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ARTICLE INFO ABSTRACT

Keywords: In numerous scientific and engineering applications, it is imperative to study the reactivity of material surfaces at

Scanning electrochemical microscopy (SECM) a microscopic level. Scanning electrochemical microscopy (SECM) is a prevalent technique utilized to investigate

E"ten“o";le“y and probe the electrochemical properties of surfaces. However, due to the inherent dependence of SECM on the
opography

distance between the sample and tip, uneven samples can pose a challenge, resulting in inaccurate measurements
and incomplete understanding of material behavior. In this paper, we propose a novel approach for resolving this
issue using contact-mode carbon fiber electrodes in potentiometric mode. The methodology introduced in this
study presents a progressive development over the conventional feedback mode in certain circumstances, as it is
capable of monitoring sample conductivity independent of its topography. This paper exemplifies two specific
cases involving a tilted and a rough surface. A comparative analysis of the results obtained using the conven-
tional feedback mode and the proposed method was conducted to further validate its efficacy. The findings

demonstrate that the proposed method is highly effective in studying tilted and rugged substrates.

1. Introduction

Scanning electrochemical microscopy (SECM) is a powerful tech-
nique used to study surface reactivity at a microscopic level. SECM has
several modes of operation, with feedback mode being the most widely
used. This mode utilizes a disk-shaped ultramicroelectrode (UME)
whose tip current decreases when it is close to an insulating target due to
hindered diffusion of electroactive species towards its sensing disk
(negative feedback). Conversely, when the UME tip is in close proximity
to a conductive surface, electron transfer between the mediator and the
surface is facilitated, regenerating consumed redox species and
increasing the tip current (positive feedback) [1,2]. In SECM experi-
ments, constant height mode is commonly employed, where an
approach curve is first performed to position the UME tip at the
appropriate working distance where feedback effects take place. The
effect of the feedback can then be used to image the topography and
regional differences in the conductivity of the sample surface. The
electrochemical signals, however, are often very sensitive to tip-sample
separation. On samples with an intricate surface topography, the
resulting current map is a superposition of electrochemical activity and
topography [1].

* Corresponding author.

Another long-standing issue in the implementation of SECM is the
risk of tip collision when it is scanned at constant-height along a tilted
surface or when the height of the 3D structures on the sample surface is
substantially larger than the diameter of the SECM tip itself [3]. More-
over, the feedback or collection efficiency is compromised if the tip is
scanned away from a tilted surface or during scanning above grooves or
holes which makes the application of this technique limited for samples
that are both electrochemically and topographically heterogeneous [4].
Since the changes in the tip response caused by the tip-distance varia-
tions cannot be distinguished from those resulting from the changes in
conductivity, further specifics of the specimen’s morphology are
essential in order to allow for a deconvolution of these two components.

Various techniques to regulate the tip-sample distance or map
topography and surface reactivity simultaneously have been proposed,
including shear force detection [5,6], electrochemical probe integration
into AFM [7,8], SICM [9,10], AC-SECM [11,12], and tip position mod-
ulation [13]. However, these techniques suffer from various limitations
such as poor performance with soft samples [14], complicated instru-
mentation [15], and the requirement of special electrode design [16] or
sample cells [17]. Soft probes such as stylus soft probes [18] and soft
linear microelectrode arrays [19] have been developed for imaging 3D
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or tilted surfaces in a brushing-like motion in amperometric mode.
However, these probes have limitations, including reduced resolution
due to changes in contact angle or polymer coating thickness causing an
increase in probe-sample distance [3] or inability to penetrate small
surface corrugations [20]. These limitations can result in an increased
working distance, allowing topographic features to be measured.

This paper aims to obtain images that are unimpaired by topography
convolution when using SECM, and the tip response can only be
attributed to the activity of the sample. The approach proposed in this
work is to scan the surface under investigation in contact mode with
carbon fibre. A similar approach, named ‘nanopotentiometry’ [21] has
been used before to study the I-V characteristics of metal-oxide semi-
conductor transistors where the potential difference between an AFM tip
and the transistor was mapped, while the two were in direct contact. In
this work the potential difference between the carbon fibre and the
sample being inspected was monitored without the use of a reference
electrode. In the case of direct contact between the conductive sample
and carbon fibre, there is zero potential difference. In any other sce-
nario, the electrochemical nature of the solution surrounding the sample
determines the non-zero potential (Fig. 1). This proposed technique was
performed on two different samples — a tilted sample and a controlled-
cut sample — and compared to the conventional feedback mode.

