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Abstract

In this study complex characterization and comparison of as-grown and chemical-mechanical
(CM) polished ultra-thin (<500 nm) boron doped diamond (BDD) electrodes with various boron
content (0.58—4.4 x 10?" cm™, deposited with B/C 500—8000 ppm) was performed. Atomic force
and scanning electron microscopy were used to compare morphological changes and confirm
the reduction in roughness down to <2 nm. High-quality CM polishing enabled electron
backscatter diffraction leading to the evaluation of grain size distribution (mean 0.3 ym) and
preferred grain texture, {011}. X-ray photoelectron spectroscopy confirmed an increase in the
B content on the surface of CM polished electrodes as a result of exposure of boron atoms
incorporated into the bulk for highly doped BDD4goo and BDDsgooo electrodes. Additionally, CM
polished BDD electrodes are shown to possess uniform distribution of conductivity as proved
by scanning electrochemical microscopy. This was reflected in faster heterogenous electron
transfer kinetics for inner-sphere redox markers ([Fe(CN)s]*’* and dopamine) and higher
values of double layer capacitance in comparison with as-grown electrodes. These changes
were more pronounced for low doped electrodes. Finally, the improvement in electrochemical
characteristics was demonstrated by superior electroanalytical performance of CM polished
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Abstract

Deeper understanding of processes involved in operation of lithium-ion batteries (LIBs) is
necessary to further optimize them for future applications. Extensive research was conducted
on the formation of a solid electrolyte interphase (SEI) on negative battery electrodes, still
leaving several questions unanswered. Scanning probe microscopies (SPMs) enable in situ
and operando investigations and have the potential to explain some phenomena. Scanning
electrochemical microscopy (SECM) and scanning ion conductance microscopy (SICM) could
be employed in LIB studies. A novel SICM method based on the redox couple
ferrocene/ferrocenium is introduced for applications in carbonate solvents widely used in LIBs.
Proof of concept measurements were conducted with a micro milled copper circuit board as
model substrate. Furthermore, the proposed SICM approach was hyphenated with feedback
mode SECM resulting in the simultaneous mapping of morphology and electrochemical
activity. A flexible dual-probe arrangement was developed enabling usage of both SPM
techniques at the same time, and furthermore, an easy replacement of both individual probes
if needed. The setup was applied in the characterisation of commercial graphite electrodes for
LIBs before and after conducting a pre-charging protocol. Changes in electrochemical activity
and topography of the graphite electrode were resolved in simultaneously generated
SECM/SICM recordings.
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Abstract

This communication introduces a quick and easy method to modify a typical disk electrode’s
surface geometry. The method involves masking fragments of the flat surface of the working
electrode, by applying a specific thin layer of chemically stable insulating material, leaving
unvarnished, electrochemically active surface. Desired shapes are achieved by using a
properly laserengraved stainless-steel plate and a stamper to transfer the profiled varnish from
the steel plate to the surface of the electrode. Three shapes - microdisk, microband, and ring
electrodes - were applied to a platinum disk electrode, validated through optical and scanning

electrochemical microscopies, and cyclic voltammetry.
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Abstract

In scanning electrochemical microscopy (SECM), the addition of a redox active species plays
an essential role. Those deliberately added mediators may alter results in scanning
electrochemical microscopy (SECM) studies. In investigations of lithium-ion battery (LIB)
materials, especially of the positive electrode, the oxidation potentials of commonly used
mediator substances such as ferrocene are located within the operation potential of the
electrode. Thus, they possibly interfere with the regular charge/discharge processes. In situ
studies are therefore in need of approaches reducing or eliminating the use of mediators.
Within this publication, a novel mediator dosing (MD) concept is introduced. A capillary was
closely positioned at the tip of the scanning probe. By gravity flow, stable flow rates of mediator
solution of up to 32.4 + 0.6 yL h™' were achieved. These low amounts were found to be
sufficient to form a ferrocene zone at the probe tip enabling feedback mode SECM
measurements with comparable quality to measurements directly in ferrocene solution. Proof
of concept experiments were conducted by investigation of a thin-film electrode with a micro-
structured surface. Furthermore, the MD concept was applied in imaging experiments of a

commercially available LIB graphite electrode.
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List of abbreviations

Abbreviations used within this thesis are summarized in this section. They are listed in

alphabetic order with their respective full name and unit in Table I.

Table I. Alphabetic list of abbreviations.

Abbreviation Full name Unit
A Area [m?]
AC Alternating current
AE Auxiliary or counter electrode
AFM Atomic force microscopy
ag As-grown
ai Activity of species i
BDD Boron-doped diamond
C Capacitance [F]
CFIA Capillary flow injection analysis
Ci Concentration of species i [mol L]
cmp Chemically-mechanically polishing
oV Cyclic voltammetry

Cyclic voltammogram
CVvD Chemical vapour deposition
D Diffusion coefficient [cm? 5]
d Tip-to-substrate distance [m]
DC Direct current
DMC Dimethyl carbonate
E Potential V]
EO° Standard electrode potential [V]
E” Formal standard electrode potential [V]
e Electron



EBDS

EC

EIS

EMC

F

FB

Fc

FcMeOH

HET

LIB

LSV

MD

oD

PAC

PEEK

PSC

PTFE

PVC

Electron backscatter diffraction
Ethylene carbonate
Electrochemical impedance spectroscopy
Ethyl methyl carbonate

Faraday constant

Feedback

Ferrocene

Ferrocene methanol
Heterogeneous electron transfer
Current

Inner diameter

Normalised tip current

Flux

Heterogeneous electron transfer rate
constant

Normalised tip-to-substrate distance
Length

Lithium-ion battery

Linear sweep voltammetry
Linear sweep voltammogram

Mediator dosing

Number of exchanged electrons
Oxidized species

Outer diameter

Probe approach curve
Polyether ether ketone

Probe scan curve
Polytetrafluoroethylene

Polyvinyl chloride

[9.6485x104 C mol"]

[A]

[m]

[mol cm2 s1]

[cm s

[m]

[m]



RC

RE

SECM

SEI

SEM

SG/TC

SICM

SPM

TG/SC

UME

WE

XPS

Electrical resistance [Q]

Ideal gas constant [8.3145 J mol! K]
Reduced species
Radius [m]

Redox competition

Reference electrode

Scanning electrochemical microscopy
Solid-electrolyte interphase

Scanning electron microscopy

Substrate generation/tip collection

Scanning ion conductance microscopy
Scanning probe microscopy

Temperature (K]
Time [s]
Tip generation/substrate collection

Potential V]
Ultramicroelectrode

Volume [m?]
Working electrode

X-ray photoelectron spectroscopy

Number of transferred electrons

Dimensionless rate constant

Conductivity [S mT]
Electric field potential \Y|
Flow velocity [m s

Xl



1 Introduction

Introduced in 1989 by the working groups of Bard[1] and Engstrom, [2] scanning
electrochemical microscopy (SECM) is a representative of the family of scanning probe
microscopy (SPM) techniques. Since then, it became a powerful analytical tool in a wide
variety of applications. Usually, in the operation of a SECM setup, a micro- or nanometre sized
electrode is utilized as probe. Application of a suitable potential leads to the conversion of an
added redox-active species, and the recorded current delivers localized information regarding

the electrochemical activity and morphology of a substrate of interest. [3]

The technique is routinely applied in studies of biological samples, [4-7] corrosion research,
[8-10] probing of kinetics, [11-14] and many more. [15-17] Furthermore, since its introduction
SECM was continuously improved by the development of new operational modes, [18-20]
instrumental advances, [21-24] and the hyphenation to complementary techniques like atomic
force microscopy (AFM) [25] or scanning ion conductance microscopy (SICM). [26,27] The
latter was first described by Hansma et al. [28] and it is highly suitable for the combination with
the SECM. Both techniques are non-contact, enabling studies of sensitive substrates, and they
deliver complementary information, i. e. information on the electrochemical activity generated
from the SECM and morphological information obtained from the SICM technique.
Furthermore, via the distance-dependency of the SICM signal, the hyphenation enables SECM

measurements under constant-distance conditions.

Recently, studies of energy storage devices such as lithium-ion batteries (LIBs) became a hot
topic in SPM research. The highly reactive nature of LIB materials demands working under
inert conditions and is therefore quite challenging. Nevertheless, enabling deeper
understanding of battery chemistry as well as the ability to study electrode materials under in
situ [29] and even in operando [30,31] conditions drove the recent progress in SECM and other
SPM techniques. SECM was employed in probing the physical swelling of graphite composite
electrodes, [32] formation of the solid-electrolyte interphase (SEI) on various electrode
materials, [33-36] characterisation of positive electrode materials, [37,38] or investigations of
the Li* ion flux. [39,40] Stand-alone SICM in LIB research is still underrepresented with only
few applications. [41-43] The complexity of battery chemistry calls for further development of
existing techniques in order to fully understand processes involved in the operation of LIBs.
The limitation of SECM, i. e. difficult separation of the influence of topography and
electrochemical activity on the signal, can be overcome by coupling to complementary
techniques. The hyphenation of AFM-SECM was already displayed in the context of LIB
research, [44] while the coupling of SECM and SICM was not yet achieved in LIB media.



The objective of the presented thesis can be summarized in four bullet points:

¢ Modification of the existing SECM setup for experiments under inert conditions

o Development of a straightforward SICM method for application in LIB research and the
hyphenation to SECM

o Development of a novel mediator dosing concept for measuring in SECM feedback

mode with reduced mediator introduction in the context of LIBs

e Characterisation of novel electrode materials and concepts in cooperation with

international research partners
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2 Theoretical background

2.1 Electrochemistry

2.1.1 Fundamentals

Electrochemistry is a discipline in chemistry studying conversion processes involving electron
transfer at the electrolyte/electrode interface. Equation 2.1 shows a typical reaction in the
electrochemical investigation of an active species, with n as the number of exchanged

electrons, and O and R being the oxidized or reduced form of the species, respectively. [1,2]
O+n-e”" =R (2.1)

In a potential region where the electron transfer is thermodynamically favourable the reaction
takes place. The electrochemical potential E of such a reaction is described by the Nernst
equation (equation 2.2) taking into account the standard electrode potential E° and the
activities ap and ar of the active species. R is the ideal gas constant (8.314 J mol" K", T is
the temperature in K, z resembles the number of transferred electrons, and F is the Faraday
constant (9.6485x10* C mol™). [3,4]

E=EF"+Xp& (2.2)
ZF ar

Since activities are difficult to access, often a modified version of the Nernst equation, as

shown in equation 2.3, is applied. The formal electrode potential E” incorporates the activity

coefficients of O and R as well as the standard electrode potential. Therefore, the

concentrations of O and R (co and cr) can be used in the logarithmic term. [5]
T1nCo

E=E" +&n

= (2.3)

Electrochemical investigations typically are conducted in a three-electrode arrangement as
illustrated in Figure 2.1. [2] All electrodes are connected to a potentiostat in order to control the
applied potential and record the current signal. The reaction of interest occurs at the working
electrode (WE), which is potential biased to a reference electrode (RE). The resulting current

flows between the WE and a third electrode, the counter or auxiliary electrode (AE). The three



electrodes are immersed in an electrolyte solution containing the active species and often a
supporting electrolyte. Ideally, the measurement of the potential against the RE should be
currentless, otherwise, the effective potential of the working electrode (Eex) differs from the
applied potential according to equation 2.4 with the resistance of the electrolyte
solution (Rsoiution). Furthermore, reactions at the RE could alter its potential. To minimize the

current towards the RE, it is typically connected to a high ohmic resistance. [1,5]
Eeff = E — Igg * Rsoution (2.4)

The application of a potential to the WE leads to a current flowing between WE and AE. Two
different kinds of processes contribute to this current, namely faradaic, and non-faradaic
processes. The resulting current can, therefore, be described as the sum of faradaic (Ir) and

non-faradaic or capacitive current (Ic) as shown in equation 2.5.

Non-faradaic currents originate from the charging of an electrical double layer, which is formed
at the electrode upon application of a potential. There is no conversion of the active species
involved. This process can be described as the charging of a capacitor. Therefore, the time-
dependent current I¢ is calculated according to equation 2.6 with the double-layer capacitance
Ca. [1,5]

Ip = — . exp (— ;) (2.6)

Rsolution RsolutionCadl

The faradaic current is the current generated from the electrochemical conversion of the active
species at the electrolyte/electrode interface. It follows Faraday’s law and therefore, current
and the amount of converted species are directly proportional. Since analytical information is

delivered in the faradaic current, a high ratio of the currents I¢/lc is desirable.
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Figure 2.1. lllustration of the essential components of an instrumental setup utilized in electrochemical experiments.
It consists of a working electrode, an auxiliary electrode, and a reference electrode immersed in an electrolyte

solution and connected to a potentiostat.

2.1.2 Mass transfer

Mass transfer in a solution can be comprised of up to three individual factors, diffusion,
migration, and convection. Diffusion describes the movement of a species because of a
gradient in chemical potential. Migration represents the movement of charged particles in an
electrical field. Convection accounts for the movement of a species in solution resulting from
density gradients or by stirring. The Nernst-Planck equation (equation 2.7) describes the
unidirectional flux J of a species i in a solution. It contains three terms accounting for the
individual influence of the three mass transfer contributions. The first term represents the flux
due to diffusion. It is directly proportional to the concentration gradient of species i. The second
term describes the influence of migration on the flux. Convection affecting the flux of i is

represented by the third term. [2,5]
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In this equation, Ji(x) represents the flux of species i in direction x, D is the diffusion coefficient
of i, dci(x)/dx is the concentration gradient of i at distance x, d®(x)/dx describes the potential
gradient, z;is the charge of i, c; is the concentration of species i, and v(x) represents the velocity

of a volume element in solution moving along the x-axis.

Depending on the experimental parameters, one or more of the contributing factors can be
neglected. Measuring in quiescent solution results in no convection in the solution, i. e. the
convection term is eliminated. Addition of a supporting electrolyte which is inert under the
experimental conditions and is added in much higher concentration than the studied species

suppresses migrative effects on the active species.

Therefore, if the contributions of migration and convection are suppressed, the mass transfer
of species i is only dependent on the diffusion. In this case, equation 2.8, also known as Fick’s
first law, describes the flux of species i. It is directly proportional to the concentration
gradient. [1,3]

—J;(x) = D; =2 28)

Accounting for the temporal change of the concentration of i in relation to its flux, Fick’s second

law is obtained. Equation 2.9 represents the case of unidirectional diffusion in x-direction. [1,3]

dci(xt) 0%ci(x,t)
at _Di( dx? )

(2.9)
If more than one dimension needs to be considered, equation 2.10 is applied. It represents the
general form of Fick’s second law with the Laplacian operator V2 which takes into account the

geometry of the used electrode. [3,5]

a .

a—";l =D, - V¢ (2.10)
Equation 2.9 describes purely linear diffusion. It is valid for planar macro electrodes
surrounded by an insulating layer, since in this case the radial diffusion taking place only at the
electrode’s borders is negligible. Reducing the electrode dimensions increases the influence

of radial diffusion until it can’t be neglected anymore. The extreme is reached in the case of



ultramicroelectrodes (UMEs), where the observed diffusion is mainly hemispherical. Diffusion
profiles for both cases are schematically depicted in Figure 2.2. The hemispherical diffusion
profile leads to the possibility of obtaining constant current signals with UMEs as discussed in

more detail in the following section. [3]

L
. i \

| planar macro electrode J [ ultramicroelectrode ]

Figure 2.2. Different types of diffusion. A) Mostly planar diffusion towards the surface of a planar macro electrode.

B) Radial diffusion towards an ultramicroelectrode. Adapted from [3].

2.1.3 Behaviour of ultramicroelectrodes in comparison to macro

electrodes

Solving Fick’s second law for a planar macro electrode results in equation 2.11, also known as
the Cottrell equation, with A as the active area of the electrode. It describes the temporal
change of the recorded current i(t) for a diffusion-limited conversion of the active species. [1,4]

nFAD}?¢;

l(t) :W (2.11)

So-called UMEs possess certain advantages for the usage in electrochemical investigations.
An UME is defined as an electrode with at least one dimension smaller than 25 uym. [6] In this
section, their electrochemical behaviour is discussed in comparison to conventional macro
electrodes. UMEs exhibit higher current densities than macro electrodes, however, in a non-
uniform manner since the current density is higher at the electrode’s border and lower in the
centre. Typically, currents in the nano- or picoampere region are obtained with UMEs. Due to

the low currents, the ohmic drop can be neglected. [4,6,12]
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Fick’s second law for a disk-shaped UME is given in equation 2.12, with r and z as the radial

or linear distance from the electrode centre, respectively. [4]

dci(r,z,t) _ Di (62Ci 10¢; aZCi) (2.12)

ot or? r or 07>

The solution of this equation is not trivial. However, it contains a time-independent component
leading to the most beneficial property of an UME, a constant current signal in the case of a
diffusion-limited reaction. Therefore, depending on the UME dimensions a stationary diffusion-
limited current is reached after a certain amount of time. For the case of a disk-shaped UME,
this steady-state current i. can be calculated according to equation 2.13 with the radius of the
electrode (reectrode) @and under the assumption of an infinite thickness of the insulating layer

surrounding the electrode. [6,12]
Lo = ANFC;DiTorectrode (2.13)

Voltammetric experiments are a group of techniques often conducted in electrochemical
investigations. In the following, two common techniques, chronoamperometry and cyclic
voltammetry (CV), are discussed with respect to the current responses of macro- and
ultramicroelectrodes as WEs.

In chronoamperometry, a constant potential is applied to the WE at the start of the
experiment tsart, @s shown in Figure 2.3A. The corresponding current-time plots, so-called
chronoamperograms, recorded with a macro- and an ultramicroelectrode are illustrated in
Figure 2.3B. Initially, high currents are obtained with both types of electrodes originating from
the charging of the electrochemical double layer as well as the high concentration of the active
species at the electrode surface in the beginning of the experiment. In the case of a macro
electrode, the further temporal change of the recorded current is described by the Cottrell
equation (equation 2.11, previous section). However, no steady-state current is reached
because of the continuous growth of the diffusion layer. In contrast, the usage of an UME

results in a steady-state current response after a short period of time. [1,4]
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Figure 2.3. Chronoamperometric experiment. A) Application of a constant potential bias to the working electrode
at a starting point, tstart. B) Chronoamperograms: Current response of a macro electrode and an ultramicroelectrode

after a potential is applied. Adapted from [1,4].

