of considering the tip scan direction when interpreting current

differences observed in SECM images.
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Regarding nanoband edge square H and V middle line profile in Figure 6-11 (b), they are more
comparable than the equivalent FB mode data, where the data is significantly affected by tip
conditioning artefacts. In both cases, H and V current profiles start to correspond just before
the first peak as a result of a marked decrease in convection effects in the collected data. The
H line profile peak currents in (a) are approximately 0.33 nA and 0.38 nA for the disc; lower
and higher than the left and right peaks (0.36 nA) from the V line profile, respectively. The
peak currents from H line profile (0.34 nA and 0.38 nA) also differ from the V profile (0.36 nA)
in the square data in (b) and there are similar differences at the end of the H and V line profiles
for disc and square. This suggests similar convection effects over the square electrode area
compared to the disc. Due to convection effects the H line profile is again at higher currents at
both the beginning and end of the line profile (green arrows) than the V line profile in the disc
and square MNEE electrode data. The effects are smaller on the left side of the line profile for
the square as the difference between V and H line profiles is approximately 0.05 nA (< 2%),
but this again likely to be due to two different (time dependent tip conditioning and convective)

tip artefacts.

One of the main differences between disc and square data sets in Figure 6-11 regarding V
line profiles is that the ending profile of the square nanoband line profile is at lower current
values than the beginning profile. When evaluating the SECM image of the square electrode,
little differences between all four sides of the electrode are noticeable. However, from this
closer examination of this line profile, it seems that not only convection but also some time-
dependent tip currents or tilting artefact could be present. However, as the peaks in this V line
profile are at equivalent current values, it suggests that top to bottom tilting was not present.
This means that time-dependent tip currents must have affected the early portion of this SG-
TC mode image, and this affects V profiles more than H. In V line profiles, the current decrease
across the profile as a result of time difference between collected data points. In the H line
profile, data points were collected one after another, having minimal time difference between
each point. As the V line profile was constructed from the middle data points in each H line
scan, the time differences are greater (than the time taken for one H scan and the for tip to
return and rest before the next scan) and the current decrease can be much more significant.
These time-dependent tip currents in SG-TC mode therefore reflect a tip conditioning artefact

in the V line profile data.

6.3.5 Vertical line profile dependency on the tip working distance

Convection effect has been established to be present in both FB and SG-TC modes, as
indicated by its consistent occurrence in the H line profile data and its essential absence in the
V direction. Thus, V middle line profiles at three tip working distances of 0.7irbuk, 0.8irPuk and
0.9itPuk (d = 9.2, 13.2 and 22.1 um) in FB and SG-TC modes reflect disc and square nanoband

edge electrode shapes with the least amount of interference from convection. These line
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profiles are therefore plotted for comparison and analysis in Figure 6-13. The ends of the line
profiles now represent not the sides of the image (H line profile), but the top and bottom of the
image. The line profiles were each normalized to the minimum current, imin, for each line profile
to allow for stacked line profile comparison. From this, the beginning and end currents from all
three line profiles are at approximately the same levels in both modes for both electrodes,

showing minimal effects of imaging artefacts discussed in the above sections.
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Figure 6-13. V middle line profiles at three d from the images of (a) a nanoband disc in FB and (b) SG-
TC modes and (c) a nanoband square in FB and (d) SG-TC modes. Inserts in each are SECM images
of the respective electrode, all imaged at d = 9.2 pm, except nanoband square electrode in (c) imaged
at d = 13.2 um due to the absence of this data. Red dashed lines on images mark the middle of the

electrode, and pink dashed lines in graphs mark peak positions atd = 9.2 pm (or 13.2 um for (c)).

In all V line profiles in Figure 6-13 the peak separation is around 100 um, as seen from the
pink dashed lines indicating the band electrode positions in the figure. The currents in between
the two peaks are overall higher in SG-TC than FB mode, once again confirming that
diffusional broadening (hemispherical diffusion overlap from the band sides) is more
pronounced in SG-TC mode. In both modes, the size of the dip between the peaks is
dependent on d, exhibiting as expected a higher current value with increasing tip working

distance, resulting in more diffusional overlap and poorer peak resolution. In all cases, the
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peaks are the sharpest at the smallest d, and as d increases the image begins to resemble a
micro electrode with a single hemispherical diffusion field across the entire electrode structure®.
The two peak currents are also comparable in all line profiles, reflecting symmetry and uniform

activity of the band.

Several subtle line profile differences in SG-TC mode are present due to the differences of the
electrode geometry. In Figure 6-13 (d), the nanoband square has clearer and sharper peaks
than the disc at the same tip working distances in (b). This is because the corners of the square
are further from the centre than the equivalent band position in the circular geometry, so they
contribute less to the current in the centre. In other words, due to the decreased separation
between the two bands, greater diffusional overlap is present over the insulator cavity in a disc

geometry.

Nanoband square in FB mode in Figure 6-13 (c) suffers from various artefacts discussed
throughout this chapter. Comparison of its profile at different heights is valid but not studied in
a great detail in this section also because in this early data the SECM image at 9.2 um tip
working distance was not collected. From comparison with the rest of the data it is clear that
(c) is more challenging to be evaluated yet the line profiles preserve the idea that the peak
separation is around 100 um value and the peaks get more resolved at smaller tip working
distances.

6.3.6 Peak separation dependency on the tip working distance

Both, H and V middle line profiles were evaluated with respect to the tip working distance
variation in the above sections. In this section, the effect of d on the peak positions and peak
current values as well as the peak separation at the three tip working distances (0.7itu, 0.8i/uk
and 0.9i?vk or d = 9.2, 13.2 and 22.1 um) are evaluated in a greater detail. Data from nanoband
edge disc electrode in FB and SG-TC modes are shown in Table 6-1 and Table 6-2,
respectively. Peak separation in both modes have been discussed in the above sections when

it contributed to other analysis, hence only additional observations are made in this section.

From Table 6-1, the relative increase of the right hand peak current (peak 2) over the left peak
current (peak 1) from the H line profile in FB mode is only 1-2% at all three tip working
distances. In other words, the apparent difference between the peak currents observed in the
graphical line profile analysis are relatively minimal from a numerical perspective. The V line
profiles suggest that the peaks are of almost identical current values, as the difference
between them is smaller than 1%, which is considered within experimental error and is

consistent with observations from the middle line profile analysis.
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d X1, peak 1/ym  Current/nA Xz, peak 2/um  Current/nA  Peak Peak current ratio

H separation (peak2/peakl)
0.7it°k | 135 0.587 235 0.601 100 1.02

0.8it?vk | 140 0.596 235 0.607 95 1.02

0.9itPuk | 145 0.605 235 0.612 90 1.01

\Y

0.7it°wk | 140 0.603 235 0.606 95 1.00

0.8it°k | 140 0.606 235 0.608 95 1.00

0.9itPuk | 145 0.610 230 0.609 85 1.00

Table 6-1. Peak position (um), X1 and Xz, and peak current (nA) comparison from a nanoband edge disc

electrode in FB mode at three tip working distances, d, from H and V middle line profiles.

The peak separation values of H and V middle line profiles are also shown in Table 6-1. Both
H and V peak separation values reflect gradual hemispherical field development with
increasing tip working distance. In both cases at 0.7itPuk the peak separation is 100 um within
the error of the measurement, reflecting the high dimensional fidelity of the microfabricated
electrode. As the imaging step was 5 um, making it in some cases subjective as to which pixel
should be used for each peak position value, this is likely to introduce an error of up to 5 um.

The overall error of £7 um for the peak separation is obtained using the simple error addition

rule (total error = Jef + e2 =+/52 + 52 ~ 7, where e,, — error in measurement of peak 1 and

peak 2).

Smaller peak separation values are observed in SG-TC mode than FB mode at the same d,
as shown in Table 6-2. This confirms that the hemispherical diffusion field developing in
between the two bands is more prominent in the former mode. Peak separations from both H
and V line profiles are the same for the two smallest d values, again being well within the
measurement error. However, the peak separation in this case is identical at 0.7ir?wk and
0.8irbuk tip working distances in both H and V line profiles. This suggests that little resolution
improvement was achieved with decreasing tip working distance in this range and possibly a
significantly smaller d should be used to capture more of the nanoband features in SG-TC
mode. At 0.9itbuk  the closest separation indicative of the most hemispherical diffusion profile
is recorded together with greater than the expected experimental error. The higher peak
separation observed in the H line profile compared to the V line profile suggests the influence

of convective effects.

The peak current values also vary more in SG-TC than in FB mode (last column in Table 6-2).
In H line profiles the values differ by 12-16%, while in V line profiles only by 1-2%. This
quantitatively confirms previous observations regarding convection effects, which is

significantly present only in H line profiles. V line profiles contain such little peak current
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difference that it can be considered to be due to experimental error related to peak position

identification and time-dependent tip currents.

Overall, it is possible to obtain higher fidelity and lower errors from the V line profile than the
H line profile data, due to the absence of convective effects. The alternative of longer
increment times or smaller step sizes could be used to minimise these artefacts for H data,
but both of these would mean that each imaging experiment would take significantly longer

time than it was required for this data collection (approximately 30 min per image).

d X1, peak Current/nA X2, peak 2/um  Current/nA  Peak Peak ratio
H 1/um separation  (peak2/peakl)
0.7itPuk | 140 -0.383 230 -0.431 90 1.12

0.8itPuk | 140 -0.336 230 -0.388 90 1.15

0.9irPuk | 150 -0.277 230 -0.320 80 1.16

\%

0.7itovk | 145 -0.403 235 -0.413 90 1.02

0.8irPuk | 145 -0.358 235 -0.364 90 1.02

0.9itPuk | 155 -0.298 225 -0.302 70 1.01

Table 6-2. Peak position (um), X1 and Xz, and peak current (nA) comparison from a nanoband edge disc

electrode in SG-TC mode at three tip working distances, d, from H and V middle line profiles.

6.3.7 Hemispherical diffusion field dependency on imaged electrode size

In this chapter, the discussion has focused on the tip-substrate separation, d, effect on the
images and their middle line profiles, which suggested that the evolution of a hemispherical
diffusion field with d over an electrode area was more pronounced in SG-TC than FB mode.
In this section, V middle line profiles (containing the least amount of artefacts) are further
evaluated from both micro and nanoband edge disc and square electrodes, as shown in Figure
6-14, connecting this analysis to Chapter 5. Middle line profiles from the images collected at
the greatest, d = 22.1 um, and the smallest, d = 9.20 um, tip working distances in SG-TC mode
used in this work are compared.

From Figure 6-14, the maximum current values are significantly higher for both micro
electrodes compared to the equivalent nanoband electrodes, as expected due to the greater
active Pt area. This reflects greater positive feedback response over the micro electrodes,
resulting in a single-peak or flat-topped response. In Figure 6-14 (a), at d = 22.1 um the peaks
from both geometry of microelectrode are relatively peaked and narrower than the actual
diameter of the electrode (Chapter 5). Such a response suggests a clear hemispherical
diffusion field profile in each case, though, when comparing the two, it is still possible to clearly

separate disc and square geometry (which has a flatter top).
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Figure 6-14. Comparison between microelectrode and nanoband edge electrode V middle line profiles
at (a) d =22.1 um and (b) d =9.20 um in SG-TC mode.

MNEEs at both d in Figure 6-14 generated easy to sense, high signal-to-noise ratio currents,
smaller in value than from micro electrodes and giving two-peak signals. Unlike line profiles
from micro electrodes, the peak separations for both geometry MNEES preserve the diameter
of approximately 100 um, as discussed in Section 6.3.6. As expected and discussed in the
previous section, the line profile from a nanoband square preserves this separation more
clearly than the disc at both d values. Nanoband disc and square peaks from line profiles at d
= 9.2 um in (b) suggest that the resolution of the disc peaks will be more affected by the

distance due to the greater width of both peaks.

Middle line profiles from the micro electrodes at d = 9.2 um in (b) are both flat-topped, and
hence more similar than at d = 22.1 um. However, the one from the microdisc is still
characteristic for having rounder peak edges due to a more readily established hemispherical

diffusion field profile for the disc geometry.

At d = 22.1 um, a more rounded top indicating hemispherical diffusion can be seen for both
scale electrodes, and the differences in shape between MNEE and micro disc are starting to
diminish. Hemispherical diffusion field development resolution is clearly affected therefore not
only by the tip working distance, but also by the electrode size and geometry. The subtle
changes may not be observed when evaluating the line profiles individually, but it is possible

to see them clearly in this comparison of several different line profiles.
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6.4 CONCLUSIONS

High spatial resolution SECM images of single nanoband disc and square electrodes were
collected in FB and SG-TC modes. Greater hemispherical diffusional overlap from the sides
of the band over the middle of the disc than the square electrode was observed at all d as a
result of the differences of the electrode geometry. Diffusion field growth with increasing d was
recorded as predicted in both modes for both electrodes, and the currents over the insulator
area in the middle of the electrode increased compared to relatively consistent and lower
currents over the rest of the surrounding insulator. From both qualitative image analysis and
semi-quantitative analysis of middle line profiles (extracted from these images), electrode
dimensional resolution, as expected, was found to decrease with increasing tip working
distance in both modes as diffusional broadening occurred. Thus, the peak separation in these
middle line profiles decreased with increasing d, and the peaks also appeared more rounded,
which reflects the hemispherical diffusion field development; again all of this was more
prominent to the disc nanoband electrode than the square nanoband at the same d. SG-TC
mode images of both electrodes were of lower spatial resolution at all tip working distances

compared to FB mode, just like in Chapter 5.

Extracted H and V middle line profiles were overall largely symmetrical, except over the area
where convection effects were present in the H line profiles, either due to the tip’s left to right
constant movement during imaging, or its right to left return to start scanning the next line. In
FB mode, FcMeOH®* is generated at the probe and due to the local stirring effects and
availability of the additional FcMeOH from the bulk, enhanced currents are observed on the
left side of the electrode region. This is unlike in SG-TC mode, where the left edge was affected
only in the H scan lines that passed over the electrode area. In this case, FcMeOH* generated
by the substrate is dragged from right to left upon the probe’s return to the x = 0 position at the
end of each scan line. These effects were somewhat greater in FB mode and increased with
decreasing d. Convection effects were also observed on the right peak and in this case were
greater in SG-TC mode than in FB mode and increased with increasing tip working distance
in both modes. FB mode was showed to be more susceptible to time-dependent tip currents,
affecting the top part of the image due to the current stabilisation over the initial H line profiles,
like in Chapter 6. Such image and middle line profile analysis confirmed that significant tilting
was avoided in all images. Together such image analysis has given insight into the fidelity and
performance of these electrode systems and provided motivation for the further quantitation

of these effects in subsequent chapters.
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7 QUANTITATIVE ANALYSIS OF THE LINE PROFILES

FROM SECM IMAGES

7.1 INTRODUCTION

In the previous chapter, SECM images of nanoband disc and square single Pt electrodes
imaged in FB and SG-TC modes were qualitatively analysed. When evaluating their V and H
middle line profiles, it was confirmed that V line profiles were mostly free of significant artefacts,
such as convection and time-dependent tip currents, unlike the H ones. Then, semi-
quantitative analysis of these line profiles was shown to be possible, allowing evaluation of the
peak currents and peak separation, as well as current ratios and convection effects on the end
of the line profiles. In this chapter, full quantitative analysis is performed, fitting full
experimental line profiles using two approaches: first, a Gaussian function predicting currents
and then a modified Bessel function predicting concentration profiles which govern the tip

currents.

7.2 QUANTITATIVE LINE PROFILE ANALYSIS USING A GAUSSIAN

FUNCTION

7.2.1 Gaussian function suitability

If a line profile from an SECM image passes the Pt band electrode, it does so two times,
resulting in a two-peak signal, as seen in the previous chapter from a semi-quantitative
analysis of the MNEEs. Then, it is known that diffusion from a point source in spherical
coordinates generates radial diffusion, which is fundamentally broadening, resulting in a
Gaussian distribution (also known as a normal distribution) of diffusing species.?? A Gaussian
distribution was therefore used to fit nanoband edge electrode line profiles, which present two
point-like sources of activity. Both experimental peaks are bell shaped, symmetrical and
moderately flat on the sides just as expected from a Gaussian, which predicts that the
contribution from the surrounding insulator area (the sides of these line profiles) is zero. The
diffusion field should not and did not significantly extend over the insulator area at the start
and end of the line profile.® This is directly applicable to SG-TC mode, measuring the diffusion
field around the band electrode, while in FB mode the activity of the substrate affecting the
diffusion field around the tip is measured. As a result, there might be some variation in such

data fitting effectiveness in the latter due to a more complicated substrate and tip interaction.
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The diffusion contribution in each line profile, in fact, originates not only from two individual
points. Figure 7-1 (a-b) shows square and disc geometry nanoband edge electrodes, where
green dots mark where the H middle line profile would be passing and show the contribution
from the diffusion field emerging from the sides of the band towards the middle points. The
band is continuous, meaning that there is diffusion contribution from all sides. When using the
square geometry in (c), contribution from two sides towards the middle V line is equal at all
times, while for the disc in (d) it is more complicated due to varying contribution from the two

sides at different points along the V middle line.

In this initial quantitative analysis, it was assumed that in the middle of either V or H line profile
the contribution from four sides (left, right, top and bottom) of the electrode is equal. Then,
each normalized middle line profile was adjusted in the following way to minimize such
additional diffusion field effects in the middle region. The largest integer current value was
subtracted from normalized data points at and between the peaks, the residue value was
divided by two and subtracted from the normalized current value. This way diffusion
contribution only from two sides was expected to be present in this data. The following
Gaussian fitting for the square geometry was known to be more applicable than for the disc
geometry, which was used in this section for the preliminary analysis and it was further
improved in Section 7.3. For the square, the possibility of enhanced diffusion field at the

corners was not considered, which is expected not to affect the middle line profiles anyway.
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Figure 7-1. Gaussian function models diffusion from a point source (green dot in (a-b)) but in this study
nanoband edge electrodes are continuous lines, forming a square or a disc. Therefore, in addition to the
solid orange arrows (a-b), which present diffusion from a point, additional diffusion from the band sides
(empty red arrows) contributes towards the middle of each line profile in either V or H direction. Simple
data adjustment is valid for the (c) square geometry, having equal contribution from the band sides
towards the middle line, since the sides of the band are equally separated at all times. For the (d) disc

geometry the contribution from the sides to the middle line is less straight forward.

7.2.2 Fitting specifications

The data adjustment discussed above reduced the diffusion field impact from four to two sides,
representing a line profile-like scenario. If this was an individual four-point scenario, such

adjustment would be sufficient. In this case, a single line profile across the middle of the
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electrode is technically a two-point scenario, and any additional diffusion field from the rest of
the band was allowed in the fitting error. In some line profiles after such data adjustment, there
was a gap between adjusted and not adjusted data points, especially noticeable at greater tip
working distances. To avoid fitting complication, some data points at this junction were deleted
to obtain as smooth as possible line profile. The resulting signal was fitted with a dual-peak
Gaussian distribution, using the following equation:

_o(¥2"%c2 )2

*e(Wz

Ay *e_z(%): A,

y =1y, + (7.2)

VA T
Wl 7 W2 7

where:

Yo = data offset (fixed to 1 in the majority of the fitting examples),

A = area under the curve,

w = peak full width at half maximum (FWHM) (manually adjusted to improve the peak fitting),
X = peak position on the x —axis in H line profile and on the y-axis in V line profile,

Xc = peak position variation for peak 1 and peak 2.

Since high symmetry line profiles were used, it was expected that w; = w, and A; = Az. Any
deviation from this would reflect imaging artefacts.

The peaks were selected manually, and the parameters were adjusted, setting some of them
with fixed values, which are marked as italics in the tables throughout this thesis. Since the
peaks in the line profiles consisted of a very small fraction of the total number of data points,
the fitting process was skewed so that the points at the very peak had a tendency not to fit,
and the peak values had to be manually adjusted. The aim was to fit the peaks arising from
the MNEEs by initially fixing the parameter x. for one or both of the peaks and then adjusting
w to fit the peaks and their sides. For both peaks, w was found to be similar, as expected,
hence it was fixed to be the same value for both peaks. The area under the curve, A, was left

to vary, since it was automatically adjusted to fit w values (A and w dependency).

Overall, this set up avoided the automatic fitting being weighted towards the edges of the line
profiles where the majority of the points are, allowing the most important data to be fitted.
Fitting was performed on both geometries of the nanoband-edge electrodes and in both FB
and SG-TC modes to give more credence to the model using such data analysis. The peak
positions and currents over the area in between the peaks from the MNEESs are compared with
the responses from the cumulative fit peak (generated from two individual points). Despite the

necessity to adjust the settings, the fitting enabled quantitative analysis of the whole

141



experimental line profiles. This analysis also further emphasizes convection and time-

dependent tip current artefacts, the presence of which affect the effectiveness of the fitting.
7.2.3 Determination of the fitting boundaries and parameters

Several boundary limits within the line profiles were explored to find the most effective fitting
approach. Nanoband disc FB mode V and H middle line profiles from the three tip working
distances of 0.7itouk, 0.8irulk, 0.9itbuk, also knownas d =9.2 um, 13.2 um and 22.1 um (Section
4.5.5) were used. First, narrow limits containing just one of the peaks, which was fitted as a
single Gaussian function, were set and the obtained values from independent fitting to both
peaks were compared. However, this model did not allow evaluation of the artefacts, which
was also the focus of this analysis, or the experimental dual-peak response, which was to be
compared with the theoretical cumulative response of the diffusion field expanding from two
points. The middle area between the peaks was also a key area of interest and the boundaries

including both peaks were introduced.

In Figure 7-2, the limits (V red lines) captured both peaks from V in (a) and H in (b) middle line
profile from the nanoband edge disc electrode. This means that data points between the peaks
and on the sides (towards the beginning and ending) of the line profiles were included. Setting
the limits in this way removed the majority of data points on the very sides of the peaks, so-
called ‘wings’, forcing the fit to be weighted towards the important data points in the middle of
the line profile. V line profile fitting in (a) led to a closer overlap between the experimental and
modelled signals than H line profile fitting in (b), emphasizing artefacts on the right side of this
line profile. Thus, the fitted line does not match the experimental data due to imaging artefacts,
such as convection effects (Section 6.2.2), which are seen even more clearly against the

Gaussian fitting. The function does not model any of the artefacts or tilting effects.
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Figure 7-2. Gaussian fitting (blue line) to nanoband disc electrode (a) V and (b) H middle line profiles
(black squares) in FB mode, when the fitting limits (V red lines) excluded majority of the data points on
the sides.
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To add some consistency to the model, the limits on both sides were expanded to y =1 or as
close to this value as possible. This introduced another fixed parameter, offering clearer
guidance where to set the fitting boundaries on each line profile, since in the previous example
it was relatively ambiguous from where data points should become excluded from the fitting.
Having established fitting boundaries, the other parameters were adjusted in two ways. First,
the peak positions were allowed to vary, and their width was set as the same value for both H
and V line profiles, representing the expected symmetry between the two line profiles. From
Table 7-1, the R2 parameter, indicating the efficiency of the overall fit, was mostly over 0.9,
suggesting that an overall good fit was obtained for both H and V middle line profiles and
suggesting a good agreement between experimentally measured hemispherical diffusion field
and prediction generated by the Gaussian function. As expected, the fit quality was always
better for V than equivalent H line profiles, the latter suffering from more artefacts. However,
the offset, yo, parameter was allowed to be adjusted automatically, meaning that this approach

was not uniform enough, allowing for too many variations between the data sets.

Vertical Horizontal
d=9.2pum Peak 1 Peak 2 Peak 1 Peak 2
Yo 1.06 + 0.0022 1.06 + 0.0022 1.06 + 0.0026 1.06 + 0.0026
Xc 141.55 + 0.60 237.09 £0.48 139.99 +1.03 241.72 £ 0.65
w* 27.06 27.06 27.06 27.06
A 4.69 £ 0.17 5.29+0.19 4 5.86 + 0.31
R? 0.981 0.940
d=13.2 pm
Yo 1.01 1.01 1 1
Xc 142.79 + 1.17 235.47 £1.08 143 235
w* 45.05+1.28 45.05+1.28 45.05 45.05
A 5.3 5.55 4.55 +0.30 5.59+0.29
R? 0.909 0.782
d=22.1pm
Yo 1.00 £ 0.0012 1.00 £ 0.0012 1 1
Xc 142.99 + 0.96 232.75 £ 1.00 146 240
w* 56.25 56.25 56.25 56.25
A 2.85209 £ 0.1214 2.74+0.12 1.94 £ 0.120 297 +0.13
R? 0.961 0.826

Table 7-1. Parameters from fitting to limited boundaries for nanoband disc in FB mode allowing parameters

to vary. The w values are in green and they were kept the same for H and V line profiles at each d.