2. Materials and methods
2.1. Ultramicroelectrodes (UME)

Two types of electrodes were prepared. A disk-shaped platinum
ultramicroelectrode that was used for the conventional measurement in
feedback mode. To fabricate the Pt electrode, a borosilicate glass from
World Precision Instrument (WPI) with a 1 mm inner diameter and 2
mm outer diameter was heated and sealed from one end. A Goodfellow
Cambridge hard-tempered 25 um-diameter Pt wire with 99.9 % purity
and a length of less than 1 cm was inserted into the capillary glass. The
borosilicate glass was then heated again to seal it around the Pt wire. To
expose the electroactive surface of the Pt electrode, the electrode was
treated with coarse P60 abrasive sandpaper and subsequently polished
with a 4000-grit polisher.

The other UME is a carbon fiber electrode that was utilized for the
potentiometric measurement of the proposed technique. To fabricate the
electrode, a borosilicate glass with a 1 mm inner diameter and 2 mm
outer diameter was half-sealed from one end. A conducting silver paste
(Amepox Micro-electronics, Ltd. 90-268 Lodz Jaracza, Poland) was
applied to one end of an electric wire and connected to a 1-1.5 cm long
carbon fiber strand of a 7 um diameter. The wire was left to cure for 24 h
and inspected under a microscope to ensure that only one strand was
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Fig. 1. A diagram depicting the proposed potentiometric contact-mode set-up
with the potential difference observed at different regions of the sample.
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properly connected. Careful insertion of the electric wire under the
microscope into the borosilicate glass was then performed, leaving
about 0.5 cm of the carbon fiber strand protruding from one end of the
glass.

2.2. Targets

To create the model targets, two samples were molded using Epofix
(Struers, Ballerup, Denmark) resin. The mold was made using a piece of
a Falcon-tube that was cut off, and then 1 mm-diameter platinum
samples were inserted upside-down into the prepared mold and con-
nected to crocodile clips. Epofix resin was poured into the mold and
allowed to cure. Once cured, the surfaces of the samples were exposed by
polishing with P60 and 4000-grit sandpapers, and the surface was
cleaned and degreased using absolute ethanol. Finally, a controlled cut
was made on top of one of the target (Fig. 2).

2.3. SECM instrumentation

A Homemade SECM instrument was used to conduct the measure-
ment. The control (positioning) unit and the electrochemical measure-
ment unit are the two principal components of the system. The relative
position of the target and the measurement tip was adjusted by the
positioning system which was designed using an Eppendorf 3030 Heka
MIM4 motorized 3-axis micromanipulator (Eppendorf AG, Hamburg,
Germany). The SECM stand and sample holder, which allows for precise
manual positioning and leveling, was made from an old optical micro-
scope and a mirror holder. The measuring instrument was a program-
mable 4-channel eDAQ ISOPOD 452 (eDAQ Pty Ltd., Australia) data
acquisition device with high impedance input to measure the potential
against an Hg/Hg,Cly/3M KCl reference electrode. The whole system
was controlled by a set of Bash scripts in a linux terminal which in-
tegrates and governs motions, data gathering, and data correction.

2.4. Measurement approach

For the feedback mode, a Pt electrode was used to measure the po-
tential against a calomel electrode [Hg/Hg,>Cla/3M KCl] as a reference
electrode. 10 mM K3[Fe(CN)g] redox mediator in 0.1 M KCl that served
as a background electrolyte were used. An approach curve was first
performed, and the Z-distance was established to be 50 ym at which the
positive and negative feedback effects can be distinguished. 2D scans
were carried out above the targets at a constant height to obtain a cur-
rent image of the surface (amperometric measurement).

The proposed method used fabricated carbon fibre electrodes in 10
mM K3[Fe(CN)g] redox mediator and 0.1 M KCI background electrolyte
without the requirement of a reference electrode. One input of the high
impedance voltmeter was connected to the indicator electrode (carbon
fibre) and the other to the conductive part of the target (Pt) which acts as
areference electrode. Through a downward gradual approach with 1 pm
step size, the carbon fibre was brought into close proximity with the
conductive element. Upon observing a sudden transition in potential
from an open circuit to zero, it was evident that the carbon fibre con-
tacted the surface. In order to allow for the bending of the carbon fibre,
an additional 500 ym downward-shift was introduced. Throughout the
entire experiment, the carbon fibre strand was kept in contact with the
target. A fast comb scanning algorithm [22] was then carried out to
produce the desired potential map (potentiometric measurement).