In CV, the current response of the WE is recorded while its potential bias is changed
periodically as illustrated in Figure 2.4A. Starting from a defined starting potential Esart, the
potential of the WE is changed with a constant scan rate until a defined reversal potential Evertex
is reached. Both potentials are usually chosen based on the redox potential of the studied
species. After the forward scan, the potential bias is changed in the opposite direction until the
initial potential is reached. The corresponding current responses, cyclic voltammograms (also
abbreviated as CV), are shown in Figure 2.4B and C for a one-electron transfer reaction, for
example, in the case of ferrocene methanol as active species. With a macro electrode, a
characteristic “duck”-shaped CV is obtained with pronounced peaks related to the oxidation or
reduction of the active species, respectively. The typical shape is caused by the formation and
the growth of the diffusion layer. At the peak potential, every molecule of the active species
reaching the electrode surface is directly converted, the diffusion limit of the reaction is reached
and the current signal decreases according to the Cottrell equation even with further increase
of the potential. In contrast, the usage of an UME results in the recording of a sigmoidal-shaped
CV. The shape is explained by the formation of a stable diffusion layer thickness and the reach

of steady-state currents for oxidation or reduction, respectively. [1,5]
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Figure 2.4. Cyclic voltammetry. A) A potential sweep between a starting potential (Estat) and a turning
potential (Evertex) is conducted at a defined scan rate. B) Corresponding cyclic voltammogram recorded with a macro

electrode. C) Typical current response of an ultramicroelectrode. Adapted from [1,5].
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2.2 Scanning electrochemical microscopy

Scanning electrochemical microscopy (SECM) is a scanning probe microscopy (SPM)
technique which was introduced in the late 1980s by the two research groups of Bard [7] and
Engstrom. [8] Since then, it has become a well-established electroanalytical tool with countless
applications and target substrates, as discussed in various recent review articles. [9-11]
Furthermore, instrumental and experimental developments led to the creation of a variety of

powerful operational modes.

The general principle of SECM is scanning an electrode with micro- or nanometre dimensions
of the active electrode area across a substrate which is submersed in an electrolyte solution.
The current response recorded by the scanned probe delivers localized information about the

substrate’s topography as well as its electrochemical activity. [12]

In the following section, basic principles regarding the SECM instrumental setup and its

operation are presented.

2.2.1 Instrumental setup

The typical components of a SECM setup are illustrated in Figure 2.5. A positioning unit
consisting of piezo elements and stepper motors is used to precisely control the position of the
SECM probe in three dimensions (x-, y-, and z-axis) with nanometre resolution. To control and
record potentials and currents at up to two working electrodes, a low current bipotentiostat is
necessary. It is capable of precise measurements of currents in the pA range or even lower.
Control of instrumental parameters and probe positioning as well as data acquisition are
carried out with a computer. Measurements are conducted in an electrochemical cell with the
sample usually mounted at the bottom of the cell. Itis filled with a solution containing supporting
electrolyte and often an additionally added redox-active species needed for the
electrochemical reaction at the probe electrode. In the context of SECM, this species is called
mediator, and its selection is based on several aspects, for example, biocompatibility in
biological studies or solubility. [6] Hexacyanoferrate(lll), ferrocene, or its derivatives are a few
examples of frequently used mediators. A three- or four electrode arrangement is used,
depending on the choice of the operational mode. It is comprised of a reference electrode, for
example an Ag/AgCIl/3 M KCI electrode, an auxiliary electrode, and one or two working

electrodes, the SECM probe and in some modes the substrate of interest. [12]
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Figure 2.5. lllustration of a scanning electrochemical microscopy setup with the most important components. It
consists of an electrochemical cell operated usually in a three- or four-electrode arrangement, a bipotentiostat, a
positioning unit, and a processing unit. The cell is filled with electrolyte solution, often containing a redox-active

species needed for the generation of current signal. Adapted from [4,12].

2.2.2 Types of SECM probes and their characteristics

The probably most important part dictating the performance of the SECM setup is the
employed probe. The achievable resolution strongly depends on the size of the active
electrode area, smaller dimensions result in more finely resolved details. Over the years, many
electrode materials such as carbon, [13] gold, [14] or platinum [15] and different geometries,
for example, ring [16] or disk-shaped [17] electrodes were successfully used in SECM studies.
Furthermore, not only amperometric but also potentiometric probes were introduced for
the selective detection of ions, for example, Li* [18] or Zn?*. [19] The most frequently used ion-
selective SECM probes so far are H*-dependent, enabling the localized measurement of the
pH.

Nevertheless, a vast majority of SECM experiments are performed with amperometric
probes. [6] Within those, the mostly used probes are UMEs with a disk-geometry of which a
schematic depiction is given in Figure 2.6. They often consist of a micro wire, a glass capillary,

and a piece of jumper wire for the electrical connection. Although ready-to-use SECM probes



are commercially available, mostly they are self-produced following published fabrication
protocols. [20,21] Briefly, the micro wire is soldered onto the jumper wire. Then, the assembly
is inserted into a glass capillary. An insulating layer around the micro wire is achieved by
melting the glass tip and thorough polishing results in a disk-shaped UME. Even sub
nanometre sized probes are possible, for example, by etching of micro wires or usage of
Wollaston wires. One important parameter in the characterisation of a SECM probe is the so-
called Rq value. It is a dimensionless value, and it is defined as the ratio of the insulating layer

thickness (rinsuiation) @nd the active electrode dimension (reectrode) according to equation 2.14.

R. = Tinsulation (2.14)

9 Telectrode

The steady-state current of a disk-shaped UME is described by equation 2.15, as already
discussed in section 2.1.3. However, this equation is only valid for an infinite thickness of the
insulating layer surrounding the active electrode area. The resulting tip dimensions are not
practical for SECM applications, since bigger tip dimensions result in a heightened risk of
crashing the probe into the substrate. Therefore, smaller probe dimensions are preferable.
While a decrease of the Ry value decreases the risk of crashes, it also negatively influences
the contrast obtainable in a SECM experiment since the mediator diffusion from the sides of
the probe is increased. A good compromise is found in the usage of probes with Rq values in
the range of 2 to 10. [6]

iT,oo = 4nFCiDirelectrode (2.15)

Furthermore, with decreasing Ry value, the steady-state current recorded with the UME differs
significantly from the current calculated according to equation 2.15. Therefore, a
dimensionless compensation factor (3(Ry)) for this equation was introduced accounting for the
discrepancy. It can be calculated for a given Ry value according to equation 2.16. Several
calculated compensation factors for typical probe dimensions are summarized in
Table 2.1. [22]
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R(R,) = 1 + 023 (2.16)

R}—0.81)0:36

Table 2.1. Exemplary Rq values of SECM probes and resulting compensation factors for equation 2.15. Adapted
from [22].

Rg 50 20 10 5 4 3 2 1.5 1.1

R(Rg) 1.00 1.01 1.02 1.04 1.05 1.07 1.11 1.16 1.29

With the inclusion of the introduced compensation factor, equation 2.17 is obtained. It is valid

for disk-shaped electrodes with a finite thickness of the insulation layer.

iT,OO(Rg) = 4nFCiDirelectrodeB(Rg) (2.17)

relec:trode

rinsulation

Figure 2.6. Scheme of an ultramicroelectrode usually employed as working electrode in SECM experiments. An
important characteristic is the dimensionless Rg value, given as the ratio of insulation (rinsuation) to electrode

radius (relectrode).
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In order to be able to compare individual measurements and data obtained from different probe
sizes, it is common practise to normalise probe travel distances as well as probe currents
according to equations 2.18 and 2.19. Both parameters are represented as dimensionless
values. The normalised distance (L) is given as a ratio of the actual distance (d) and the radius
of the active electrode area (reectrode). Probe currents (it) are normalised relative to the steady-

state current of the probe in bulk solution (it.-). [12]

d

L=———— (2.18)
Telectrode
iT(d
[ =2@ (2.19)
T, 00

2.2.3 Operational modes

A SECM setup can be operated in a variety of different operational modes. Historically, the
first introduced modes were the feedback (FB) and generator/collector (G/C) modes. [7,8]
Since those early years, other modes and modified versions of existing methods were

developed, for example the redox competition mode or potentiometric measurements.

Feedback mode

The FB mode is the most common operational mode of SECM. [6] Typically, a two- or three-
electrode assembly is used, with the SECM probe as WE, an AE, and, optionally, a RE. The
substrate of interest is unbiased in the FB mode. Furthermore, a mediator is added either in
reduced or oxidised form of a quasi-reversible redox couple. A fixed potential bias is applied
to the probe which is suitable for the oxidation or reduction of the added mediator substance.
In the following discussion, the mediator is presumed in its reduced form, and it is oxidized at
the SECM probe. The underlying principles are illustrated in Figure 2.7. Far away from the
substrate, i. e. normalised distances of L > 10, a steady-state current is measured resulting
from the diffusion-limited reaction of the mediator (Figure 2.7A). Closer to the surface, i. e.
L <10, the signal is either increasing or decreasing, depending on whether the surface is
conductive or insulating. While approaching a conductive surface, a conductor, the current
signal increases even above the bulk current signal. The oxidised mediator species can be

reduced again at a conductive surface, forming a redox cycle. The locally increased flux of the
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reduced mediator species towards the SECM probe results in the increase of the current
signal, hereby referred to as positive feedback (Figure 2.7B). In contrary, in the case of a non-
conductive and inert substrate, an insulator, approaching the surface of the substrate leads to
a decrease of the measured current signal. This is due to an increased influence of the physical
blocking by the substrate and the insulating layer of the probe resulting in hindered diffusion
of the mediator towards the electrode. This effect is termed negative feedback (Figure 2.7C).
Probe approach curves (PACs), a typical SECM measurement where the surface is directly

approached (z-direction) with the SECM probe, for both cases, positive and negative FB, are

) X

shown in Figure 2.7D.

. buk | [ conductor | ( insulator )

positive feedback
negative feedback

norm. current

T
00 25 50 75 100
norm. distance

Figure 2.7. Fundamentals of the feedback operational mode of SECM. A) In bulk solution, a steady-state current
is recorded with the UME, which is used to normalise current responses in measurements. B) Close to a conductor,
the redox mediator is recycled resulting in an increased current response (positive feedback). C) When approaching
an insulating surface, the diffusion of the redox mediator is hindered. This leads to a decrease in the recorded
current signal (negative feedback). D) Probe approach curves for ideal positive (red curve) and negative (blue
curve) feedback. Adapted from [12].
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Several theoretical approximations to describe the current response in positive and negative
FB were developed over the years. Equation 2.20 was reported by Cornut et al. in 2007. [23]
It has only two variables, L and Ry, and the model is valid for Ry < 200 with an accuracy of
10.01.

_ —§'g§8<L——°'145>+1.585
i Ry Rg
I . =L ~ g (2.20)
T, negative FB iT oo 208 0 0023R 15 InRg 2 1 1L71'Rg .
) W( +0. g)+ 574 L T TI'Rg n( T oL )

Equation 2.21 for the mathematical modelling of the current signal under positive FB was
reported by Amphlett et al. in 1998. [24] Since the positive FB is less dependent on the Ry
value, the equation is much simpler in comparison to the description of the negative FB. The
parameters A, B, C, and D are dependent on the Ry value. Numeric values valid for several Rq
values are summarized in Table 2.2. Validity of the equation was reported for the listed

parameters in the region of 0.04 < L < 10, with an error of less than 1%.

IT, positive FB — T ~ A+ (E) + C-exp (%) (2.21)

iT,OO L

Table 2.2. Rq values and corresponding parameters A, B, C, and D for equation 2.21 as reported by [24,25]

Ry A B C D

1.1 0.5882629 0.6007009 0.3872741 -0.869822
1.5 0.6368360 0.6677381 0.3581836 -1.496865
2.0 0.6686604 0.6973984 0.3218171 -1.744691
5.1 0.63349 0.67476 0.36509 -1.42897
10 0.7449932 0.7582943 0.2353042 -1.683087

However, the proposed theoretical model for positive FB is only valid for diffusion-controlled
regeneration of the mediator at the substrate surface. In the case of a kinetical limitation of the
mediator regeneration, equations 2.22 to 2.25 need to be used. They are valid for an Ry of 10
and 0.1 <L <1.5.[26,27] The first three equations (2.22 —2.24) describe the individual
contributions of negative FB (2.22), positive FB (2.23), and the kinetic component of the

mediator regeneration (2.24) to the overall current recorded at the SECM probe. The
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parameter K in equation 2.24 is a dimensionless rate constant defined as K = Korejectroge/D With
ko as heterogeneous electron transfer rate constant. [27] Equation 2.25 vyields an
approximation for the current response of the SECM probe approaching the substrate including
the beforementioned individual contributions to the tip current. In practical application, the set
of equations can be used to determine surface kinetics in a highly localized manner. Each PAC
towards an individual position on a heterogeneously active substrate yields a localized ko by
fitting experimental data with the mathematical approximation as a means measuring the local
electrochemical activity of the substrate. PACs towards a surface with kinetically limited
mediator regeneration are shown in Figure 2.8 together with the theoretical approximations for
negative [23] and positive [24] FB.

1

lnS
(L) = i 0404724 2212 +0.58819exp( 22 22%) (2.22)
[emd(L) = I~ 0.72627 + 22°L 1 0.26015exp (—‘1'4;332) (2.23)

Too
; 0.68+0.3315 1.0672
157 (L ko) = f(718+3;7) + & e;i(g ) (2.24)
t 1+1’;IE) 40L

Ir(L) = =& = IiPsS(L) + I¥™(L) (1 = Ii{;mﬁz)) (2.25)
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Figure 2.8. lllustrative current-distance curves for diffusion-controlled mediator recycling at the surface (positive
feedback, red curve), hindered diffusion (negative feedback, blue curve), and kinetically limited recycling of the

mediator (magenta, green, cyan curves). Adapted from [27].

The FB mode of SECM was applied in countless applications and for the characterisation of
various kinds of substrates. [28,29] However, the co-dependency of the current signal from the
electrochemical activity and topography of the substrate complicates data interpretation with
non-ideal substrates, i. e. rough surfaces or heterogeneously active substrates. Therefore,
much effort was and is dedicated to that issue. Distance control implemented with an oscillating
probe as introduced by the Schumann research group [30] and termed shear force SECM, or
the application of an alternating current (AC) to the SECM probe termed AC-SECM [31] are
two examples of separating the influence of topography and electrochemical activity on the
SECM signal. Furthermore, the hyphenation to complementary techniques, such as atomic
force microscopy (AFM) [32] or scanning ion conductance microscopy (SICM), [33] is very
promising and remains as a topic for further novel approaches in instrumental development of
the SECM technique.
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Generator/collector and other modes

Besides from the FB mode, in first SECM publications the so-called generator/collector (G/C)
modes were introduced. A four-electrode setup is utilized, with the potentials and currents of
the SECM probe and the substrate being controlled and recorded individually as two WEs.
Amperometric as well as potentiometric probes were utilized in G/C experiments, since it is
more common, the amperometric mode will be described in more detail. The role of the
generator can be assigned to the SECM probe or the substrate, resulting in the different
designations as either substrate generation/tip collection (SG/TC) or tip generation/substrate
collection (TG/SC) mode. For simplification, in the following discussion the mediator species

is presumed to exist only in its reduced form in the bulk solution at the start of the experiment.

The principle of the SG/TC mode is depicted in Figure 2.9A. By a suitable potential bias, the
reduced form of the active redox species is oxidized at the substrate electrode. The oxidized
form then diffuses towards the SECM probe (collector), which is placed close to the substrate
surface and has a potential applied sufficient for the reduction of the mediator. In contrast to
the FB mode, the monitored reaction takes place at the whole active surface of the substrate.
Therefore, no steady state is reached since the diffusion layer grows as long as the potential
is applied to the substrate. Thus, a drift of the SECM signal is observed complicating data
interpretation. Several ideas have been proposed over the years to address this issue. One
approach is the so-called hydrodynamic SECM. It was termed and proposed by the Matysik
group. [34] The introduction of forced convection by high precision stirring [35] or the usage of
electrochemical flow cells [36] results in the formation of a steady diffusion layer at the
substrate electrode, increasing the repeatability and the contrast of SG/TC measurements.

Typically, the SG/TC mode is applied in corrosion research or enzymatic studies. [12]

In the TG/SC mode, the roles are reversed with the oxidation of the mediator at the SECM
probe (generation) and its subsequent detection (collection) at the substrate. The principle is
illustrated in Figure 2.9B. Since the area of the substrate is typically much larger than the tip
electrode, the achievable collection efficiency in TG/SC mode is often close to 100%. It is,

therefore, frequently applied in the monitoring of reaction kinetics. [6]

Another operational mode, which was introduced by the Schumann group in 2006 [37] is the
redox competition (RC) mode of SECM. In this experiment, probe and substrate electrode are
both biased to a potential at which the same reaction occurs, i. e., at both electrodes, the
oxidation of the mediator species takes place. A more active substrate results in a reduced
current recorded at the SECM probe. This leads to a significantly reduced background current
and thus, an increased sensitivity in probing catalytic activities. Often, a constant potential is

applied at the substrate, while the tip is operated with a pulse protocol. [4]

23



The direct mode of SECM is different from the other operational modes. In a direct mode
experiment, the substrate is assigned as WE and the SECM probe as AE, resulting in a current
flowing between them. An electric field is formed only in the small space in-between, enabling
highly localized modifications of the substrate surface, which is the main application of the
direct mode. Possibilities range from the etching of semiconductors to the controlled deposition

of metals, enzymes, or even polymers. [6,12]

'A] | SG/TC mode | B] [ TG/SC mode |

il iVl

'C/| RCmode | 'D| | Direct mode |

./
<

Figure 2.9. Schematics of SECM operational modes other than feedback mode.
A) Substrate generation/tip collection mode (SG/TC). An electrochemically active species is generated at the
sample surface and detected with the SECM probe at a suitable potential. B) Tip generation/substrate collection
mode (TG/SC). The tip is used to generate the active species, which is then recorded with the substrate electrode.
C) Redox competition (RC) mode. SECM probe and substrate are both polarized at a potential suitable to convert
the electrochemically active substance. D) Direct mode. The substrate is connected as working electrode with the
SECM probe as auxiliary. Application of a potential leads to the deposition of for example, a metal layer below the

tip electrode. Adapted from [4].
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2.3 Scanning ion conductance microscopy

Another member of the SPM family is scanning ion conductance microscopy (SICM). It was
developed by Hansma et al., who introduced the technique to the scientific community in
1989. [38] Typically, an electrolyte-filled capillary is scanned across the surface of a substrate
immersed in an electrolyte solution. An ionic current measured between an electrode inserted
into the pipette and another electrode immersed in the electrochemical cell delivers high-
resolution topographical information without physical contact with the substrate. Therefore, the
method is well-suited for investigations of delicate substrates, such as biological cells and even

subcellular structures like proteins. [39-41]

In the subsequent section further instrumental details, the working principle, and operational

modes of SICM are described.

2.3.1 Instrumental setup

The instrumental setup utilized in SICM experiments shares a lot of similarities with a SECM

setup, as discussed in section 2.2.1. It is schematically depicted in Figure 2.10.