In the second fitting attempt, the best fit was achieved for H and V line profiles individually,
and then the obtained parameters were compared. This allowed for a better evaluation of the
artefacts and symmetry between the two lines. The yo parameter was also mostly set to 1,
which was indeed always valid for the LHS of the normalized line profile before the electrode

area. On the RHS the offset value was not necessarily precise, since convection or time-
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dependent tip currents were present to a various extent on this side. However, such setting
introduced more consistency in the experimental data fitting, and it was not used only when
fitting the nanoband square V line profiles which experienced significant artefacts; hence the

fitting was adjusted accordingly.

Table 7-2 shows the fitting parameters from this second approach, in which the peak position
and width were also fitted more carefully. The w and x. were manually adjusted until the best
visual fit were achieved, as presented in the later discussion regarding Figure 7-5. From Table
7-2, wvalues in the H and V line profiles differed by 3 um for the two smaller imaging distances
and only by 1 um for d = 22.1 um. This suggests that at greater d the electrode features got
more fused due to the greater hemispherical diffusion field of the substrate (diffusional overlap).
Nevertheless, the differences were within the experimental error of £5 um which is the size of
the imaging step, also responsible for relatively large spaces between data points. The peak
values were chosen manually, introducing another £2-3 um error, resulting in a total of less

than £6 um error.*

Vertical Horizontal
d=9.2um Peak 1 Peak 2 Peak 1 Peak 2
Yo 1 1 1 1
Xe 140 238 138 238
w* 35 35 38 38
A 8.84+0.41 9.52+0.44 8.29 £ 0.66 10.37£0.74
R? 0.883 0.611
d=13.2 ym
Yo 1 1 1 1
Xc 142 235 141 238
w* 40 40 43 43
A 5.31+0.20 5.58+ 0.20 453 +0.37 5.97+ 0.36
R? 0.928 0.691
d=22.1pm
Yo 1 1 1 1
Xc 144 233 149 240
w* 51 51 52 52
A 2.96 £ 0.08 2.87 £0.08 1.88 £0.13 2.83+0.15
R? 0.958 0.787

Table 7-2. Parameters from fitting to the middle line profiles from nanoband disc FB mode images at
three tip working distance. Fixed parameter (italics) were used to obtain the best fitting. Data corresponds

to Figure 7-5.

The obtained R? parameter values in Table 7-2 differ from the equivalent ones in Table 7-1.
For V line profiles, R2decreased by 0.1, then increased by 0.02 and then was approximately

the same for 0.7it°uk, 0.8irPuk and 0.9it°uk, respectively. For H line profiles, in all cases the R?
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values were lower and the differences between the values in two tables are 0.3, 0.09 and 0.04
for 0.7irbuk, 0.8irbuk and 0.9itbu, respectively, suggesting significantly worse fitting at 0.7iroulk
than described in Table 7-1. From the visual evaluation of the experimental and modelled
signal overlap the fitting quality actually improved compared to the one presented in Table 7-1,
which is subjective but considered to be more important in this case than the numerical R?
value. This is because the fitting software calculates the best fit of the majority of data points,
treating them all with equal weight, but areas of interest in this analysis were not necessarily

with many data points, such as the peaks, resulting in lower overall R2 value.

Thus, decrease in the value of R2 parameter was not of a concern and the fitting approach
(Table 7-2) was used for the rest of the data fitting. The limits for fitting were clear and easy to
set and the overall fitting was relatively consistent. This allows direct comparison between
experimental and theoretical diffusion field responses, including the effect of overlapping
diffusion fields over the middle/dip between the peaks, as well as evaluation and quantitation

of the imaging artefacts in the line profiles.

7.2.4 Nanoband square FB mode middle line profile fitting

To start with, nanoband edge square electrode middle line profiles from FB mode images were
fitted. As shown in Figure 7-1, this geometry was expected to be in a better agreement with
Gaussian model than the disc geometry. From Figure 7-3 Gaussian fitting was effective for
both H and V middle line profiles, showing close correlation between experimental and
modelled signals in all graphs. V line profiles on the left are more affected by the artefacts than
the H line profiles on the right, unusually but as explained throughout Chapter 6 and specifically
in Section 6.3.

Even though variation of data may have caused some hesitation in earlier analysis, overall it
is exciting to see it. The aim of this data collection was not simply obtaining quality images of
hemispherical diffusion field evolution at several tip working distances from previously
fabricated electrodes, but also to use these images for qualitative and, importantly, quantitative
analysis. If all images were free from artefacts, it would be difficult to make comparisons and

derive some of the conclusions regarding when and where SECM imaging artefacts occur.

Due to such significant differences between V and H line profiles, w values are significantly
different. From Table 7-3, w values are 23 and 36 um for 0.8ir*u* and 65 and 44 pm for 0.9ibuk
in V and H line profiles, respectively. The peak width in H line profile is expected to be wider
than in V line profile due to convection effects, but it was not the case in this example. There
was inconsistency in which direction the peaks were getting wider, and it is clear that H and V
lines are not symmetrical. From qualitative image analysis in Chapter 6, it is known that the
reason for the missing symmetry between H and V line profiles is the imaging artefacts and/or

tilting rather than the performance of the electrode, known to be rigid and well-defined.
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Understanding the reason of such artefacts occurrence allows to evaluate results with more
caution and identify if this is the substrate’s real feature or not. This knowledge would

significantly assist analysis of the not well-defined or of changing activity substrate.
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Figure 7-3. Nanoband edge square electrode V (left) and H (right) middle line profiles (black squares)
and their cumulative fit peak from Gaussian function (blue line) at (a-b) d = 13.2 ym and (c-d) d = 22.1
um in FB mode.

As a result of the artefacts in V line profiles, at d = 22.1 um, the simplest parameter, y-offset,
was not setto 1, as shown in Table 7-3, to allow for a more effective fitting. This is an exception,
as for the rest of the fitting the value was set to 1, including H line profiles in this section,
suggesting that the first peak (LHS) was affected by this artefact at the top of the image. Peak
intensities, A; and A;, are differnet to a rather significant extent (12.95 and 7.78), and

symmetry in this signal is reassuringly lost.

However, this artefact seems not to have affected the R2 parameter. It is still of greater values
for V line profiles at both tip working distances compared to H line profiles, known to be
affected to some extent by convection effects. Since H line profiles in Figure 7-3 (b, d) are
more representative of the typical experimental data than V line profiles, such fitting
effectiveness suggests that Gaussian model possibly adjusted for the slope in the signal and
was still capable of fitting data to a great extent. Despite steep slope profile on the LHS of the

line profile due to the imaging artefacts, the fitting confirmed that V line profiles are less
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affected by convection unlike H line profiles. Both peaks and their immediate sides fit to a great

extent in V line profiles.

Meanwhile, in the H direction, the right part of the line profile after the red line marking fitting
boundaries is shifting downwards, marked with a green arrow in Figure 7-3 (b). As discussed
in Chapter 6, it is possible that minor tilting artefact was present, and from such quantitative
analysis of the whole line profile it is reassuring that the effects are minimal. The electrode
area seems to be not affected or affected to a small extent, resulting in a great agreement
between experimental and modelled data as well as relatively high R2 values of 0.8. Similar
peak intensity, A; and A, values reassure that the peak widths are also within a reasonable

experimental and/or fitting error.

Vertical Horizontal
d=13.2 um Peak 1 Peak 2 Peak 1 Peak 2
Yo 1 1 1 1
Xc 130.50 £ 0.54 227 139 241
w* 23 23 36 36
A 3.94£0.13 2.80+0.13 5.80 £ 0.32 6.50 + 0.36
Reduced Chi-Sqr 8.45E-05 2.88E-04
R? 0.955 0.824
d=22.1pm
Yo 0.87 +£0.012 0.87 £0.012 1 1
Xc 127 226 141 241
w* 65 65 44 44
A 12.95+1.16 7.78 £1.15 2.81+0.16 3.16 £0.15
Reduced Chi-Sqr 1.22E-04 4.43E-05
R? 0.885 0.844

Table 7-3. Summary of Gaussian fitting for square nanoband edge electrode in FB mode atd = 13.2 um
and d =22.1 ym.

7.2.5 Nanoband square SG-TC mode middle line profile fitting

Middle line profiles from SG-TC mode nanoband square images were also fitted to check if
such fitting model is suitable for both imaging modes. In this case, both H and V line profiles
were as expected (Chapter 6), meaning that fitting to the middle line profiles was easier and
more reassuring. To avoid repetition, only V line profile fitting results are presented in Figure
7-4.

SG-TC mode data contained less artefacts, such as convection and time-dependent tip
currents, than FB mode, as discussed in Section 6.2.3, meaning that the sides of the line
profiles are more comparable due to a greater symmetry. This means that fitting boundaries

include the LHS from the very first data point and the RHS is very close to the final recorded
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point at approximately 0.99. The y offset set to 1 was true and reflected a levelled signal. The
image collected at 13.2 um in Figure 7-4 (b) is the most affected by the artefact in this data
set, discussed in Section 6.3.4, but it was possible to exclude this side from fitting, allowing to
focus the fitting around the peak area.
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Figure 7-4. Nanoband square V middle line profiles (black squares) in SG-TC mode at increasing tip
working distance (a-c) and their Gaussian fitting (blue line). V red lines capture the area where Gaussian

fitting was performed.

The peaks from the graphs in Figure 7-4 look comparable, not greatly affected by the artefacts,
and hence suggesting that the fitting values of w and A will be similar for both peaks. Therefore,
the values of w were fixed to be identical for both peaks at each d until the best fit was obtained.
From Table 7-4 the values increase with increasing d like in FB mode, reflecting increasing
diffusional overlap in the middle of the electrode. Due to relatively significant artefacts in FB
mode, direct comparison between the parameter values from the two modes is challenging.
Nevertheless, the values of w are mostly greater in SG-TC than in FB mode at each d, as
expected. The values of A from SG-TC mode line profiles are more similar than in FB mode,
being well within associated error at each d. This confirms little amount of artefacts and
symmetry between the peaks, unlike in FB mode.

Overall, Gaussian fitting is more favourable to the SG-TC than FB mode middle line profiles

from the nanoband edge square electrode because of such artefacts-free line profiles with
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wider peaks. This is also reflected by high R? parameter between 0.82 and 0.99 at the three d
values, as shown in Table 7-4, suggesting that Gaussian function was naturally fitting majority
of the data points in SG-TC mode. From evaluation of the overlap between experimental and
modelled signals, square nanoband line profiles seem to be not sharp enough for their width,
resulting in poorer overlap between the predicted and experimental line profiles at the dip
between the peaks than in FB mode. However, the difference between the two decreases with
increasing d. At d = 22.1 um, the fitting is the most efficient, both visually and from high R?
value of 0.986, suggesting that the Gaussian multi-peak fitting to the middle line profiles is the
most successful at the greatest tip working distances and in SG-TC mode, which shows
diffusion field of the substrate. As discussed in Section 7.2.1, FB mode measures the effect of
the substrate on the diffusion from the tip; hence differences in the effectiveness of the fitting
to the data from these imaging modes were expected. Apparently, the differences between FB
and SG-TC modes become less important at greater d, resulting in more similar fitting results
in both modes. Overall, Gaussian dual-peak fitting model can be used for both SECM modes,
and in all cases R? parameter is better for V than for H lines. While the w of the peaks is

different for the two ones, the data is also different, and so it is not surprising.

d 9.2 um 13.2 pm 22.1 ym
Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2
Yo 1 1 1 1 1 1
Xe 131 230 131 225 129 226
w* 46 46 59 59 74 74
A 50841 + 51188 £ 239.02 = 24190 + 54992 + 563.84 +
25.60 25.60 4.71 4.71 7.76 7.76
Reduced Chi-Sqr 1.61 0.038 0.082
R? 0.815 0.975 0.986

Table 7-4. Parameters from nanoband square middle V line profiles in SG-TC mode fitted to the Gaussian

function at the three tip working distances.

7.2.6 Nanoband disc FB mode middle line profile fitting

Having evaluated Gaussian function fitting and its suitability for analysis of the middle line
profiles from a nanoband square electrode, this section explores its application to the
nanoband disc geometry. In Figure 7-5, a full data set of H and V middle line profiles at three
tip working distances is shown with increasing tip working distance from top to bottom. The
overall fitting appears to be successful in all line profiles and specific details are discussed
below. Convection effects were found to be more prominent to FB mode, and their effect on
data can be evaluated from the fitted data, while focusing on three areas: the sides of the

peaks, the peaks themselves and the area between the peaks.
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Figure 7-5. Middle line profiles from nanoband edge disc electrode in FB mode at (a-b) d = 9.2 um, (c-d)
d=13.2 um, and (e-f)d=22.1 umin V (a,c,e) and H (b,d,f) directions. Purple circles in (a-b) suggest the

area where convection effects in V and H line profiles are the most significnat.

Regarding V line profiles in Figure 7-5 on the left, both peaks fit well, having comparable
current values from both experimental and modelled signals. The left side of the peak mostly
fits very well; however, at d = 22.1 um there is some widening at the lower part of the peak of
the experimental signal, possibly due to convection effects (product species displacement

upon probe’s return after finishing a H line profile). Since the peak width, w, was fixed, as
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shown in Table 7-2, it is possible to evaluate whether the peaks remained symmetrical from
the peak intensity, A, and the values are indeed similar (within fitting error). Despite this and
minor mismatching on the RHS in the graph from d = 9.2 um in Figure 7-5 (a), the values of A
are within associated errors in all three V line profiles. This confirms that convection effects

are minimal and can be considered as almost non-existent in these V line profiles.

Regarding the H middle line profiles on the RHS in Figure 7-5, these exhibit more imaging
artefacts, especially convection, at all three tip working distances, as discussed in Chapter 6.
As a result, data points are to some extent more difficult to adjust and fitting to H line profiles
was clearly poorer based on visual evaluation of the overlap between experimental and
modelled signals in the graphs. Peak widths are, again, fixed but the determined A values
imply that the peaks are less symmetrical than in the V middle line profiles. The values for
each d vary more than within their expected fitting errors, reflecting how much convection is
affecting the right peak. The LHS of the line profile was excluded from the fitting boundaries,
since the values are significantly higher than 1, used for the boundary’s establishment
throughout this work. The purple circles in Figure 7-5 (a-b) mark area on the RHS of the line
profile where convection effects are the most prominent in H line profile in comparison to the

V line profiles. The difference between H and V line profiles remains at all d.

Despite these artefacts on the extremes of the line profiles and on the RHS peak, the peak
widths from both line profiles at all three d in Table 7-2 are similar. Values from the H line
profiles are greater by 3 um at the first two imaging distances and by 1 ym at d = 22.1 um,
meaning that the difference between the two is consistent and within the fitting errors. If the
average of the two values was taken and the resulting value was used for both line profile

fitting, the fitting results would be barely changed.

In both V and H middle line profiles, the peaks become less sharp with increasing tip working
distance as a result of the larger hemispherical diffusion. This results in increasing agreement
between experimental and modelled currents over the middle area between the peaks and
increasing R? values, which are 0.883-0.958 and 0.611-0.787 for V and H lines, respectively.
At all d, the V line profile demonstrates better fitting, evidenced by a higher R2, than the
equivalent H line profile due to the minimal effect of artefacts. However, at the greatest tip
working distance (22.1 um), experimental and modelled line profiles overlap to the greatest
extent over the middle area, especially in the H line profile in Figure 7-5 (f). This suggests that
at greater tip working distances the experimental hemispherical diffusion field expansion and
overlap from the two band electrodes becomes more comparable with the Gaussian model. In
contrast, the worst fit over the middle area between the peaks is at the smallest d, when the
impact from the continuous band forming a circle (Figure 7-1) is sensed the most. This is an
evident that the area between the peaks likely experiences current contribution not just from

the two points that the tip passes in the line profile, but also from the rest of the band. For both
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H and V line profiles, experimental data over the middle of the peaks was always at higher
position than the modelled data, suggesting that the difference between the two is due to the
hemispherical diffusion field contribution from the band sides, not accounted for by the
Gaussian function model. The difference between the two signals is greater than observed for
the nanoband square data, reinforcing that in the disc geometry the bands behave less like

point electrodes.

7.2.7 Nanoband disc SG-TC mode middle line profile fitting

The SG-TC mode nanoband disc data was also fitted using the Gaussian dual-peak function
to establish its suitability for all middle line profiles presented in Chapter 6. Unlike in the
nanoband square data, SG-TC mode nanoband disc electrode H and V middle line profiles
are as expected and similar to FB mode data from the square electrode. To avoid repetition,
fitting to only V line profiles is shown in Figure 7-6. For completion of the analysis of the peak
widths and intensities, fitting parameters are shown in Table 7-5 for both H and V middle line

profiles.

From Figure 7-6, the area between the two peaks is of higher currents than in FB mode for
the nanoband disc as well as SG-TC mode for nanoband square. Again, this is due to the
differences between the modes (Chapter 6) and geometry of the electrodes (Section 7.2.1),
such as more prominent diffusional overlap in the middle of the electrode from the sides of the
band, resulting in higher tip current values in SG-TC mode. This means that the overall fit is
better in SG-TC than in FB mode in all examples discussed in this chapter. The R? values from
Table 7-5 for V line profiles (0.942-0.990) are slightly higher than for the H ones (0.918-0.964),
as usual due to the absence of the convective effects in the former. However, the difference
between these values is only around 2%, suggesting that data from both line profiles are
equally well-predicted by the model and major artefacts were avoided, unlike in the example
from Section 7.2.5. The sides of the line profiles as well as the peaks are symmetrical and in

general agree to a great extent with the Gaussian signal.

Only the middle area between the peaks clearly did not fit well, with the most significant
deviation at d = 9.2 um. But the overlap between the experimental and modelled signals
improves with increasing d and at d = 22.1 um the overlap at all areas, including the middle
between the peaks, was achieved to the greatest extent. This suggests that the
underestimation of the diffusion from the surrounding sides of the nanoband disc to the middle
points decreases with increasing d in all sets of data in this chapter. At the greatest d used in
this work, experimental signal is equivalent to the modelled one (R? = 0.990), and this was

achieved more successfully than in FB mode (R? = 0.958) similarly as for the nanoband square.

It is not surprising that the peak widths in SG-TC mode are also greater. In FB mode, the peak

width of 35-51 pm from V line profiles indicate sharper peaks which present more distinctive
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features, typical to this mode. In SG-TC mode from Table 7-5, w values are 59-75 and 56-72
pm for V and H line profiles, respectively. The values gradually increase with increasing tip
working distance and the difference between the two is £1-3 pum, just like in FB mode in the

above section, confirming that the peaks in H and V line profiles are similar as expected.
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Figure 7-6. Nanoband disc V middle line profiles (back squares) in SG-TC mode and their Gaussian

fitting (blue line) at (&) d = 9.2 um, (b) d = 13.2 ym, (c) d = 22.1 um. V red lines capture the area of
Gaussian fitting.

Obtained A values are significantly larger in SG-TC mode than in FB mode, reflecting that the
currents in Figure 7-6 are higher and so the peaks are larger. The values, again, decrease
with increasing both d and w parameter, as seen from Table 7-5. The numerical values of A
are almost twice as large in V than in H line profiles, and these values for both peaks are more
similar from V line profile fitting than from H line profiles. In the latter, the peak intensities
differed to a great extent representing the lack of symmetry between the two peaks. This
suggests that fitting to H line profiles was not as efficient or something went wrong, as peak

intensity from V and H line profiles is expected to be comparable, as seen in Figure 7-2.

Overall, the middle line profile fitting process for quantitative analysis was successful for both
square and disc geometry, even though it is expected to see that the signals do not overlap
over the middle area of the peaks at relatively small d values. Such signal difference was, as
expected, slightly greater for the disc geometry.
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Vertical Horizontal
d=9.2 um Peak 1 Peak 2 Peak 1 Peak 2
Yo 1 1 1 1
Xe 143 238 140 233
w* 59 59 56 56
A 511.57 £ 14.32 516.85 + 14.32 258.03 £9.45 307.36 £9.45
Reduced Chi-Sqr 0.39 0.18
R? 0.942 0.918
d=13.2 uym
Yo 1 1 1 1
Xc 145 234 142 234
w* 64 64 63 63
A 453.18 + 8.53 460.92 + 8.53 188.86 + 5.53 240.37 + 5.57
Reduced Chi-Sqr 0.13 0.050
R? 0.975 0.953
d=22.1pm
Yo 1 1 1 1
Xe 145 232 147 236
w* 75 75 72 72
A 370.54 £4.85 380.99 £4.84 115.83 + 3.65 171.05 £ 3.90
Reduced Chi-Sqr 0.030 0.015
R? 0.990 0.964

Table 7-5. Comparison between V and H middle line profiles across nanoband edge disc Pt electrode in

SG-TC mode at three d values.

7.2.8 Middle line profile two-peak response merging into one-peak response

When fitting nanoband square and disc data from SG-TC mode at d = 22.1 um images, it was
investigated what settings should be chosen to see the two-peak Gaussian signal merging into
one, as if it was a line profile from a single micro electrode image. Interestingly, during the
fitting of nanoband disc in SG-TC mode at d = 22.1 um, the two fitted Gaussian curves were
already overlapping, as shown in Figure 7-7. This reflects that hemispherical diffusion reaches
a symmetrical hemisphere faster for a disc than square geometry and suggests that it is not
difficult to model the scenario when the two peaks merge into one just like for a micro electrode
(Chapter 5). It is more likely to observe such phenomena in SG-TC mode, where the peaks

are less sharp compared to the FB mode.
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Figure 7-7. Gaussian function fitting to the nanoband edge disc electrode data in SG-TC mode in process.

Orange box captures w parameter, which value suggests two-peak overlap to form a single line.

7.2.9 Evaluation of the peak position in line profiles

The experimental step size value was 5 um, allowing some error in the peak position
assignment in the original data. This is occasionally exceptionally clear, when there is space
between the data points at the maximum, suggesting that the maximum peak value might
actually be in between the recorded values. During the fitting process there was some control
where to fix the peak in the generated line profile but then this imposes more error due to the
human subjectively in choosing this value. Nevertheless, the Gaussian modelled signal
enabled identification of the actual peak positions and their comparison with the experimental
values in FB and SG-TC modes. Peak positions and the resulting values of the peak
separation obtained from the Gaussian model and experimental V and H middle line profiles
are tabulated in Table 7-6. In all cases, FB mode provides greater peak separation than SG-
TC mode, as expected (FB mode is more sensitive to record the details of the substrate).

In V line profiles (upper part of Table 7-6), experimental and modelled peak positions are
mostly within £1-3 um when comparing FB and SG-TC modes at all d. Therefore, the peak
separations are also within similar differences. As discussed in this chapter, the peak
separation decreases with increasing d due to the broadening of the peaks towards the centre
of the band electrode. Greater differences are observed when comparing experimental V line
profiles to the ones from Gaussian fitting at the largest d in SG-TC mode. Both experimental
peaks are at significantly different values, suggesting much smaller peak separation of only
70 um, compared to the Gaussian value of 87 um, implying that the spatial resolution of the
peaks is significantly lower in the former.

Regarding H line profiles (lower part of Table 7-6), peak 1 in the Gaussian data varies within
+1-2 um between FB and SG-TC modes and the second peak has a greater variation of +4-5
pm. Variation for the experimental peak positions is £1-2 um and +5 pm, for peak 1 and 2,

respectively. The greatest variation between experimental and Gaussian peak position is 6
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pm in SG-TC mode and +4-5 pm in FB mode, which is a smaller variation window compared
to the V line profiles. Just like for the V line profiles, these discrepancies are at the largest d in
Table 7-6.

FB Gaussian Experimental

VERTICAL
d/pum Peak 1 Peak 2 Peak separation Peak 1 Peak 2 Peak

separation

9.2 140 238 98 140 235 95
13.2 142 235 93 140 235 95
221 144 233 89 145 230 85
SG-TC
9.2 143 238 95 145 235 90
13.2 145 234 89 145 235 90
221 145 232 87 55 225 70
FB HORIZONTAL
9.2 138 238 100 135 235 100
13.2 141 238 97 140 235 95
221 149 240 91 145 235 90
SG-TC
9.2 140 233 93 140 230 90
13.2 142 234 92 140 230 90
22.1 147 236 89 150 230 80

Table 7-6. Comparison between peak positions (xc) and peak separation values from Gaussian fitting
and experimental data, where the step size was 5 um in FB and SG-TC modes from both H and V middle
line profiles. Values in red are paired as Gaussian and experimental values and they differ by a greater

than the experimental error (+3 um) value.