Fig. 3 exhibits two distinct scenarios, with the first case indicating
the absence of physical contact between the carbon fiber and the
conductive region of the substrate (Fig. 3a). In this instance, the po-
tential difference is non-zero, which can be attributed to the potential
difference of the electrochemical cell described by Eq. (1):

C(s)|[Fe(CN),]" (aq)|Pt(s) @
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Fig. 2. Optical images of (a) a smooth substrate that was utilized as a tilted sample, (b) a controlled-cut target that was employed as a rugged sample.
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Fig. 3. Measurement approach of the proposed potentiometric contact-mode in cases of (a) no contact between the carbon fibre electrode and the Pt substrate, (b) a
direct physical contact between the carbon fibre and the Pt substrate.
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Fig. 4. 3D images of the tilted target obtained by (a) Feedback mode using Pt disk-shaped UME. Current was measured against an Hg/Hg>Cl,/3M KCl reference
electrode. Step size was 100 pm on both axes for the Cartesian coordinate-based images. (b) Potentiometric contact-mode using carbon fibre UME. Step size was 100
um on both axes.
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Fig. 3b shows the case where a direct physical contact between the
carbon fiber and the active region of the target material is established.
This forms a voltage divider between the potentiometer and the system
under investigation, with R; and R, representing the resistances be-
tween the carbon fiber and the conductive substrate through the elec-
trolyte and when in direct contact, respectively.

3. Results and discussion
3.1. Tilted target

For this experiment, a smooth substrate (Fig. 2a) was used with an
almost 2-degree y-axis angle tilt. The expected outcome of the feedback
mode experiment would be an increase in current flow above the passive
region and a decrease in current flow above the active area as the probe
progresses along y-axis. The experiment’s results confirmed this expec-
tation where a considerable difference in the measured current flow of
approximately 25-15nA was observed between the conductive and inert
regions in one half of the target (Fig. 4a). However, towards the end of
the other half of the Pt substrate, it became exceedingly difficult to
differentiate between the two zones, as the contrast diminished, with the
measured signals being nearly identical over the two sections. In situa-
tions where the morphology of the substrate is not a priori understood,
discriminating between the contributions of electrochemical and topo-
graphical factors to the observed variations in the target’s activity pre-
sents a challenge [5]. As for the potentiometric contact-mode approach,
the images gathered confirmed that the effect observed in the feedback
mode was not exclusively induced by the sample’s activity but rather a
combination of its activity and topography. The results indicated that
the potential difference over the active section of the tilted target was 0
mV, while —80 mV elsewhere on the sample (Fig. 4b). Notably, the
measurements remained uniform above the active target, irrespective of
the sample’s tilt. It is worth mentioning that one advantage of utilizing
feedback mode is its ability to visualize alterations in electrochemical
activity under positive feedback conditions. However, in the absence of
distance control, this can potentially result in incorrect interpretations if
the structure of the surface is unknown. Although the proposed contact-
mode approach offers less information about the activity, it serves as a
valuable complementary method in distinguishing between conducting
and non-conducting regions of complex topographies.

Electrochemistry Communications 152 (2023) 107515
3.2. Controlled-cut target

15. In the case of the cut-target (Fig. 2b), the topography effect of the
cut can be visibly seen as the current on top of the passive and active
zones above the slit falls within the same range of 120-140nA (Fig. 5a).
For the proposed potentiometric contact-mode approach, the potential
difference above the active zone was 0 mV and around —160 mV on the
inactive region (Fig. 5b). A distinctive characteristic of this potentio-
metric mode resides in its capacity to maintain a constant concentration
of the analyte species throughout the entirety of the measurement pro-
cess, due to the absence of faradaic reactions which ensures that the
local potential measured is typically linearly correlated with the activity
of the analyte [23]. The composition of the solution, carbon fibre and
the target present the main source of the non-zero potential difference of
the electrochemical cell as described by Eq. (1). Nevertheless, based on
the data presented, it is observed that the potential difference in Fig. 4b
and Fig. 5b shifts from approximately —80 mV to —160 mV respectively.
A plausible explanation for this difference is that these two experiments
were performed on different days at probably different ambient tem-
peratures and there might have been some change in the concentration
of potassium ferricyanide, leading to the formation of Prussian blue
through oxidation.