Typically, it consists of a precise positioning unit, a potentiostat, and a control unit. The main
difference to the SECM is the electrode arrangement. In SICM, often two electrodes are used,
a bath electrode immersed in the electrolyte solution and a second electrode which is inserted
into an electrolyte-filled pipette used as the scanning probe. Chloridized silver wires (Ag/AgCl)
are the most common material used as electrodes since they exhibit a stable potential over
prolonged measurement times. However, also other materials such as platinum [42] or lithiated
tin [43] were applied to specialised investigations. Typically, borosilicate or quartz glass
capillaries which are manufactured with a pipette puller are employed with achievable inner tip
diameters at the nanometre scale. The measurement cell as well as the pipette are filled with
a suitable electrolyte solution. In most studies, potassium chloride solutions in variable
concentrations are chosen. Studies were also conducted with physiological buffers, [44] or with
asymmetric concentrations, [45] i. e. the concentrations of capillary filling solution and the bath
solution are different. Furthermore, multifunctional probes were developed based on either
multibarrel pipettes [46] or by implementing a ring electrode layer on the outside of the
pipette. [16]
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Figure 2.10. Typical components of a scanning ion conductance microscopy setup. The probe is an electrolyte-
filled capillary with a quasi-reference electrode inserted, such as an Ag/AgCl wire. Application of a potential bias
leads to an ionic current between the probe and a second quasi-reference electrode in the electrolyte solution.

Furthermore, a potentiostat, a positioning unit, and a processing unit are needed.

2.3.2 Working principles and operational modes

The underlying principle in SICM is the measurement of an ion current between two quasi-
reference electrodes, one positioned in the measurement solution, the bath electrode, and
another one inserted into an electrolyte-filled pipette. If the pipette tip is in close proximity to a
surface, the ion current is reduced because of an increased access resistance resulting from
the blockage of the capillary orifice. The working distance of the method is defined by the tip
dimensions. In bulk solution, a steady-state ion current is observable, while current changes

typically occur at distances lower than the tip orifice diameter. [41]

Several operational modes of SICM were developed over the years. In the most trivial and
originally published one, the direct current (DC) or non-modulated mode, [38] a constant
potential bias is applied between the two electrodes as illustrated in Figure 2.11A. When
approaching the surface, the ion current is decreases, resulting in current-distance curves as
exemplary shown in Figure 2.11B. The changes in the measured ion current deliver direct

information about the tip-substrate distance.
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Figure 2.11. Working principle of the non-modulated SICM mode. A) An ionic current flows through the tip orifice
of the probe by application of a suitable potential bias between the inserted electrode and a second electrode
immersed in the electrochemical cell. Close to a surface, the measured current decreases, resulting from increased
blockage of the tip opening. B) Typical current-distance curve obtained from approaching the surface of interest.
Adapted from [41].

Since the introduction of SICM, several mathematical models have been proposed to describe
the relation of tip dimensions and the tip-substrate distance. One of the more recent models
published by Rheinlaender et al. [47] enables accurate modelling of an SICM approach curve.
It considers several tip parameters, the tip-substrate distance (d), and the conductivity of the
electrolyte solution (ke). The total resistance of the ion current could be divided into two
contributions, the pipette resistance R, and the access resistance R.. R is defined according
to equation 2.26. R; is highly dependent on the tip-substrate distance and is described by
equations 2.27 and 2.28.

Ry~—— (2.26)

P xemritana

- S (2.27)
R, (f—o > 0.2) ~ 4Ktri [1 +0.2 (2—”)1'2] (2.28)
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The tip orifice radius is defined as r;, the total tip radius as r,, and the tip inner cone angle as a.
Both resistances, and the applied potential bias (U) contribute to the measured current

according to equation 2.29. The steady-state current (i») in bulk is defined by equation 2.30.

U . RptRy(d—x)

i(d) = Ry+R, foo Rp+R,(d) (2.29)
. U _ KeUT;
loo 1 (2.30)

Rp+Rz(d—)

mtana Z

After approaching the surface to a defined current target, e. g., to 90% of bulk current, scanning
in lateral direction creates a topographic profile of the sample. To avoid crashes during the
scan, the current signal is used to continuously adjust the z-position of the SICM probe,
maintaining a constant tip-substrate distance. This way, in an imaging experiment, a
topographical map of the substrate with direct access to three-dimensional information of
surface details is obtained. It should be noted, however, that the DC mode of SICM often
suffers from a drift of the current signal over extended measurement durations. This drawback

led to the development of modulated operational modes. [4]

In the distance-modulated mode of SICM, the pipette is oscillated vertically with fixed amplitude
via a piezo actuator while still a constant potential bias is applied as in the DC mode. In bulk,
there is no influence on the current signal from the oscillation. Close to the substrate, an AC
component is induced on the ion current, which could be isolated with the help of a lock-in
amplifier and can be utilized as active distance control. Unlike the DC signal, the AC
component is less influenced by thermal fluctuations or other interferences, effectively leading

to improved sensitivity of the method. [4,41]

The relatively slow achievable scan rates in the distance-modulated mode originating from the
physical limitations of the piezo actuator eventually led to the introduction of the voltage-
modulated operational mode. Typically, the AC component is applied, and either phase or
amplitude are modulated. Higher modulation frequencies in comparison to the distance-

modulated mode result in faster scanning speeds.

Further recent improvements of the SICM technique include pulsed or hopping modes, and

the hyphenation to complementary techniques, such as AFM [48] or SECM. [33]
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3 Experimental

3.1 Chemicals, instrumentation, materials, and software

All chemicals, instruments, materials, and software utilized within this thesis are listed in

Tables 3.1 to 3.4 in the following section.

Table 3.1. Chemicals utilized within the experimental works.

Chemical Supplier

Ferrocene methanol (FcMeOH, 97%) Alfa Aesar (Haverhill, USA)
Hexaammineruthenium(lll) chloride (99%) ABCR (Karlsruhe, Germany)
Potassium chloride (299.5%) Carl Roth (Karlsruhe, Germany)
Potassium hexacyanoferrate(ll) trihydrate (=99%) Sigma-Aldrich (St. Louis, USA)
Potassium hexacyanoferrate(lll) (299%) Sigma-Aldrich (St. Louis, USA)
Potassium nitrate (299%) Merck (Darmstadt, Germany)
Silver nitrate (299%) Sigma-Aldrich (St. Louis, USA)
Dimethyl carbonate (DMC, anhydrous, 299%) Sigma-Aldrich (St. Louis, USA)
Ethyl methyl carbonate (EMC, 99%) Sigma-Aldrich (St. Louis, USA)
Ethylene carbonate (EC, anhydrous, 99%) Sigma-Aldrich (St. Louis, USA)
Ferrocene (Fc, 98%) Sigma-Aldrich (St. Louis, USA)
Ferrocenium hexafluorophosphate (97%) Sigma-Aldrich (St. Louis, USA)

Lithium hexafluorophosphate (battery grade, 299.99%) Sigma-Aldrich (St. Louis, USA)

Tetrabutylammonium hexafluorophosphate (299%) Sigma-Aldrich (St. Louis, USA)
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Table 3.2. Instrumentation employed within the experimental work of this thesis.

Instrument

Supplier

Digital microscope (DNT000006)

Faraday cage (laboratory-constructed)

Gloveboxes

Laboratory power supply (PPS-11360)

Milli-Q Advantage A10 system
Polishing device (laboratory-constructed)

Scanning electrochemical microscope SECM 920C
Soldering station WE CP-20

Syringe pump (UMP3)

VK-X3000 3D laser scanning microscope

Wide stand microscope (100-300x magnification)

dnt Innovation (Leer, Germany)

Mechanical workshop of the University of Regensburg
(Regensburg, Germany)
GS Glovebox Systemtechnik (Malsch, Germany)

Mecaplex (Grenchen, Switzerland)

Mechanical workshop of the University of Regensburg

(Regensburg, Germany)

Voltcraft Conrad Electronic (Hirschau, Germany)

Merck (Darmstadt, Germany)

Electrical and mechanical workshop of the University
of Regensburg (Regensburg, Germany)

CH Instruments (Austin, USA)
Weller (Wetzlar, Germany)
WPI (Sarasota, USA)
Keyence (Osaka, Japan)

PEAK (Bornheim-Roisdorf, Germany)
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Table 3.3. Materials used within the experimental works.

Material

Supplier

Ag/AgCI/3M KCI reference electrode (CHI111)
Ag wire (r = 0.25 mm)
Al bottles (V = 38 & 125 mL), UN approval 1B1/X/250

Conductive silver epoxy resin (8331)

Epoxy resin (Resin L + Hardener S)

Fused-silica capillaries (OD = 360 um, ID = 75 and 100 uym)

Jumper  wire (insulation OD =1.10 mm,

section = 0.20 mm?)

Lapping film sheets (0.1 - 30 ym grit size)

LIB graphite electrodes (Product ID 11124)
Non-aqueous Ag/Ag* reference electrode (CHI112)

Pt disk electrode (CHI102)

Pt wires (radii of 6.25 ym, 12.5 ym, 0.25 mm, and 0.5

Cross-

mm)

Soda-lime glass capillaries (OD = 1.8 mm, ID = 1.15 mm)

Thin-film electrodes (IDRA1)

CH Instruments (Austin, USA)
Advent Research Materials (Oxford, UK)
Burkle (Bad Bellingen, Germany)

MG Chemicals (Burlington, Canada)
R&G Faserverbundwerkstoffe (Waldenbuch,

Germany)
Polymicro Technologies (Phoenix, USA)

Tru Components Conrad Electronic (Hirschau,

Germany)

Precision Surfaces International (Houston, USA)
Customcells (ltzehoe, Germany)
CH Instruments (Austin, USA)

CH Instruments (Austin, USA)

Advent Research Materials (Oxford, UK)
Goodfellow (Huntingdon, UK)

Hilgenberg (Malsberg, Germany)

Micrux Technologies (Gijon, Spain)

Table 3.4. Software used within the experimental works.

Software

Supplier

Office 365 (Excel, Powerpoint, Word)
Origin 2019b

SECM Software CHI920C

Microsoft (Redmond, USA)

OriginLab (Northampton, USA)

CH Instruments (Austin, USA)
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3.2 Preparation of solutions — aqueous and non-aqueous

Parts of the presented experimental works were conducted in aqueous solutions, i. e. studies
of boron-doped diamond (BDD) and stamping platinum electrodes. All solutions utilized within
those topics were prepared with de-ionized water. The compositions of mediator solutions are
summarized in Table 3.5. Respective electrolyte salts and mediator substances were
dissolved at room temperature. De-gassing was achieved by treatment in an ultrasonic bath
for 30 min at 50 °C. After storage at room temperature for 24 h, solutions were ready to use.

Precipitates were removed prior to use with syringe filters.

Table 3.5. Composition of aqueous mediator solutions.

Mediator Supporting electrolyte
1.5 mM FcMeOH 0.2 M KNOs

1.5 mM FcMeOH 1 M KNOs

1.5 mM Hexaammineruthenium(lll) 1 M KNOs

1.5 mM Hexacyanoferrate(ll) 1 M KNOs

1.5 mM Hexacyanoferrate(lll) 1 M KNOs

Solutions utilized within LIB related experiments were prepared and stored inside an Argon-
filled glovebox. The respective compositions are summarized in Table 3.6. Supporting
electrolyte salts and mediator species were dissolved in organic solvent mixtures, which were
prepared beforehand. After completed dissolution of mediator species and supporting

electrolyte, the solutions were stored in certified Al bottles.

Table 3.6. Composition of non-aqueous mediator and electrolyte solutions.

Mediator Supporting electrolyte Solvent mixture

1.5 mM Fc 0.1 M LiPFe EC:DMC (30:70 by wt.)
none 0.1 M LiPFe EC:DMC (30:70 by wt.)
1.5 mM Fc 0.1 M TBAPFs EC:DMC (30:70 by wt.)
none 0.1 M TBAPFs EC:DMC (30:70 by wt.)
1.5 mM Fc 0.1 M LiPFe EC:EMC (30:70 by wt.)
none 0.1 M LiPFe EC:EMC (30:70 by wt.)
1.5 mM Fc + 1.5 mM FcPFe 0.1 M LiPFs EC:EMC (30:70 by wt.)
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3.3 Fabrication of probes for scanning electrochemical

microscopy and scanning ion conductance microscopy

Platinum disk UMEs were routinely fabricated according to protocols published in
literature. [1,2] All SECM experiments within this thesis were conducted with Pt UMEs with
active electrode radii of either 6.25 or 12.5 ym, respective parameters are stated in the
individual experiments. The necessary steps in the fabrication are illustrated in Figure 3.1.
Briefly, roughly 1 cm of the insulating layer was removed from both ends of a piece of jumper
wire. A Pt microwire with a length of approximately 1 cm was soldered onto one end. Then,
the whole wire assembly was inserted into a pulled soda-lime glass capillary (tip opening
diameter ~ 100 ym) until the Pt wire protruded from the tip opening by 1 mm. Afterwards, the
tip was re-sealed by melting of the glass in a butane flame. Eventually, the Pt disk electrode
was exposed by defined polishing in a laboratory-constructed polishing device equipped with
lapping film sheets of grit sizes ranging from 0.1 up to 30 ym. The electrochemical
performance of obtained SECM probes was assessed by CV and PACs [3,4] as described in
more detail in section 2.2. The Ry value was estimated by optical microscopy at
100x magnification. In the case of deviations from the stated fabrication steps, they are

described in the respective sections.
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Figure 3.1. Fabrication steps for SECM probes. A) A small portion of the insulation from both ends of a jumper wire
is removed. B) A platinum wire is soldered onto one end. C) The wire assembly is inserted into a pulled soda-lime
glass capillary until approximately 1 mm of the platinum wire protruded from the tip. D) By heating in a butane flame,
the tip is re-sealed. E) Defined polishing with lapping film sheets uncovers a disk-shaped platinum electrode.
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SICM probes were produced from soda-lime glass capillaries also used in the UME fabrication.
The individual steps are summarized in Figure 3.2. First, a glass capillary was re-sealed by
melting the tip in a butane flame resulting in a conical decrease of the ID within the tip. By fine
polishing, a tip opening is uncovered with IDs in the range of 10 to 30 um. The obtained
capillary was then thoroughly cleaned by flushing with a sequence of de-ionized water,
isopropanol, and acetone followed by drying at ambient conditions for at least one hour.
Aqueous SICM probes were then filled with 1 M KCIl and an Ag/AgCl wire was inserted. Probes
for usage within the LIB related experiments were transferred into an Argon-filled glovebox for
further steps. In the latter case, the capillary was then filled with the respective electrolyte
solution (1.5 mM Fc, 1.5 mM FcPFe, 0.1 M LiPFs, dissolved in EC:EMC 30:70 by wt.).
Eventually, a Pt wire was inserted, and the probe was closed with a polyether ether
ketone (PEEK) cap. Before utilization in experiments, the performance of an SICM probe was
evaluated by chronoamperometry, linear sweep voltammetry (LSV), and PACs towards a

model substrate.
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re-sealing defined filling with insert wire
of tip polishing solution with cap

Figure 3.2. Steps in the fabrication of SICM probes. A) A soda-lime glass tube is pulled in a butane flame to a
capillary with an opening diameter of approximately 100 um. B) The tip is re-sealed by heating. C) Defined polishing
of the tip exposed an opening with a diameter in the range of 10 to 30 uym. D) After thorough cleaning, the capillary
is filled with electrolyte solution. E) A platinum wire is inserted into the capillary, and it is closed with a PEEK cap.
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3.4 Sample preparation for aqueous and non-aqueous

environments

Depending on the field of application, agueous or non-aqueous, two different types of custom-
made sample holders were used in the preparation of substrates. The steps in both cases are
illustrated in Figure 3.3. For aqueous investigations, a holder made from polyvinyl
chloride (PVC) with an inserted brass rod was used. If necessary, substrates were cut to fit the
top of the sample holder. After cleaning of sample and sample holder with de-ionized water
and isopropanol, a small portion of conductive silver epoxy adhesive was mixed and applied
to ensure electrical connection between sample and brass rod. The substrate was gently
positioned on top of the sample holder and a curing step for the conductive adhesive of at least
six hours at ambient conditions was conducted. Then, the edges of the sample were sealed
with epoxy resin, to prevent leakage of solutions below the sample. After another curing step
of at least 24 hours, samples were ready for installation within the SECM electrochemical cell.
Samples without the need of an electrical connection to the SECM, i. e. model substrates like
the Micrux thin-film electrode, were fixed on microscope glass slides with epoxy resin. Since
PVC was not suitable for usage in LIB solvents, another type of sample holder was designed.
It was made from PEEK with an inserted brass rod and a screw cap containing an inlaid Viton
gasket. All following fabrication steps were conducted within an Argon-filled glovebox. Circular
pieces of LIB graphite electrode with a diameter of 4 mm were cut from larger sheets with a
punching iron. A small amount of the conductive silver epoxy adhesive was applied, and a
piece of graphite electrode was gently positioned on top of the sample holder. After a curing

time of at least six hours, the screw cap was installed, and samples were ready for use.
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Figure 3.3. lllustration of sample preparation steps for aqueous and non-aqueous substrates. A) Substrates
investigated in aqueous media are placed onto in-house fabricated PVC sample holders. Electrical contact is
ensured by a conductive silver epoxy resin. After curing, an epoxy resin is applied to the sides of the substrate to
prevent leakage of solution below the sample. B) For LIB materials, custom-made PEEK sample holders with a
screw cap are used. Substrates are installed on the top and contacted with conductive silver epoxy resin. A screw
cap with an inlaid Viton gasket prevents leakage of solution below the substrate.
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3.5 SECM setup and initial experimental procedures

All SECM and SICM experiments were performed on a commercially available SECM 920C
system. The instrumental setup was modified for measurements under inert conditions.

Relevant details are shown in Figure 3.4.

= Inert gas box

Faraday cage with
electrochemical
setup inside

Small port

Covers for glove

Large port o Weighing table

Figure 3.4. Photograph of the instrumental setup. The Faraday cage containing the electrochemical setup is placed

within a plexiglass box filled with inert gas (Argon). Two ports, a large one on the left and a small one on the right
side, enable introduction of probes, solution, samples, and other materials. Bipotentiostat and positioning control
unit are placed behind the inert gas box with their electrical connections fed through gas-tight connectors. Glove
holes and a permanent excess pressure inside the box allow manipulations on the electrochemical setup while
maintaining an inert atmosphere. The plexiglass box is installed on top of a weighing table.