Overall, from such comparison of Gaussian and experimental peak positions the values were
mostly within the expected £5 um value. The peak positions differ more than the imaging step
size value in both modes only in some instances coloured in red in Table 7-6, all of which are
at the greatest imaging distance. This suggests that such deviation is associated with the
broadening of the peaks due to the more developed hemispherical diffusion field at greater d.
Smaller imaging distances provide results as expected, allowing the experimental data to be
used for locating a valid peak position. An error of approximately half the imaging step, which

is around 3 um in this data set, is acceptable.

7.2.10 Off-middle SG-TC mode vertical line profiles

V line profiles, which do not pass the middle of the circular or square cavity (MNEE), are
referred to as off-middle line profiles, and they are compared to the middle line profiles from
the same images. Again, only V off-middle line profiles that were observed to have fewer

artefacts than the H line profiles are used in this section to evaluate if Gaussian function would
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result in an effective fitting. In the disc geometry nanoband electrode, moving away from the
central lines means that the peaks should get closer together, and they should remain at the
same positions for the square geometry electrode (Figure 7-1). In both cases, the peaks

should remain symmetrical.

The off-middle V line profiles from the images collected at the shortest tip working distance
were derived from the image by moving by the same distance in the x-axis to the left and right
of the middle line profile. These derived x-values were also used for the other d, as the
substrate was not physically moved for each imaging experiment. Given a band electrode
radius of 50 um, the value of 25 um was chosen to be added to and subtracted from the middle
point in the H direction to find the values of V line profiles. SG-TC mode was the preferable
choice, since from earlier comparison between the modes, the peaks are less sharp, resulting
in a better fitting and they are less affected by convection and current fluctuating-related

artefacts, which is also beneficial for a more effective data fitting.

From Figure 7-8, two off-middle V line profiles, at each side of the centre, from the nanoband
edge disc and square electrodes in SG-TC mode are similar in all aspects. The symmetry
between the sides of the line profile is preserved, as the beginning and ending of the line
profiles overlap well and even the peaks and the area between the peaks matches to a great
extent in both cases. As the d value was increased (from top to bottom in both sets of images),
the overlap over the middle of the peaks becomes more offset. This confirms that at greater d
the hemispherical diffusion field has indeed expanded, masking the nanoband features and
hence possibly a different off-middle line profile could be used to retain more symmetry
between the two line profiles. After some evaluation of the line profiles, the presented results
were found to be the best. Since data from both MNEEs are similar, only one of the two

electrodes and only one of the two line profiles at each d is used for fitting.

First, nanoband disc and square geometry is evaluated. As already seen before, the dip
between the peaks is greater and more pronounced for the square geometry in Figure 7-8 (d-
f). For the disc geometry, it is obvious that the peaks are coming closer together due to the
more extensive diffusion field overlap, while they remain at approximately the same positions
for the square geometry, as expected. Therefore, only the square electrode will be further

evaluated to avoid any complications related to the disc geometry.
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Figure 7-8. Nanoband edge disc (left) and square (right) electrode off-middle SG-TC mode V line profiles,
obtained by moving to an equivalent distance to the left (black) and right (red) of the middle line at
increasing tip working distances from top to bottom: (a, d) d = 9.2 um, (b, €) d =13.2 ym, (c, f) d = 22.1
pm.

Both off-middle line profiles at each d from the square electrode are compared. V line profiles
atx =165 and x =215 atd = 9.2 um in Figure 7-8 (d) are similar. The difference between the
two peaks on the left is 0.192, while the peaks on the right differ by 0.166 (y-axis values) which
is less than 2% in both cases, being well within the experimental error. The currents at the
beginning and end of the profiles are at the same level, and so both of these observations
further confirm that the experimental set-up was free of significant tilting. Due to this similarity,
it is possible to use just one of these line profiles for Gaussian fitting in the following section,
as they both would generate similar results. Similar observations were made for the off-middle
line profiles from the image collected at d = 13.2 um.
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The line profiles at x = 165 and x = 215 from d = 22.1 pm in Figure 7-8 (f) are identical at the
sides but differ in the peak activity slightly more than at shorter tip working distances. The
reason is either because the LHS of the electrode was more active or because the tip
generated more convection effects (product dragging) than on the RHS. The latter observation
is unexpected (as product dragging would be expected to be more pronounced on the RHS of
the image) but may instead be the result of product dilution due to convective stirring on the
LHS at long tip working distances. In any case, the normalised current difference between the
peaks is approximately 0.1, compared to a peak normalised current of around 8,

corresponding to 1.25% difference, which is within an expected error.

7.2.11 Gaussian function fitting to off-middle line profiles

Gaussian fitting was successfully performed on the nanoband square off-middle line profile at
X = 165 at three tip working distances to further expand the fitting applicability and evaluate
how hemispherical diffusion expands in these off-middle line profiles. Fitting was performed in
the same way as for the middle line profiles, except that data was not adjusted to reduce the
amount of contribution from additional two sides. It was out of scope of this analysis to quantify
how much contribution from each side at each point within the electrode band there actually
was, and this was allowed as an error in the fitting. The w parameter was fixed to be the same
as for the middle line profiles analysed above, A was allowed to vary to satisfy the fitting
procedure, yo was fixed as 1, and the boundaries for fitting were fixed at 1 or as close to 1 as

possible on both sides.

Overall the fitting was satisfactory showing good experimental and Gaussian data agreement
from Figure 7-9 and Table 7-7. Hemispherical diffusion field overlap over the middle area
increases with increasing d, resulting in a better fit, valid both from visual line profile overlap
(Figure 7-9) and numerical evaluation. From Table 7-7, R2 parameter increases from 0.78 to
0.98 with increasing tip working distance, showing the same trend as for the middle line profile
fitting. For the middle line profiles from Table 7-4, the values were between 0.82-0.99. This
suggests that there were some differences between adjusted middle and un-adjusted off-
middle line profiles and the differences became less pronounced with increasing tip working

distance.

From Figure 7-9, the lack of data adjustment around the middle of the line profile is the most
noticeable at the smallest d in (a), where the gap between experimental and modelled data is
the largest. When comparing normalized tip current values, area between the peaks from the
experimental middle line profile at this d are at approximately 6.5 (Figure 7-4), while at the off-
middle line profile they are at around 8. In both cases the peaks from the fitting curve are at
approximately 3 (value at the dip of the cumulative fit peak in Figure 7-4 (a) and Figure 7-9

(a)), suggesting that data adjustment was indeed also needed for the off-middle line profiles.
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As the w parameter was set to be within £1 um from the value obtained when fitting V middle
line profile from the nanoband square image (Table 7-4), it confirms that the geometry is

preserved when moving away from the centre of a square electrode.
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Figure 7-9. Off-middle line profiles (black squares) from nanoband edge square electrode in SG-TC mode
at three tip working distances of (a) d = 9.2 um, (b) d = 13.2 um, (c) d = 22.1 pm and their Gaussian dual-

peak function fitting (blue line).

Simple trigonometric rules or Pythagorean Theorem were used to extract at which values the
peak positions at the off-middle line profiles should be present. When the band radius is the
hypotenuse of 50 um and the half of the radius is an adjacent side of 25 um, the remaining
side is easily calculated as 43.3 um, totalling 86.6 um for the theoretical peak-to-peak
separation. From Table 7-7, the peak separation values were calculated using the difference
between peak 1 and peak 2 positions (xc), resulting in 98, 89 and 93 um for d = 9.2, 13.2 and
22.1 um, respectively. Hence, at the smallest and the largest d the peak separation was
overestimated, whilst at intermediate d it was closest to the expected value. It appears that
there is no clear trend for the peak separation with varying d, which is unlike in the middle line
profile analysis.

In the case of the nanoband square geometry, the peak separation is expected to remain close
to 100 pm, as with the middle line profiles. In Table 7-7, the greatest d resulted in slightly
smaller peak separation of 93 um, confirming hemispherical diffusion field expansion from the

square nanoband, resulting in peaks at closer positions due to diffusional overlap from the
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sides of the band. As expected, the greatest peak separation of 98 pm is at d = 9.2 um. The
peak separation at the intermediate d value is 91 um, which is between the other two values,
suggesting either an error associated to the peak position choice during the fitting process or
it agrees to the greatest extent from these three values with the above calculated peak

separation of 86.6 um.

Overall, the Gaussian dual-peak fitting function is an effective quantitative analysis tool not
only for the middle line profiles, but also for the off-middle line profiles in the square geometry
electrode. Regarding the future fitting, data points around the peak area could be adjusted in

the same way as for the middle line profiles to evaluate if fitting would be further improved.

d 9.2 um 13.2 uym 22.1 um
Peak1 Peak2 Peak 1 Peak 2 Peak 1 Peak 2

Yo 1 1 1 1 1 1

Xc 130.22 228.08 = 134 225 131 224
+1.91 1.87

w* 47 47 59 59 73 73

A 572.06 584.19 + 306.07 + 306.07 + 60843 + 60843 +
+32.69 32.69 5.30 5.30 6.08 6.08

Reduced Chi-Sgr | 2.56 0.12 0.14

R? 0.784 0.952 0.982

Peak separation 98 91 93

Table 7-7. Table of Gaussian dual-peak distribution fitting parameters for the off-middle line profiles from
a nanoband edge square electrode in SG-TC mode at the three tip working distances. Numbers in italic

have been fixed.

7.2.12 Peak width variation with tip working distance

From Gaussian fitting to the experimental data, w parameter, representing FWHM, is analysed
as a function of the tip working distance, d, to evaluate if there was a linear dependency
between the two. Values of w presented in several sections of this chapter were gathered and
linearly fitted (the least squares) to assess if the peak width was increasing linearly with
increasing tip working distance. Results from V rather than H line profiles were used for this
analysis, again, to avoid any possible additional imaging artefacts affecting the experimental
data. FB mode nanoband square data was represented by only two data points which was not

enough for this fitting, so was excluded from this analysis.

Values of w from V line profiles of a nanoband disc in SG-TC and FB modes and a nanoband
square in SG-TC mode at the three d values are plotted and linearly fitted in Figure 7-10. The
associated fitting data is presented in Table 7-8. All three graphs generated R? between 0.97
and 1, suggesting an adequate linear fit and hence dependency between the two parameters.

Data points from a nanoband disc in both modes generated more of a straight line than
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nanoband square data in (c). However, the offset is minor and the resulting R? value shows
an excellent fit.
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Figure 7-10. Graphs of w vs d and the linear fit (red line) to the data points (black squares) for (a) a

nanoband disc electrode in FB and (b) SG-TC modes and for (c) a nanoband square electrode in SG-
TC mode.

Mode SG-TC FB SG-TC FB
Nanoband ‘ disc square

Intercept ‘ 47.61 £ 0.052 23.61 £ 0.052 28.67 £5.82 n/a
Slope ‘ 1.24 £ 0.0033 1.24 £ 0.0033 2.09+0.37

R? ‘ 0.999 0.999 0.970

Table 7-8. The resulting parameters of w vs d fitting for the nanoband edge disc and square electrodes
in SG-TC and FB modes.

In all cases, the same procedure for fitting was performed and the width values shown in the
above sections were to some extent adjusted during Gaussian fitting to allow for a better linear
fitting in this case. Since the values were chosen manually, there was space for adjustment
and hence errors. Nevertheless, the width values presented in these graphs did not reduce
the Gaussian fitting effectiveness and these are the best w for each tip working distance and
the electrode. The clear linear dependency with d agrees with the Brownian motion
principles®$ (partition function) (Equation 2.18), in which diffusion from a point source expands

with time equally in all directions, and so the width of the peak grows linearly with time
(distance).
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The intercept values in the three plots in Figure 7-10 vary between 23.6 pm and 47.6 pum.
These values are greater for both electrodes in SG-TC than in FB mode, reflecting wider peaks
due to a greater diffusional overlap in SG-TC mode and much sharper peaks in FB mode. As
such, these graphs suggest that at a hypothetical tip working distance of 0 pum, which is
effectively 0.5 um due to the recess, the hemispherical diffusion field has expanded from the
disc band to deliver 24 or 48 um width peak in FB and SG-TC modes, respectively.

It could also be predicted that at O um the diffusion field would collapse to 0 and 10 um values
for the modes, since 48 nm height Pt band is effectively 0 and the Pt probe has 10 um diameter.
In this case, the y-intercept should be set to these values and the effectiveness of fitting would
show if it is a likely scenario or not. Also, since the tip electrode is always on and the tip current
is measured in both modes, it could be expected that the value of the tip’s diameter would be
the expected intercept value. Despite the trends observed, the length scales explored in this
section is relatively narrow, so more data and analysis are needed to fully evaluate these
possible intercept scenarios. Further examples of such fitting are presented in Section 7.3.4
and in the following chapters, where a smaller substrate is imaged (Chapter 8) and a smaller
probe (Chapter 9) is used for imaging. Overall, a full detailed analysis is out of scope of this

thesis and these are ideas for the future work.

7.3 QUANTITATIVE LINE PROFILE ANALYSIS USING MODIFIED BESSEL

FUNCTION

Diffusion from a point source is expected to be a Gaussian distribution and fitting the
experimental line profiles using a Gaussian function was indeed successful, as seen in Section
7.2. While the manual adjustment of data points around the peak area is a rather tedious work,
it is expected to be sufficient for the square geometry. However, it is not adequate to account
for the disc geometry, where the sides of the band get closer when moving away from the
middle line profile, resulting in an increasing diffusion field contribution from the sides to the
middle. These more complex diffusional contributions can be accounted for when using a
modified Bessel function, which is known as a solution to a Bessel equation valid for a purely
imaginary number.” It can be used to predict the concentration profiles arising from point
sources on a ring, providing a means to estimate the tip currents recorded as the middle line

profiles from the disc nanoband SECM images.

7.3.1 Deriving equation for fitting

The tip limiting current (Section 2.9 and Equation (2.24)) is a function of bulk concentration,
i.e. i < c,. Hence, as suggested by Prof Philip J. Camp (School of Chemistry, UoE), the tip

current measured in SECM experiments at circular nanoband substrates can be predicted by
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using a modified Bessel function to determine the concentration profile associated with
diffusion from point sources on a ring. A concentration function dependent on the tip position,
c(r), Equation (7.2), was slightly adjusted using several assumptions discussed below,

allowing a simplified model for the line profile fitting to be obtained, as shown in Equation (7.3).

(2 t) = N (rR) r?2 + R? + 72 -

<28 = Gapnazlo\ 2o )P Capr ) (7.2)
(rR) r?2 + R? + 72

c(r,z,t) = A1, (ZDt ADt ) (7.3)

where the term before the modified Bessel function ﬁ is a constant which can be

adjusted and renamed as A in Equation (7.3); I, is the modified Bessel function, r is the tip
position in the x-axis, R is the electrode radius (50 um in this chapter), t is time, D is diffusion
coefficient, and z = d which is the tip working distance value (9.2, 13.2 or 22.1 um in this

chapter).

The tip current and bulk concentration can be related, as shown in this section. In this chapter,
both the tip (r = 5 um) and the substrate (50 nm band height) electrodes are relatively small
(micro and nanoband edge electrode, respectively) compared to the overall substrate
electrode diameter (100 um) and to the typical diffusion length of the electroactive species. As
such, they exhibit local hemispherical diffusion fields characteristic of convergent diffusion.
First, c,, = 1 — c0q, Where ‘0X’ is the oxidised species and ‘red’ is the reduced species. In FB
mode, the tip generates oxidised (product) species and senses Cred, While in SG-TC mode the
tip senses cox at the substrate and converts the oxidised species back to its reduced form
(Figure 3-9). For both modes the tip current varies, as follows:
itip = ltip,ins T UrB (7.4)

where i, ins is the tip current above the insulator surface, as shown in Figure 7-11 (a) and igp
is the additional tip current due to a positive feedback from the substrate, Figure 7-11 (b-c). In
all cases, it is expected that the side diffusion (flux) of the redox species from the bulk is

constant, and iip,ns does not vary.
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Figure 7-11. Tip current measured above (a) the insulator surface and (b-c) above the substrate, where

additional feedback current, irg, (blue arrows) due to product species in SG-TC mode and reactant
species in FB mode is sensed in (b) SG-TC and (c) FB modes. The value of itp,ins is assumed to be

constant.

Then, irgis assumed to be related to the concentration of the product species in SG-TC mode
and to the reactant species in FB mode (Figure 7-11 (b-c)). In SG-TC mode, irp X Cproguct:
and Equation (7.4) can be normalized to iiip,ins :

itip irp

=1+ (7.5)

ltip,ins ltip,ins

The current in both modes is always measured at the tip (in this work) and the value of 1

represents the tip current over the insulator at whichever d value used. Then, 'FB_is an

ltip,ins
additional current due to the feedback from the underlying electrode, allowing to combine
Equations (7.3) and (7.5) in Equation (7.6), which reflects the relationship between
concentration and current values.

rR)) 2+ R? + 2z
exp (——2) (7.6)

i:1+A*10((2W 1D
A is a constant, derived by the software during fitting, allowing to adjust the scale of the line.
Together with the rest of the function, it represents any additional current generated due to the
presence of the underlying band, irs. Then, r can be changed to (y — y,) for V line profile fitting
which stands for the central y-value and allows some adjustment within this value, y.. For H
line profiles it would be (x — x.). Since D and t are not defined variables in these imaging
experiments, 2Dt can be related to w? due to the Brownian motion (Section 2.4), such as w =
(2D1)*2. 1t is related to the expansion of the diffusion field from the electrode in all directions,
and w? and 2w? can be used, resulting in Equation (7.7).

(0 -y *R) -y + R +d?

i=1+A*10< p( ) (7.7)

This expression has significantly less variables, being only the amplitude, A, and the width, w,

of the peaks, compared to the Gaussian function used in the previous section. In Equation
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(7.7), it is already implied that the peaks are equivalent, and the middle point between the
peaks is automatically found in a precise manner during the fitting process. Also, using this
function removes the need to manually alter data points as in the above section and allows to
easily compare the experimental data to the predicted model. As such, 10 um Pt probe with
Ry = 10, is expected not to perturb concentration profiles evolving from the two electrodes

meaning that current is proportional to concentration, i,;, « c.
7.3.2 Determination of the fitting boundaries

Line profile boundaries for fitting were first established for consistency throughout this analysis.
This had to include consideration what limits should be used on the sides of the line profiles
and whether fitting to the middle (dip) between the peaks or the peak height should be enforced.
First, the boundaries were set to fit within the values of i/inin being 1 or greater (=1) to reflect
current normalization and the idea that all additional current over the value of 1 is due to the
presence of the substrate (Figure 7-11). Then, automatic fit was performed, without the need

to adjust any of the parameters.

The overall fit was great, as seen in Figure 7-12 (a) and in Table 7-9. However, the data points
at the peaks were excluded from the fitting and the sides, so called ‘wings’ of the line profile
were not fitting great neither. Modified Bessel function was suggesting flatter side parts of the
line profile, such as there was no diffusion field growth at these parts. However, in all
experimental SG-TC mode data there was a gradual increase in current towards the peaks,
meaning that the line profiles would never be as flat as in the model. It was examined if the
fitting would improve if the boundaries for fitting were set to exclude these areas, such as
suggested in Figure 7-12 (b). But the overall fit presented by R? value slightly decreased after

such adjustment, presented in Table 7-9.

The automatic response in Figure 7-12 (a) and (b) tends to better fit data points at the middle
area between the peaks than the actual peak points. This most likely is to make sure that the
majority of the data points are fitted, and a couple of points that are left out do not have a
significant weight to the overall fit. However, from a visual evaluation (overlap between two
signals), similarly as some fitting regarding Gaussian function in Section 7.2, it appears better
when including these peak points in Figure 7-12 (c). As a result, data points =1 were used for
fitting, adjusting A parameter to fit the intensity of the peaks. As a trade-off, the middle area
between the peaks fits slightly less but from the overall visual evaluation and from R? value
such adjustment makes a difference of 0.002 in the latter parameter, allowing to confidently
choose this approach of fitting. At greater than d = 9.2 um values, the peaks are significantly
less sharp and the area between the peaks is of relatively higher currents, meaning that the
intensity of the peaks is not corresponding to their width. In this case, an overall better method

was to fit to the middle area between the peaks, thus preserving both peaks and accepting
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that intensity predicted by the model is higher than the experimental values, as presented in

the following figures.
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Figure 7-12. Modified Bessel function fitting to SG-TC mode V middle line profiles from a disc nanoband
electrode, r =50 um: (a) automatic fitting within the boundaries of normalized current values being greater
or equal to 1, (b) automatic fitting having manually set narrower boundaries and (c) fitting within the

boundaries as in (a) but also having manually set A value, allowing to fit the peak intensity.

(@) Automatic fit (b) Narrow limits (c) Full limits
A 33.04+1.24 34.75+1.03 37
w 28.30+0.51 27.53+0.39 26.88 +0.16
yc 189.69 + 0.77 189.58 + 0.62 189.64 + 0.74
Reduced Chi-Sqr 0.24 0.16 0.26
R? 0.975 0.962 0.972

Table 7-9. Fitting values, corresponding to the graphs in Figure 7-12. The best fit from R? value was
obtained when fitting automatically in (a) but the difference was minor compared to manually adjusted A

value fitting in (c). Visually the latter delivered better overlap between experimental and modelled signal.

Figure 7-12 also allowed to evaluate how the rest of the parameters got affected when variation
of the fitting was performed. The centre point between the peaks, yc, was barely changing in
all three approaches from Table 7-9, being a consistent 189.6 value, which can be rounded to
an integer value of 190. This reassures that the model found the dip between the peaks
efficiently and there was no need for further manual adjustment. This means that only two

variables were left in the fitting expression: A and w. Since they are dependent on one another
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so that with increasing A, w decreases (Table 7-9 (a, ¢)), only one of them needs to be adjusted.

When needed, the value of A was manually adjusted, allowing w to vary accordingly.

7.3.3 Modified Bessel function fitting to the experimental line profiles

Having already established that V middle line profiles contain less artefacts than the H line
profiles, only the V ones from nanoband edge disc electrode images collected in FB and SG-
TC modes were fitted using modified Bessel function to show the effectiveness of this fitting
model. From Figure 7-13, every line profile overlaps with the modelled signal to a great extent,
suggesting a great fitting from the visual evaluation. It is, of course, subjective but it has been
shown to be to relevant in this data analysis and contributes to a better data understanding,
since clear and relatively obvious trends are evaluated; when possible, quantitative analysis

is also used.

Some differences between FB and SG-TC modes are observed, similarly as in Section 7.2.
Fitting to the sides of the line profiles, marked with the boxes in Figure 7-13 (a, d), are different
for the two modes. As discussed in the above section, even though in SG-TC mode the sides
of the line profiles were not perfectly agreeing with the model, it was shown that it does not
have a major influence on the overall fitting. Wider line profile sides, ‘wings’, in SG-TC mode
middle line profiles in Figure 7-13 (d-f) present the net effect of the diffusion field from the
substrate rather than its characteristic features. Meanwhile, the sides of the FB mode line
profiles in Figure 7-13 (a-c) have a characteristic of more rounded curves towards the peaks,
which corresponds to the Bessel generated response. Hence, in FB mode, there is a better

overlap between two lines, resulting in a better visual fitting within the two coloured boxes.

Due to FB mode being characteristic of having more time-dependent tip current artefact than
SG-TC mode, the sides of the line profiles were excluded from the fitting boundaries, as the
red line in the graphs does not continue to the ends of the line profile in FB mode. However,
removal of these data points simply made the line profile more symmetrical and more improved
the overall fitting, reassuring that the artefacts did not affect the electrode area nor the fitting.
The sides of the experimental line profile agree with the modelled response to the greatest
extent at d = 13.2 um in Figure 7-13 (b), which is the middle value of three d. The left side of
the line profile at 22.1 um in Figure 7-13 (c) is greater in the experimental line profile than in
the predicted one due to the time-dependent tip currents at the start of the line profile. The
right side of the experimental line profile at 9.2 um in Figure 7-13 (a) is also of greater currents
due to a possible delicate tilting or minor time-dependent tip currents, which were not sensed

at greater d.