In the event where the carbon fibre and the Pt-substrate come into
physical contact, the potential difference is zero (Fig. 4b and Fig. 5b).
Given this situation, a voltage divider is formed between the potenti-
ometer and the system under investigation, where R; corresponds to the
resistance between the carbon fibre and the conductive substrate
through the electrolyte, and Ry presents the resistance between the
carbon fibre and the conductive substrate when in direct contact. As it is
the resistance between two electronic conductors, Ry holds a negligible
value that is almost zero. In such situations, the potential difference is
zero and follows the voltage divider formula Eq. (2).

— Rz
V7E<RI +R2) (2

Utilizing Eq. (2), it becomes feasible to determine the value of R for
each point within the image given the knowledge of R;. Such an
approach would generate a map of resistance across the surface. The
schematic diagram presented in Fig. 3b serves as a simple example of the
voltage divider, wherein the resistance R; is zero. However, there exist
other scenarios where Ry assumes a non-negligible value, such as in
cases involving the presence of oxide layers or anti-corrosive coatings on
the active surface. Mapping the resistance of these layers can provide an

Fig. 5. 3D images of the controlled-cut target obtained by (a) Feedback mode using Pt disk-shaped UME. Current was measured against an Hg/Hg»Cl,/3M KCl
reference electrode. Step size was 100 um on both axes for the Cartesian coordinate-based images. (b) Potentiometric contact-mode using carbon fibre UME. Step size

was 100 pum on both axes.
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insight into their consistency. If the substrate is corroding, an oxide layer
is being formed, which could be studied in situ in real time. Also, defects
in an anti-corrosion layer could be mapped with this technique. These
scenarios will be investigated in follow-up papers.

It should be emphasized that the measurements were conducted at
room temperature specifically for solid targets. Nevertheless, we antic-
ipate that the measurements could also be conducted on soft surfaces
due to the negligible force exerted by the (d = 7 um) carbon fibre.
Additionally, any alterations in curvature resulting from temperature
changes are expected to be minimal, considering the remarkably low
coefficient of thermal expansion of carbon fiber, which is about 15 x
1076/°C [24,25].

Another aspect to highlight is that, due to the curvature of the carbon
fibre, the observed potential lags from the actual coordinate of the SECM
tip. The alternating scanlines manifest opposing shifts (Fig. 6), necessi-
tating the use of the fast comb algorithm for capturing the 2D images as
in Fig. 4 and Fig. 5. Moreover, there exists an asymmetry between the
leading and tailing edges of the conductive part of the scanlines. When
transitioning from non-conductive to conductive, a sharp potential
change to O is observed, whereas a clear exponential decay from
conductive to non-conductive is seen. This asymmetry arises from the
differences in the RC time constants; the conductive region of the image
exhibits a low Ry value, contributing to a lower RC time constant,
whereas relatively higher values are present in the non-conductive
region.

While the overall performance of the proposed technique can be
considered excellent, it is important to acknowledge that there may exist
a marginal level of imprecision in the scanning coordinates. In some
circumstances, the carbon fibre may manifest a propensity to conform to
sudden changes in surface topography resembling the behavior of a
phonograph needle, which could result in the exclusion of certain points
during the scanning process. The coordinate shifts can be calculated and
corrected using geometric arrangements and trigonometric expressions
as described by Lesch et al. [19,20].

4. Conclusion

At microscopic scale, surface reactivity of materials can be investi-
gated using the technique called scanning electrochemical microscopy
(SECM). Due to the high dependency on sample-tip distance, this
method has certain drawbacks when dealing with uneven samples. In
this study, a novel approach to resolving this issue using contact-mode
carbon fibre electrodes in potentiometric mode was put forth. This
approach was applied on a tilted surface and a rough one and compared
to the results obtained by the conventional feedback mode. The pro-
posed method demonstrates outstanding efficacy in monitoring sample
conductivity irrespective of its topography. Besides being simple and
straightforward, the adoption of this technique does not require the use
of a reference electrode and utilizes carbon fibre rather than the costly
platinum. A limiting factor linked with the suggested methodology in-
volves the induction of a certain degree of inaccuracy in the scanning
coordinates, which is correlated with the magnitude of the curvature
evident in the carbon fiber.
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