Due to the need of an oxygen and humidity free atmosphere for LIB related experiments, a
plexiglass box was designed and fabricated in cooperation with the mechanical workshop of

the University of Regensburg. It was equipped with two ports, a large one on the left and a
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small one on the right side, for the introduction of probes, samples, and other materials. Via a
gas intake, the box was flushed with Argon maintaining a permanent excess pressure inside
secured with an overpressure protection installed in the gas outlet. Because of the excess
pressure, the inert atmosphere inside of the plexiglass box could be sustained even when
opening the glove hole covers for manipulations of the electrochemical setup, f. e., changing
of electrolyte solutions or adjustment of probe assemblies. To reduce interference from
vibrations and electromagnetic noise, the electrochemical setup and the positioning control
unit were installed on a dampening mat inside a custom-made Faraday cage. Electrochemical
cells made from polytetrafluoroethylene (PTFE) are mounted on a platform with three fine
thread screws to adjust for sample tilt. Specific individual details of the setup are stated within

the respective sections.

After assembly of the electrochemical setup, the function of an UME was tested by recording
a CV in the respective mediator solution. In the case of a SICM probe, a linear sweep
voltammogram (LSV) was recorded for evaluating the performance. If the probe performance
was insufficient, the electrode surface was renewed by fine polishing (SECM), or the probe

was cleaned and re-assembled (SICM).

Prior to imaging experiments, substrates were levelled according to the following procedure.
For plane substrates with homogeneously distributed electrochemical activity, i. e. model
substrates, a series of PACs towards three individual points surrounding the area of interest
was conducted. To start, an initial PAC was recorded. Then, the probe was retracted by
250 um from the surface and it was moved to the coordinates of the second point. The
difference in travel distance of two individual PACs indicates the magnitude of tilt of the
substrate between those two coordinates. This procedure was repeated until a tilt of less than
1 um mm™' was reached. In the case of real samples, i. e. BDD or LIB graphite electrodes, with
a distinct topography and/or heterogeneously distributed electrochemical activity, PACs were
not sufficient to ensure proper levelling. Therefore, additionally line scans were conducted

between the PAC coordinates.
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4 Results and discussion

4.1 Simultaneous scanning ion conductance and
electrochemical microscopy in lithium-ion battery

research

Eidenschink Johannes, Matysik Frank-Michael
ChemElectroChem 11 (2024) e202300577.
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Abstract

Deeper understanding of processes involved in operation of lithium-ion batteries (LIBs) is
necessary to further optimize them for future applications. Extensive research was conducted
on the formation of a solid electrolyte interphase (SEI) on negative battery electrodes, still
leaving several questions unanswered. Scanning probe microscopies (SPMs) enable in situ
and operando investigations and have the potential to explain some phenomena. Scanning
electrochemical microscopy (SECM) and scanning ion conductance microscopy (SICM) could
be employed in LIB studies. A novel SICM method based on the redox couple
ferrocene/ferrocenium is introduced for applications in carbonate solvents widely used in LIBs.

Proof of concept measurements were conducted with a micro milled copper circuit board as
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model substrate. Furthermore, the proposed SICM approach was hyphenated with feedback
mode SECM resulting in the simultaneous mapping of morphology and electrochemical
activity. A flexible dual-probe arrangement was developed enabling usage of both SPM
techniques at the same time, and furthermore, an easy replacement of both individual probes
if needed. The setup was applied in the characterisation of commercial graphite electrodes for
LIBs before and after conducting a pre-charging protocol. Changes in electrochemical activity
and topography of the graphite electrode were resolved in simultaneously generated
SECM/SICM recordings.
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The Front Cover art illustrates a common scenario in the laboratory, showcasing a scientist
engaged in working with scanning probe techniques. A key consideration arises regarding the
choice of the scanning probe microscopy (SPM) technique relevant to the subject. In the
context of lithium-ion batteries, both scanning electrochemical microscopy and scanning ion
conductance microscopy emerge as viable options. However, the question arises: why limit
oneself to a single technique when the possibility exists to employ both simultaneously? Cover
design by Dr. Thomas Herl.
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4.1.1 Introduction

Lithium-ion batteries (LIBs) are among the most important energy storage devices of our
time. [1,2] Their main applications are portable electronic devices and electric vehicles. [3]
Typically, a LIB consists of negative electrode, positive electrode, and a separator in between
plus the organic electrolyte solution. Because of safety issues related to bare lithium, host
materials capable of lithium-ion intercalation are normally used. During charge and discharge
processes, lithium-ions are shuttled between these host electrodes, which led to the
description of LIBs as “rocking chair” batteries. [4] While charging, the potential of the negative
electrode, often graphite in commercial cells, exceeds the electrochemical stability window of
the electrolyte. This generally results in the formation of a so-called solid electrolyte
interphase (SEI), which mainly consists of insoluble degradation products. [5] The intrinsic
properties of the SEI are detrimental for safe and long-term stable operation of batteries.
Ideally, it prevents further degradation of the electrolyte solution, while still enabling diffusion
of Li*. Furthermore, the formation of the SEI is responsible for the initial, irreversible capacity
loss of a LIB due to changing the intercalation capacity of the negative electrode. Extensive
research has been dedicated to the investigation of SEIl formation and corresponding
properties, because of its importance regarding long-term cycling stability and battery
safety. [6—11] Although LIBs improved immensely since their commercialisation, there is still a
lot of potential for improvement of LIB technology, e. g., novel electrode materials, full
understanding of processes involved in operation, and replacement of hazardous liquid
electrolytes. [1] To further drive innovations in these fields, there is a growing demand for

powerful analytical techniques capable of in situ or even in operando investigations.

Several scanning probe microscopies (SPMs) are well suited for this task. One of the more
prominent SPMs applied for investigations in LIB research is scanning electrochemical
microscopy (SECM). [12] In this contactless technique, a nano- or micro sized electrode is
scanned across the surface of interest. By application of an appropriate potential, a diffusion-
limited current is measured resulting from the oxidation / reduction of a redox-active substance,
the mediator. In the scope of LIB related research, two commonly used mediators are
ferrocene [10,11,13] and 2,5-di-tert-butyl-1,4-dimethoxybenzene. [6,13] Since its introduction
in the late 1980s, SECM excelled in diverse applications, ranging from biological samples, [14]
kinetic characterisation of novel materials [15] to lately studies of battery electrode materials
and processes. [6,10] A drawback of stand-alone SECM approaches lies in the interpretation
of recorded data. This is because the current signal is not only dependent on the
electrochemical activity, but also on the morphology of the investigated substrate. Over the

past decade, various solutions were introduced to overcome this limitation. Measuring shear
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force on a vibrating SECM probe, [16] application of an alternating current (AC-SECM), [17] or
hybridisation with the atomic force microscope [7,9,18] are only a short selection of possibilities
which should be mentioned. Not all of them were yet successfully implemented in battery

research due to the intrinsic challenges of the subject.

An alternative approach to separate morphological from electrochemical activity information in
SECM studies is the hyphenation with a complementary SPM technique called scanning ion
conductance microscopy (SICM). This SPM was introduced in 1989 by Hansma et al. [19] and
became a well-established non-contact method in a variety of research fields ever since. The
principle of SICM is typically applied in agueous solutions. A silver-silver chloride wire is placed
in a glass capillary filled with a chloride containing solution. In this approach, a second silver-
silver chloride wire is placed in the bulk solution and an ionic current between the two wires
could be measured by application of a potential bias. [20] During operation, the current
decreases as soon as the tip of the capillary is approaching a surface, i. e. the orifice will be
partly blocked. Scanning the probe across the surface enables the generation of highly
resolved topographical information about the substrate. In the context of LIB research, to the
best knowledge of the authors, few contributions from 2011, [21] 2014, [22] and 2023 [23]
including SICM experiments could be found. Lipson et al. [21,22] used a lithiated tin wire within
an electrolyte-filled capillary in the investigation of lithiation processes on tin thin films and MnO
substrates. Takahashi et al. [23] evaluated the correlation of ion-concentration profile and
surface topography changes on graphite electrodes with a SICM approach based on a lithium-
coated copper electrode inside of the capillary. The simultaneous operation of SICM together
with SECM was already accomplished in aqueous media, [24] but not yet in non-aqueous,
carbonate-based solvents widely used in LIBs. Despite its attractiveness in mapping
topographical information and ion-flux, SICM is still underrepresented in this field of
research. [2,21-23]

Within this contribution, a simple-to-use SICM method for applications in the context of LIBs is
introduced. The method is based on the ferrocene-ferrocenium (Fc/Fc*) redox couple, which
was found to enable a stable SICM signal and could also be used as a redox couple-based
reference electrode in carbonate solvents. It’s open circuit potential vs. a Li/1 M Li* reference
electrode was determined at +3.274 V. Furthermore, the proposed SICM method was coupled
with feedback mode SECM to simultaneously generate topographic information as well as
spatially resolved electrochemical activity characterisation of substrates. The application of our
dual-probe SECM/SICM approach was demonstrated in the characterisation of LIB graphite

electrodes before and after treatment with a pre-charging protocol.
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4.1.2 Results and discussion

Development of a novel SICM method for applications in LIB electrolytes

The goal of this publication is to design a novel SICM method based on using the Fc/Fc* couple
as a reference system for two main reasons. Firstly, the combination of a platinum wire with
the Fc/Fc* redox couple was already used as a reference electrode in experiments in propylene
carbonate [25] and similar approaches on platinum-based reference systems for non-aqueous
solvents were already published. [26] Secondly, the mediator of choice for the SECM
investigation was Fc, because of its recently reported superior signal stability in organic
carbonate-based electrolytes. [9,10,13] Chronoamperometry was conducted at fixed
potentials of 3.174, 3.374, and 3.474 V vs. Li/1 M Li* in preliminary studies to evaluate the
signal stability of the proposed SICM approach. Results suggested that the measured current
generated from the SICM probe is sufficiently stable in the tested potential range. Highest
signal stability in the chronoamperometric experiments was achieved by application of a
potential difference of 3.374 V vs. Li/1 M Li*. The signal decrease with a probe potential of
3.374 V was less than 4% for a period of 15 min compared to 4.5% at 3.174 V, and 6.3% at

3.474 V. Thus, this potential bias was chosen for further experiments.

Afterwards, the reproducibility of the SICM method was tested. For that purpose, five
consecutive probe approach curves (PACs) with a current target of 85% of bulk current
towards the same position on a model substrate were conducted. As such, a copper circuit
board with micro milled channels was used. In Figure 4.1.1, the results are shown as
normalized current, given by the ratio of the tip current at the respective position divided by
bulk current. To start, the SICM probe tip was positioned at a distance of approximately 110 um
above the sample surface. It was found that the course as well as the ending point of the
approach curves was highly reproducible with only minor deviations of less than 100 nm in the

total travel distance.

Final steps in the SICM method development were imaging experiments mapping the
topography of the model substrate. The channels in the copper circuit board were micro milled
and they had a width of 200 ym, as shown in Figure 4.1.2A. After approaching the SICM probe
to a distance of 5 uym, correlating to a signal of 70% of bulk current, a topographical map was
recorded (Figure 4.1.2B). Above the channels the distance from probe tip to substrate was

greater resulting in higher currents (blue) than above the copper surface (brown).
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Figure 4.1.1. Signal reproducibility of the SICM method shown by five consecutive probe approach curves towards
the surface of the model substrate. Measurements recorded in 1.5 mM Fc in 0.1 M LiPFs solution (EC:EMC 30/70).
The probe consisted of a Pt wire inserted into a glass capillary (opening diameter 30 um, total tip diameter 90 um)

filled with 1.5 mM Fc/Fc* solution. PAC parameters: Probe potential was 3.374 V vs. Li/1 M Li*, quiet time of 15 s,

maximum approach speed was 10 ym s™'.

Even small details in the channels (X 1200/Y 600) were visible in the SICM image, and the

channels could be clearly resolved in the current map. The signal changes were attributed to

blockage of the SICM probe’s orifice above the copper surface, or the almost unobstructed

capillary opening above the micro milled channels. Thus, the applicability of the proposed

SICM method in carbonate-based solvents was shown.
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Figure 4.1.2. Model substrate used in the development of the SICM method. A) Micrograph of the model substrate.

A copper circuit board with micro milled channels (width = 200 ym) was used. B) SICM image of the circuit board
measured in 1.5 mM Fc in 0.1 M LiPFs solution (EC:EMC 30/70). The probe was a Pt wire inserted into a glass
capillary (opening diameter 30 um, total tip diameter 150 um) filled with 1.5 mM Fc/Fc* solution. Probe potential

was 0.1V, quiet time of 15 s, height corresponding to 70% of bulk current, movement speed was 200 ym s™'.
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Simultaneous SECM/SICM characterisation of a LIB graphite electrode

With more complex investigations in mind, e. g., SEl formation and characterisation, stand-
alone SICM measurements are suited to track morphological changes of the electrode
material. The formation of an SEI is generally linked with changes in the electrochemical
activity. Therefore, the possibility to map the topographical as well as the electrochemical
changes of the surface is highly attractive. In the next step, the proposed SICM method was
combined with feedback mode SECM to generate complementary information on the substrate
characteristics. Successively measuring with both methods is possible but more reliable
information would be achieved by simultaneous measurements. This is due to the fact that
exchanging probes would inevitably lead to a small misplacement of the probe tip resulting in
measuring at a different position on the sample surface. Thus, only a hybrid approach with

simultaneous usage of both SPM techniques is adequate.

The most important part for the approach towards hybrid SECM/SICM with two individual
probes was to design a satisfactory probe holder. It should be resistant against the used
carbonate-based solvent, the positioning of both probe tips should be as close as possible,
and the signal response of both techniques should not be changed significantly because of the
probe arrangement. The in-house built holding system, which is shown in more detail in the
Experimental section, was found to be sufficient regarding those requirements. A tilted position
of one of the two probes at a 15-degree angle was determined to be the sweet spot in lowest
possible change of signal response and close positioning of both probe tips. In preliminary
experiments, the influence of a tilted position on the behaviour of the probe was determined.
PACs and imaging in feedback mode SECM revealed poor performance of a flatly polished
probe mounted in the tilted position. Therefore, the SECM probe was also polished at a 15-
degree angle resulting in a parallel orientation towards the sample surface. This adjustment
theoretically amounts to an increase of the electrode’s surface area of 3.5%, and a slight
distortion of the tip shape. The resulting performance decrease was acceptable. Prior to
measuring surface characteristics of the sample, the arrangement of SICM and SECM probes
was carefully adjusted and controlled with the help of a digital microscope camera. The
performance of both SPM was then tested with PACs, and eventually, the adjustment was
repeated. Further experiments were started only after the behaviour of both probes during
PACs was sufficient. For SECM, a probe potential of 3.574 V was chosen based on cyclic
voltammetry and the redox potential of the used mediator Fc, which was determined at
3.274 Vvs. Lil1 M Li* in the applied experimental setup. In SICM, a potential bias of
3.374 V vs. Li/1 M Li* was applied based on the signal stability measurements described in the

previous section.
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The sample material of choice for showcasing the strengths of the non-aqueous SICM method
in hyphenation with feedback mode SECM were typical graphite electrodes for LIBs. Samples
were characterised as received, with no additional surface treatment. Prior to SECM/SICM
measurements, microscopic images were taken of a part of the graphite electrode and the
surface roughness was determined. A representative microscopic image and a false colour
image are shown in Figure 4.1.3. Particles were found to have sizes in the micrometre range.
The surface area roughness was determined from four randomly selected regions on the
sample, with an area of 216x289 ym each. The core roughness depth Sk according to ISO
25178 [27] was measured at 2.3 ym, and the maximum height Sz was 9 um in the investigated

areas.

2,112pm

Figure 4.1.3. Graphite electrode for LIBs which was used for investigation with the dual-probe setup. A) Micrograph

of the graphite electrode surface. B) False colour image highlighting the graphite surface roughness.

Following the careful adjustment of SECM and SICM probe in the positioning unit of the SECM
setup, a PAC was started to approach the graphite surface. An example of such a PAC is
shown in Figure 4.1.4A, which was recorded at the position (X 0/Y Q) of later imaging
experiments. On one hand, the current signal of the SECM probe increased with less distance
to the surface, indicating positive feedback of the uncovered graphite electrode. The SICM
signal, on the other hand, decreased with the probe assembly getting closer to the substrate,
because of the increasing blocking of the tip orifice. Several preliminary PACs and images
were recorded until a suitable, representative imaging area was found. Subsequently, the
SECM/SICM imaging experiment was started. To be able to show the identical area mapped
with both SPM techniques, it was a necessity to scan a larger area of 500x1000 ym. From
those larger matrices, corresponding areas for SECM and SICM were extracted. The areas

were selected based on the measured distance between the active tip elements from optical

51



microscopy, and by the comparison of surface details. Matching current maps from SECM and
SICM signals before pre-charging of the graphite electrode are shown in Figure 4.1.5A
and 4.1.5B. From the SECM image (Figure 4.1.5A), a rather homogeneous distribution of
electrochemical activity was observed with small variations depicting particles of the electrode
material. Furthermore, a slight signal increase was measured in the middle right part of the
imaged area, which could either mean higher electrochemical activity or a reduced distance
between tip and sample surface. It was explained by the findings in the SICM current
map (Figure 4.1.5B), where a matching signal decrease, i. e., an elevation of the surface, was
recorded in the identical area. Signal variations resulting from electrode particles in both SPM
modes matched well with the size determination from laser scanning microscopy results. In
literature, it is generally assumed that the electrochemical activity of pristine graphite

electrodes is homogeneous. [6,11]
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Figure 4.1.4. Simultaneous SECM/SICM PACs towards the surface of a Customcells graphite electrode before (A)
and after (B) the pre-charging protocol recorded in 1.5 mM Fc in 0.1 M LiPFs solution (EC:EMC 30/70). SECM
probe was a Pt UME (r = 6.25 pym, Rq = 7), which was polished at a 15-degree angle and mounted in a tilted position
at 15°. SICM probe consisted of a Pt wire inserted into a glass capillary (opening diameter 20 um, total diameter
100 pm) filled with 1.5 mM Fc/Fc* solution. Probe potentials were 3.574 V (SECM) or 3.374 V vs. Li/1 M Li* (SICM),

quiet time of 15 s, max. approach speed was 10 um s™'.

To induce changes in surface characteristics, initial steps towards the formation of a SEI, and
repeated Li* (de-)intercalation, a pre-charging protocol was applied to the graphite sample
after the initial characterisation and mapping of a suitable, representative area by SECM/SICM.
During pre-charging, the SECM/SICM probe assembly was retracted from the sample surface
to exclude any possible interferences. The protocol consisted of an initial scan from 3.274 to
1.274 V vs. Li/1 M Li*, followed by cycling between 1.274 to 0.04 V vs. Li/1 M Li* for two

cycles. Both steps were conducted at a scan rate of 1 mV s™'. Similar conditions had previously
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been applied in the investigation of graphite electrode samples. [9-11] Passivation of the
electrode surface, i. e., reduced electrochemical activity due to the formation of a SEI, is the
expected outcome of the pre-charging. The topography, on the other hand, is believed to
change minimally, since the SEI thickness is generally accepted to be in the nanometre

range. [5,8]
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Figure 4.1.5. Simultaneous SECM/SICM images from the surface of a Customcells graphite electrode before (A+B)
and after (C+D) the pre-charging protocol recorded in 1.5 mM Fc in 0.1 M LiPFs solution (EC:EMC 30/70). SECM
probe was a Pt UME (r = 6.25 ym, Rq = 7), which was polished at a 15-degree angle and mounted in a tilted position
at 15°. SICM probe consisted of a Pt wire inserted into a glass capillary (opening diameter 20 ym, total tip diameter
100 pm) filled with 1.5 mM Fc/Fc* solution. Probe potentials were 3.574 V (SECM) or 3.374 V vs. Li/1 M Li* (SICM),
quiet time of 15 s, movement speed was 50 um s'.