Regarding the middle area between the peaks, the fitting improves with increasing tip working
distance in both modes, as in Section 7.2. The middle area between the peaks becomes more

filed with the hemispherical diffusion field from the sides of the band presenting higher
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currents in both modes, which are modelled well by the modified Bessel function. The fitting is
exquisitely successful in SG-TC mode, as the two signals overlap to a great extent at all d.
The extent of this signal overlapping is significantly more effective than in the Gaussian fitting,
showing that modified Bessel function is more suitable and effective approach for quantitative
analysis of such line profiles. FB mode is more sensitive to varying tip working distance, hence
there is more variation in the effectiveness of the fit over this area. However, the sides of the
line profiles fit to a great extent and the difference between the two lines over the peak area is

also relatively small.
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Figure 7-13. MNEE, r = 50 um disc, V middle line profiles (black squares) fitted to the modified Bessel
function (red line) at (a, d) d = 9.2 um, (b, €) d = 13.2 yum and (c, f) d = 22.1 um in (a-c) FB and (d-f) SG-
TC modes.

The overall fit measured by R2is over 0.9 for all graphs in Figure 7-13, as seen from Table

7-10, reassuring great fitting of the modified Bessel function to the experimental line profiles.
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The fitting is slightly better for SG-TC mode at the first two tip working distances, reflecting
that poorer fit on the sides of the line profiles was compensated by an effective fitting over the
middle area, resulting in an overall similar fit for both modes. At the greatest d, R?is better only
by 0.0068 in FB than in SG-TC mode. The FB mode line profile in Figure 7-13 (c), the dip
between the peaks is proportional to the width of the peaks, and the whole line profile shows
a great compatibility with the theoretical response. In SG-TC mode in Figure 7-13 (f), the
equivalent line profile is already resembling a one-peak response, which is slightly more
challenging to fit. To avoid generating such one-peak response, A value was increased to
allow for the two peaks. As a result, fitting to the intensity of the peaks suffered and the overall
fit unlike in the Gaussian analysis was better to the equivalent FB mode line profile. The
difference is less than 1%, still reassuring that both FB and SG-TC mode line profiles
representing hemispherical diffusion profiles were closely comparable to the concentration
profiles from the modified Bessel function. Data fitting was more effective with this function
than with the Gaussian function in Section 7.2. The values of R? in SG-TC mode are consistent,

while in FB mode RZ? increases with increasing d.

FB SG-TC

d 9.2 um 13.2 ym 22.1 ym 9.2 um 13.2 ym 22.1 ym

A 1.9 0.97 0.38 37 29 22

w 19.06 £ 0.22 21.27+0.16 24.68+0.10 26.88 + 2891 + 3043 +

0.16 0.18 0.19

Ye 189.30 £ 0.75 189.19 + 187.67 +£0.48 189.64 + 189.62 = 189.38 *
0.68 0.74 0.87 1.00

Reduced | 6.54E-04 1.20E-04 9.81E-06 0.26 0.21 0.12

Chi-Sqr

R? 0.913 0.953 0.986 0.972 0.968 0.961

Table 7-10. Parameters from fitting to FB and SG-TC mode disc MNEE data, r = 50 pm.

Regarding the other variables in the modified Bessel function expression in Table 7-10, some
more trends are observed. The y. value is again consistent in both modes, differencing by less
than 1 um in most of the cases, except the maximum difference of 1.5 um between the two
FB mode values. This is well within the experimental and spatial resolution errors. Values of
A were adjusted in all cases and they decrease in both modes with increasing tip working
distance value. As a result, w values increase and they do so more steadily than the changing
A values, both of which are discussed in the following section. Values of A and w are related

to each other, which is again clearly reflected from this data analysis.

7.3.4 Peak width and peak intensity variation with the tip working distance

Further dependency between tip working distance, d, and width, w, as well as intensity of the

peak, A, are evaluated. The best way to do this was obtaining plots for each in Figure 7-14 in
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a similar way as was done in Gaussian fitting Section 7.2.12. However, when using the
modified Bessel function for fitting, derived parameters are associated with smaller errors
since subjective adjustment of the parameters was avoided, reassuring that these results are
overall more objective and less impacted by the manual inputs. This fitting approach also
benefits from the minimum number of variables, and the overall trend and relationship between
the two parameters is derived more objectively than in Section 7.2.12.
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Figure 7-14. Plots of peak width, w, versus tip working distance, d, for disc nanoband edge electrode, r
=50 um, in (a, ¢) FB and (b, d) SG-TC modes. Data points in (a-b) were fitted to a straight line, and in

(c-d) the fitting was performed having set y-intercept to be 10 for FB mode and zero for SG-TC mode.

100 um, FB 100 ym, SG TC
Intercept 15.55 £ 0.62 2480 +1.20
Slope 0.41454 + 0.03312 0.26 £ 0.078
Residual Sum of Squares ‘ 4.46 17.35
R-Square (COD) ‘ 0.994 0.918

Table 7-11. Data points from FB and SG-TC mode straight line fitting results (Figure 7-14 (a-b)).

The plots of w vs d in Figure 7-14 (a-b) in both modes suggest that data points follow a linear
trend. This agrees with the results in Section 7.2.12 and again confirms expected results due
to Brownian motion. In FB mode, the straight line fit is better, resulting in R? = 0.994, while in
SG-TC the fit results in R? = 0.918, as shown in Table 7-11, suggesting slightly more variation

from the linear behaviour. It could be related to SG-TC mode recording hemispherical diffusion
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field of the MNEE rather than the feature in FB mode. More analysis could be done to further
evaluate these observations. Nevertheless, peak width was changing linearly with varying tip
working distance, suggesting that further analysis also related to the Equation (7.7) could be
done, allowing to evaluate if it could be further simplified by substituting w with d, and leaving

with even less variables in the equation.

From Table 7-11, y-intercept values are 15.6 pm and 24.8 ym for FB and SG-TC modes,
respectively, suggesting that at a very close proximity to the substrate the tip senses diffusion
field of such width value. These values are significantly smaller than those generated from
Gaussian fitting, suggesting that these two types of fitting are indeed different. Nevertheless,
bigger w and y-intercept values for SG-TC than FB mode are due to the substrate generating
bigger hemispherical diffusion field in the former, which senses the net effect (diffusion) of the

substrate.

Since FB mode reflects behaviour and characteristics of the probe, it was considered that the
width of the peaks could approach 10 um value which is the diameter of Pt disc in the probe
used for these imaging experiments when d approaches zero. Meanwhile, SG-TC mode
reflects behaviour and characteristics of the substrate electrode which is a nanoband and so
the width parameter could be expected to approach zero. Both sets of data were fitted when
the y-intercept was set to 10 and 0 depending on the mode, as shown in Figure 7-14 (c-d). In
both cases the fitting is less effective than in (a-b). In SG-TC mode data it seems that the
values might be levelling off towards a specific value but not in a linear manner. Spatial
resolution controlled by 5 um value, 10 um Pt tip and 100 pum disc MNEE resulted in high
resolution images and great fitting to the predicted model but this last assumption might be
too delicate for this set of data. Equivalent analysis is performed in Chapter 8 to data collected
on 50 pum substrate and in Chapter 9 when using 1 um Pt probe to image 50 um MNEE. This
is an assumption and work in progress and is shown for the discussion of various relationships

within the data; however, it requires further work.

7.4 CONCLUSIONS

Full quantitative analysis of the MNEE line profiles was performed using the Gaussian multi-
peak and the modified Bessel functions. Since the former models response from two individual
points separated by a set distance, it was a more acceptable way to quantify middle line
profiles from the square than disc nanoband electrodes. Data points over the middle area of
the line profile were manually adjusted to remove some of the diffusion contribution from the
sides of the band, and this was more effective for the square, where the sides are separated
by a constant distance at all times. Due to the geometry differences, there was more
unadjusted modelled contribution over the area between the peaks in the disc data at all three

d. The width parameter was generally set the same for both peaks in all cases, confirming
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symmetry and uniform activity within the band. Disc data was then fitted using specifically for
the disc designed modified Bessel function, which has symmetry directly implied within the
function. The fitting was easier to perform and less subjective than using the Gaussian model
due to the minimal requirement to adjust the fitting parameters. The fitting was successful for
data from both FB and SG-TC modes at all tip working distances.

Both fitting models do not include any of the artefacts discussed in Chapter 6, hence the
differences between experimental and modelled line profiles were expected to be accounted
for the imaging-related artefacts, such as convection in H line profiles and time-dependent tip
currents at the beginning of the line profiles. Interestingly, higher R2 was obtained for the tilting-
affected V line profile than less affected H line profile (hanoband square electrode in FB mode),

suggesting that the model adjusted for the slope in the data.

Differences between experimental and modelled signals were found over the middle area of
the electrode (between the peaks) when evaluating diffusion controlled mass transfer
contribution from the sides towards the middle of the electrode. For all data, the fitting
effectiveness increased with increasing d, especially over the peak area, showing reduced
effects of such contribution from the rest of the band, typically underestimated by the model.
With increasing d, the peak separation decreased, as the peaks became broader, and their
widths increased, reflecting increasing diffusional field overlap from the sides of the band,
which was apparently easier to model. SG-TC mode data fitted to a greater extent than FB
mode significantly in Gaussian fitting and slightly better in Bessel fitting, and this reflects that
diffusion from the substrate is easier to quantify than the effect of the substrate on the tip’s
diffusion in FB mode. Finally, a linear correlation between the peak width, w, and d was found
from both fitting approaches, reassuring that diffusion field from the electrode expanded both

to the width and to the height, as suggested by Brownian motion.
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8 SUBSTRATE AND STEP SIZE VARIATION EFFECT ON
SECM IMAGES

8.1 INTRODUCTION

In the previous chapters, SECM images of 100 um micro and nanoband disc and square
electrodes opened discussion for imaging-related artefacts, such as convection effects,
substrate tilting and time-dependent tip currents. These artefacts were evaluated and semi-
guantified using H and V middle line profiles from the images, followed by a full quantitative
analysis using analytical expressions for the line profile fitting. In this chapter, it is similarly
evaluated how these imaging artefacts and image spatial resolution would change when

varying the sample size and SECM scanning parameters (increment size and increment time).

Micro disc nanoband edge electrode (MNEE) of 50 um diameter (r = 25 um) substrate was
imaged using FB and SG-TC modes. Images first presented and analysed preserve the same
imaging settings and the same tip, allowing to probe the effect of changing electrode size from
50 um to 100 um. The step size (scanning speed) is then decreased from 5 um to 2 um
enabling the evaluation of the step size effect on the images. Finally, effectiveness of the
analytical approach using modified Bessel functions on this disc nanoband substrate is
evaluated and compared to 100 um substrate fitting results (Chapter 7), since the disc

geometry has a global Bessel solution varying with the electrode radius value.

8.2 EXPERIMENTAL DETAILS

All experimental details were as in Sections 3.5.1 except for further enhancements discussed
below. The MNEE (r = 25 um) of half the electrode radius of the electrodes discussed in
Chapters 6-7 (r = 50 um) was imaged. Consequently, the edge length of the image was also
reduced by half from 400 to 200 um to preserve the ratio of the electrode size to the
surrounding insulator area. This also ensured that there still is space on the sides of the

electrode area to allow for the detection of any artefacts in the SECM images.

The set of previously used three tip working distances expressed as 0.7it?k, 0.8ir?uk and
0.9itbuk was not sufficient enough to capture distinguishable nanoband edge electrode in all
images collected with the 10 um probe as in Chapter 6. Hence, a smaller tip working distance
of 0.6it?"k was introduced to collect images in both FB and SG-TC modes used for qualitative
and quantitative analysis with respect to the varied d. From Figure 4-7, where a graph of
COMSOL modelled normalized tip current versus tip-substrate distance was constructed,
0.6itouk  0.7itbuk  0.8irbuk and 0.9irPuk correspond to 6.8 um, 9.2 um, 13.2 um and 22.1 ym,

respectively.
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8.3 QUALITATIVE ANALYSIS OF SECM IMAGES

In Figure 8-1, typical nanoband disc images at all four tip working distances in FB (left) and
SG-TC (right) modes are presented. All images were collected with the same 10 um Pt probe
and 5 um step size, used to image electrodes in Chapters 5 and 6. This means that images
collected at 0.7itbuk, 0.8itPuk and 0.9irPuk are the benchmark results, providing reassurance for
the observations in the earlier MNEE-related chapters. An additional 0.6it°“ image contributes

to a further evaluation of the tip working distance effect on the spatial image resolution.

8.3.1 Tip working distance effect on image spatial resolution

In all images in Figure 8-1, disc geometry and the effects of the decreased size of the MNEE
were reassuringly captured. As seen in Chapters 5 and 6, the band shows up as the highest
current band (brown colour) in contrast to the lowest current (green colour) presenting the
insulator. The images at the smallest imaging distance are the sharpest (the best spatial
resolution) and FB mode images are of higher electrode feature resolution than equivalent
SG-TC mode images, capturing hemispherical diffusion field evolving from the substrate

electrode (Section 6.2).

Such differences between the modes can be explained knowing that these experiments are
not static, the two electrodes are of different sizes, and either oxidising or reducing potential
is applied to both at all times. The latter has been explained in Section 6.2.1 and this
contributes to the differences between the modes, prominent when the tip is brought close to
the substrate. At this point, the corresponding hemispherical diffusion fields from the two
electrodes differ, as shown in Figure 8-2, where the effect of the decreased electrode radius
is also emphasized. In Figure 8-2 (a), a probe electrode can be considered as a more
independent of the two electrodes, since it is moving in pre-set um steps above the static
substrate, and so the localised features of the surface, such as a MNEE electrode, are

recorded to a greater extent in FB than in SG-TC mode.

In this chapter, the tip is a micro disc electrode of 10 um diameter and the substrate is a MNEE
which has 50 nm height Pt band spanning over 50 um diameter. Since this radius value is half
the size of the previously used 100 um, diffusional overlap from the band sides is expected to
be reached faster. This results in, not surprisingly, less spatially resolved images at the same
d values as used in Chapter 6. A larger hemispherical diffusion field from the substrate
electrode in SG-TC mode at greater d eventually spans over the whole 50 pm area, as
illustrated in Figure 8-2 (b) and recorded in Figure 8-1 (f-h). The tip moves within a diffusion
field evolving from the underlying substrate, as FcMeOH* gets generated, and with increasing
tip working distance the space for the diffusion of FcMeOH* species increases, resulting in the

diffusion layer growth, which eventually expands into the insulator area in the middle of the
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MNEE. Also, the moving tip most likely to some extent drags FcMeOH* within the perimeter of

the electrode, and this is more noticeable at larger tip working distances (Figure 8-1).
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Figure 8-1. Disc (r = 25 pm) MNEE images, collected using FB mode (LHS) and SG-TC mode (RHS), a
10 pm Pt probe and a 5 um step size at tip working distances of (a-b) 0.6ir?uk, (c-d) 0.7it?uk, (e-f) 0.8irbulk

and (g-h) 0.9it?k, White arrow in (a) marks one of three areas of focus when comparing convection

artefacts between the imaging modes in text.
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Figure 8-2. Schematic representation to show hemispherical diffusion field growth from (a) the probe
electrode in FB mode and (b) from the substrate MNEE in SG-TC mode. Not to scale.

Such image comparison (together with Chapters 5-6) reassures that FB mode is more
sensitive than SG-TC mode as a result of the tip electrode having a well-established denser
diffusion field which evolves as the tip moves across the substrate surface and generates
FcMeOH*. SG-TC mode images are more fused, reflecting a struggle to capture the features
of the MNEE. The substrate is static unlike the tip, which also drags some of the FcMeOH*
species within the substrate’s area when moving within this diffusion field (blurring effect). FB
mode is better for capturing the localised features on the substrate, while SG-TC mode senses
the hemispherical diffusion field of the substrate. Both imaging modes are greatly valuable and
used within the research depending on the substrate of interest and what results are wanted

from these images.!

Thus, only FB mode 0.6it?u (6.8 um) and 0.7itPu (9.2 um) images in Figure 8-1 clearly
distinguishes that the middle of the electrode is insulator material. As expected, with increasing
d the expanding diffusion field from the sides of the band leads to a progressive diffusional
overlap in the middle of the MNEE in both modes, just like for 100 um MNEESs in Chapter 6.
SG-TC mode experiences more of such a diffusional overlap, as the centre (cavity) of the ring
is becoming of a progressively higher current with increasing d, indicating relatively higher

currents than in equivalent FB mode images.

At 0.9irbuk (22.1 pm) in both modes in Figure 8-1 (g-h), the overlap is such that the images
resemble micro disc electrodes, where the middle of the electrode cavity is filled with relatively
high currents. This shows that decreased electrode diameter from 100 pm to 50 pm has an
effect on spatial image resolution, and now smaller than 22 pm tip working distances are
required for obtaining clearly resolved nanoband edge electrodes. To achieve this, the tip was
brought closer to the substrate for another high spatial resolution image using d expressed as
0.6irPuk,
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8.3.2 Tip working distance effect on convection

From Figure 8-1, it is ensuring that even though FB mode provides overall greater spatial
resolution images than SG-TC mode, they are again more affected by convective effects just
like in Chapter 6. When evaluating images on the left of Figure 8-1 from top to bottom, pale
green circle representing diffusion field just outside of the electrode area and marked with a
white arrow in Figure 8-1 (a) is present more on the right than the left side of the disc. The tip
was scanning the substrate surface in x-axis (left to right) as in Chapter 6, and it is again no
surprise to see this convection artefact. It becomes more prominent with increasing tip working
distance, suggesting that the artefact is actually reduced at small tip working distances,

similarly as in 100 um MNEE images.

In the first two FB mode images in Figure 8-1 (a, ¢), convection effects on the right side of the
electrode area are minimal, unlike in the two lower images in Figure 8-1 (e, g). At the greatest
tip working distance of 22.1 um, convective mixing has further resulted in an additional artefact
at the beginning of each H line profile on the left. This side of the image in (g) is of higher
currents than the rest of the insulator area, most likely due to the local stirring, induced by the
rapid probe’s scanning across electrode surface right to left before starting imaging the
following H line profile, as explained in a more detail in Section 6.2.2. The effect is observed

to the greatest extent at the line profiles passing the electrode area.

In these images, the electrode also looks more elliptical in x-axis than of a disc geometry,
which was less emphasized in the previous chapters. This means that the currents are of a
greater magnitude also on the right side of the insulator area compared to the ones above and
below the electrode area. These additional currents are distinctive in the 0.8itP“k FB mode
image in Figure 8-1 (e), where higher currents on the left side of the image are still only vaguely
present. The 0.9it“image in FB mode is the most affected by the convention artefacts, which
are strongly affecting both left and right of the image. The effects seem to start emerging into

one big hemispherical profile resembling an ellipse.

In SG-TC mode images on the left of Figure 8-1, convection artefacts are present to a
significantly smaller extent from such visual qualitative evaluation. The currents on the left side
of the image are visible only in the 0.9ir*“kimage in Figure 8-1 (h), where convection effects
over the insulator area are present due to different reasons than in FB mode (Section 6.2.2).
The effects are present only at the H line profiles passing the substrate electrode as FcMeOH*
generated at the MNEE gets dragged towards the beginning of these line profiles, hence
higher tip currents. At smaller d, SG-TC mode images are mostly free of apparent convection

artefacts.
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8.3.3 Semi-quantitative imaging artefacts analysis from the line profiles

Given that images in Figure 8-1 correspond to Figure 6-6 and 6-7, a similar approach was
used to semi-quantitatively analyse line profiles in the following sections. Such analysis is
more detailed than in the sections above and it allows to clarify and confirm convection effects

as well as reveal any other imaging-related artefacts.

H and V middle line profiles from MNEE images in Figure 8-1 are compared in Figure 8-3.
These graphs are arranged in the same way as their corresponding images: graphs on the left
are from FB mode images and the ones on the right are from SG-TC mode images at
increasing tip working distance from top to bottom. Not normalized (raw data) middle line
profiles from each of the image are directly comparable and overlapping to a good extent. This
shows symmetry in all images just like when the line profiles were normalized in Section 6.3.
More specific differences between the line profiles are observed in the areas marked with
purple boxes in Figure 8-3 (a), representing three zones of interest in each line profile: LHS
(0-50 pm), middle (50-150 pm) and RHS (150-200 pum).

FB mode line profiles are evaluated first. As in Chapter 6, an initial line profile (box 1) in Figure
8-3 (a) suggests differences between H and V line profiles from the very beginning. The V line
profile is flatter than the H one, where higher current values on the edges within this box result
in a letter U-like profile. The currents on the left then gradually decrease, and at approximately
x = 30 um they are levelled with the currents from the V line profile. An efficient overlapping

all the way until the final part of the line profiles (box 2) is obtained.

Currents from H and V line profiles over an insulator area on the left and right of the electrode
(box 1 and 2, respectively) do not overlap in none of the FB mode graphs in Figure 8-3. These
differences seem to be comparable and linked to each other: as the differences increase on
both sides with increasing tip working distance, the separation between the two lines grows.
The H line profiles are at higher currents at all d on both sides, being consistent with the visual
evaluation of the images in the above section reflecting convection effects. This means that
differences between H and V line profiles allow to determine how much convection is present
in the H line profiles above the insulator area on both left and right of the electrode, allowing a

semi-quantitative evaluation, similarly as in Chapter 6.

The 0.6ir*“kimage and its line profiles are affected to the smallest extent by convection in this
data set. This is reflected by the smallest difference between H and V line profiles on both
sides, which is even more reassuring when compared to the most convection-affected H line
profile in Figure 8-1 (g). Convection effects here are relatively larger than seen in Chapter 6,
responsible for an oval presentation of the disc electrode (Figure 8-1). In this case, both

imaged MNEE and the total imaging area are smaller than in Chapter 6, hence there is less
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space for the artefacts to occur before starting to interfere with the diffusion field from the

electrode surface.
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Figure 8-3. The H (black squares) and V (red circles) middle line profiles from FB (left) and SG-TC (right)
mode images (Figure 8-1) collected with a 10 pm Pt probe at 5 pm step size setting. Purple boxes mark
areas of interest discussed in text. Currents were not normalized, since in all graphs the line profiles

(from the same image) showed a good agreement.

181



Regarding the peaks in box 3 in Figure 8-1 (a), they are at similar current values in both H and
V line profiles at the smallest d. With increasing tip working distance the peaks from V line
profiles remain equivalent, while the difference between the peaks in the H line profiles
increases. Higher currents on the right peak reflect probe’s left to right movement and match
current differences on the sides of the line profile discussed above. Together these
observations reassure that convection effects are responsible for current differences between
H and V line profiles at all three areas, representatively marked in Figure 8-1 (a). As a result,
the V line profiles are more symmetrical due to minimal convection artefacts as in 100 um
diameter MNEE analysis in Chapter 6.

More symmetry is observed both around the peak area and on the edges of the line profiles
in SG-TC mode middle line profiles in Figure 8-3 (b, d, f, h) than in FB mode. First, in the area
where box 1 should be, the two line profiles differ at all d, but this difference remains
approximately constant at all tip working distances. Initial profile of the H line profiles is of a
sharper U-form than in V line profiles, showing presence of some imaging artefacts; however,
this U-form is also significantly shallower than in FB mode. Both observations reflect smaller
and less varying with altering d convection effects in SG-TC mode. The line profiles are more

of the mirror images from the middle-between-the-peaks perspective than they are in FB mode.

Then, the maximum peak values (box 3) in SG-TC mode are also similar, suggesting that
convection effects are affecting areas in all 3 boxes to a greater extent in FB mode. In other
words, H and V line profiles are differencing to a smaller extent in SG-TC mode. Interestingly,
in this mode data in Section 6.3.4, convection effects over the peak area were somewhat
greater than in FB mode as well as increasing with decreasing tip working distance, clearly
showing that reduced substrate size has effect on convection effects in SG-TC mode.

Line profiles from the images collected at 0.9it°“ in both modes resemble responses from
micro electrodes. As foreseen from the qualitative analysis of the images, the peaks from these
MNEE line profiles are not resolved. Instead, they merge into one peak due to expanding and
overlapping hemispherical diffusion fields from the sides of the band. In Chapter 6, images
and line profiles from nanoband electrodes of 100 um dimension were all preserving the
nanoband behaviour and the peaks in all of the line profiles. Here, the size of the electrode

has been decreased by half and so 0.9itUk image reflects this change.