After this pre-charging process, the SECM/SICM probe assembly was moved to the starting
position of the PAC before (Figure 4.1.4A), and a new approach curve was initiated. The
SECM/SICM PACs after pre-charging are shown in Figure 4.1.4B. Interestingly, this second

PAC terminated at a total travel distance of 9 um less than the previous one. Most likely, this
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height difference resulted from solvent uptake. Blilter et al. [28] reported swelling of graphite
electrodes because of swelling of the binder used in the graphite composite formulation.
Another intriguing finding was the fact that the SICM PAC, on the one hand, did not show
significant changes, but on the other hand, the course of the SECM curve was altered in a
different way than anticipated. A signal decrease resulting from formation of an electronically
insulating SEI was expected, but the opposite was measured. In Figure 4.1.5C and 4.1.5D,
SECM and SICM current maps from the same region as in 4.1.5A and 4.1.5B are shown. The
distribution of electrochemical activity (Figure 4.1.5C) changed considerably, indicating
several local hot spots randomly distributed in the investigated area. Similar results were also
observed elsewhere. Bllter et al. [6] attributed these local jumps of activity to temporal
dissolving of parts of the SEI, terming this phenomenon as short-term events. Zeng et al. [11]
observed locally high electrochemical activity spots as well in their studies of graphite
composite electrodes. They concluded that lithiated graphite was exposed locally as a result
of the initially unstable nature of the SEI. Also, other possible explanations are discussed in
literature, including speculation on electron tunnelling towards Fc* through the SEI, when Fc
was present during formation. [29] The majority of the investigated area exhibited typical
behaviour correlated with SEl formation, i. e. a decrease in electrochemical activity.
Interestingly, the topography of the graphite electrode sample changed between the imaging
experiments before and after pre-charging. The elevation on the right side of the imaged area
was found to be less pronounced after the SEI formation. In combination with the detected
height difference of 9 um in the PACs before and after pre-charging, it was presumed that
these changes in morphology are related to a physical swelling of the surface. Studies by
Bllter et al. [28] were dedicated to the swelling of pristine graphite composites resulting from
solvent uptake. It was found that binder additives in the graphite composite could swell
immensely after immersion of the electrode in electrolyte solution, and similar dimensions of

sample swelling were observed in their experiments.
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4.1.3 Conclusion

Within this contribution we have introduced a simple and straightforward SICM method based
on the Fc/Fc* redox couple, and a reference electrode for usage in LIB electrolyte.
Furthermore, we have designed a probe holding system for working with two scanning probe
microscopies at the same time. We have employed the setup in the investigation of a LIB
graphite electrode treated with a pre-charging protocol by measuring SECM and SICM

simultaneously.

The Fc/Fc* SICM probes have been tested regarding their signal stability and reproducibility
with a micro milled copper circuit board as model substrate. The signal has been found to be
most stable at a potential offset of 0.1 V vs. the Fc/Fc* reference electrode (corresponding to
3.374 V vs. Li/l1 M Li*). PACs have been highly reproducible towards the sample with only
minor variations in the total travel distance. Eventually, topographic mapping of the substrate
surface has been conducted highlighting the performance of the SICM probes. In further
experiments, SICM has been combined with SECM to generate topographical as well as
electrochemical activity information of graphite electrodes before and after application of a pre-
charging protocol. The findings within these experiments put emphasis on the need of
separating the influence of topography and electrochemical activity onto the SECM signal by
hyphenation with other scanning probe techniques or other means. This is particularly
important in the context of LIB research where typically topography and electrochemical

activity of the active electrode material change simultaneously.

The proposed dual-probe approach on SECM/SICM is highly versatile, also enabling
hyphenated use of other SPM probes, due to its modular nature. Furthermore, in contrast to a
theta-capillary approach, an exchange of defective individual probes is possible. Last, but not
least, it is simple to use, with the adjustment of the probe tips being the most complicated step
in the setup installation. Then again, the displacement between the active areas of the probe
tips limits the application of the dual-probe approach in the achievable resolution. Nanoscale
investigations would only be feasible by significant reduction of probe sizes, which in turn would
result in highly fragile probes and problems in the tip adjustment. In this regard, an approach
with several SPM functions in a single probe would be more straightforward. Nevertheless, the
presented SECM/SICM method has the potential to deliver new insights into several LIB
related topics. Especially the investigation of industrial type of electrode material with distinct
surface topography, as the employed Customcells graphite electrode, is a promising research
area. Moreover, studies on novel, promising electrode materials which exhibit significant
volume changes during lithium (de-)intercalation, e. g. Si-based electrodes, [30] could benefit

from simultaneous SECM/SICM mappings.
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4.1.4 Experimental section

Chemicals and materials

Dimethyl carbonate (DMC, anhydrous, 299%), ethyl methyl carbonate (EMC, 99%), ethylene
carbonate (EC, anhydrous, 99%), ferrocene (Fc, 98%), ferrocenium
hexafluorophosphate (FcPFes, 97%), and lithium hexafluorophosphate (LiPFs, battery grade,
299.99%) were purchased from Sigma—Aldrich (St. Louis, USA). Platinum wire (r = 6.25 ym,
99.99%) and platinum wire (r = 0.25 mm, 99.99%) were purchased from Advent Research
Materials (Oxford, UK) and Goodfellow (Huntingdon, UK), respectively. LIB graphite
electrodes (Product ID 11124) were purchased from Customcells (Itzehoe, Germany). Lapping
film sheets with particle sizes ranging from 0.1 to 5 ym were purchased from Precision
Surfaces International (Houston, USA).

All experiments were conducted in a solution of 1.5 mM Fc dissolved in a mixture of
EC:EMC (30:70 by wt.) containing 0.1 M LiPFs. SICM probes and reference electrodes were
prepared with a mixture containing 1.5 mM Fc¢, 1.5 mM FcPFs, and 0.1 M LiPFg dissolved in
EC:EMC (30:70 by wt.). DMC was used to rinse probes and the electrochemical cell between

measurement sessions.

SECM and SICM probe fabrication

SECM probes were fabricated from soda-lime glass capillaries and platinum wire (r = 6.25 ym,
99.99%). The tips of the probes were treated with a custom-made polishing device equipped
with lapping film sheets with particle sizes ranging from 0.1 to 5 microns. Regular SECM
measurements were performed with a flat probe tip. For SECM/SICM hybrid measurements,
the tip of the SECM probe was polished at a 15-degree angle countering the effect of the tilted
position in the dual-probe holder. SICM probes were fabricated from soda-lime glass
capillaries. Opening diameters of 10 to 30 um were achieved by defined polishing of the tip.
The capillaries were then filled with electrolyte solution (EC:EMC 30:70 by wt., 0.1 M LiPFes,
1.5mM Fc, 1.5 Mm FcPFs), and a platinum wire (r = 0.25 mm, 99.99%) was inserted. A
detailed description of the probe fabrication can be found in the supporting information,

section SI-1.
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Experimental setup

Experiments and procedures were conducted in an Argon-filled glovebox. Furthermore, the

SECM setup was placed on a dampening mat inside a custom-made Faraday cage.

Measurements were conducted with a SECM 920 C system from CH Instruments (Austin,
USA) equipped with an electrochemical cell made from polytetrafluoroethylene. Working
electrode channel 1 was connected to the SECM probe or to the graphite sample during the
pre-charging protocol, respectively. Channel 2 was connected to the SICM probe. As a
reference electrode, a platinum wire inserted into a glass tube with a ceramic frit and filled with
electrolyte solution (EC:EMC 30:70 by wt., 0.1 M LiPFs, 1.5 mM Fc, 1.5 mM FcPFg) was used.
Auxiliary electrode was a platinum wire. These reference and auxiliary electrodes were utilized
in all experimental procedures. Potentials stated within this work were measured with this
electrode setup and recalculated to a Li/1 M Li* reference system based on the open circuit
potential of the Fc/Fc* reference of +3.274 V vs. Li/1 M Li*. A schematic and more instrumental

details of the setup are supplied in the supporting information, section SI-2.

Hybrid SECM/SICM measurements were possible due to the use of two probes at once. This
was achieved by an in-house built dual-probe holding system shown in Figure 4.1.6. The probe
holder was made from polyether ether ketone. Two probes could be mounted and installed in
the SECM setup at once. In this approach, one probe is installed at a 15-degree angle, which
allowed the positioning of both tips in close proximity to each other. The SECM probe was
installed in the tilted position and therefore also polished at a 15-degree angle as described
before. The distance between the active tip parts (micro disk electrode and capillary orifice)
was estimated to be approximately 250 ym by inspection with an optical microscope. The

probe holding system is described in more detail in the supporting information, section SI-3.

Figure 4.1.6. SECM/SICM dual-probe assembly utilized in the experiments. Photograph of the in-house built dual-
probe holder with installed SECM and SICM probes and scheme highlighting the probe tip positioning. The distance
between the SECM probe micro disk electrode and the opening of the SICM capillary is approximately 250 ym.
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Two different samples were investigated. As a model substrate in the development of the SICM
method, a micro milled copper circuit board was used. Channels with a width of 200 ym were
milled into the substrate’s surface. Hybrid SECM/SICM measurements were performed with
LIB graphite electrodes from Customcells. Samples with a diameter of 4 mm were obtained
from a larger foil using a punching iron. For measurements, the small sample was placed on
a sample holder made from polyether ether ketone and installed in the electrochemical cell.
Microscopic images and surface roughness parameters of the graphite electrode samples
were obtained from a VK-X3000 3D laser scanning microscope from Keyence (Neu-Isenburg,

Germany).

Experimental procedures

For experiments, the samples were installed in the electrochemical cell, which was filled with
5 mL of mediator solution (1.5 mM Fc and 0.1 M LiPFs in EC:EMC). Within a measurement
session, solvent evaporation, essentially the EMC component, takes place. For the typical
duration of a session, the changes were in an acceptable range. The slight signal increase of
bulk current resulting from the concentration increase of Fc was considered in the results.
Levelling was achieved by subsequent probe approach and probe scan curves (PSC) until the

substrate tilting was sufficiently corrected for imaging experiments.

Initially, a suitable potential bias of the SICM probe was determined with chronoamperometric
measurements. Potential biases of 3.174 V, 3.374 V, and 3.474 V were applied to the SICM
electrode, and the current signal was recorded for 15 min. In the proof-of-concept SICM
experiments, PACs and images were recorded with a potential of 3.374 V. Quiet time before
start of current recording was 15 s. PACs were conducted with a maximum approach speed
of 10 um s™. Images were recorded with a scan speed of 200 um s, pixel size was 10 um,
and an area of 10001500 um was covered. The SICM probe tip had an opening diameter of
30 ym and a total tip diameter of 150 um. During imaging, the SICM tip was positioned at a
constant height, corresponding to a normalized tip current of 0.7 at the starting point of the

measurement.

Prior to the hybrid measurements, the SECM/SICM dual-probe assembly was carefully
adjusted under a digital microscope camera. The correct adjustment was verified by PACs
towards the sample surface until a satisfactory signal change in both SPM techniques was
achieved. In the simultaneous SECM/SICM experiments, PACs and images were recorded
with a probe potential of 3.374 V (SICM) or 3.574 V (SECM), respectively. Quiet time before

start of current recording was 15 s. PACs were conducted with a maximum approach speed
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of 10 ym s™'. Images were recorded with a scan speed of 100 um s™, pixel size was 5 ym and
an area of 500x1000 um was covered. The SICM probe tip had an opening diameter of 20 ym
and a total tip diameter of 100 um. The SECM tip had a total tip diameter of approximately
90 um and a micro disk diameter of 12.5 ym. During imaging, the probe tips were positioned

at a height of approximately 7 ym above the surface at the imaging starting point.

After the initial morphology and electrochemical activity mapping of the pristine sample, the
connection of WE1 was changed from the SECM probe to the graphite electrode and the pre-
charging protocol was started. This procedure applied to the graphite electrode samples was
adapted and modified from similar experimental conditions reported in literature. [9-11] It
consisted of a linear potential sweep from 3.274 to 1.274 V with a scan rate of 1 mV s followed
by cycling in the potential range of 1.274 to 0.040 V with a scan rate of 1 mV s™ for two full

cycles.

Subsequently, following the completion of the pre-charging protocol, WE1 was connected to
the SECM probe again and hybrid SECM/SICM measurements with identical parameters than

before pre-charging were conducted.
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4.1.5 Supporting information

SI-1 SECM and SICM probe fabrication

SECM and SICM probes were fabricated from soda-lime glass (inner diameter 1.15 mm) from
Hilgenberg (Malsberg, Germany). Glass capillaries were pulled in a butane flame from the
base material and controlled with a digital microscope camera. Capillaries with inner tip
diameters of approx. 100 um were used for further fabrication steps.

In the case of a SECM probe, a 1 cm piece of platinum wire (r = 6.25 ym, 99.99% purity) from
Advent Research Materials (Oxford, UK) was soldered to a jumper wire (cross-section
0.2 mm?, outer diameter 1.1 mm). The wire was then carefully inserted into the glass capillary
until approx. 1 mm of the platinum protruded from the capillary tip. The similar outer diameter
of the jumper wire insulation and the inner diameter of soda-lime glass resulted in mechanical
stability of the probe. The glass at the capillary tip of the probe was molten resulting in an
insulating glass layer around the platinum wire. Afterwards, the probe was installed in a
laboratory-made polishing device. Essentially, the device consists of a rotating disk with a
mounted lapping film sheet of 0.3 um particle size from Precision Surfaces
International (Houston, USA) and a probe holder with adjustable angle between probe and
rotating polishing disk. An angle of 15° was set and the probe was carefully polished, resulting
in a mirror finish disk-like ultramicroelectrode with varying Rq values. The tip quality and the Rq
value were evaluated with an optical microscope with 100x magnification. Finally, the SECM
probe was tested regarding its electrochemical behaviour by recording CVs in 1.5 mM Fc
solution (0.1 M LiPFs, EC:EMC 30:70 by wt.).

The fabrication of a SICM probe started with re-sealing the tip of a pulled soda-lime glass
capillary in a butane flame. Then, the capillary was installed in the laboratory-constructed
polishing device with an angle of 0° set between the polishing disk (0.3 ym particle size) and
the capillary. The polishing procedure was stopped, after a small opening at the tip was
polished free, with opening diameters in the range of 10 to 30 um. Furthermore, the total tip
diameter was reduced, by tilting the capillary and carefully polishing while rotating the capillary.
Eventually, capillaries with total tip diameters of approx. 100 um and circular shape were
achieved as determined by inspection under an optical microscope. Residues of the polishing
lapping sheets in the capillary opening were removed by repeated flushing, first with water,
then with acetone. After drying for at least one hour, the capillary was introduced into the
glovebox. It was filled with electrolyte solution (EC:EMC 30:70 by wt., 0.1 M LiPFs, 1.5 mM Fc,
1.5 mM FcPFs), a platinum wire with a radius of 0.25 mm (99.99% purity, Goodfellow Oxford

UK) was inserted, and it was sealed with a custom-made cap made from polyether ether
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ketone. The signal stability of the finished SICM probe was evaluated with
chronoamperometric measurements in 1.5 mM Fc solution (0.1 M LiPFe,
EC:EMC 30:70 by wt.).

SI-2 Instrumental setup

All experiments were carried out with a SECM 920C system from CH Instruments (Austin,
USA). In Figure 4.1.S1, a schematic depiction of the SECM setup is shown. The computer,
bipotentiostat, and positioning control unit are positioned outside of the glovebox. Cable
connections to the SECM motors and the electrodes are fed through gas-tight connectors to
the inside of the Argon-filled glovebox. Inside the glovebox, the electrochemical setup and the
SECM motor unit are placed on a dampening mat within a custom-made Faraday cage to
minimize electromagnetic interferences and signal distortions resulting from vibrations. The
electrochemical cell was made from polytetrafluoroethylene and it can be filled with
approximately 5 mL of solvent. Experimental procedures were conducted with either a three-
electrode arrangement (stand-alone SICM and pre-charging), or a four-electrode
arrangement (hybrid SECM/SICM measurements). In all cases, a platinum wire was placed in
the bulk solution and used as auxiliary electrode. The reference electrode consisted of a
platinum wire inserted into a glass tube with a ceramic frit on its lower end. It was filled with
electrolyte solution (EC:EMC 30:70 by wt., 0.1 M LiPFs, 1.5 mM Fc, 1.5 mM FcPFe¢) and
closed on the upper end with a polytetrafluoroethylene cap. Working electrode channel 1 was
connected to the SECM probe in hybrid measurements. During pre-charging it was connected
to the Customcells graphite electrode sample, and in the stand-alone SICM measurements it
was connected to the SICM probe. The working electrode channel 2 was only used during the

simultaneous SECM/SICM measurements and then connected to the SICM probe.
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Figure 4.1.81. Schematic depiction of the SECM setup. Computer, bipotentiostat, and positioning system are
outside of the glovebox. Cables are fed through gas-tight connectors to the inside of the Argon-filled glovebox. The
electrochemical setup and the SECM motor unit are placed on a dampening plate and installed in a Faraday cage
within the glovebox. During SECM/SICM measurements, working electrode channels 1 and 2 are connected to the
SECM and SICM probes, respectively. For the pre-charging procedure, working electrode channel 1 is connected
to the graphite electrode. Reference electrode was a Fc/Fc* based electrode, and counter electrode was a platinum

wire.
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SI-3 Dual-probe holder blueprints

The dual-probe holding system plays a major role within this publication. It consists of two
parts, the main part, and the probe block. The wide side of the main part is mounted to the
motor unit of the SECM device. A blueprint is given in Figure 4.1.S2. It is fabricated from
polyether ether ketone. On the slim end of the part a magnet is implemented in a small
borehole (diameter 7 mm, depth 2 mm), which enables easy installation of the probe block.
Afterwards the probe block can be fixated with two M3 screws from the left and right side. In
Figure 4.1.S3, the probe block for usage of two SPM probes simultaneously is shown. It also
is fabricated from polyether ether ketone with a second magnet in the rear-facing end. One
probe is mounted with no tilting, while the hole for the second probe was drilled in a 15°-angle.
Both probes are fixated with additional M3 screws from the left and the right side, which also
enables a precise arrangement of the probe tips closely next to each other. In the present
works, the SICM probe was installed with no tilting and the SECM probe was installed with the
15°-angle tilting.
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Figure 4.1.82. Blueprint of the main part of the dual-probe holder made from polyether ether ketone. The main part
is mounted on the SECM positioning unit with three M3 screws. The probe block (depicted in Figure 4.1.S3) is

inserted in the upper part, hold in place via magnets and fixated with two M3 screws.
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Figure 4.1.S3. Blueprint of the probe block made from polyether ether ketone. The block with installed SECM and
SICM probes can be mounted in the front of the main part. It is held in position via magnets in both parts and fixated
with two M3 screws. Probes are fixated with two M3 screws each. One probe (SECM) is positioned at a 15°-angle,
the other one (SICM) with no tilting.
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4.2 Development of an in situ mediator dosing concept for
scanning electrochemical microscopy in lithium-ion

battery research

Eidenschink Johannes, Matysik Frank-Michael
ChemElectroChem 11 (2024) e202400311.

Unpublished data was added to this chapter as section 4.2.6.

Abstract

In scanning electrochemical microscopy (SECM), the addition of a redox active species plays
an essential role. Those deliberately added mediators may alter results in SECM studies. In
investigations of lithium-ion battery (LIB) materials, especially of the positive electrode, the
oxidation potentials of commonly used mediator substances such as ferrocene are located
within the operation potential of the electrode. Thus, they possibly interfere with the regular
charge/discharge processes. In situ studies are therefore in need of approaches reducing or
eliminating the use of mediators. Within this publication, a novel mediator dosing (MD) concept
is introduced. A capillary was closely positioned at the tip of the scanning probe. By gravity

flow, stable flow rates of mediator solution of up to 32.4 + 0.6 pyL h™' were achieved. These low
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amounts were found to be sufficient to form a ferrocene zone at the probe tip enabling feedback
mode SECM measurements with comparable quality to measurements directly in ferrocene
solution. Proof of concept experiments were conducted by investigation of a thin-film electrode
with a micro-structured surface. Furthermore, the MD concept was applied in imaging

experiments of a commercially available LIB graphite electrode.
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4.2.1 Introduction

In recent years, lithium-ion batteries (LIBs) gained more and more importance due to their
countless applications, for example electromobility and energy storage. [1-3] This type of
secondary cell generally consists of two electrodes, positive and negative, a separating,

porous membrane, and electrolyte. [4]

Much effort was and still is dedicated to further optimization of those basic components
regarding battery life, operation safety, and energy density. [5] Commercial LIBs mainly utilize
state-of the-art materials capable of intercalating lithium ions during charge/discharge cycles.
The most widely applied material as negative electrode is graphite due to low cost, low toxicity,
and long cycle life. [2,6] A common material for the positive electrode is LiCoO2, but the
demand for higher energy densities has driven the development of materials operating at

higher potentials such as lithium nickel manganese cobalt oxides (NMC). [3]

The operation of a LIB includes repeated insertion of lithium into the host materials and
redissolution. Therefore, LIBs are also called “rocking-chair batteries”. [7] The potentials
reached during those cycles may exceed the electrochemical stability window of the
electrolyte, resulting in its degradation and the formation of interphases between electrode and
electrolyte. [1] In the case of the negative electrode, the newly formed interphase is called solid
electrolyte interphase (SEI). [8] It inhibits further degradation of the electrolyte and is therefore
a prerequisite for safe and stable operation of a LIB. For positive electrodes, the formation of
an interphase and its nature is still controversial and a hot topic in LIB research. [9]
Sophisticated analytical techniques are needed to drive further improvements in LIBs.
Scanning probe microscopies (SPMs) are a family of microscopic techniques which can be

applied in LIB research in situ and even in operando. [10,11]

Amongst others, scanning electrochemical microscopy (SECM) [12] is part of that group. An
ultramicroelectrode (UME), often a platinum disk, is used as probe. By application of a suitable
potential, a usually deliberately added redox-active substance, the so-called mediator, is either
oxidized or reduced. The resulting tip current delivers information about the electrochemical
activity as well as the topography of a substrate’s surface. [13] In the scope of LIBs, an
extensive number of studies were conducted including SECM as characterisation
technique. [14] Topics range from SEI formation on different electrode materials, [15,16]
swelling of composite electrodes, [11] hyphenation of SPMs, [17,18] to, more rarely, the study
of positive electrode materials. [19] Most works consider possible interfering effects [20] due
to the deliberately added mediator in some way or another. In the study of Zampardi et al. [18]
on the SEI formation on glassy carbon, the formation protocol is conducted in pure electrolyte

without added mediator, followed by an exchange of solutions to mediator-containing
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electrolyte. The same approach of an electrolyte change between procedures was used in
several other LIB investigations with SECM. [15,21] As careful as this exchange may take
place, changes in the surface properties can’t be fully ruled out. Another approach is to operate
the investigated battery electrode in solution with the mediator already present during cycling.
This method was applied in the studies of Zeng et al. [22] in their investigation of temporal
changes of the SEI after various numbers of charge/discharge cycles. Similarly, the mediator
was also present during the formation protocols in other publications. [16,17,23] Although the
redox potentials of commonly used mediators ferrocene (Fc) [16-18,22,24] and 2,5-di-tert-
butyl-1,4-dimethoxybenzene [11,15,24] lie outside of the regular operating potentials of
negative electrodes, their influence on the complex formation processes of the SEI should not
be neglected as they can potentially alter SEI properties. [25] For investigations of positive
electrode materials, the interference of mediators is more severe, as supported by

Zampardi et al. [19] in their study of the positive electrode/electrolyte interface in LIBs.

In the scope of this contribution, an alternative approach to minimize mediator interferences is
introduced. By highly localized dosage of mediator solution at the SECM probe tip, the overall
mediator concentration in the battery cell is drastically reduced. The gravity flow of mediator
solution in the proposed setup is controlled by adjusting a height difference between inlet and
outlet solvent levels of a dosing capillary. Proof-of-concept measurements with a micro-
structured thin-film electrode as model substrate were conducted. As a possible application,
feedback mode SECM images of a commercial LIB graphite electrode were recorded under

MD conditions and compared to images recorded directly in mediator-containing electrolyte.
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4.2.2 Results and discussion

The novel approach on feedback mode SECM with minimized mediator usage was designed
with several requirements in mind. First, the data quality should be as close to regular SECM
measurements in mediator solution as possible. Second, the amount of deliberately added
mediator should be kept at a minimum. Third, the overall setup should be as simple as
possible, i. e. no complicated probe fabrication. Those requirements were met by utilization of
a dosing capillary mounted together with a regular SECM probe in a previously described dual-
probe holder. [17]

Similar approaches utilizing the dosage of solutions in the context of SPM measurements could
be found in literature. Two recent examples should be mentioned here. Asserghine et al. [26]
employed a micro sized pipette installed in the probe positioning system of a SECM device to
dose defined volumina of an oxygen containing solution. In their approach comparable to the
microjet electrode [27] and pioneering works by Engstrom [28] the solution is dosed by the
pipette and the signal collection is achieved by the substrate, which was termed as pumped-
micropipette delivery/substrate collection mode (Pumped-MD/SC) of SECM. This novel
variation of the MD/SC mode of SECM [29] was then used in the investigation of the oxygen
reduction reaction during the corrosion of a model system of copper-rich aluminium alloys. The
second approach which is related to the MD concept was used in the study of the SEI formation
conducted by Mufioz Torrero et al. [30] In their research a redox-mediated scanning droplet
cell [31] was used to deliver a series of different solutions in a fixed position on the sample
surface. This setup enabled the SEI formation with no mediator present followed by

investigation of the passivation properties using Fc.

Determination of gravity-driven flow rates at various height differences

Gravity flow in the context of capillary-based setups was introduced by Matysik et al. [32] in
1993. In their original works the adjustment of the height difference between the liquid levels
in inlet and outlet reservoirs resulted in well-defined introduction of sample solution into a
fused-silica capillary. This capillary flow injection analysis (CFIA) system was then applied in
the determination of trace metals in tear samples. The obtained gravity flow was found to be
highly reproducible and stable for extended time periods. To determine the amount of mediator
introduced into the bulk solution by the MD approach, chronoamperometric experiments with
varying height differences were performed. Measurements were conducted in triplicates for

each height difference. An exemplary i-t curve is shown in Figure 4.2.1A. After a certain time,
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the mediator solution inside the dosing capillary reaches the outlet end and subsequently the
platinum macro electrode, resulting in an increasing current signal from the oxidation of Fc.
The average times until the oxidation signals were detected are summarized in Table 4.2.1.
By application of a height difference of 5 cm, in average, a time interval of 12.9 £ 0.2 min
passed until the Fc solution reached the macro electrode. Doubling the height difference to
10 cm resulted in a decrease of the time interval to an average of 7.2 £ 0.1 min. At the
maximum height difference of 15 cm achievable in the design of the MD concept, an average
signal time of 5.1 £ 0.1 min was determined. With the help of equation 4.2.1, the flow rates

could be calculated.

2
Veapillary _ T Tcapillary leapillary

flow rate = (4.2.1)

Fcsignal trc signal

with Veapitary: Volume of dosing capillary; trc signai: time interval until oxidation signal of Fc was

detected; reapiiary: inner radius of the capillary; leapitary: total length of the dosing capillary.

Flow rates were determined to be in the range of 12.8 £+ 0.2 (A height=5cm) up to
32.4 £ 0.6 L h* (A height = 15 cm). Mathematical fitting of the applied height differences with
the corresponding flow rates revealed a linear dependence as shown in the graph in
Figure 4.2.1B. By considering the volume of the bulk solution in the electrochemical
cell (Veen =5 mL) a more practical parameter was calculated, the temporal change of Fc
concentration. Operating the MD setup at a height difference of 15 cm would result in a change
of the Fc concentration in the bulk solution of 9.7 uM h-'. At a typical measurement session of
6 hours only approximately 200 uL of mediator solution are introduced into the electrochemical
cell, less than 4% of the volume of the bulk solution. Since the mediator dosage could be
stopped at any time, for example during the charge/discharge of a battery electrode, real
values of introduced mediator would be lower. The dosage could be easily stopped by
repositioning the capillary inlet out of the mediator solution. Overall, the gravity-driven dosage
of mediator solution by applying a height difference between the solvent levels in the inlet and
outlet reservoirs (A height) of a capillary was found to deliver smooth and stable flow rates and
resulted in a minimized introduction of mediator solution into SECM experiments. The
comparatively low flow rates couldn’t be reproduced in measurements where the dosing was
achieved via a syringe pump. Furthermore, the pulsating action of the syringe pump had a
distorting effect on SECM images. Therefore, further experiments were solely conducted with
the gravity-driven approach. A height difference of 15 cm was chosen, since it showed a good

compromise between amount of introduced mediator and achievable SECM data quality.
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Figure 4.2.1. Determination of flow rates resulting from a height difference between inlet and outlet of the dosing
capillary. A) Exemplary amperometric i-t curve recorded with a height difference of 5 cm. B) Dependency on the
flow rate from the applied height difference. The outlet of the dosing capillary (OD = 360 um, ID =100 pm,
length = 35 cm) was positioned closely to the surface of a platinum macro electrode which was used as working
electrode. Experiments were conducted in 0.1 M LiPFs solution (EC:EMC 30/70), three measurements per height
difference. Working electrode potential was 3.574 V vs. Li/1 M Li*.

Table 4.2.1. Measured Fc signal times (average of three individual measurements each) in the mediator dosing
setup in chronoamperometric experiments at the respective height differences (A height). Determined flow rates
and resulting dynamic concentration changes in the electrolyte solution based on a volume of 5 mL in the
electrochemical cell.

A height =5 cm A height =10 cm A height =15 cm
timerc signal / min 12.9+0.2 7.2+0.1 5.1+0.1
flow rate / uL h-! 12.8+0.2 229+0.3 324+0.6
A conc.rc / pM h*1 3.8+0.1 6.9+0.1 9.7+0.2
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Proof-of-concept measurements with a Micrux thin-film electrode as model substrate

After clarifying the flow rates and deciding on a suitable height difference in the mediator dosing
setup, measurements with a model substrate were conducted to showcase the performance
of the approach. A thin-film electrode with an interdigitated electrode structure (Micrux IDRA1)
was chosen for that purpose. First, a series of probe approach curves (PACs) towards
conductive and non-conductive parts of the sample surface was performed in order to evaluate
the reproducibility and the accordance with theoretical fits for negative [33] and positive [34]
feedback PACs. In Figure 4.2.2A, five consecutive PACs under MD conditions over a non-
conductive part of the model substrate’s surface are shown together with the theoretical,
negative feedback PAC calculated according to Cornut et al. [33] The mathematical
approximation was obtained for an Ry value of 5.1. Experimental PACs were found to be highly
reproducible with minor distance variations of up to 200 nm. A systematic deviation from the
theoretical feedback model for negative feedback was found for normalized distances smaller
than four. This phenomenon can be explained by the proximity of the dosing capillary to the
SECM probe. The practically applicable value for Rg is therefore greater than with a simple
probe. Figure 4.2.2B depicts five sequential PACs recorded with the MD setup towards a
conductive part of the substrate surface. The mathematic approximation for a purely positive
feedback PAC was generated according to Amphlett et al. [34] for an Ry value of 5.1. Again,
PACs exhibited high reproducibility under MD conditions with deviations up to 500 nm.

Experimental data is described very well by the theoretical fit.
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Figure 4.2.2. Consecutive PACs towards the surface of a Micrux thin-film electrode used as a model substrate. A)
Five PACs towards a non-conductive part of the thin film electrode surface. B) Five PACs towards a conductive part
of the thin film electrode. Measurements were recorded in 0.1 M TBAPFs solution (EC:DMC 30/70). Fc
solution (1.5 mM in 0.1 M TBAPFe EC:DMC 30/70) was dosed via a fused-silica capillary (OD = 360 pum,
ID =75 ym, length = 35 cm) by application of a height difference of 15 cm. SECM probe was a platinum UME

(r = 6.25 um, Rqg = 5). Probe potential was 3.424 V, quiet time of 15 s, maximum approach speed was 2.5 pm s,
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After appropriate levelling of the model substrate by a series of PACs and line scans, imaging
experiments were started at the highlighted area of the model substrate shown in
Figure 4.2.3A. The recorded SECM image in Fc solution can be found in Figure 4.2.3B. Details
of the interdigitated electrode structure of the thin-film electrode were well resolved, the
electrode bands with a width of 10 ym and a distance between two bands of 10 um were well
visible. The identical area was then imaged by application of the MD setup in electrolyte
containing no Fc. Again, the distinct features of the model substrate could be resolved with
high quality, conductive and non-conductive parts could be easily differentiated and the gaps
between the electrode bands were finely resolved. Overall, the image quality was found to be
on par with the image generated in Fc solution. Measured currents were lower in the MD

approach, but the contrast given by the ratio of highest and lowest current was identical.
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Figure 4.2.3. Model substrate experiments with a Micrux thin-film electrode. A) Microscopic images of a Micrux
chip with interdigitated electrode area (10 um bands with 10 ym spacing). The area imaged in SECM
measurements is highlighted in red. B) SECM image recorded in 1.5mMFc in 0.1 MLiPFs
solution (EC:DMC 30/70). C) SECM image recorded in 0.1 M LiPFe solution (EC:DMC 30/70). Fc solution (1.5 mM
in 0.1 M LiPFe EC:DMC 30/70) was dosed via a fused-silica capillary (OD = 360 um, ID = 100 pm, length = 35 cm)
by application of a height difference of 15 cm. SECM probe was a platinum UME (r = 6.25 ym, Rg = 5). Probe
potential was 3.574 V, quiet time of 15 s, movement speed was 100 ym s™'.
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Investigation of a Customcells LIB graphite electrode

Proof-of-concept studies with a model substrate revealed comparable data quality generated
under MD conditions. Further studies were then conducted with a typical battery electrode
material to put emphasis on the applicability of the newly developed MD approach. As such, a
commercially available LIB graphite electrode from Customcells was chosen. Samples were
investigated as received with no further treatment of the surface. Initially, the surface of the
graphite electrode was characterised by means of optical microscopy and scanning ion
conductance microscopy (SICM), which is another SPM able to map a sample’s topography
at micro- and nanoscale in a non-contact measurement. [35] In Figure 4.2.4A and B, a
microscopic image and a false colour image of the sample are shown. The particles had typical
sizes at the micrometre scale. Surface roughness parameters were measured according to
ISO 25178 [36] from four randomly chosen areas with a size of 216x289 um each. A core
surface roughness Sk of 2.3 ym and a maximum height of 9 um were determined for the
sample. The SICM image shown in Figure 4.2.4C is coherent with the findings from optical
microscopy and furthermore reveals a slight curvature of graphite samples. In the investigated
area of 500x500 um, a plateau could be found in the middle of the image, which was also

found in a series of similar measurements conducted on the same batch of electrode samples.
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Figure 4.2.4. Customcells graphite electrode for LIBs which was used for investigation with the mediator dosing
setup. A) Microscopic image of the graphite electrode surface showing particle size. B) False colour image
highlighting the graphite surface roughness. C) SICM image highlighting the topography of the graphite sample.
Image was recorded in 0.1 M LiPFs solution (EC:EMC 30/70). Probe potential was 3.374 V, quiet time of 15 s,

movement speed was 100 um s,
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Eventually, the graphite electrode was investigated by means of feedback mode SECM. After
the careful adjustment of dosing capillary and SECM probe, the sample was levelled by a
series of PACs and line scans in electrolyte containing no mediator and local dosing of Fc.
Subsequently, a SECM image was recorded over a suitable spot of the sample. The image
recorded under MD conditions is shown in Figure 4.2.5B. Overall, positive feedback was
observed in the investigated area with the exemption of a nonconductive spot at the
coordinates (X 370/Y 450). Other local variations of the measurement signal can be explained
by the distinct surface topography of the sample, as described before by the results from optical
microscopy and SICM. Homogeneous distribution of electrochemical activity is generally
assumed for pristine graphite electrodes in literature. [15,22] Following the completion of the
SECM image, the solution in the electrochemical cell was exchanged with electrolyte
containing 1.5 mM Fc (0.1 M LiPFe in EC:EMC 30/70). Subsequently, a SECM image of the
identical area at the same starting height was recorded. Distinct surface features, as the non-
conductive spot (X 370/Y 450) verified that the position was not changed during the exchange
of solutions. Slight differences in the image details could be found. These changes can be
explained by the study of Biilter et al. [11] who investigated the swelling of graphite composite
electrodes in contact with electrolyte. It was found that immense physical swelling of binding
agents could occur resulting in a volume expansion of the whole graphite electrode.
Furthermore, the process of the solvent swap between measurements could have had a
distorting effect. In total, surface details were resolved in excellent image quality by the MD

approach while significantly reducing the introduction of mediator into the system.
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Figure 4.2.5. SECM images of a Customcells graphite electrode. A) SECM image recorded in 1.5 mM Fc in
0.1 M LiPFe solution (EC:EMC 30/70). B) SECM image of the graphite electrode recorded in 0.1 M LiPFe
solution (EC:EMC 30/70). Mediator solution (1.5 mM Fc, 0.1 M LiPFe, EC:EMC 30/70) was dosed via a fused-silica
capillary (OD =360 pym, ID = 100 ym, length = 35 cm) by application of a height difference of 15 cm. SECM probe
was a platinum UME (r = 6.25 uym, Rq = 7). Probe potential was 3.574 V, quiet time of 15 s, movement speed was
100 um s™.
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4.2.3 Conclusion

In this publication, a novel concept on localized dosing of mediator solution in the context of
feedback mode SECM was introduced for applications in LIB research. A dosing capillary was
used to deliver small amounts of mediator solution driven by application of a height difference
between capillary inlet and outlet. The capillary outlet could be positioned precisely near the
tip of a regular SECM probe by installation in a custom-made dual-probe holder which was
previously utilized in the hyphenation of SECM and SICM. [17]

First experiments were performed to determine the flow rates of mediator solution at various
height differences. Chronoamperometric measurements revealed flow rates in the range of
12.8 up to 32.4 pL h™' resulting from height differences of 5, 10, or 15 cm. Within that range a
maximum of mediator concentration change of 9.7 uM h™' was determined considering the
electrolyte volume in the electrochemical cell (Vcer = 5 mL). Afterwards, the performance of the
newly developed concept was tested with a thin-film electrode as model substrate. Negative
and positive feedback PACs towards the surface of the sample revealed remarkable
reproducibility as well as good accordance with theoretical approximations for both cases of
feedback. The distance deviations between PACs of a set were found to be below 500 nm.
Furthermore, the micro-structured electrode area of the model substrate could be finely
resolved under MD conditions with image quality comparable to measurements conducted
directly in mediator solution. To further test the applicability of the MD approach in feedback
mode SECM experiments, a real-world sample was investigated. The LIB graphite composite
electrode could be imaged well, again, with quality on par with regular SECM measurements.