Overall, H and V line profiles differ in a similar manner as previously observed in Chapters 5
and 6. The H line profiles are more susceptible to convection and product dragging effects due
to the tip’s movement from left to right, while V line profiles are more symmetrical. This analysis
reassures that tilting in these images was successfully prevented during the set-up, as all

differences between the line profiles are explained by convection.
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8.4 QUANTITATIVE ANALYSIS: MODIFIED BESSEL FUNCTION FITTING TO
THE VERTICAL LINE PROFILES

Since V line profiles are less affected by artefacts, they are more suitable for further
guantitative analysis, which is at the initial stage of such study. In Chapter 7, line profiles from
disc nanoband images are quantitatively analysed using Gaussian and modified Bessel
function fitting. Some differences between these two methods are present due to different
approaches in evaluating contribution from the continuous band towards the middle line profile
of interest. In Section 7.3, modified Bessel function was shown to be a better method than the
dual-peak Gaussian function for fitting line profiles from disc nanoband electrode. An in-depth
analysis of H and V line profile comparison was performed in Chapters 5 and 6. Therefore,
only V middle line profiles from MNEE images are fitted using a well-established Bessel

function method in this chapter.

8.4.1 Fitting specifications

Fitting equation and method were used as described in Section 7.3.1, except the radius of the
electrode was 25 pum and an additional d value of 6.8 pm (0.6ir*") was used. The same
approach as in Section 7.3.2 was applied to evaluate the boundaries and the overall fitting
settings, which are: automatic fitting across the majority of data points in Figure 8-4 (a),
manually adjusted peak intensity, A, within the narrower boundaries in Figure 8-4 (b) and

manually adjusted A value within the full line profile in Figure 8-4 (c).

The summary results from such data comparison are presented in Table 8-1. The overall fit
presented by R? decreases from 0.93 in (a) to 0.87 in (b) after such manual boundaries
adjustment just like in Chapter 7. Also, the automatic response in (a) is to a better extent fitting
data points at the middle area between the peaks, leaving the actual peak-points out, unlike
in (b-c). To avoid this, for further fittings the boundaries were set selecting as many as possible
data points. These include normalized current values =1 and the actual peak data points, just
like in (c). The peaks in the line profiles get shallower as d increases and such initial fitting
shows that the intensity of the peak does not correspond to its width. These insights suggest
that fitting to the middle area between the peaks is the best fitting approach, which is used in

the following section in Figure 8-5.
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Figure 8-4. Several ways of the modified Bessel function fitting (red line) to a V middle line profile (black
squares) from a MNEE, r = 25 um: (a) automatic fitting within a full line profile, (b) fitting having manually
set A value and narrower boundaries and (c) fitting within a full line profile having manually set A value
for fitting the peak intensity.

(A) AUTOMATIC (B) NARROW (C) FULL LIMITS
FIT LIMITS
A | 6.63+0.49 75 7.4
w | 11.84 +0.37 11.30£0.14 11.40 £ 0.14
yc | 98.88 + 0.66 98.88 + 0.62 98.87 + 0.61
Reduced Chi-Sqr | 0.011 0.012 0.012
R2 | 0.93 0.87 0.93

Table 8-1. Fitting values, corresponding to the graphs in Figure 8-4.

8.4.2 Modified Bessel function fitting to vertical line profiles

In Figure 8-5, V middle line profiles from disc nanoband images are fitted to the modified
Bessel function. The fit seems to be effective and overall similar to 100 um MNEE results in

Section 7.3, though there are also several differences.

Fitting to the area between the peaks within a purple box in Figure 8-5 (a) is significantly more
successful than in the previous chapter. Generated modified Bessel function is at slightly lower
currents only in Figure 8-5 (a), and in the rest of the graphs both lines are at similar heights.
When fitting 100 pm MNEE, there was a choice whether to a greater extent fit the peaks or
the area between the peaks. In this case, both fit well without the need to significantly adjust
parameters, showing that modified Bessel function fitting is an effective approach for a

guantitative analysis of these middle line profiles from a 50 um MNEE.
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Figure 8-5. Modified Bessel function (red line) fitting to a V middle line profile (black squares) in FB (left)
and SG-TC (right) mode at increasing (top to bottom) tip working distance of (a-b) 6.8 um, (c-d) 9.2 um,
(e-f) 13.2 um and (g-h) 22.1 um. Purple box in (a) marks area between the peaks, where more effective

fitting was achieved than in Chapter 7.

Fitting on the sides of the line profiles in Figure 8-5 (a-f) seems to be less effective than fitting
over the middle area from a visual evaluation. The two lines in each graph do not overlap as
efficiently as in FB mode data in Section 7.3. The sides of the line profiles are similar in both
modes and they resemble SG-TC mode data from 100 um MNEE. This is likely due to the
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decreased size of the electrode and imaging area, but also, they can be considered minor and
not having a significant impact on the fitting effectiveness, as seen from the fitting results in
Table 8-2. The lowest R? value is 0.924, which is a relatively high value, as seen throughout
this thesis, reflecting overall successful data fitting. The value was obtained from the SG-TC
mode 0.8irPuk image V line profile fitting shown in Figure 8-5 (f). The line profile experiences
significant diffusional overlap from the sides of the band, resulting in such a response where
the two peaks are not particularly well separated. The fitting parameters were adjusted to
preserve the peaks, and this resulted in a relatively less effective overlap between the line
profiles due to the absence of proportionality between the peak width and intensity. Despite

this, a relatively high R2 = 0.924 was obtained.

Similar value (R2 = 0.929) was obtained for 0.6itt" image line profile in FB mode in Figure 8-5
(a), where the area between the peaks (purple box) does not fit as effectively as it has been
seen in other examples. The fit is overall effective and if there were more data points, the
corresponding R? value probably would be higher. Having less data points compared to the

100 um MNEE data suggests that each point has now more weight on the overall fitting.

Overall, all R2values are over 0.92. For the largest tip working distance of 0.9irUk in Figure
8-5 (g, h) the maximum fitting effectiveness is reached, as the R? values for SG-TC and FB
modes are 0.995 and 0.985, respectively. There is little difference between the two, reflecting
that both line profiles are fitting to the greatest extent observed in this thesis. In both cases,
the peaks have emerged into one; hence, the modified Bessel function is efficient in fitting line
profiles with either two or one peak at various tip working distances, further showing its

suitability and effectiveness for fitting such data.

FB d=6.8um d=9.2um d=13.2 ym d=22.1pm
A 7.40 4.30+0.29 2.30 0.24 £0.018
w 11.39+£0.14 12.57 £0.33 13.82+£0.11 24.43 £0.87
Ye 98.87 £ 0.61 92.85 +0.58 95.18 £ 0.69 95.65 £ 0.56
R? 0.929 0.9598 0.954 0.985
SG-TC

A 20 14 11 2.57 £0.032
w 12.93+£0.14 13.92 £0.15 14.65 £ 0.15 39.41+0.42
Ye 99.10 + 0.67 93.55 +0.77 95.79 £ 0.93 95.73+0.33
R? 0.947 0.943 0.924 0.995

Table 8-2. Modified Bessel function fitting to the V line profiles at four tip working distances obtained from
50 um MNEE images. Data was collected using a 10 um Pt probe and a 5 um step size in FB and SG-
TC modes.

The other fitting parameters from Table 8-2 are also further discussed. In majority of the cases,
the peak intensity, A, was fixed, as discussed in Section 8.4.1 to reassure the best fitting. The

value decreases with increasing d, which corresponds to wider peaks due to an expanding
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hemispherical diffusion field from the bands in both modes. Then, the middle point (between
the peaks), yc, is within a reasonable experimental error in both imaging modes. The evaluation
of the y. values shows that in both modes at d = 6.8 um y. is greater than at the other tip
working distances, reflecting the best resolution of the peaks and so the highest spatial
resolution of the MNEE. At the other distances, the features are progressively getting masked
by the diffusion fields, hence widening peaks and slightly shifted middle values. The value of

A is related to the peak width, w, discussed in a greater detail in the following section.

8.4.3 Peak width variation at selected tip working distances

Plots of peak width, w, versus tip working distance, d, for a 50 um diameter MNEE are
presented in Figure 8-6. From Table 8-2, neighbouring w values at d = 6.8, 9.2 and 13.2 um
differ by approximately +1 um compared to approximately +2 um in Section 7.3.3. The
differences in both cases are well within the experimental error but the former still suggests
that the hemispherical diffusion field expansion from a smaller substrate is less sensitive to
the three tip working distances than 100 um MNEE. It is most likely a coincidence that both of

these values and the electrode sizes differ by the factor of two.

Smaller differences between the neighbouring w values result in a more gradual w growth with
increasing d for 50 um MNEE. At the largest d (22.1 pm) the hemispherical diffusion field is
captured to the greatest extent, resulting in a relatively larger value of w compared to the other
two values, which is greater in SG-TC than in FB mode. Such w increase reflects one-peak
rather than two-peak response. To preserve uniformity of the data points, these were excluded

from the plots and linear data fitting in Figure 8-6.

The resulting R? values from data fitting presented in Table 8-3 are 0.99 and 0.95 for FB and
SG-TC modes, respectively. Such linear fitting effectiveness reflects linear arrangement of the
data points in both modes, as shown in Figure 8-6 (a-b). In a FB mode graph, data are almost
perfectly linear, while in SG-TC mode minor discrepancies in the linear trend are present.
These reflect that the peak width values are slightly less linearly dependent on the tip working

distance than in FB mode, as observed in Section 8.3.

From equivalent 100 um analysis (Section 7.3.4), graphs from both modes were also
comparable and the fitting data is presented together with the 50 um MNEE data in Table 8-3.
Just like in 50 um MNEE data, the R? values from 100 um MNEE in both modes are greater
than 0.9, and SG-TC mode results in slightly lower overall fitting values than FB mode. The
fitting-associated-errors for data from both electrodes are reasonable and comparable,
reassuring that the straight-line behaviour in w versus d is prominent to both electrodes. The
intercept values are almost double as high as for SG-TC mode in both cases, and so the ratios

of these values are also similar, being 1.39 and 1.60 for 50 and 100 um MNEES, respectively,
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showing similar difference between the two data sets. Overall, w values from both 100 um and

50 um MNEEs are linearly arranged against tip working distance in FB and SG-TC modes.
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Figure 8-6. The plots of w vs d, showing errors associated with w values, derived from 50 um MNEE (a)
FB and (b) SG-TC mode V middle line profile fitting using modified Bessel function. Linear fitting (red
line) was performed to data points (black dots) from both modes, leaving the y-intercept to vary in (a-b)
and having set it to (¢) 10 um and (d) O um.

Further, as discussed in Section 7.2.12 and Section 7.3.4, w vs d plots are fitted to a line with
a set 10 um or O um intercept value, as shown in Figure 8-6 (c-d). It allows evaluation if at d =
0 um, w value corresponds to the size of the electrode to which oxidation potential is applied,
which is 10 pm and effectively O um in FB and SG-TC modes, respectively. FB mode agrees
with this assumption to a greater extent than SG-TC mode, as the first two data points are
relatively close to the generated fitting line in Figure 8-6 (c), unlike less linear data arrangement
in (d).

SG-TC mode data (intercept at 11.3 um) suggest that the value of 10 um might be the one to
consider for both modes. The tip is a relatively larger electrode when compared to a point-
source-like nanoband, and it is the tip current that is always collected. If a smaller tip or if more
data points were collected at smaller tip working distances, it would be possible to further

evaluate this, when knowing if the curve in Figure 8-6 would start levelling off or keep
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decreasing in a more or less linear manner to a specific value. More discussion on this is

presented in Chapter 9.

50 pm, 50 pm, SG-TC 100 pum, FB 100 um, :Intercept Intercept

FB SG-TC ratio, ratio,
50 um 100 pm
Intercept 11.29 + 15.55+0.62 24.80 + :1.39 1.60
8.15+0.024 0.59 1.20
Slope 0.26 + 0.42+0.033 0.26 +
0.48+0.0031 0.060 0.078
Residual Sum 4.46 17.35
of Squares 0.00169 3.44
R2 0.999 0.950 0.994 0.918

Table 8-3. Linear fitting results to w vs d plots, where 50 and 100 um MNEEs data were used. Intercept
differences between the modes for both electrodes are shown in the last columns.

8.5 IMAGING STEP SIZE EFFECT ON IMAGE SPATIAL RESOLUTION AND
IMAGING ARTEFACTS

Imaging settings effect on image spatial resolution and amount of artefacts present in SECM
images is evaluated using two different step size settings to collect these images. The same
MNEE was imaged with a 10 um Pt probe using a 2 um and a 5 pm step sizes at 9.2 um
(0.7ibuk) tip working distance. FB rather than SG-TC mode was used, since it has been shown
that FB mode images are of a greater electrode-features resolution and more sensitive to the
variation of d, suggesting that a broader discussion will be possible than if using SG-TC mode

data.

8.5.1 Qualitative image analysis

Two FB mode images are compared in Figure 8-7. First, it is not unexpected to see that 5 um
pixels in (b) are larger than 2 um pixels in (a), which is particularly visible when comparing
electrode areas (dark brown circles). As a result, the electrode area is more pixelated in (b)
than in (a). However, a smaller step size (slower scan) results in an image emphasizing
probe’s left-to-right movement over the insulator area, as H scan lines are more clearly visible
in (a) than in (b). These H lines could be an artefact related to the stepper motor, which caused
electronic or mechanical noise. As the lines are less visible towards the bottom of the image,

the noise could be intermittent or position-dependent.

A smaller step size used to image the same size area as with a larger step size means that
more data points were collected. Therefore, a higher spatial resolution is expected; however,
the downside is that it takes longer time to complete the image, and instead of e.g. 320 s, 2000
s are required. This suggests that the measurement is likely to be more susceptible to tip-
passivation effects, such as time-dependent tip currents. Thus, the insulator area over the
middle of the MNEE is more resolved in a more pixelated image collected with a 5 pm rather

than a 2 pm step size, suggesting that the image spatial resolution is not necessarily and
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unconditionally improved if the step size is decreased. Longer quiet time (300 s) was set to
correspond to a longer imaging time, both of which were significantly longer compared to
imaging with 5 pm step size setting (quiet time = 60 s). Finally, the combination of a 10 pm
probe and a 2 um step size might also have led to an overlapping of some data points, resulting

in such less clearly resolved insulator area.

8‘426-10A' OHm 8 420-10A . | 0um
(a) (b)
741e-10A - 7.48e-10 A -
6.41e-10A - 6.54e-10 A -
5.40e-10 A 561e-10A
4.408-10 A 200 um 467e-10 A 200 pm
0 um 200 um 0 um 200 pm

Figure 8-7. SECM FB mode images of a disc nanoband collected at 0.7it?"k with a 10 um Pt probe using
(a) 2 um step size, 300 s quiet time and (b) 5 um step size, 60 s quiet time. White arrow marks convection

effect on the RHS of the image, more visible in (b) than in (a).

From such qualitative analysis of Figure 8-7, convective effects do not seem to be particularly
reduced as a result of the reduced imaging step size. It appears that the light green circle,
marked with a white arrow in Figure 8-7 (b) and corresponding to the hemispherical diffusion
field outside of the high current edge (brown colour) representing MNEE, is only slightly less
dragged to the right in 2 um than in 5 um image. A 2 um step size resulted in little improvement
in the collected image resolution, nor the imaging artefacts were significantly reduced. The 10
pm Pt probe and a 5 pm step size seem to be a good combination to collect images of high-

resolution electrode features within a reasonable amount of time.

8.5.2 Semi-quantitative imaging artefacts analysis using middle line profiles

In Figure 8-8, H and V middle line profiles from images in Figure 8-7 are compared to further
evaluate imaging step size effect on image resolution and artefacts. The line profiles appear
to show symmetry between the two in both graphs, and the 2 pm H line profile is offset only
by several um to the right from an almost perfect overlap with the 5 um H line profile in (a).
The 2 um line profile compliments the 5 um line profile in both H and V directions, since smaller
step size generates more data points, which is clearly reflected in Figure 8-8 (a): the left peak
is not clearly established in the 5 um line profile, while it is well-defined in the 2 um line profile.
This may to some extent contribute to the differences between the peak current values, which

were mostly attributed to the convection effects (Section 8.3.3).
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H middle line profile from a 2 um step line profile (black squares) is at lower current values at
both initial (purple box) and final (green box) areas of the line profiles than the 5 pm step line
profile in Figure 8-8 (a). This suggests that convection effects on both sides of the 2 um line
profile are actually reduced as a result of less intensive stirring by the probe due to a smaller
step size, hence a slower movement of the tip. These convection differences were not
particularly apparent from the qualitative analysis in the above section and are seen only from

such semi-quantitative analysis.
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Figure 8-8. (a) H and (b) V middle line profile comparison from 2 um (black squares) and 5 um (red
circles) step size data collected with a 10 um Pt probe at 0.7it*“kin FB mode. Coloured boxes on the

graphs emphasize the beginning and the end of the line profiles.

Regarding the peaks and the area between them in Figure 8-8 (a), the first peak (at x = 96)
from the 2 um line profile is at 0.0082 nA higher current value than the 5 um line profile. Also,
towards the right side of this peak, the 2 um data remains at slightly higher current values than
the 5 um data. This agrees with the observation from the images, where the insulator cavity
was of higher currents in a smaller step size image. However, in the images the latter setting
seemed to deliver less resolved MNEE, while from the line profile comparison current values
differ by only approximately 1%, which is well within an experimental error. This is reassuring

that the two data sets are of a similar quality and spatial resolution.

An overall overlap between the two V line profiles in Figure 8-8 (b) is more effective than in H
line profiles. The final part of the line profile (green box), presenting the bottom part of the
image, and the area around the peaks overlap to a great extent, reinforcing observation from
all images discussed so far that V line profiles are significantly less affected by convection
effects. It is expected to see little differences between these two line profiles at different

scanning speeds.

The most noticeable differences are within the purple box, emphasizing that tip conditioning
takes place during the initial (H) scans. This is not a convection effect and it is important to be

aware of when designing the experiment and choosing how much unimportant surface
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surrounding the area of interest (e.g. electrode) should be imaged, so that the artefacts would
not affect important data. In both 2 um and 5 pm V line profiles in Figure 8-8 (b), such tip
conditioning does not affect the electrode area, hence efficient overlap between the two line

profiles is in all but this area.

A minor difference between the two line profiles in Figure 8-8 (b) is present over an insulator
area in the middle of the MNEE. This area is represented as a short flat line in the 2 pm line
profile, which is different from a rounder profile in the 5 um line profile. This suggests either
better resolved insulator area or some artefacts related to the tip-conditioning when using a
smaller step size. The first explanation is most likely not applicable, since it was observed from
both images and H line profiles that the 2 um step size setting did not deliver higher resolution
of this insulator area. A difference like this is also not likely to be related to time-dependent tip
currents because these should appear as gradual changes in current rather than highly
localised abrupt changes like this. Therefore, tip-conditioning is present, which is also
noticeable from the beginning profile of the line profile (purple box), since data points are
somewhat disturbed and in a zig-zag alignment. While 5 um line profile contains more

convection effects, the 2 um line profile experiences more of tip-conditioning effects.

8.5.3 Quantitative middle line profile analysis: Gaussian versus Bessel

function fitting

V middle line profiles in Figure 8-8 (b) are less affected by convection effects and are used for
a full quantitative line profile analysis. Since little significant difference was observed between
2 and 5 pm step size data, only 2 um fitting graphs are shown in Figure 8-9. For a better data
comparison, however, the fitting values for both data sets are tabulated in Table 8-4. Data

fitting was performed using a Gaussian dual-peak and a modified Bessel function.

In Figure 8-9 (a), after an adjustment to the data points around the peak area (Section 7.2.1)
in 2 um line profile was completed, it became apparent that the difference between adjusted
and not-adjusted data points is more significant than in the previous examples in Chapter 7.
Several data points were deleted from both sides to allow for a better transition between the
two types of data, but the line profile is still not particularly smooth, resulting in the line profile
looking like it was constructed from two different-width peaks at the top and bottom of the
graph. Either good fitting at the actual peak area or after the break between adjusted and not-

adjusted data points had to be chosen to enable fitting.

The first option was chosen and as seen from Table 8-4, parameters from 2 pym and 5 um V
line profile fitting are different. Peaks from the 2 pm line are significantly narrower and w
parameter value is 17 pum rather than 27 pm, which was recorded for a 5 pm step size
equivalent line profile. These values were expected to be within an experimental error as a

result of similar middle line profiles. Such difference reflects that additional data points in 2 um

192



line profile had impact on data adjustment effectiveness and hence the fitting, which became
significantly poorer. The R? value substantially decreased from 0.95 to 0.23, reflecting a poor
overlap between the two signals in Figure 8-9 (a). Such difference in Gaussian dual-peak fitting
suggests that there is more proportionality between the peak positions, sharpness and width
in a 5 um step line profile than in an equivalent 2 um line profile. More data points from a 10
pum probe and a 2 um step size line profile result in the response which does not agree with

the diffusion field expansion from two points predicted by a Gaussian multi-peak function.

2.0
= 2um step Gauss adj norm to i min x = 98 b m normtoiminx =98
( a ) —— FitPeak 1 —— NewFunction1 (User) Fit of FB 50 um, 10um PLS um L"norm to i min x = 98"
Fit Peak 2
—— Cumulative Fit Peak

1.6 1.8

1.4

min

ili

1.2
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Figure 8-9. (a) Gaussian and (b) a modified Bessel function fitting to V middle line profile from disc
nanoband edge FB mode image collected at 0.7it™"using a 2 um step size. In (a), data points from the
line profile around the peak area were adjusted to account for the diffusion contribution from the band
(Section 7.2.1).

If data in Chapter 7 from Gaussian and Bessel fittings to 100 um MNEE line profiles were
comparable, fitting to 50 um MNEE line profiles showed significant differences. The
hemispherical diffusion field contribution from the rest of the band to the middle line profiles of
a disc electrode gets more complicated and a simple data adjustment using subtraction
(Section 7.2.1) is no longer effective. Data could be adjusted to a greater extent but instead a
simple and effective modified Bessel function is used to quantitatively analyse such line
profiles. Such fitting requires minimum manual data adjustment and results in an effective

fitting for both 100 um and 50 um electrode diameter data, as discussed below.

Fitting using a modified Bessel function results in an effective overlap between the
experimental and modelled responses, as shown in Figure 8-9 (b). Area around the peaks
shows a good agreement between the two profiles, while the sides are not perfectly fitting, as
observed and explained in Section 8.4. Despite this, relatively high R? values of 0.91 and 0.96
were achieved for V line profiles from 2 um and 5 pm step size data, respectively, as presented
in Table 8-4, indicating an effective fitting for both data sets. The values of w are 12.74 and
12.57 for 2 and 5 pum line profiles, respectively, showing difference within the experimental

error, as expected, and unlike in the Gaussian fitting. This is the final comparison between the
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two fitting functions, confidently suggesting that a modified Bessel function should be used for
fitting any line profiles from a disc electrode SECM image. Such approach removes the need
to manually adjust data points, which is not only time consuming, but also may result in

disturbed line profile and higher fitting errors, as observed in Figure 8-9 (a).

Function  Gaussian Modified Bessel

Step size | 2 um 5 pum 2 um 5um
Peak 1 Peak2 Peak1l Peak 2

A 1274 = 1386 £+ 69 117 A 4.85 4.30 £0.29
1.19 1.23

w* 17 17 27 27 w 1274 + 1257+0.33

0.097
XC 71 119 18.48 = 19.26 % | yc 94.74 + 92.85x0.58
0.70 0.70 0.50

Reduced | 0.0213 0.00175 Reduced 0.00695 0.00281

Chi-Sqr Chi-Sqr

R? 0.228 0.949 R? 0.912 0.960

Yo 1 1 1 1

Table 8-4. Gaussian and modified Bessel function fitting to 0.7it°"* FB mode V middle line profile from
50 um MNEE. Data was collected with a 10 um Pt probe together with a 2 um or a 5 um step size.

8.6 CONCLUSIONS

Substrate and imaging step size effects on image spatial resolution and amount of imaging
artefacts were evaluated, using SECM images of a 50 um diameter MNEE collected in FB and
SG-TC modes. When using the same imaging settings as in Chapter 6, the effect of a smaller
substrate was evaluated and revealed several identical trends as observed for a larger MNEE:
an increase in image spatial resolution with decreasing tip working distance in both modes,
higher substrate-features resolution in FB mode and more prominent convection effects to FB
mode images. However, smaller substrate was not as well spatially resolved at the laregst d,
as hemispherical diffusion field overlap from the sides of the band has expanded to a
significant extent, resulting in a micro electrode-like image and middle line profiles. A smaller,
tip working distance was introduced, allowing to collect another high-resolution image in both

modes for an equivalent quantitative analysis to Chapter 7.