Surface details resulting from the graphite particles were well visible.

The introduced MD concept was found to meet all the initial requirements, namely minimized
mediator use, comparable data quality, and avoidance of complicated probe designs. Possible
applications could be in situ studies of interphase formation on negative and positive LIB
electrodes, while reducing mediator interference during charge/discharge processes to a
minimum. Another advantage even for in operando setups is the possibility to stop mediator
dosage at any given time for example during battery cycling. Furthermore, the setup is not
limited to LIB applications. It could be applied in SECM studies of sensitive samples where the

usage of typical redox mediators may alter the results, for example in studies of biological cells.
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4.2.4 Experimental section

Chemicals and materials

The following chemicals were purchased from Sigma-Aldrich (St. Louis, USA): dimethyl
carbonate (DMC, anhydrous, 299%), ethyl methyl carbonate (EMC, 99%), ethylene
carbonate (EC, anhydrous, 99%), ferrocene (Fc, 98%), ferrocenium
hexafluorophosphate (FcPFs, 97%), lithium hexafluorophosphate (LiPFes, battery grade,
299.99%), and tetrabutylammonium hexafluorophosphate (TBAPFgs, 299%). Platinum wires
with radii of 6.25 pm (99.99%) and 0.5 mm (99.99%) were purchased from Advent Research
Materials (Oxford, UK). Platinum wire with a radius of 0.25 mm (99.99%) was purchased from
Goodfellow (Huntingdon, UK). Graphite electrodes for LIBs (Product ID 11124) were acquired
from Customcells (ltzehoe, Germany). Thin-film electrodes (Type IDRA1) were purchased
from Micrux Technologies (Gijon, Spain). Fused-silica capillaries with an outer diameter of
360 ym and inner diameters of 75and 100 um were supplied by Polymicro
Technologies (Phoenix, USA). Soda-lime glass tubes with an inner diameter of 1.1 mm were
purchased from Technische Glaswerke [Imenau (Ilmenau, Germany). Lapping film sheets with
particle sizes ranging from 0.3to30pum were purchased from Precision Surfaces
International (Houston, USA). Two-component adhesive (Epoxy resin L + Hardener S) were

acquired from R&G Faserverbundwerkstoffe (Waldenbuch, Germany).

SICM probes were filled with a mixture containing 1.5 mM Fc, 1.5 mM FcPFs, and 0.1 M LiPFs
dissolved in EC:EMC 30/70. Fc/Fc* based reference electrodes [37] were prepared with
1.5mMFc, 1.5mMFcPFs, and 0.1 M LiPFs dissolved in either EC:EMC 30/70 or
EC:DMC 30/70. DMC was used to rinse and clean SPM probes and the electrochemical cell.

SPM probe and dosing capillary fabrication

SPM probes were prepared from soda-lime glass, which was pulled to pipettes with opening
diameters of approximately 100 ym in a butane flame. In the case of a SECM probe, a platinum
wire (r = 6.25 pm) soldered to a piece of jumper wire was carefully inserted into a glass pipette
until it was protruding circa 1 mm from the tip. Afterwards the platinum wire was sealed in the
glass tip and subsequently exposed again by polishing in a custom-made polishing device.
Resulting SECM probes had a mirror-finish disk electrode and Rq values of ca. 5—-7. SICM
probes were manufactured according to the previously published instructions. [17] A glass

capillary with a tip opening diameter in the range of 10 — 30 um was filled with electrolyte

79



solution, and a platinum wire (r = 0.25 mm) was inserted. Fused-silica capillaries with inner
diameters of 75 or 100 um were used as dosing capillaries. A piece with a length of 35 cm was
cut from the base material with a ceramic cutter. Afterwards, approximately 0.5 cm of the
polyimide coating was removed from both sides. Tips were polished with the polishing device
and lapping film sheets with particle sizes of 30 um (first step, coarse polishing) and
1 um (second step, fine polishing) to a clean, flat finish. Subsequently, a glass hull enabling

the installation in the dual-probe holder was glued to the capillary.

A more detailed description of the SPM probe and dosing capillary fabrication steps is supplied

in the supporting information, section SI-1.

Experimental setup

All experiments, sample preparation steps and parts of the SPM probe and dosing capillary
fabrication were carried out in an Argon-filed glovebox. Within the glovebox, the
electrochemical setup and the positioning motor unit were placed on a dampening mat located

inside a laboratory-constructed Faraday cage.

A commercial SECM 920C system from CH Instruments (Austin, USA) was used in
combination with electrochemical cells made from polytetrafluoroethylene. The working
electrode channel was either connected to the SPM probe in SECM experiments or to a
platinum macro-electrode in the flow rate determination. The auxiliary electrode was a platinum
wire. A Fc/Fc* based reference electrode, briefly a platinum wire immersed in Fc/Fc* containing
electrolyte, was utilized in most measurements. All potentials within this publication are
recalculated to a Li/1 M Li* reference system based on the open circuit potential of the Fc/Fc*
reference of +3.274 V vs. Li/1 M Li".

The dosing of mediator solution was enabled by usage of a laboratory-constructed dual-probe
holder. [17] It is possible to mount two probes at once, where one probe is installed in upright
position while the second one is tilted by a 15°-angle. In Figure 4.2.6, the mediator dosing
setup is illustrated. A capillary is used to locally dose a 1.5 mM Fc solution in close proximity
to the SECM probe tip. The capillary was pre-flushed with Fc solution by application of a
pressure pulse via the septum of the inlet vial while the assembly was positioned far away from
the substrate. A height difference between inlet and outlet (A height) results in a defined,
gravity-driven flow of the solution forming a Fc zone near the platinum disk electrode. Tips of
SECM probe and dosing capillary were carefully aligned under a digital microscope camera.
The scan direction for the high frequency axis during imaging experiments is shown in
Figure 4.2.6B, the pipette was ahead of the SECM probe.
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Two different substrates were utilized in the evaluation of the mediator dosing concept. A thin-
film electrode with an interdigitated electrode structure was used as model substrate. The
structure consisted of a circular arrangement of electrode bands with a width and distance of
10 um, each. Furthermore, SECM experiments were conducted on a commercially available
LIB graphite electrode as realistic substrate. Additionally, the electrode material was
characterised with a VK-X 3000 3D laser scanning microscope from Keyence (Neu-lsenburg,
Germany).

The experimental setup is described in more detail in the supporting information, section SI-2.

“-._scan direction -

Figure 4.2.6. Schemes of mediator dosing setup and highlighted view of the capillary-probe tip assembly. A) The
inlet vial filled with ferrocene solution is mounted at an adjustable height difference (A height) to the outlet of the
dosing capillary resulting in a gravity-driven flow of the mediator solution. B) Dosing capillary and SECM probe are
closely aligned at their tips. A ferrocene zone is formed in close proximity to the platinum disk electrode.

Experimental procedures

Initially, the flow rates of mediator solution resulting from A height of 5, 10, and 15 cm between
inlet and outlet of the dosing capillary were determined. Therefore, a platinum disk electrode
with an electrode diameter of 3 mm was mounted in the bottom of the electrochemical cell and
the cell was filled with 5 mL of 0.1 M LiPFs solution (EC:EMC 30/70). Then, a mediator dosing
assembly (SECM probe + dosing capillary) was approached under mediator
flow (A height = 15 cm) towards the surface by measuring a PAC. Parameters were: probe
potential = 3.574 V vs. Li/1 M Li*, quiet time = 15's, maximum approach speed =10 ym s™,

feedback target = 200%. The auxiliary electrode was a platinum wire, the reference was a
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Fc/Fc* based reference electrode. After approaching the surface, the working electrode
connection was switched from the SECM probe to the bottom-mounted platinum electrode.
Two inlet vials were inserted in the adjustable height stand, one filled with mediator
solution (Vial 1, 1.5mM Fc in 0.1 M LiPFs EC:EMC 30/70) and one filled with pure
electrolyte (Vial 2, 0.1 M LiPFs in EC:EMC 30/70). The height difference was adjusted to 5 cm,
the inlet side of the capillary was positioned in vial 2, and an i-t curve was started (electrode
potential = 3.574 V vs. Li/1 M Li*). After 30 s, the capillary inlet was moved into vial 1 resulting
in the flow of mediator solution towards the platinum electrode. The time until the oxidation
signal of Fc could be detected was used together with the capillary dimensions to calculate the

corresponding flow rate. For each A height, the experiment was conducted three times.

To showcase the performance of the mediator dosing setup, a thin-film electrode with an
interdigitated electrode structure (Micrux type IDRA1) was investigated. The substrate was
mounted in the electrochemical cell, which was subsequently filled with 5 mL of a 1.5 mM Fc
solution (0.1 M LiPFs or 0.1 M TBAPF¢ in EC:DMC). Then, a dosing capillary and a SECM
probe were installed and aligned in the dual-probe holder under inspection with a digital
microscope camera. Levelling of the substrate was achieved by a series of PACs at three
different positions surrounding the area of interest. A reference image in Fc solution was
recorded after which the solution in the electrochemical cell was exchanged with pure
electrolyte. A vial was filled with 1.5 mM of Fc solution and installed together with the capillary
inlet at a corresponding A height of 15 cm. The reproducibility under mediator dosing
conditions was then evaluated by five consecutive PACs towards the glass surface of the thin-
film electrode (negative feedback) and another set of five PACs towards the conductive
platinum electrode surface (positive feedback). Furthermore, to compare the image quality
received in Fc bulk solution with the mediator dosing setup, SECM images of the same
electrode structure were recorded under both experimental conditions. PACs were recorded
in 0.1 M TBAPFs (EC:DMC 30/70), probe potential was 3.424 V vs. Li/1 M Li*, maximum
approach speed was 2.5 ym s, and a quiet time of 15 s before current recording was chosen.
The probe movement is slowed down close to reaching the feedback target. In the
measurement set of negative feedback PACs, at a norm. distance of 1 (feedback current of
approx. 54%), the average movement speed was 0.36 um s™'. Further away, at a norm.
distance of 1.5 (feedback current of approx. 65%), the average speed was 1.26 um s™'. The
auxiliary electrode was a platinum wire, and an Ag/AgCl wire was used as quasi-reference.
The SECM images were obtained with a platinum wire as auxiliary electrode, and a Fc/Fc*
based reference electrode. Probe potential was 3.574 V vs. Li/1 M Li*, scan speed of
100 um s, pixel size of 5 um, and the quiet time was 15 s. Mediator dosing images were
recorded in 0.1 M LiPFs (EC:DMC 30/70).
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Eventually, a commercially available LIB graphite electrode (Customcells product ID 11124)
was evaluated comparing imaging in Fc solution and under mediator dosing conditions. After
mounting the substrate and filing the electrochemical cell with 5 mL of electrolyte
solution (0.1 M LiPFg in EC:EMC 30/70), the sample was levelled by a series of PACs at three
different positions on the surface. Next, a SECM image was recorded by application of the
mediator dosing setup, followed by exchanging the measurement solution with Fc containing
electrolyte (1.5 mM Fcin 0.1 M LiPFs in EC:EMC 30/70). Subsequently, a SECM image of the
same area was generated. Mediator dosing was achieved by applying a A height of 15 cm
between inlet and outlet reservoirs connected with a fused-silica capillary with an inner
diameter of 100 um and a length of 35 cm. The experimental parameters were identical in both
cases. Auxiliary electrode was a platinum wire, and a Fc/Fc* based reference electrode was
utilized. A probe potential of 3.574 V vs. Li/1 M Li* was applied, probe movement speed was
100 um s, pixel size was 5 ym, and a quiet time of 15 s was used before current recording.
The SECM probe was a platinum UME (r = 6.25 ym) with a Ry value of 7.
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4.2.5 Supporting information

SI-1 SPM probes and dosing capillary fabrication

SECM and SICM probes were produced from soda-lime glass tubes with an inner diameter of
1.1 mm (Technische Glaswerke limenau, limenau, Germany). Glass tubes with a length of
approximately 10 cm were heated and pulled in a butane flame to form the base material of
the SPM probes. Resulting capillaries were inspected with a digital microscope camera and

probes with opening diameters in the range of 100 um were selected for further steps.

For SECM probes, approx. 1 cm of the insulation from a piece of jumper wire was removed on
both sides (cross-section 0.2 mm?, insulating layer outer diameter 1.1 mm) and 1 cm of
platinum wire (r = 6.25 um, 99.99% purity) from Advent Research Materials (Oxford, UK) was
soldered onto one end. Then, the assembly was carefully inserted into the glass capillary until
the platinum wire protruded about 1 mm from the capillary tip. Mechanical stability was ensured
by the matching dimensions of the glass tube inner diameter and the diameter of the insulation
of the jumper wire. The tip was molten again in a butane flame resulting in an insulating glass
layer enclosing the platinum wire. A laboratory-constructed polishing device consisting of a
rotating disk with adjustable rotating speed and a probe holder was used for re-exposing the
platinum and defining the tip dimensions of the probe. It was equipped with a lapping film sheet
with a particle size of 0.3 ym from Precision Surfaces International (Houston, USA). The
procedure resulted in a mirror finish, disk-shape platinum ultramicroelectrode with variable Rq
values, which is the ratio of the radii of the insulating glass layer and the platinum disk. Overall
quality and the Ry value of a probe were estimated from optical microscopy at
100x magnification. In the case of the mediator dosing, probes with smaller diameters were
found to be preferable. Therefore, probes with Ry values of 5 to 7 were used in experiments.
Before usage in the mediator dosing setup the electrochemical performance of probes was
tested by cyclic voltammetry in a 1.5 mM Fc solution (0.1 M LiPFs, EC:EMC 30/70).

The fabrication of SICM probes was done according to the previously published
instructions. [17] Briefly, capillary tips were re-sealed in the butane flame, and, subsequently,
the tips were treated with the polishing device resulting in opening diameters of 10 to 30 pym.
After cleaning, the probe was filed with 1.5 mM Fc/Fc* solution (0.1 M LiPFe in
EC:EMC 30/70), a platinum wire with a diameter of 0.5 mm was inserted, and the top was

sealed with a custom-made cap.

Fused-silica capillaries with an outer diameter of 360 um and inner diameters of 75 or 100 ym
from Polymicro Technologies (Phoenix, USA) were used as dosing capillaries. Pieces with a

length of approx. 35 cm were cut by using a ceramic cutter. From each side, ca. 0.5 cm of the
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polyimide coating was removed by burning in a butane flame followed by carefully cleaning
away the residues with isopropanol. Afterwards, the tips of the capillary were polished to a
clean, flat finish. Polishing was conducted in the polishing device under constant flushing of
the capillary with de-ionized water. Lapping film sheets with a particle size of 30 um (first step,
coarse polishing) and 1 um (second step, fine polishing) were used. Then, it was cleaned from
polishing residues with isopropanol, followed by air-drying for at least one hour. For mounting
into the dual-probe holder, the finished capillary was inserted into a soda-lime glass tube with
a pulled tip (inner diameter ca. 500 um) and glued in place with two-component
adhesive (Epoxy resin L + Hardener S) from R&G Faserverbundwerkstoffe (Waldenbuch,

Germany). After curing, the assembly was transferred into the glovebox.

SI-2 Experimental setup

Experimental procedures were conducted with a SECM 920C system from
CH Instruments (Austin, USA). The main parts of the instrumental setup are schematically
shown in Figure 4.2.S1. Bipotentiostat, positioning system, and a PC were placed close to an
Argon-filled glovebox. Electric connections and control cables were fed through with gas-tight
connections. Inside the glovebox, the electrochemical setup, and the motor unit were placed
on a dampening mat within a custom-made Faraday cage. The height adjustable stand used

for mediator dosing experiments was positioned next to the dampening mat.

The electrochemical setup consisted of two electrochemical cells made from
polytetrafluoroethylene with a total volume of 5 mL and either with or without a hole in the
bottom for the installation of substrates. The experiments including a Micrux thin-film electrode
as substrate were conducted in the cell without a hole, the investigation of Customcells LIB
graphite electrodes were done in the second cell. A three-electrode arrangement was
employed in all experimental procedures. The working electrode channel was connected to a
SPM probe (SECM or SICM, respectively). A platinum wire was used as counter electrode.
Most measurements were carried out with a Fc/Fc* based reference electrode consisting of a
glass tube with ceramic frit, an inserted platinum wire, and an electrolyte solution (1.5 mM Fc,
1.5 mM FcPFs, 0.1 M LiPFs, EC:EMC 30/70). PACs in TBAPFs based electrolyte were

recorded with an Ag/AgCl wire as quasi-reference.