Since H middle line profiles were more affected by convection-related artefacts than V line
profiles, only the latter were fitted using a modified Bessel function to show effectiveness of
the model. The fitting was, again, successful, resulting in high R? (>0.9) values and a gradual
increase of a peak width, w, with an increasing tip working distance, reflecting expanding
hemispherical diffusion field from the substrate electrode in both FB and SG-TC modes.
Values of w were observed to increase linearly with increasing d, just like for the 100 um MNEE.

Such effective fitting reassures that modified Bessel function was a suitable, relatively not
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demanding and associated with little errors fitting model for both 100 um and 50 pum MNEE
data. It allows to evaluate the extent imaging artefacts have affected SECM images from the

line profile analysis.

Then, SECM images were collected using identical settings except the step size was varied
as 2 um and 5 um. The former setting allowed to collect more data points resulting in a more
complete line profile and less visible pixels in the image. However, the improvement of these
were minimal as well as convective effects in the H line profiles were only slightly reduced,
and V line profiles from both data sets overlapped to a great extent. A larger step size allows
to collect image in a less time-consuming manner, and it was shown that a combination of a
10 um Pt probe, a 5 um step size and 60 s quiet time were effective settings to collect good
spatial resolution images with a tolerable amount of imaging artefacts. Bessel fitting to data
collected with a 2 pm step size was also successful and the resulting values were within
experimental error from 5 um data. A Gaussian multi-peak function was shown not to fit smaller
step size line profile, showing that this model is not as effective and falls apart as soon as
either a substrate or a step size is decreased (compared to Chapter 7).
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9 SECM IMAGING USING A 1 uM PROBE

9.1 INTRODUCTION

SECM image spatial resolution depends on substrate electrode and probe (tip) size as well as
imaging settings, which include increment (step) size and increment time. In the previous
chapter, the effect of substrate and imaging step size on image resolution and the occurrence
of imaging-related artefacts were shown. In this chapter, data collected on the same 50 pum
MNEE but with a smaller, 1 um diameter rather than 10 um, Pt probe is presented. Such tip
size produced significantly smaller tip working distances than extracted in Section 4.5, as

derived by the established Lefrou et al.> analytical expression.

First, keeping the same step size and time settings the effect of the tip size is probed. Then,
step size of 5 um and 2 um is varied to evaluate the step size effect on data collected with
such smaller probe. Finally, increment time is varied to observe the number and degree of
artefacts that result. The established modified Bessel function (Section 7.3) is then used to fit
normalized tip currents from the middle line profiles of these images to evaluate if analytically
generated signals are proportional to the tip currents when using both 10 um and 1 um Pt
probes for SECM imaging in FB and SG-TC modes. Data from 1 um probe is compared with
data from the 10 um probe throughout the text.

9.2 EXTRACTION OF TIP WORKING DISTANCES USING AN APPROXIMATE
ANALYTICAL EXPRESSION

PACs measure tip working distance, d, as a percentage of the limited current observed in the
bulk, itPuk, Since the latter is different for 1 um and 10 um diameter probes (Equation (2.24)),
d values expressed in pm are also different. The Lefrou! analysis was shown to be suitable
for determining the position of the 10 um Pt probe with Rg = 10 (Section 4.5), thus it was also
used for the 1 um Pt probe with Ry = 15 (Figure 3-10 (d)). A plot of normalized limited current
observed in bulk (Equation (4.6)), I, against normalized tip working distance, L, using a = 0.5
um, was generated, as presented in Figure 9-1. From this, 0.9, 0.8 and 0.7 of | represent L
values of 5.13, 3.09 and 2.14, which correspond to the following d values: 2.57, 1.55 and 1.07

um, in text also referred to as 0.9itPuk, 0.8irbuk, and 0.7ir°uk, respectively.
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Figure 9-1. A plot of normalized current, |, versus normalized tip working distance, L, allowing to extract
L values at 0.9, 0.8 and 0.7 of I, which then can be converted to 2.57, 1.55 and 1.07 um, using the
method as described in Section 4.5.1, a = 0.5 um and Rg = 15.

9.3 IMAGES COLLECTED WITH A5 puM STEP SIZE

Figure 9-2 contains SECM images (in FB and SG-TC modes) of the same nanoband edge
disc electrode of 50 um diameter presented in Chapter 8 but collected using a 1 um rather
than a 10 um Pt probe. The same 5 um step size was used to evaluate the effect of probe size
on image spatial resolution and artefact occurrence. In the previous chapter, the image
collected at the 0.9it? (Figure 8-1) suggested strong diffusional overlap from the band sides.
Here, a smaller tip, hence a smaller d, compensated for the smaller MNEE size, allowing the
use of 0.7ir?"k instead of 0.6it°“* as well as 0.8it°“* and 0.9ir®" tip currents to collect a set of

three images.

9.3.1 Effect of probe size on image spatial resolution and imaging artefacts

Image spatial resolution in FB and SG-TC modes is evaluated from Figure 9-2. In FB mode
(left side), at all d values, a narrow, high current band with a clear insulator area is resolved.
Likewise, the smallest tip working distance of 1.07 um generated an extremely well resolved
image in SG-TC mode in Figure 9-2 (b). Unlike in the previous chapters, a clear distinction
between insulator within and outside the band ring is present also at greater d. This clearly
shows increased image spatial resolution due to this smaller tip compared to the data of both
100 and 50 yum MNEE images collected with the 10 um tip. At such short distances of up to 2
pum, the diffusion fields emerging from the sides of the electrode separated by 50 um have not

apparently overlapped in FB, nor SG-TC mode.

Nanoband features in the image spatial resolution are dependent on d, just like in the other
chapters. With increasing tip working distance, the hemispherical diffusion field naturally

expands and the overlap from the sides of the band slowly increases. This results in the
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expected decrease in a spatial resolution. Nevertheless, at least to some extent
distinguishable insulator area within the band is preserved at all d and in all images, except
for the SG-TC mode image at 2.57 um (0.9it?K) in Figure 9-2 (f). Here, the diffusion field
effects dominate the image. In SG-TC mode, consistent with Chapters 6 and 8, the band is
less resolved and despite the smaller tip, there is still significant diffusional overlap from the
sides of the circular band, resulting in less resolved insulator area within the cavity. All SG-TC

mode images are, again, of lower resolution compared to FB mode.

FB mode SG-TC mode

9.94e-12 A 1 0 um -9.10e-12 A | 0 pm
(a) (b)
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Figure 9-2. 200x200 pm SECM FB (LHS) and SG-TC (RHS) images of an MNEE (r = 25 um), collected
with a 1 um Pt probe and a 5 pm step size setting at tip working distances of (a-b) 0.7it?uk, (c-d) 0.8irbuk
and (e-f) 0.9irPuk,

As reported in Chapters 6 and 8 regarding the qualitative image analysis collected with a 10
um Pt probe, FB mode, again, not only delivers higher resolution images, but it is also
observed to be more sensitive to tilting, convection and time-dependent tip current artefacts.
It was also expected that data collected with the smaller tip would be more susceptible to these
artefacts due to the probe being closer to the surface. From the first look in Figure 9-2, the
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insulator area is indeed significantly more disturbed in FB modes images on the left, while SG-
TC mode images on the right contain relatively uniform current across the surface. FB images
are not only more pixelated but also more sensitive to any noise or stepper motor functioning
related effects. These show up as disturbed pixels, mostly appearing in 0.7it°uk and 0.8ibuk
images in Figure 9-2 (a, c), when the tip was very close to the substrate surface. Data collected
with a larger probe was less susceptible to such effects. It is possible that the cause of these
qualitative observations is due to the probe physically contacting either the surface itself or a
dust particle and dragging it along. At this scale everything is more sensitive to imperfections

than with the 10 um probe.

FB mode also presents an artefact at the top part of the image, the most clearly recorded in
Figure 9-2 (a).The tip currents here are higher than over the rest of the insulator area, and
they decrease with increasing tip working distance. Notably, in SG-TC mode such behaviour
is not observable. The reason for this might be the result of tilting or previously discussed time-
dependent tip currents. From such qualitative analysis, it does not seem to affect the electrode
area, yet it is present to a significantly greater extent than typical time-dependent tip currents
observed in the images collected with the 10 um probe. This could be related to a larger current
density at this smaller tip, meaning that there is more chance of failing or the reason discussed

below.

Below these higher currents in Figure 9-2 (a) there is a square of slightly lower currents,
starting at approximately 50 um from the top and ending at approximately 20 um from the
edges. Since the tip currents in this area are lower than over the rest of the insulator region, it
suggests that the topography is slightly raised over this square region. In Section 3.2.1,
electrode fabrication is described, and a Pt layer of 50 nm height was deposited below the
silicon nitride top layer and etched from the underlying insulator area, resulting in a metal
square under the top insulator. Therefore, it is possible that an effect of the underlying square
of Pt is visible and the top layer is not completely flat. In this case, the height difference is
small, hence it is only visible with a 1 um probe at very close working distances, as it is indeed
not/not as visible from any other images in Figure 9-2. Exact tip working distance variation is
difficult to determine due to the probe being very sensitive at such small tip working distances,
resulting in mostly minor, but still present current variation across the insulator area and this
effect to some extent mixing with time-dependent tip currents and possible minor tilting front-
to-back of the image. Current difference at this step is 2.6 %. These observations suggest that
the substrates used are not perfect in terms of topography; although such effects are
insignificant when working with larger, such as 10 um, probes. This highlights the sensitivity

of SECM when using very small probes in FB mode.

Whilst some artefact occurrence appeared to increase as a result of a smaller imaging probe,

convection effects became significantly reduced if not removed altogether. In all images in

199



Figure 9-2, the hemispherical diffusion field is very localized and not, at least visibly,
significantly disturbed by the tip’s left to right H movement. Previously reported convection
artefact appearance on the right side of the electrode at all times and on the left side only at
greater tip working distances (as a result of the hemispherical diffusion field increase due to
larger d and product species disturbance and relocation by the tip) is absent. This is consistent
with a higher current density and a lower convection sensitivity of this small tip electrode; in
other words, a smaller probe physically disturbs the solution less during movement. Some of
the convection artefacts might still be present at images collected at a greater than d = 2.57
pum (the greatest d used in this work). Therefore, an accurate evaluation of this is limited by
such qualitative, visual analysis. Quantitative middle line profile analysis in the following
sections is employed to fully evaluate these observations and assist qualitative analysis in fully

understanding the nature of such artefacts found within these SECM images.

9.3.2 Semi-quantitative analysis of imaging artefacts from middle line profiles

In Figure 9-3, H and V middle line profiles from SECM images in Figure 9-2 are compared to
evaluate in a greater detail any artefacts observed in the above section. All line profiles are
normalized in the same way as in the previous equivalent analysis (e.g. Section 6.3.1). Line
profiles from FB mode images are on the left and SG-TC mode line profiles are on the right,
arranged in the same way as images in Figure 9-2. From a visual evaluation, it is immediately
clear that V middle line profiles are significantly more affected by the imaging artefacts than
the H line profiles, which are actually of a better symmetry. This is because time-dependent
tip currents affect V scans, whereas convection effects which typically affect H scans are

markedly reduced.

In Figure 9-3, currents in V middle line profiles (red circles) from FB mode images are higher
on the left than on the right side. The former reflects the top part of the image, which was
indeed observed to have higher currents than the rest of the insulator area from the qualitative
analysis of the images. However, qualitative analysis was not sufficient to immediately
eliminate tilting, which can be further evaluated here. If tilting was the reason for such variation
in currents, the first peak should have been of lower currents due to a smaller positive feedback,
accompanying smaller negative feedback, hence higher currents over the insulator surface
(Section 2.9.2). If that was the case, such behaviour would represent the tip being further away
from the surface at the top. However, currents across the line profile do not follow such pattern,

suggesting that another imaging artefact is present.
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Figure 9-3. Normalized to imin (before an electrode area) tip currents from H (black) and V (red) middle
line profiles from FB (left) and SG-TC mode (right) SECM images (Figure 9-2) at increasing tip working
distances of (a-b) 0.7it°, (c-d) 0.8ir?" and (e-f) 0.9ir"k. Images were collected using a 1 pm Pt probe

and a 5 pm step size.

Since the tip currents at the top part of the image are higher than over the rest of the insulator
profile, time-dependent tip currents in combination with visible underlying Pt square seem to
explain such current variation. At the very top of the line profile, V line profiles are of higher
currents due to such previously observed time-dependent tip currents, but the current drop

across the insulator area is more dramatic than seen in other images in this thesis, since the
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effect of the raised insulator area (greater negative feedback) is sensed. The end currents
from a V line profile are captured within a purple box in Figure 9-2 (a), and the currents start
increasing at approximately x = 150 um. This suggests the edge of such Pt square, hence the
topography differences. Such effects are also observed in V FB mode middle line profiles at
the other two d, but the effects decrease with increasing d. H middle line profiles (black squares)
in Figure 9-2 also show such step (purple box in (a)), but at 0.9itbuk the effect is absent,

agreeing with earlier observations that FB mode is sensitive to d variations

SG-TC mode data in Figure 9-3 do not present these topography differences in the same
manner. The middle line profiles are overall more comparable than in FB mode (especially at
0.8irPuk). At all d, the H line profiles are significantly more symmetrical than V line profiles,
which are wider on the left side in a similar way as it has been observed for the convection
effects on the RHS of the H line profile in the previous chapters. Also, the left peak in V line
profiles is at higher currents than the right one at all d, which also has been associated with
the convection effects in the H line profiles. Since these are V profiles, convection was not
likely to be present to such a great extent in these high resolution SECM images and their
middle line profiles. This is the first time such effect on the left side of the V line profile has
been reported in this thesis, and it correlates with the elliptical diffusion field from top to bottom
of the image observed in Figure 9-2. Since a significantly smaller, hence more sensitive,
imaging probe was used, the sensitivity is expected to be greater not only to imaging settings
and artefacts, but also to any technical problems. There were some technical issues during
SG-TC mode experimental work regarding fine piezo controller and stepper motor movements,
hence these could be the reason for such observations. It is also possible that the substrate
band electrode towards the top of the image shows higher electroactivity than at the bottom,
due to uneven passivation of the surface. Since SG-TC mode is known to be less sensitive to
subtle surface and topography variations that FB mode, topography differences-related details

are not observed in images nor middle line profiles in SG-TC mode.

When imaging artefacts were analysed in data collected with a 10 um Pt probe, convection
was more prominent in H line profiles and in FB mode (Section 8.3). In this case, the currents
on both sides of the H line profile are much more comparable, suggesting smaller convection
effects in data. Despite the above-mentioned other artefacts and substrate imperfections
suggesting that data is not perfect (without any artefacts and current variations), it is clear that
using a 10 times smaller Pt tip resulted in minimized convection artefacts, meaning that V and
H middle line profiles are more similar, hence more symmetrical, especially in SG-TC mode.
In Figure 9-3, V line profiles are affected to a greater extent than H, suggesting that H rather
than V line profiles are suitable for a full quantitative analysis in Section 9.3.3 unlike in Chapter
8.
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9.3.3 Quantitative analysis of imaging artefacts from middle line profiles
9.3.3.1 Experimental details

In this study, V middle line profiles from the images collected using a 1 um Pt probe and a 5
pUm step size contain more imaging artefacts than the H middle line profiles, since convection
effects have been shown to be minimized. Middle line profiles in both directions have been
used and shown to agree with the analytical expressions in the previous chapters, hence only
H line profiles from this set of data are used in the following quantitative analysis. Data fitting
is performed using a modified Bessel function (Equation (7.7)) established as an appropriate

model for a disc electrode data.

In Figure 9-4, sides of the H middle line profiles in FB mode are more affected than in SG-TC
mode. As a result, the fitting boundaries in FB mode are narrower, since the same boundaries
for fitting were used as in the previous chapters and only data points =1 were fitted. As shown
in Chapter 7, this did not have any negative impact on the fitting results, which are overall also

successful in this section.

In Figure 9-3, the peaks from FB mode line profile are significantly sharper than in SG-TC
mode. This means that either the width or the sharpness of the peaks was fitting to a good
extent, but not both, as seen from Figure 9-4. The focus of the fitting was placed on the

intensity, A, of the left peak.

9.3.3.2 Fitting results

From a glance at Figure 9-4, the overall fitting seems to be in better agreement with SG-TC
than FB mode middle line profiles. Regarding the area between the peaks, the fit improves
with increasing tip working distance in both modes, but the fitting of SG-TC mode data is more
effective at all times. Currents in this central area increase significantly in the modelled line
profiles with increasing d, resulting in a better overlap with the experimental data, finally
reasonably overlapping at 0.9it°uk in Figure 9-4 (f). Still, this is not as good as in the 10 pum tip
data. Overall, the model is clearly starting to break down for such data collected using a 1 um

Pt probe and a 5 um step size at all but 0.9ir?uk images.

From the FB mode graphs on the left in Figure 9-4, generated line profile (red) is of a flat rather
than rounded profile over several areas. First, the left side was mostly excluded from the fitting
boundaries but the right side of the analytical line profiles is a sharp corner-like (green box in
(a)) rather than rounded, which is a common feature to the rest of the fitting examples,
reflecting gradual positive feedback increase, which is apparently not that-well-modelled in this
case. Also, at the smallest d in Figure 9-4 (a), the middle area between the peaks is of an
abrupt nature, suggesting almost zero currents over the middle of this line profile area and

hence a forced fitting.
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Figure 9-4. H middle line profiles (black squares) from SECM images (Figure 9-2), collected using 1 pm
Pt probe and 5 pm step size, at increasing tip working distance of (a-b) 0.7it°k, (c-d) 0.8ir?" and (e-f)
0.9ir°uk from top to bottom and fitted using modified Bessel function (red line) in FB mode (left) and SG-
TC mode (right). Green box in (a) emphasizes how forced fitting as a result of the breaking model looks
like and captures the area where minor convection effects can be found (applicable to the other graphs).

Zero currents in the middle of the two peaks could be observed if the data points were
separated by a greater distance, so that the hemispherical diffusion from each of the them
would not overlap at the insulator area between them. Since this is not the case and more
diffusional broadening is observed experimentally than predicted analytically, this is a further
evidence that the modified Bessel function is struggling to fit 1 um Pt tip FB mode data at as
small as 1.07 um tip working distances. This small probe must perturb the concentration

profiles to such an extent that the experimental middle line profiles do not agree well with the
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analytically generated signal, which is unlike when using larger d (as a result of a larger probe)

in the previous chapters.

Regarding the sides of the line profiles, the left side in both modes and at all d values is fitting
to a better extent than the right side. The latter is broader and hence the sides of the line
profiles are not completely symmetrical, suggesting that very small amount of convection
artefacts is still present. A green box in Figure 9-4 (a) captures the area where the greatest
difference between the two lines is observed. This difference decreases in FB mode and is
always small as well as fairly constant in SG-TC mode with an increasing tip working distance.
The values are indeed minimal, being <1% in all six graphs. From the qualitative image and
semi-quantitative middle line profile analysis it was implied that there are no convection effects.
Only by comparing experimental and analytically derived responses can this artefact be
revealed and to be present only to a small extent and mostly in FB mode on the RHS of the
line profiles.

In Figure 9-4 (f), the peaks at 0.9ittuk SG-TC middle line profile are slightly distorted resulting
in a questionable fitting over this area. Due to a possible minor convection artefact, the right
peak is elongated, affecting the visual evaluation of an overlap between experimental and
modelled data. The middle of the peaks value, y¢, does not seem to be necessarily precisely
identified by the model, and it was considered whether to manually set this value. However, it
was decided to be consistent in the fitting approach and to use automatically generated by the

expression values in all fittings, including this one.

9.3.3.3 Evaluation of fitting parameters

Fitting parameters are summarized in Table 9-1. In both modes, A value decreases with
increasing d, reflecting increasing w, which represents wider peaks. Values of A vary between
18-0.57 and 51-14 for FB and SG-TC modes, respectively, and values of w in both modes are
steadily increasing from 4.49 to 11.27 in FB mode and from 10.83 to 14.84 in SG-TC mode.
The latter trend has been observed in all the previous data fitting in this thesis and confirms
that the peaks become wider with increasing d, as a result of the expanding hemispherical
diffusion field. Values of y. are the same within a minor and reasonable experimental error,
suggesting that automatic middle point between the peaks selection was effective in all cases,
including above discussed 0.9itP"k SG-TC mode middle line profile in Figure 9-4 (f). This offers
reassurance that automatic modified Bessel function fitting is an efficient method to evaluate
these line profiles, even though artefacts have an impact on the line profile visualisation, and

it could appear that manual adjustment is needed.
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d 0.7irbulk 0.8irPulk 0.9irbulk

FB

A 18 6 0.57

w 4.49+ 0.44 6.66 £ 0.33 11.28 £0.17
yc 95.16 +1.10 96.22 + 0.86 99.48 + 0.65
Reduced Chi-Sqr | 0.15 0.015 1.05E-04

R? -0.0232 0.485 0.929
SG-TC

A 51 35 14

w 10.83 £0.31 12.20 £ 0.15 14.84 £ 0.13
yc 96.64 +1.12 96.36 + 0.61 98.72 +0.58
Reduced Chi-Sgr | 2.61 0.36 0.053

R? 0.735 0.950 0.976

Table 9-1. Results from modified Bessel function fitting to H middle line profiles (Figure 9-4) from FB and
SG-TC mode SECM images (Figure 9-2).

The values of R?, reflecting the overall fit efficiency, from Table 9-1 are also evaluated. As
expected from a visual fitting evaluation from Figure 9-4, SG-TC mode data generates a better
fit than FB mode data at all d values, resulting in relatively high R2values. However, at 0.7ibuk
(equivalent to 1.07 um) R?2 = 0.74 in SG-TC mode, which represents a good overall fit but is
lower than for any other modified Bessel function fitting, including data collected with a 10 pm
Pt probe, all of which result in R? > 0.91 at all d. In FB mode, the value is even lower, being
negative (-0.023) which is the lowest from all fittings in this thesis (including Gaussian fitting).
This means that the mode does not follow the trend of the experimental data and fits worse
than a horizontal line.2 Such results can be related to the fact that normalised tip currents in
the middle of the MNEE on average are at 1.32 in FB mode and 6.23 in SG-TC mode. This
means that there is a stronger correlation between the intensity and the width of the peak in
SG-TC than FB mode, which is then also better predicted by the model. The middle area
between the peaks does not fit well in 0.7it°k FB mode line profile (Section 9.3.3.2),

suggesting a forced fit which results in a negative R? value.

With increasing d, the fit effectiveness increases. It is reflected by both better visual overlap
between the two lines in Figure 9-4 and by significantly higher R? values. A value of R? = 0.49
was recorded for 0.8ittuk (1.55 pum) middle line profile in FB mode, which shows a great
improvement from -0.02, though it still implies the struggle to fit both peak-width and peak-
intensity from data collected at such small tip working distance. In SG-TC mode, RZ = 0.95,
showing a greater fit, just like observed when fitting data collected with a 10 um Pt probe. At
0.9irbuk (2.57 um), R2 = 0.93 for both FB and SG-TC mode line profiles, showing a great
improvement in data fitting when tip working distance was increased by 1 um. Overall, the
fitting gets progressively worse as d decreases, reflecting that the model is starting to break

at approximately 1 pum tip working distances.

It is important to remember that the modified Bessel function in Equation (7.7) predicts
concentration profiles, while experimental line profiles present current variation. From a steady

state equation (Equation (2.20)), current and concentration are assumed to be proportional,
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and this middle-line-profile-fitting approach allows to directly and successfully compare the
two. For the 10 um Pt probe data, such fitting is extremely effective for both 100 and 50 pm
MNEEs, resulting in a good signal correlation and high R? values. When fitting 1 um Pt probe
data, the predicted concentration profiles are less comparable to the currents at such
significantly smaller absolute tip working distances than used before. Instead of 9.2-22.1 um,
the values are 1.07-2.57 um, so it may not be surprising that the concentration profiles become
more perturbed, resulting in a poorer fit. The resolution of the resulting images has increased
but the measurement of the concentration map is poorer. As a result of a smaller d and a
smaller substrate electrode, the diffusion gradient is higher at and between the two electrodes.
This minimizes convection but probably perturbs the concentration profiles. The model
provides the correct shape, but it is not as good as fitting the 10 um data in the previous
chapter. The predicted concentration (and therefore igp), is wrong particularly over the bands
as a result of the broken down model.

9.4 SECM IMAGES COLLECTED WITH A 2 uM STEP SIZE

9.4.1 Effect of a step size on image spatial resolution and imaging artefacts

The same 50 pum diameter nanoband edge disc electrode was imaged at three d values using
a 1l um Pt probe and a 2 um, rather than 5 um, step size to evaluate the step size effect on
image spatial resolution and the extent of artefacts present in 1 um Pt probe data. Increment
time was decreased to 0.1 s from 0.2 s, which resulted in the images in Figure 9-5. All images
seem to be of extremely high quality, having a clear insulator in the middle of the electrode
band, as expected when the imaging speed is decreased as a result of the smaller step size.
Resolution is to some extent comparable to 5 um step size data set since all images contain

more resolved MNEE than in 10 um probe images.

Nevertheless, the 2 um step size resulted in to some extent increased image spatial resolution
and reduced some of the previously observed artefacts in the 5 um data. First, images in
Figure 9-5 are less pixelated that the ones in Figure 9-2 (5 um step size) and the nanoband
disc simply looks of a better quality than when imaged with such a larger step size. H lines are
still visible on the insulator surface, especially in FB mode, yet as the result of the decreased
imaging speed (from 25 pum s? to 20 um s, calculated from the ratio of increment
step/increment time), they are not disrupting the band profile, unlike in the 5 um step size
images. Second, convection effects in both sets of images are minimized as a result of the

reduced probe size. Quantitative analysis of the images is required to evaluate these.
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Figure 9-5. 200x200 um SECM FB (LHS) and SG-TC (RHS) images collected with a 1 um Pt probe, a 2
pum step size and 0.1 s increment time at increasing from top to bottom tip working distance of (a-b)
0.7ir*"%, (c-d) 0.8ir*" and (e-f) 0.9tk

The diffusion fields broaden with increasing d, appearing as circles of slightly higher current
(pale green) on the images in Figure 9-5. This is more significant in SG-TC mode, where at
0.9itouk the diffusional overlap from the sides of the band has expanded to the extent that the
image resembles micro, rather than nanoband electrode. Since the diffusion field naturally
expands with distance from the substrate electrode, it is unavoidable no matter which imaging
settings are used. In FB mode, 0.9irP“k image is more affected by such distance effect than
the other FB mode images, yet it is still clearly preserving the insulator area in the middle of

the nanoband, just like in 5 um step size data.

It is noteworthy that the 0.7irPuk SG-TC mode image is of an exceptional quality, which is
comparable to the FB mode image. This has not been observed previously in this thesis, and
from such qualitative evaluation, it even appears that the image is more resolved than the

equivalent FB mode image. Then, 0.7it*"* and 0.8i°“k FB mode images are almost identical.
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However, 1 pm probe is significantly smaller than previously used 10 um probe and this means
that the approach curves used to set the tip working distances (0.7itt, 0.8ir?uk and 0.9iPuk)
are significantly less reliable due to smaller tip currents. Also, the significantly smaller tip
working distances, extracted as 1.07-2.57 um (Section 9.2), are more difficult to accurately
control. In case of any solid contaminant particle (“dust”) sitting on the surface at the position
where the approach curve was recorded, this might compromise the fidelity of the approach
curve data. For a 1 um probe, such particles would only need to be a few hundred nm large
to affect the ultimate working distance. It is also possible that at the closest working distance
(1.07 um) the probe could pick up a “dust” particle from the surface, which can seriously affect
the magnitude of the measured tip current (also by changing the local effective geometry of
the probe apex), as mentioned in Section 9.3.1. There could be other reasons for such rather

unexpected variation in resolution, but more imaging experiments are needed to elaborate this.

The raised ‘square feature’ over the insulator surface surrounding the electrode area briefly
discussed in Section 9.3.1 is noticeable when using these imaging settings too. The effect
remains subtle but now it is also present in 0.8ir*uk image in Figure 9-5 (b) and suggests that
50 nm height difference around the substrate area is sensed with this 1 um probe both with 5
pm and 2 um step size. An off-middle H line profile in Figure 9-6 is a great example of this step
effect, captured within a green box. The effect is not significantly different in the two cases and,
importantly, it does not affect electrode area; however, it is interesting to observe this, and it
reflects that SECM FB mode is significantly more sensitive (and powerful) at such small tip

working distances.
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Figure 9-6. An off-centre H line profile from image in Figure 9-5 (a), emphasizing the ‘step edge’ within
the green box.

These observations suggest that differences in data collected with a 1 Pt probe together with
a 2 um and a 5 pm imaging steps reveal more differences than in Chapter 8, when a 10 pm
Pt probe data was used for a similar comparison. In Chapter 8, smaller step size simply

resulted in more data points, allowing to have a more complete line profile, and in slightly
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reduced convection effects as a result of imaging time variation from 320 s to 2000 s. In this
case, both observations are still valid, but also the spatial resolution of disc nanoband images
in Figure 9-5 has significantly increased, though the imaging time has been changed from 320
to 1000 s. Since data, again, contains little artefacts, it is reassuring that SECM is a strong
imaging tool able to capture hemispherical diffusion field evolving from a 50 nm height band.
This also highlights the fact that step and probe sizes should be considered together when
choosing optimised settings for the imaging. The 10 um Pt probe delivered better results with
a 5 um rather than a 2 um step size, since the resolution was not significantly improved but it
took a significantly longer time to complete one image. And the 1 pm Pt probe from a visual
evaluation is more efficient with a 2 um step size, as the images are significantly less pixelated
and more clearly depicting the MNEE, suggesting that this additional time per image is more

beneficial in this case.

9.4.2 Semi-quantitative analysis of middle line profiles

H and V middle line profiles from images in Figure 9-5 are compared in Figure 9-7. From the
images, currents are higher at the top than over the rest of the insulator area due to time-
dependent tip currents and underlying Pt square, just like in Section 9.3. Then, convection
artefacts have been shown to be significantly reduced when using 1 um Pt probe, resulting in
V line profiles being less symmetrical than H line profiles in Figure 9-7. Therefore, the results

of the comparison between the line profiles are expected to be similar as in Section 9.3.2.

In all of the previous semi-quantitative analysis, the minimum current value before the
electrode area in H line profile was used to emphasize any convection effects on the right side
of the line profile when comparing H and V middle line profiles. Since V line profiles in this
section are, again, expected to be more affected than H ones due to even more reduced
convection, it was instead decided to emphasize the time-dependent tip current effects on the
left side of the V line profile. This was done by normalizing middle line profiles to an overall
the smallest current value, imin, which was found to be after the electrode area. The shape of
the line profiles does not change with such slightly different normalization process, and as a
result, in Figure 9-7, the line profiles contain the same within experimental error currents on
the right side of the graphs and different currents due to time-dependent tip currents in the

early V lines (and underlying Pt square) on the left side of the graphs.

Observations from the qualitative image analysis in the above section are further confirmed
using Figure 9-7. First, FB mode middle line profiles have characteristic sharp peaks, reflecting
excellent resolution of the band features at all d. When evaluating currents over the peaks and
between them, they decrease with decreasing tip working distance as usual. When comparing
the graphs visually without looking at the current values, they all seem to be similar, reassuring

high resolution of all FB mode images.
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Figure 9-7. H (black squares) and V (red circles) middle line profile comparison from SECM images
(Figure 9-5) collected with 1um Pt probe and 2 pum step size at (a-b) 0.7it?*, (c-d) 0.8it°"k and (e-f)
0.9irP"k tip working distances in FB (left) and SG-TC (right) modes.

Then, SG-TC mode middle line profiles in Figure 9-7 reflect increasing hemispherical diffusion
overlap over the middle of the electrode from the sides of the band to a greater extent than in
FB mode. The peaks become significantly less sharp with increasing d, consistent with the
images in Figure 9-5. However, from the image in Figure 9-5 (f), although the nanoband image
resembles a micro electrode, the middle line profiles in Figure 9-7 (f) contain two peaks rather

than one, confirming that nanoband features are still preserved.
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Imaging artefacts are also further evaluated by contrasting FB mode H (black) and V (red)
middle line profiles in Figure 9-7. The latter are more affected than the H line profiles, as the
beginning of the line profile (the top part of the image) is at higher currents than in the
equivalent H line profile. This reflects time-dependent tip currents also seen at 5 um step size
images in this chapter and in data collected with the 10 um Pt probe, where these were
observed to settle until the electrode area. This together with some effect of the underlying
metal square, result in the left peak being of higher currents than the right peak. FB mode V
line profiles are also rather disturbed on the right side and over the dip between the peaks,
which is not visible from the corresponding images in Figure 9-5. This shows that FB mode is
clearly more sensitive to any noise, topography variation and time-dependent tip currents,

which affect all insulator areas in the images.

Regarding SG-TC mode graphs on the right side in Figure 9-7, differences between H and V
line profiles at 0.8ir? and 0.9ir? show that not only in FB, but also in SG-TC mode some of
the artefacts are present. H and V middle line profiles overlap on the right side to a greater
extent than in FB mode, confirming the latter mode is more susceptible to imaging artefacts
(and minor topography differences). With increasing tip working distance, the currents
increase on the left side of the V line profiles compared to the right side. The difference
between the two line profiles in each graph is, again, smaller than in FB mode, suggesting that
SG-TC mode records significantly less amounts of any remaining convection (in H line profiles)
and other imaging artefacts. However, such current increase in V line profiles at greater than
1.5 um tip working distances might not be due to time-dependent tip currents but instead due
to the imaging-related issues (stepper motor), resulting in elliptical presentation of the
electrode in exactly vertical direction (Section 9.4.1). The effect was the most significant in
0.9itbuk image, which is reflected in its V middle line profile. As a consequence of this, the
recorded currents might not be precise. A combination of a smaller probe and a smaller step
size than used in the previous chapters suggests that collected data in both modes is more

sensitive to any imaging artefacts and difficulties during the experimental procedure.

The H middle line profiles are relatively artefact-free, as expected, in both modes. In FB mode,
the left side contains some current stabilisation artefact, most likely due to a rapid probe’s
returning from right to left to start imaging a new H line profile, but this does not affect the
electrode area. At 0.7it?u, both peaks are at equivalent currents, at 0.8tk the left peak is of
higher currents and at 0.9it° the right peak is at slightly higher currents. However, these
differences are minor, being in sub-pA, confirming that the peaks at all d are at equivalent
currents within an experimental error, and convection has even less effect on this data than in
Section 9.3. In SG-TC mode, the initial currents on the left side of the line profiles are of
significantly lower currents than in FB mode, resulting in a relatively flat, artefacts-free sides

of the line profiles. In both modes, H line profiles are symmetrical, and from all of the
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observations in this Section 9.4 it is implied that they are more suitable for quantitative analysis

using analytical expression in the following section.

Finally, 0.7it> FB mode H middle line profiles from 5 and 2 pm step size images are directly
compared in Figure 9-8. The current amplitude differs, making it more challenging to stack the
two line profiles one over another even when normalized. Nevertheless, the latter setting, as
in the previous chapter, delivers a greater number of data points, hence a more complete line
profile and more clearly recorded peaks. Such comparison also emphasizes that convection
is indeed further decreased, since the sides of the line profiles (affected by the convection in

the previous examples) are flatter when using a 2 um setting (and slower imaging speed).
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Figure 9-8. H middle line profiles from SECM FB mode 0.7it?" images collected using 1 um Pt probe
and 5 um (black squares) and 2 um (red circles) step size. Currents are (a) raw and (b) normalized to
imin located before an electrode area in each line profile.

9.4.3 Quantitative middle line profile analysis using a modified Bessel
function

The H middle line profiles from 50 um MNEE images collected with a 1 um Pt probe and a 2
pum step size are fitted using established modified Bessel function, as in Section 9.3.3. All line
profiles were now normalized to the overall smallest current value, which was consistently at
the beginning of the line profile in FB mode and at the end of the line profile in SG-TC mode.
Experimental data fitting allows to evaluate if modelled concentration profile is proportional to
the experimental currents from such sharp resolution images presented as line profiles as well

as to effectively quantify imaging artefacts.

The sides of the experimental line profiles in Figure 9-9 are quantitatively evaluated regarding
convection effects to confirm if the effects are negligible as appeared in qualitative and semi-
quantitative analysis. In both modes, the right side of the line profile, marked with a green
arrow in (a), is characteristic of being to some extent off-set from the modified Bessel function
response. The points of interest in FB mode are at x = 135; 140; 155 and in SG-TC mode at x

= 150; 155; 166 for 0.7itbuk, 0.8irbuk 0.9itbuk, respectively. The greatest measured difference
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across both modes is below 5 pA, which is very small and suggests that convection effects at

all d are overall consistent and negligible.
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Figure 9-9. Modified Bessel function fitting (red line) to H middle line profiles (black squares) from SECM
images (Figure 9-5), collected with a 1 um Pt probe and a 2 pm step size over 200x200 um area at (a-
b) 0.7it?uk | (c-d) 0.8it°“k and (e-f) 0.9ir*" tip working distances in FB (left) and SG-TC (right) modes.
Green arrow in (a) marks the area where convection effects are evaluated.

From both Figure 9-9 and Table 9-2, it is again clear that fitting to the data collected using a
smaller, 1 um instead of 10 um, probe becomes more difficult just like in Section 9.3. Therefore,
the peaks in Figure 9-9 graphs are very sharp, and it was a trade-off whether to focus the fit
on the peak height or the peak width. It is particularly characteristic in SG-TC mode 0.7irPulk
graph in Figure 9-9 (b), where A = 330, which is a higher value than it has been usually
observed in this thesis. Peak intensity and width in 1 um Pt probe and 2 um step size data at
0.7ir*“kare not well balanced, suggesting that the concentration profile function was struggling
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to fit such sharp peaks. It is clear that the model starts to break at as small as 1-2 um tip
working distances. In FB mode, A = 1.7, which is a rather low value, and at 0.8ittuk, A = 4,
which for the first time in this thesis disturbs the trend of a regularly decreasing A with

increasing d due to the reasons discussed in the above sections.

d 0.7irdulk 0.8irPulk 0.9irbulk

FB

A 1.7 4 0.57

w 9.21+0.16 7.54+0.21 11.49 +0.088
yc 101.85 + 0.50 99.59 + 0.56 100.46 + 0.35
Reduced Chi-Sar | 0.0014 0.0082 7.50E-05

R? 0.788 0.592 0.952

SG-TC

A 330 39 15

w 3.60+£0.21 11.76 + 0.096 15.21 +0.079
yc 99.84 +0.53 98.76 + 0.38 101.012 + 0.34
Reduced Chi-Sar | 22 87 0.44 0.054

R? 0.0289 0.938 0.980

Table 9-2. Modified Bessel function fitting results to H middle line profiles (Figure 9-8) from SECM images
collected with a 1 um Pt probe and a 2 um step size.

Another previously observed and, in this case, disturbed trend is a more effective fitting to SG-
TC than FB mode data. From Figure 9-9, SG-TC mode 0.7itP“k graph is characteristic of
sharper peaks, informing about more resolved electrode features, than equivalent FB mode
graph. Therefore, SG-TC mode middle line profile fitting resulted in a much lower R? of 0.029
compared to 0.79 in FB mode, as shown in Table 9-2. With increasing tip working distance,
R? values increase as usual, suggesting a better overlap between experimental and modelled
data.

In SG-TC mode, at 0.8ittuk the value sharply increases to 0.94 and to 0.98 at 0.9itP“k, because
of a more effective overlap between experimental and modelled signals at the area between
the peaks in Figure 9-9 (c, e). Such effective fit was typical to the data collected with a larger
step size and/or probe. In FB mode, the increase is more gradual, R? being 0.59 and 0.95 for
the two d, which could be related to the remaining relatively large gap between experimental
and modelled data points representing additional diffusion field over the middle of the electrode

which was not as effectively modelled as in the other examples.

Comparison of experimental data with the modified Bessel function estimation suggests that
1 um Pt probe and 2 um step size settings disturb local concentration profile at both 0.7ibulk
and 0.8it*uk in FB mode and only at 0.7it?“k in SG-TC mode. This suggests that smaller probe
delivers sharper signal (more characteristic of the MNEE details rather than the hemispherical
diffusion field) and the concentration profile gets significantly more perturbed, resulting in not
as effective fitting. For comparison, when using a 10 um probe, the signal was predictable,
and it fitted modified Bessel function to a significantly greater extent in all examples. When

comparing this 2 um data with the 5 pm step size data in Section 9.3.3, the results are
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equivalent within an experimental error, except at the smallest d, when SG-TC mode delivers
closely comparable to FB mode signal. Overall, these observations reassure that at smaller
than 2 pm d the fitting to 1 um Pt probe data using modified Bessel function becomes less
effective than seen in the other chapters of this thesis.

9.5 INCREMENT TIME EFFECT ON SECM IMAGING

Variation of substrate and probe sizes as well as imaging step size effect on imaging spatial
resolution and artefacts, such as convection and time-dependent tip currents, have been
evaluated in the above sections of this chapter. Since scanning speed (um s?) is a step size
over an increment time, by varying the former in Section 9.3 and Section 9.4 scanning speed
effect evaluation on these SECM images was presented. In this section, scanning speed effect
on SECM imaging is evaluated by varying time increment per pixel (increment time). The same
50 um diameter nanoband disc electrode as in the above sections of this chapter was used
for this increment time effect on image spatial resolution and imaging artefacts evaluation in
FB and SG-TC modes.

To have some benchmark results before analysing smaller and more sensitive 1 um probe
results, increment time effect on images collected with a larger 10 um Pt probe is evaluated
first. In Figure 9-10, all images were collected at 0.7irP“k and using time increment of 0.1 s in
(a-b) and 0.05 s in (c-d). The electrode area in all examples is presented as a brown colour
and the surrounding insulator area as a green colour, as in most of the images shown in this
thesis. Since longer time per pixel means slower scanning, it consequently results in higher
resolution images. In this case, the speed difference was minimal; therefore, the improvement
in resolution is minor when comparing the two sets of images collected at 0.1 s and 0.05 s
increment time settings. FB mode images on the left in Figure 9-10 are of relatively higher
spatial resolution than images on the right collected in SG-TC mode, as expected and seen
throughout this thesis.

Then, convection artefacts increase with decreasing time per pixel also as expected. This is
reflected in the hemispherical diffusion field immediately surrounding the electrode area
distortion towards the scanning direction (left to right). It is more prominent to the FB mode
image collected at 0.05 s in Figure 9-10 (c) than at 0.1 s setting in (a), also being the reason
for slightly lower currents at the middle of the electrode in the latter, reflecting slightly better
insulator area resolution. This convection effect is also the reason for higher currents on the
left side on the electrode surrounding insulator area. The probe is stirring solution to a greater
extent than at longer increment time, resulting in higher currents at the beginning of each H

line profile and agreeing with the previous analysis (Section 6.3).
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Figure 9-10. Images showing an effect of increment time variation on FB (left) and SG-TC (right) mode
images: (a-b) 0.1 s and (c-d) 0.05 s per pixel. Images were collected using a 10 um Pt probe and a 5 um
step size over 200200 pm area.

In SG-TC mode, increment time effects on image spatial resolution and imaging artefacts are
smaller than in FB mode. Tip currents over an insulator cavity within the electrode are similar
at both speeds. The right side of the image in Figure 9-10 (d) shows some signs of greater
convection effects (product species being displaced towards the right-side during the scanning
process) at 0.05 s than at 0.1 s. Some of the product species are also displaced across the
electrode area towards the beginning of the H line profiles upon probe’s return to the left side.
This results in higher currents on the edge of the insulator area, just like in Section 6.3.4.
Overall, convection effects are slightly more prominent in FB (a, ¢) than SG-TC (b, d) mode,

correlating well with the previous observations from the 10 um Pt probe data.

Different increment time settings were then evaluated in the images collected with a 1 um Pt
probe at 0.8ir?k in FB mode, as presented in Figure 9-11. Only FB mode was used to avoid
repetition and in this chapter it has been shown that smaller probe delivers high resolution
images at this tip working distance and this mode is more susceptible to variation of imaging
settings. As observed earlier within this chapter, using a smaller (1 um) probe leads to
significantly minimized convection effects and a greater spatial resolution. As a result, both
images collected at 0.1 s in (a) and 0.05 s in (b) clearly distinguishes the electrode and
insulator areas and there is little difference between the two. Apparently, the difference
between images collected at 0.1 and 0.05 s increment time when using a 1 um probe are less

significant than when using a 10 um Pt probe.
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Figure 9-11. SECM images of disc nanoband, r = 25 um, collected using a 1 um Pt probe, 5 pm step

size and 60 s quiet time over 200x200 pum area at 0.8it°“kin FB mode and different increment time values
of: (@) 0.1s, (b) 0.05 s, (c) 0.02 s and (d) 0.01 s.

A smaller tip electrode is expected to establish a steady state quicker than a larger electrode,
and it was investigated if even faster scanning (smaller increment time) would allow collection
of satisfactory resolution images. First, shorter increment times, such as 0.02 and 0.01 s in
Figure 9-11 (c-d), again, did not have much impact on the convection effects. The 1 um probe
can be confidently used without the need to worry about this artefact, usually encountered in
the images collected with the 10 um probe. However, the image spatial resolution is affected
to a greater extent than observed before. Both images result in distorted disc nanoband
electrode image, which is rather elliptical than circular, the insulating region in the centre of
the nanoband electrode is less well resolved, and the overall image quality is poorer. It
suggests that the rapid probe movement results in the tip electrode not establishing a true
steady-state diffusion profile with the substrate electrode, and the fast step motor movement
becomes less reliable. There is also an increased amount of pixels that stand out from the
image and some patches of higher currents at the top part of the images, suggesting that
smaller than 0.05 s increment time results in additional imaging-related artefacts. These were
not observed in any of the other images of this electrode presented in this chapter.

Overall, a 5 um step size and not lower than 0.1 s increment time should be used for imaging
substrates such as 50 um MNEE. Images in this thesis were mostly collected using 0.2 s with
5 um and 0.1 s with 2 um settings combination. This results in 25 pm s* and 20 pm s** scanning
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speed values and suggests that these settings are effective combinations for high resolution
images with minimal artefacts, collected within a reasonable amount of time (320 s and 1000
s, respectively). Greater than these scanning speeds increase convection effects (for 10 um

probe) and result in not accurate SECM images of the substrate current map.

9.6 DEPENDENCE OF PEAK WIDTH (W) ON TIP WORKING DISTANCE (D)
9.6.1 W vsd graphs from data collected using 1 um Pt probe

The plots of w vs d were constructed in Figure 9-12 to evaluate peak width dependency on
the tip working distance. In this section, a 1 um Pt probe and 5 um and 2 um step sizes were
used for a 50 um diameter MNEE SECM imaging. The values of w together with their
associated errors were extracted from modified Bessel function fitting to the H middle line
profiles from SECM images collected at d = 1.07 um; 1.55 pm and 2.57 um and discussed in

the above sections of this chapter.

First, results from fitting to FB mode data points collected using a 5 um step size are shown in
Figure 9-12 (a). Values of w follow a linear trend, reflected by a high R? value of 1 associated
with a linear fit, as shown in Table 9-3. The resulting y-intercept value is -0.35, and when it
was fixed to 1, the fitting remained effective, as R? = 0.999. This suggests that a briefly
presented assumption (in Section 7.3.4) that the peak width would fall to a specific value (in

this case the diameter of the probe) at a close to zero d value is possibly valid in FB mode.

Equivalent analysis was performed using w values from SG-TC mode data in Figure 9-12 (b).
The linear fitting is also effective, resulting in high R? value of 0.999, suggesting that the peak
width in both modes is linearly related to the tip working distance. The resulting y-intercept
value is 8.17, and when having it fixed to 0, reflecting Pt height in the nanoband (50 nm), the
visual presentation of the generated line is significantly steeper than the one made up from
the data points in the graph, even though the resulting R? value is still high (0.967) (not shown).

Then, w vs d plots from the 1 um Pt probe and 2 um step size in FB and SG-TC modes are
presented in Figure 9-12 (c-d). When comparing data points arrangement, it is immediately
noticeable that earlier discussed resolution related observations are reflected in a poorer linear
fitting. In FB mode in Figure 9-12 (c), 0.7ir?“k and 0.8ir*“k w value arrangement is distorted
and not linear. Despite this, the R? value is still relatively high, being 0.858. Similar value of R?
= 0.882 is generated for SG-TC mode fitting, where w from 0.7i:°“k middle line profile fitting
was unusually low, reflecting exceptional, yet unusual image resolution in this mode. The
values of y-intercept are different to 5 pum step size values (Table 9-3); however, since the
linear relationship between data points is much poorer than in the above discussed data set,

it is not surprising. When y-intercept values were fixed to 1 and 0 for FB and SG-TC modes,
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respectively, high R? values of 0.975 and 0.985 were obtained, but, again, these results should

be considered carefully.
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Figure 9-12. Plots of w vs d, including errors (vertical bars) associated with w values (black circles) and
linear fitting (red line) to these values. The values of w were obtained from modified Bessel function fitting
to H middle line profiles from SECM images of 50 um MNEE collected using a 1 um Pt probe and a 5
pum step size in (a) FB and (b) SG-TC mode and using a 1 um Pt probe and a 2 um step size in (c) FB
and (d) SG-TC mode.
Imaging settings

5 um step size 2 um step size

Imaging mode | FB SG-TC FB SG-TC
Intercept -0.35 + 6.81E-6 8.17 £0.17 6.33 +2.63 2.69 +5.72
Slope | 4.52 + 2.97E-6 2.57 +0.091 1.97 +1.18 4.98 + 2.66
R? 1 0.999 0.858 0.882

Table 9-3. Results from linear fitting of w vs d plots (Figure 9-12).

Further evaluation and more experimental data, including another assessment of SECM
images collected using a 1 um Pt probe and a 2 um step size, are needed to confidently
determine what y-intercept value in each mode should be expected. In this data set, the sizes
of the two electrodes are very similar (1 and <1 pm), making it less clear if intercept at 1 or O
should be expected. This means that the intercept value falls to either the tip diameter in both
modes or to the electrode diameter, which is different for FB and SG-TC modes, since different
electrodes generate FcMeOH?*. Since the current is always measured at the tip and its size
possibly determines the width of the measured diffusion field in both modes, it could be

expected that the former assumption is more probable.
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9.6.2 Comparison between peak widths observed when using 1 um and 10 um
probes

In the previous section, we analysed the relationship between the peak width (spatial
resolution) and the tip working distance for a 1 pm probe. In order to assess the effect of probe
size on this relationship, in this section we compare this data with peak widths measured using
a 10 um probe presented earlier in this thesis. The plots of w vs d in Figure 9-13 were
composed using the values of w from different line profiles fitted using modified Bessel function
and discussed throughout this thesis. This includes FB and SG-TC mode data of 100 um disc
nanoband imaged with a 10 um Pt probe and a 5 pum step size in (a), 50 um nanoband disc
images using a 10 um Pt probe and a 5 pm step size in (b) and 50 pum nanoband disc images
using a 1 um Pt probe and a 5 pm step size in (c). Data from all three data sets as well as
from 1 um Pt probe and 2 um step size was separated into FB and SG-TC modes in (d-e),

using normalized distance, L, for the x-axis, enabling such data comparison.

Peak width values from 100 um MNEE data in Figure 9-13 (a) are higher in SG-TC than in FB
mode. This reflects resolution differences between the modes, emphasizing that FB mode is
more detail-specific, hence measured diffusion field is narrower. Overall, an arrangement of
data points is resembling two parallel lines, which are linear as presented by high R? values
(>0.9) in both cases, as shown in Table 9-4. When substrate size is decreased to 50 um MNEE
in Figure 9-13 (b), w values from both modes are more similar to each other at each d than in
(a). Only at the largest d there is a relatively significant gap between the two. This suggests
little difference between these data sets in (b), and hence similar image spatial resolution in
both modes. Smaller linear w vs d dependency in SG-TC mode than in FB mode is reflected

by a lower R2 value of 0.6 compared to 0.93, respectively.

Data from a smaller 1 um probe used to image the same 50 um electrode keeping the same
step size in (c) results in, again, close to parallel relationship between the two data sets. This
is accompanied by high, almost equal to 1, R? values, as presented in the above section. The
overall arrangement of data points from FB and SG-TC modes is similar to the arrangement
in (a). Both data sets were collected using a 5 um step size (and the same 0.2 s increment
time, hence at the same imaging speed), suggesting that smaller MNEE should be imaged

with a smaller probe to generate more effective and not somewhat limited by the probe size

221



results. As seen from Figure 9-13 (b), 10 um probe was struggling to reflect FB and SG-TC

mode differences, as w values are mostly similar at selected d values.
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Figure 9-13. Comparison of w vs d graphs containing data from several data sets. The values of w were
gathered from middle line profile fitting from the following SECM images: (a) 100 pm and (b) 50 um disc
nanoband imaged with a 10 um Pt probe and a 5 pm step size in FB and SG-TC modes, (c) 50 pm
nanoband disc images using a 1 um Pt probe and a 5 um step size in FB and SG-TC modes, (d) FB and
(e) SG-TC mode data from (a-c) together with 50 um nanoband disc images collected using a 1 pum Pt
probe and a 2 um step size, using L for x-axis.

100 ym, SGTC 100 pm, FB 50 pm, FB 50 pm, SG TC
Intercept | 24.80+1.20 15.55 + 0.62 6.43+1.11 3.76 £ 6.69
Slope | 0.27 +0.079 0.42 £ 0.033 0.72+0.14 1.10 £ 0.63
Residual Sum of Squares | 17.35 4.46 16.67361 1424.77
R? | 0.918 0.994 0.934 0.604

Table 9-4. Linear fitting of w vs d results collected from 100 pm and 50 pm MNEESs data sets in FB and
SG-TC modes, using 10 pum Pt probe and 5 pm step size.

Then, w values from all three sets of data collected using a 5 um step size and data points
from 1 um Pt probe and 2 um step size settings for 50 um MNEE imaging are plotted on the
normalized d axis in Figure 9-13 (d-e). Such comparison is interesting since this data fitting
was performed separately, one data set at a time and with minimal parameter adjustments. In
FB mode in (d), at d = 22.1 um 50 um (black) and 100 um (red) MNEE data points from 5 um
step size overlap, reflecting that the same width diffusion field emerging from the band
electrode was recorded independent of the different separation between the two bands. There
are some differences between w values from these data sets at the other d, though one would
expect the values to be the same or wider from 50 um MNEE data due to a greater diffusional
overlap in the middle of the electrode. Instead, this may suggest that due to more intense
convection effects (left to right along x-axis) hemispherical diffusion fields from each band

resulted in a greater overlap than when imaging over a smaller diameter disc. There is even
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more variation of w values in SG-TC mode. Since identical imaging settings were used in both

cases, more experimental work is required to better understand this phenomenon.

Values of w from the smaller probe (blue and green triangles) are smaller due to smaller tip
working distances, suggesting a substantial resolution increase compared to the other two
data sets, as observed from the qualitative analysis. In both FB and SG-TC modes it is clear
that there is little difference between data sets from 5 pm and 2 pm imaging steps. This
suggests that resolution from both imaging settings is similarly high and the same width
diffusion fields from the bands were recorded; however, from qualitative analysis it has been
shown that 2 um step size reduced some of the artefacts, which is not reflected in this analysis.
This emphasizes that both qualitative and quantitate evaluation of images and middle line
profiles are important. Together with comparison with other data sets, it becomes possible to
derive some trends and observations which would benefit imaging other substrates.

9.7 CONCLUSION

The effect of substrate and probe size, imaging step size and increment time on image spatial
resolution as well as imaging artefacts were evaluated. Smaller, 1 um rather than 10 um, Pt
probe resulted in smaller tip working distances, allowing to get closer to the substrate surface.
This resulted in expected higher spatial resolution 50 um MNEE SECM images in FB and SG-
TC modes compared to the 10 um Pt probe data. However, working with a smaller probe has
its challenges, especially in FB mode: in order to see positive/negative feedback, the tip has
to be brought much closer to the sample (in absolute terms), resulting in the current being
more sensitive to any sample tilt. Also, there is an increased likelihood of the tip catching the
surface or debris on the surface as it scans. On the advantageous side, working with such a
small probe is more sensitive to differences in electrochemical activity at the surface, which
might justify current variations in these SECM images. The use of a smaller probe also resulted
in reduced convection effects, allowing now to use either H or V line profile for semi- and full
quantitative analysis using modified Bessel function. H line profiles were used to compare

experimental currents to modelled concentration profiles.

Images collected using the 2 pm step size and the 1 pm Pt probe were of the best resolution
from all images presented in this thesis and from a qualitative analysis seemed to have
reduced quantity of imaging artefacts. Despite this increased spatial resolution, modified
Bessel function struggled to fit a number of H middle line profiles, as the peaks in the line
profiles were sharper than observed in the previous chapters. We attribute this to a more highly
perturbed local concentration profiles at the short (1-2 um) tip working distances. Also, working
with such a small probe means significantly smaller tip bulk currents, so PAC experiments are

less reliable and more sensitive to the presence of any “dust” or similar particles on the
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substrate surface than when using 10 um Pt probe. With increasing d, the fitting improved, but

remained lower in FB mode, as observed in the previous chapters.

Increment time effect on the image spatial resolution and imaging artefacts was evaluated
when using both probes for imaging the same substrate. When t < 0.1 s, as expected, some
variation in spatial resolution and more pronounced convection effects were observed with the
larger probe, and FB mode was again more sensitive to these changes. The images collected
with the 1 pm probe were not susceptible to any convection artefacts at none of the selected
values. Interestingly, at t < 0.02 s the electrode appeared elliptical and distorted, and some

additional artefacts evolved at the top of the images.

The values of w from modified Bessel function fitting to all imaging settings combinations
presented in this thesis were plotted against d. This reassured that substrate, probe and
imaging step sizes affect image spatial resolution, which can also be presented as the peak
sharpness (width). Correlation between substrate and probe sizes was observed, and when
the two were proportional, parallel lines generated from w values from both modes were
obtained. Data from 1 um probe and 5 um step size resulted in linearly arranged data points,
while equivalent 2 um step size data was arranged in a less linear manner, reflecting variation
in image resolution. From such analysis, spatial resolution was somewhat similar of all 1 pm
probe images and the 5 um step size was an overall efficient setting, providing great resolution

images obtained within a shorter amount of time than when using a 2 um setting.
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10 CONCLUSIONS AND FUTURE WORK

SECM spatial resolution has been widely discussed and addressed in terms of using probes
of various sizes in micro and nano scale. However, typically encountered imaging artefacts
have been mostly accepted or ignored together with the fact that SECM does not have a well-
established benchmark system unlike other imaging techniques. This thesis is focused on both
of these overlooked sides of SECM. In-house micro fabricated Pt single and array micro
electrodes as well as MNEEs were used as substrates for SECM imaging. The overall

conclusions of this thesis are around the two main observations:

1. Thein-house fabricated devices were shown to provide a useful benchmark substrate
for SECM tips and SECM measurement systems;
2. SECM tips themselves reveal a number of interesting qualitative and quantitative

information about the performance of individual and array electrodes.

Each is discussed in a greater detail as follows.

10.1 SUBSTRATES FOR SECM VALIDATION AND BENCHMARKING

Photolithographic techniques used for the electrode fabrication ensured that the devices are
robust, reproducible, well-defined and (due to their small size) able to reach steady state
currents within seconds (Chapter 3). As a result of such qualities, these substrates were shown
to be effective for validating the performance of SECM imaging probes and measurement
systems. Knowledge of the substrate’s expected electrochemical behaviour and its well-
defined geometry allows both evaluation of the probe’s response and its comparison to the

expected response in the SECM images.

Electrodes were of a disc or a square geometry of a known radius or an edge length,
respectively, and as expected only the electrode area was found to show positive feedback
(as expected for a conductor). The surrounding insulator area was shown by SECM to be
without significant pinholes and to be uniform, confirming the initial control optical images and
CV experiments which determined the experimental steady state current of each of the
electrodes (Chapter 3). These defined and reproducible SECM images of several samples
were established as a set of reference images. Therefore, discrepancies over this area could
then be immediately attributed to an experimental artefact, the performance of the tip or

measurement system, all of which needed to be addressed.

For example, during comparison studies using 2 um and 5 um step sizes when imaging a 50
pm diameter MNEE with a 10 um Pt probe (Chapter 8) and a 1 um Pt probe (Chapter 9), the
pixels were more visible in the 5 um setting images than in the 2 um ones, as expected, but

the smaller step size images contained horizontal lines across the insulator area when using
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both probes. Since the surface is known to be uniform by a combination of methods, this
immediately suggested that such an effect is prone to the probe’s behaviour or an artefact. In
considering its nature, when using a larger probe, such as the 10 um diameter, these H lines
could be an artefact related to the stepper motor as a result of electronic or mechanical noise.
As the lines were less visible towards the bottom of the image, the noise could be intermittent
or position-dependent. When using the smaller, 1 um diameter, probe, the origin could be the
same or different. An alternative explanation is related to the increased sensitivity of the tip,
as the tip working distances were significantly reduced from 6.8-22.1 uym to 1.07-2.57 um. (The
values of d were extracted from COMSOL modelled responses over an insulator surface at
several d, which were fitted using an approximate analytical expression, as described in
Chapter 4, and extracted using the same expression described in Chapter 9, respectively). In
the smaller d case, any dust contamination on the surface or tip could result in not only less
precise d setting during the PAC experiment, but if this dust or any other contamination gets
trapped between the tip and the substrate, this could result in such horizontal effects being
due to the dragging of a dust particle by the tip. Smaller probes allow imaging of smaller
substrates and hence NPs have been shown to be not a limit for the SECM if an adequate
probe system is chosen (Introduction). However, this system at such small d values and with
tips of smaller dimensions are more sensitive and more prone to such imperfections during

the measurements.

Another clear example of tip/SECM system evaluation is that during the imaging with a 1 um
probe there were some definite technical issues related to the motor movements. The resulting
images contained elongated electrodes in y-axis (Chapter 9), producing an ellipse instead of
previously observed and expected circular geometry. This immediately suggested that the
movement of the probe was affected, since our electrodes are of this known geometry. After
the stepper motors were changed, the results improved. This confirmed that experiments
performed previously by another group member were likely affected by a similar system
malfunction; however, this user's substrate was not as well defined as the electrodes

developed in this thesis, and this issue was not immediately apparent.

During the SECM imaging using a 10 um Pt probe, tip conditioning effects, also referred to as
time-dependent tip currents, were also observed, but mostly affecting only the measurements
performed in FB mode (Chapters 5-6). This was apparent as higher currents over the insulator
area at the top of the image (where imaging was started) than over the rest of the insulator,
and in most of the examples these currents gradually stabilised before the electrode area was
imaged. However, it has been shown how the SECM image looks when the tip current has not
fully settled before the electrode area, resulting in higher currents not only over the insulator
area, but also over the top part of the electrode area compared to the rest of the image (Figure
6-5 (a)). These substrates allowed the observation of this tip-related effect (a typical SECM

imaging artefact), which likely shows that the tip electrode can become passivated either due
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to chemical contaminants in the solution or physical contaminants (e.g. dust particles) picked
up from the substrate surface by the tip. These effects were also observed from a semi-
quantitative analysis of these high spatial resolution SECM images when using middle line

profiles extracted from the images in the H and V directions.

Overall, these SECM images allowed the system and tip performance to be assessed.
Performing images of such a well characterised substrate is a good way to ensure that none

of these possible issues are a problem prior to imaging an unknown substrate.

10.2 GATHERED INFORMATION ABOUT THE SUBSTRATE ELECTRODES

The substrate electrodes developed and imaged have also revealed important information
about their behaviour. First, the tip allowed the evaluation of whether the substrate was tilted
and if the electrochemical activity of the substrate was uniform across both conductor and
insulator surfaces. Tilting is expected to be minimized or removed during the set up; however,
it is a manual task and occasionally some effects remain present, which can be noticed only
throughout the experimental work. An example of the sample tilt was shown in Figure 5-1 (d),
where the electrode was found to be slightly tilted diagonally. The effects became less

significant with increasing d, as the percentage effect of the current variation decreased.

Also, details on the electrode surrounding insulator surface were observed. In the image of
one of the MNEEs, the insulator area showed up as higher currents over a well-defined area;
however, the currents were not as high as over a pure conductor (Figure 6-4 (a)). This could
be due to the insulator layer thinning over the insulator surface or it could be a pinhole defect
exposing the (clean) conductor. A small hole would lead to rapid radial diffusion from the hole
and an apparently increased tip current compared to a larger insulator area.

Finally, when using the 1 um tip for imaging the 50 um MNEE at 1-2 pm tip working distances,
an enhanced current detected difference in negative feedback due to topography difference
in FB mode images. This was observed due to the square of Pt metal (50 nm height) around
the electrode area, which was clearly presented as a ‘step’ in the H line profiles (Figure 9-6).

This showed that the area outside this square is lower, hence a less negative feedback.

SECM images and the tip sensitivity allowed evaluation of the image spatial resolution and
diffusion fields from various electrodes. FB mode images were more sensitive to tip working
distance variation than SG-TC mode images. The electrode features (image spatial resolution)
decreased faster in FB mode than in SG-TC mode with increasing d, showing that the
hemispherical diffusion field overlap from the sides of the band was reached at a smaller
distance from the electrode in the former mode (Chapter 6 and 8). Hemispherical diffusion has
been predicted (Introduction) as being characteristic of both disc and square geometry at

sufficient times (larger d values), and these SECM images in FB and SG-TC modes for both
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single and array electrodes provide visual confirmation of this literature prediction. For
example, microsquare electrodes of 30 um edge length were imaged as discs due to
hemispherical diffusion fields at selected imaging settings (Chapter 5). These images would
also reveal different electrode cleanliness (activity), which is useful for the identification of the

heterogeneity of the electrodes.

SECM images of the two array designs also allowed evaluation of the onset of individual
diffusion field overlap from the neighbouring electrodes as a function of d. This was seen to
be different for the chosen square arranged array compared to the hexagonally arranged array.
The arrays were of similar specifications, and the latter preserved localized diffusion fields of
the individual electrodes which did not appear to overlap during the experiments. The square
electrode array also readily showed convection effects, resulting in H lines of higher currents
when passing the electrode area compared to lower current H lines where the electrode was

absent. Further work to establish differences might be useful.

In addition, consideration of the SECM imaging process has revealed insight into tip-related
imaging artefacts. Typically, experimental protocols are designed so that it is considered that
only a natural convection remains. However, in SECM imaging forced convection caused by
the tip movement can affect substrate images. For example, from the microelectrode substrate
data, SG-TC mode was seen to be more susceptible to convection (Chapter 5), whilst in FB
mode, these effects were smaller. Convection effects were observed not only on the right side
of the image due to the left to right tip imaging motion, but also on the left, as a result of forced
convection arising from the tip returning from right to left to start scanning another H scan line,
with either FcMeOH* being displaced from right to left by the tip in SG-TC mode or additional
FcMeOH transport from the bulk to the tip upon the probe’s return in FB mode. The increase
of the tip current on the right side of the micro electrode image and current increase on the left
side of the image in SG-TC mode are both therefore related to convection, and it is interesting
that the microsquare electrode was more susceptible to convection than microdisc electrode

at the same d due to the differences in diffusional transport (Chapter 5).

From nanoband edge electrode images, unlike the microelectrode images, it is interesting that
FB mode showed more convective effects than SG-TC mode (Chapter 6-9). FB mode
effectively probes the convective effect on tip diffusion, while SG-TC mode probes convective
effect on substrate diffusion. Since micro electrodes have Pt metal on the whole electrode
area compared to a thin band in MNEEs, the tip was smaller than the substrate and convection
effects in FB mode over such large electrode area were negligible. But when the amount of
metal in the substrate electrode is decreased, the probe is larger than the substrate. The
response of the latter is smaller and hence any variations become more significant in relative
terms, which is relevant to FB mode which is known to be more sensitive than SG-TC mode.

In other words, nanoband diffusion is enhanced over the microelectrode; hence the forced
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convective effect is decreased in SG-TC mode such that the effect is more clearly seen in FB

mode.

H and V middle line profile comparison (semi-quantitative analysis) allowed quantitation of tip-
induced convection. V line profiles were more symmetrical than the H ones, confirming the
absence of variations in convection and that only diffusion accounted for the variation within V
line profiles. For example, currents to the right of the microdisc electrode in H line profile were
of the order of 5% higher than the equivalent V line profile (FB mode, d = 13.2 um (Figure 5-

5)), due to the presence of convective effects.

Finally, quantitative analysis of the full line profile was performed through experimental middle
line profile fitting using a multi-peak Gaussian function and a modified Bessel function. The
former was appropriate and found to be suitable for square electrode data, while the latter was
the preferred approach for disc geometry electrode data fitting (Chapter 7). This demonstrates
that convection and diffusion effects can be separated and analysed in quantitative analysis,
and differences between experimental and modelled responses were accounted for the
imaging artefacts. When using the 10 um probe, such a comparatively simple quantitative
analysis was very efficient for both disc and square electrodes. However, experimental data
from the 1 pm probe (Chapter 9) did not agree with the modified Bessel function to such a
good extent as the 10 um data from both 100 um and 50 um MNEE images. The concentration
profiles became more perturbed by such a small probe, where the tip current densities were
enhanced. It would be interesting to perform such imaging and quantitative analysis of the
data collected with more different size probes, allowing evaluation whether the 10 um probe

size is the optimum size to enable such simple analysis.

10.3 SUMMARY AND FUTURE WORK

Substrates used in this thesis were microfabricated Pt micro electrodes and MNEEs of high
fidelity, controlled design, shape and dimension. They are robust and thus can be used
multiple times, which makes them suitable not only for qualitative but also for quantitative
analysis, enabling structured identification, evaluation and quantitation of the typical imaging
artefacts. Analysis of these SECM images showed that these electrodes can be used as a
promising benchmark system for a typical SECM imaging, which is still lacking a well-
established standard allowing to easily separate expected effects from the substrate and from
the imaging artefacts or a failure of the set-up. It is believed that these electrodes are already

good calibration sources.

Nevertheless, there are several things that could be done in the future to add further credibility
to the results and/or improve them. For example, a cleaning procedure was shown to be
effective, but the cleaning protocol could be improved to make it more structured and defined

for anyone to use. Then, there were some technical issues with the stepper motor when using
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a1l um probe. Several FB and SG-TC mode images were still elongated in y-direction (Section
9.3), suggesting that the technical issue may not have been solved in this case. Another set
of MNEE images with could be collected to further evaluate smaller probe effect on SECM
images. Finally, and most importantly, determination of the optimum probe size for imaging
could be revealed through more imaging experiments with different probes, as briefly
discussed in the previous section. These data would also allow establishing when the simple
analysis method can and cannot be used and establishing the fundamental d sensitivity in FB
and SG-TC modes. These steps seem to be crucial in determining how a quantitative
calibration method will work. Then, COMSOL modelling could also be extended into 3D
imaging of concentration profiles (for comparison with the experimental data) and even used

to model convection effects observed in SECM images.

More work could also be performed on the arrays to show that they are as good for SECM
benchmarking system as single electrodes. It needs to be evaluated what size electrodes
should be used, hence how much available insulator area surrounding the electrodes would
be required to ensure that imaging artefacts, such as tilting, convection and time-dependent
tip currents, are separated from the substrate’s response. Then, middle line profiles could be
also analysed and fitted using a modified Bessel function if the electrodes are of a disc
geometry. This would ultimately reveal if imaging artefacts are more or less apparent when
imaging an array instead of a single electrode, and if the model works for more than one

electrode at a time.

Also, such SECM imaging allows evaluation of whether hemispherical diffusion layers do or
do not overlap from the neighbouring electrodes at selected d values, which could potentially
assist in designing arrays. This is also relevant if either edge or middle electrode in the array
behaviour is preferred for sensing purposes; SECM images of such substrates allows
evaluation of the two electrode types. Such analysis would also allow evaluation whether the
edge electrodes in an array behave differently to the middle electrodes, and how many rows
or columns in from the edge are required before the electrodes behave as middle electrodes.
This knowledge is important when designing, studying and using smaller arrays (when more

of the electrodes are not in the middle).

This study also brings one closer to the analysis and characterisation of the individual
electrodes in an array for quality control purposes. Such a method would take a significant
amount of time to test each of the electrodes in an array of thousands of units; unless analysis
of combinations of the array electrodes would be possible at large d. Then, the electrodes that
result in lower current would be focused in to see which and how many electrodes cause this
effect. Hence this is an initial study to show that SECM can be used to characterise and
evaluate individual array elements, rather than simple one array unit, which is standard in

some of the experiments, such as CV.
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Electrodes which produce less current than the others as a result of being less active due to
either fabrication-related defects or being slightly dirtier can be identified in the array, and such
approach could be applied to a broader application of the detection of defects. For example,
the results could be further analysed to find the real reasons for inconsistency of the electrodes’
activity, and so the SECM technique could be used in the industrial fabrication applications,
where defects really matter and their presence significantly affects the performance and price
of the product. SECM provides electrochemical information about the substrate which
combined with the optical information can be used for not only visual array evaluation but also
for the evaluation of the array activity and performance. A combination of such information for
various surfaces will be useful, especially if the surface or the species causing the loss of

activity are optically transparent and cannot be optically evaluated.
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