To be able to have a local delivery of mediator solution near the SECM probe tip a gravity-
driven approach was chosen. Main advantages are the simplicity of the setup and constant
flow rates with low fluctuation. The mediator dosing setup consisted of an adjustable height

stand, a vial with mediator solution, and a dosing capillary. By application of height
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difference (A height) between the solvent levels in compartments of capillary inlet and outlet a
gravity-driven flow of the mediator solution is achieved. On the inlet side, the capillary was
fixed within the vial by a rubber septum with a canula for pressure equilibration. On the outlet
side, it was positioned in close proximity to the SECM tip by careful alignment under a digital
microscope camera. Probe and dosing capillary were mounted in a laboratory-constructed
dual-probe holder which was previously described in more detail. [17] The SECM probe was
installed in the upright position, the dosing capillary was installed at a tilted position with a 15°-

angle.

Two different substrates were investigated with the mediator dosing setup. First, a thin-film
electrode from Micrux Technologies (Gijon, Spain) of the type IDRA1. The electrode had a
circular, interdigitated electrode structure with a band width and a band distance of 10 ym,
respectively. Second, LIB graphite electrodes (Product ID 11124) supplied by
Customcells (Itzehoe, Germany). Pieces with a diameter of 4 mm were produced with a
punching iron and mounted in laboratory-constructed sample holders made from polyether

ether ketone.
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Figure 4.2.81. Schematic depiction of the experimental setup. The adjustable height stand and the electrochemical
cell are installed within a Faraday cage in an Argon-filled glovebox. Furthermore, the electrochemical cell and the
SECM motor unit are placed on a dampening plate. Electrical connections and control cables for the positioning are
fed through gas-tight connections. The inlet vial filled with ferrocene solution is mounted at an adjustable height
difference (A height) to the outlet of the dosing capillary resulting in a gravity-driven flow of the mediator solution.
During measurements, the working electrode channel is connected to the SECM probe. For the pre-charging
procedure, the connection is changed to the substrate. Reference electrode was a Fc/Fc* based electrode, and

counter electrode was a platinum wire.
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4.2.6 Unpublished data

In addition to the experimental data shown in the main article, another series of measurements
was conducted to give a first estimation on the influence of Fc present during the pre-charging
of an LIB graphite electrode. The study of Tang et al. [25] suggested a possible corrosive effect
of ferrocenium, which is formed during the pre-charging on the counter electrode, on the
formed SEI. Customcells graphite electrodes were first levelled by repeated PACs and line
scans either in Fc solution or under MD conditions. Subsequently, a pre-charging protocol
adapted from similar procedures in literature [16,18,22] was applied. The procedure consisted
of a cyclic voltammetry protocol with three cycles starting from 3.774 V vs. Li/1 M Li* down to
0.074 V at a scan rate of 5 mV s™. In Figure 4.2.U1, the corresponding cyclic voltammograms
recorded in solutions containing either no Fc (blue), Fc residues from previous MD imaging
experiments (red), or 1.5 mM of Fc (black) are shown. Distinct differences could be found, the
most prominent being the shifting of the peaks between 2 to 1 V vs. Li/1 M Li*, which could be
attributed to the degradation of the solvent. Differences in the course of the cyclic

voltammograms suggested some interference due to the mediator presence.

[=——1.5 mM Fc in bulk
Fc residues from MD experiments
— no Fc present

100 +

current/ pA

-1004

-200

0 1 2 3 4
potential / V (vs. Li/1 M Li*)

Figure 4.2.U1. Pre-charging procedure applied to Customcell graphite electrodes. CVs recorded in 1.5 mM Fc in
0.1 M LiPFe solution (EC:EMC 30/70, black line), in 0.1 M LiPFs solution (EC:EMC 30/70) containing Fc residues
from MD measurements (red line), or in 0.1 M LiPFe solution (EC:EMC 30:70, blue line). CV parameters: scan
speed 5 mV s, quiet time 15 s, 3 cycles. The third cycle of each measurement is shown. Reference electrode was

Ptin 1.5 mM Fc/Fc* solution, counter electrode was a Pt wire.

In Figure 4.2.U2, four feedback mode SECM images are shown recorded from the surface of
graphite electrode samples. Figure 4.2.U2A and B depict images recorded before the
application of the pre-charging protocol. After their completion, the SECM probe was retracted

from the surface, the sample was connected to the working electrode channel, and the pre-
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charging was started. Subsequently, the working electrode was connected to the SECM probe
and the graphite surface was approached with a PAC. In both cases, Fc solution and MD, a
difference of approximately 10 um in approach distance could be detected. Most probably this
was due to the physical swelling of the binding agent as already investigated by
Bllter et al. [11] Images in Figure 4.2.U2C and D were recorded in the identical locations as
before pre-charging. After the pre-charging SECM images reveal overall passivation of the
electrode, as shown by reduced electrochemical activity. Still, spots with high electrochemical
activity could be found.

In these preliminary SECM experiments, no significant differences in surface passivation could
be resolved between applying the pre-charging in Fc solution compared to the treatment under
reduced mediator introduction by the MD concept. The recorded CVs from the pre-charging
suggest differences in the formation, as shown by a shift of the solvent degradation signal.
Ultimately, further studies are needed to give a definite answer on the degree of influence of
Fc present during the SEI formation.
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Figure 4.2.U2. SECM images of a Customcells graphite electrode for LIBs. A) Image recorded with Fc in solution
before application of pre-charging protocol. B) Image recorded with the mediator dosing setup before pre-charging
protocol. C) Image recorded with Fc in solution after pre-charging protocol. D) Image recorded with the MD setup
after pre-charging protocol. SECM probe was a platinum UMEs (r = 6.25 ym, Rg = 7). The Fc solution (1.5 mM in
0.1 M LiPFs EC:EMC 30/70) was dosed via a fused-silica capillary (OD =360 ym, ID = 100 ym, length = 35 cm)
and a height difference of 15 cm between in- and outlet. Measurements were conducted in either 1.5 mM Fc in
0.1 M LiPFs solution (EC:EMC 30/70) or in 0.1 M LiPFe (EC:EMC 30/70, MD experiments).
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4.3 Characterisation of as-grown and chemically-
mechanically polished boron-doped diamond
electrodes by means of feedback mode scanning

electrochemical microscopy

Some of the results shown in this section were published as part of:

Zelensky M, Fischer J, Baluchova S, KlimSa L, Kopecek J, Vondracek M, Fekete L,
Eidenschink J, Matysik F-M, Mandal S, Williams OA, Hromadova M, Mortet V, Schwarzova-
Peckova K, Taylor A.

Carbon 203 (2023) 363-376.

Abstract

Boron-doped diamond (BDD) electrodes feature a combination of unique properties including
a large potential window, chemical inertness, and tuneable electrochemical properties. One
way of altering and improving BDD performance is by pre-treatment of the surface, for example
by means of chemically-mechanically polishing (cmp) the substrate. To be able to fully
understand the underlying principle and characterise the induced changes, various analytical
techniques are needed. Scanning electrochemical microscopy (SECM) is exceptional in its
ability to map the electrochemical activity of surfaces. Within this study, we applied the
feedback mode of SECM in the characterisation of two different sets of BDD electrodes, with
and without pre-treatment by cmp of the BDD film. Furthermore, films synthesised at various
boron doping levels between 500 and 8000 ppm were used. Several redox mediators were
tested for their applicability, whereas ferrocene methanol delivered best results. SECM
imaging experiments revealed inhomogeneity of electrochemical activity on as-grown BDD
films, while cmp BDD electrodes were found to have a much more homogeneous distribution.
Furthermore, heterogeneous electron transfer rate constants (ko) were determined from probe
approach curves (PACs). For the BDDa4ooo ag sample an average ko of 0.209 cm s’ was

determined, while for a BDD4ooo cmp electrode the average ko was 0.319 cm s™.
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4.3.1 Introduction

Boron-doped diamond (BDD) films represent a promising electrode material usable in a
multitude of applications, ranging from electroanalysis, energy storage, microfluidics to water
treatment. [1-5] This is due to their highly attractive properties including superior chemical and
mechanical stability, low background currents, biocompatibility, and a wide potential

window. [3]

Typically, BDD layers are synthesized by chemical vapour deposition (CVD) on top of a
suitable substrate. [4] Briefly, a boron-containing substance, often trimethylborane, is
introduced into the gas phase within a reaction chamber filled with hydrogen and methane.
The chemical reaction is then started either via a microwave enhanced plasma or a hot
filament. [5,6] Resulting film properties are highly dependent of the B/C ratio in the gas phase,
which enables the possibility to tune the electrochemical performance. [3,7] The BDD
electrode can be semi-conductive or possess metal-like conductivity, where a threshold in
boron content of roughly 1 - 3 x 10?° atoms cm is widely accepted. [1,8,9] Further important
parameters of BDD films are the content of sp? carbon, often considered as an impurity,
crystallographic orientation, morphology, and surface termination. [5,10-12] After synthesis,
BDD is normally H-terminated, which leads to a hydrophobic surface. Anodic pre-treatment
induces O-termination resulting in a more hydrophilic character. [7,13] A way of improving the
performance of BDD electrodes was introduced by Thomas et al. [14] in 2014 in the form of a
chemical-mechanical polishing (cmp) method. Shortly summarized, an alkaline silica colloid
solution is used to polish the surface of a BDD film. Significant reduction of surface roughness

and faster heterogeneous electron transfer (HET) kinetics were reported as outcome. [15]

To study the influence of the individual parameters, like boron doping level or surface
termination, as well as their complex interplay on the BDD electrode properties asks for
powerful analytical methods. A variety of techniques has already been employed in BDD
research. Electrochemical methods including cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were used in evaluating the electrochemical performance and
HET kinetics. [6,10,12,13,16,17] Grain size and orientation were determined by electron
backscatter diffraction (EBSD). [1,10] Raman spectroscopy (+ mapping) and X-ray
photoelectron spectroscopy (XPS) have been applied in estimating boron content of BDD
films. [7,9,10,14,18,19] Morphology and surface roughness of BDD electrodes was determined
by scanning electron microscopy (SEM) and other electron microscopic techniques.
Furthermore, members of the family of scanning probe microscopies (SPMs) were utilized in
studying BDD electrodes. Atomic force microscopy was used in several studies to locally probe

the morphologic details of BDD on the micro- and nanoscale. [7,10,14,19-22] Patten et al. [23]
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investigated active sites for inner-sphere, outer-sphere, and complex electrochemical

reactions by means of scanning electrochemical cell microscopy.

Another SPM which is suitable for investigations of BDD is scanning electrochemical
microscopy (SECM). This technique utilizes a micro or even nanometre sized electrode to
probe the local electrochemical activity and the topography of a substrate. [24] Since its
introduction in the 90s [25], SECM became a widely applied technique with investigations
ranging from enzymatic samples, [26] lithium-ion battery (LIB) materials [27] to probing
electrocatalytic activities. [28] In the context of BDD research, SECM was widely applied as
well. Holt et al. [22] probed the local heterogeneity of electrochemical activity of H-terminated
BDD substrates with varying boron doping level by means of the substrate
generation/tip collection (SG/TC) mode of SECM. Their study revealed, that dependent of
boron doping level parts of the electrode surface remained electrochemically inactive. In further
studies conducted by Neufeld et al. [29], the feedback and SG/TC modes of SECM were
successfully applied to determine HET rate constants for individual positions on the surface.
They were able to show high variation of ko values across the BDD electrode surface with
several redox mediators. More recently, Liu et al. [1] correlated electrochemical activity with
the grain orientation of a BDD substrate. They were able to overlay an orientation map
generated by EBSD with a feedback mode SECM image and determined that high
electrochemical activity was recorded on (111) crystallographic orientation. Furthermore,
porous BDD samples [12,30] and the generation of reactive oxygen species on BDD

electrodes [31] were investigated by utilizing SECM.

Within this study, we examined BDD electrodes with varying boron doping level and
investigated the effect of pre-treatment by cmp. Feedback mode SECM was used in
combination with several other analytical techniques. [10] In first experiments, four common
redox mediators were evaluated regarding their performance in SECM experiments on the
BDD substrates. Then, comparative measurements on both sets of BDD electrodes were
conducted and discussed together with the findings of other techniques. Eventually, highly
localized ko values were determined according to the method introduced by Wei et al. [32] from
SECM data recorded on BDD2goo as-grown (ag) and cmp samples. SECM determined ko
values were compared with ko values accessed from CV data according to the Nicholson
method. [33]
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4.3.2 Results and discussion

BDD electrodes were characterised by a range of analytical techniques by cooperation
partners. Raman spectroscopy as well as XPS was utilized to determine the boron content in
the ag and cmp BDD films. Contents in the range of 0.58 — 4.4 x 10" atoms cm™ were
estimated, for brevity samples are still indicated according to their boron doping level, e. g.
BDDsgo for an electrode with a BDD film deposited at 500 ppm. Surface roughness and
topography were evaluated by means of AFM and SEM. Cmp electrodes were found to be
much smoother with surface roughness in the nanometre range. Furthermore, higher boron
doping level was correlated to smaller grain size. EBSD was used to map grain orientation on
a BDD2ogo cmp electrode and led to the conclusion, that grain orientations were not randomly
distributed. The electrochemical performance of ag and cmp electrodes was compared by
several electrochemical methods including CV, EIS, and square wave voltammetry. HET
kinetics and sensitivity in dopamine detection were improved by cmp of electrodes. Eventually,
feedback mode SECM was employed to probe localized differences in the electrochemical

activity of both sets of BDD substrates.

Testing the suitability of various redox mediators for feedback mode SECM in BDD

studies

The first sub-series of experiments was dedicated to evaluate the performance of four
commonly used redox mediators in the feedback mode of SECM. Ferrocene
methanol (FcMeOH), hexacyanoferrate(ll), hexacyanoferrate(lll), and
hexaammineruthenium(lll) were investigated. Suitable probe potentials for SECM
measurements were chosen based on cyclic voltammograms recorded with a 12.5 ym
platinum UME in the respective mediator solution. For FcMeOH, a probe potential of
+0.3 V (vs. Ag/AgCl/3 M KCI) was determined, measurements in hexacyanoferrate(ll) were
conducted with a probe potential of +0.5 V, hexacyanoferrate(lll) was reduced at +0.1 V, and
experiments with hexaammineruthenium(lIl) were performed with a working electrode potential
of -0.2 V. To evaluate the imaging performance, identical areas on two samples, BDD4ooo ag
and cmp, were imaged in all four mediator solutions. Figure 4.3.1 shows SECM images of a
representative area on the surface of the BDDugoo ag substrate. With exception of the
respective probe potential, the series of images was recorded with equal parameters. The
SECM current map recorded in FcMeOH solution is shown in Figure 4.3.1A depicting non-
uniform electrochemical activity in the investigated area. Spots with high electrochemical

activity, indicated by orange colour, as well as less and even inactive areas, illustrated by green
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colour, could be resolved with good contrast. The image generated in
hexacyanoferrate(ll) (Figure 4.3.1B) resolved much less detail in comparison. Furthermore,
the recorded current signals were lower. Some spots with higher activity were still visible, but
most of the surface details were not resolved anymore. In
hexacyanoferrate(lll) (Figure 4.3.1C), the resolution was better compared to
hexacyanoferrate(ll) but worse than FcMeOH. The SECM image recorded in
hexaammineruthenium(lll) shown in Figure 4.3.1D resolved surface details very well with high
contrast. The differences in performance could be explained by the surface sensitivity of the
mediators. While inner-sphere redox probes, hexacyanoferrate(ll) and (lIl), are highly sensitive
to the electrode morphology, outer-sphere markers, FcMeOH and hexaammineruthenium(lil),

are less influenced by the surface morphology. [10]
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Figure 4.3.1. SECM images of the surface of a BDDasooo ag substrate recorded in four redox mediators,
FcMeOH (A), hexacyanoferrate(ll) (B), hexacyanoferrate(lll) (C), and hexaammineruthenium(lll) (D). Probe
potentials were +0.3V (FcMeOH), +0.5V (hexacyanoferrate(ll)), +0.1V (hexacyanoferrate(lll)), or -
0.2 V (hexaammineruthenium(lll)). Probe scan rate was 200 ym s™', quiet time of 15 s. An area of 500x500 um was
covered with a pixel size of 5 ym. Measurements were conducted in constant-height mode at a fixed height
corresponding to a feedback current of 150%. Probe was a platinum UME (r = 12.5 ym, Rq ~10), reference was an

Ag/AgCl/3 M KClI electrode, and auxiliary electrode was a platinum wire.
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Another series of SECM images was recorded of a cmp BDDagoo sample. Again, an identical
area was mapped in all four mediator solutions as shown in Figure 4.3.2. The surface exhibited
a more homogenous distribution of the electrochemical activity. In FcMeOH (Figure 4.3.2A),
fine details were resolved well. Images recorded in inner-sphere redox probes,
hexacyanoferrate(ll) and (lll), are depicted in Figure 4.3.2B and C. Although the surface
characteristics of the cmp substrate were visible, the recorded currents remained lower than
in FcMeOH. During measuring in hexaamminruthenium(lll), signal instabilities occurred
resulting in poor image quality and low contrast as shown in Figure 4.3.2D. Overall, usage of
FcMeOH resulted in the highest image quality and signal stability compared to the other three
mediators. The comparative study of both sets of BDD electrodes was therefore conducted in
FcMeOH solution.
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Figure 4.3.2. SECM images of the surface of a BDDa4ooco cmp substrate recorded in four redox mediators,
FcMeOH (A), hexacyanoferrate(ll) (B), hexacyanoferrate(lll) (C), and hexaammineruthenium(lll) (D). Probe
potentials were +0.3V (FcMeOH), +0.5V (hexacyanoferrate(ll)), +0.1V (hexacyanoferrate(lll)), or -
0.2 V (hexaammineruthenium(lll)). Probe scan rate was 200 ym s™', quiet time of 15 s. An area of 500x500 um was
covered with a pixel size of 5 ym. Measurements were conducted in constant-height mode at a fixed height
corresponding to a feedback current of 150%. Probe was a platinum UME (r = 12.5 ym, Rq ~10), reference was an

Ag/AgCl/3 M KClI electrode, and auxiliary electrode was a platinum wire.
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Comparative investigation of as-grown and chemically-mechanically polished BDD

electrodes

Since the current signal in SECM is not only dependent of the electrochemical activity but also
of the topography of a sample, information regarding surface topography and roughness are
needed. Therefore, four BDD substrates (BDDsoo ag and cmp, BDD2ooo ag and cmp) were
investigated by means of optical microscopy. In Figure 4.3.3A-D, false colour images are
shown highlighting the surface roughness of BDD layers. Ag BDD samples were found to have
a rougher surface compared to the cmp samples. Still, the roughness of all four samples was
found to be less than 1 um. Smoothening of the surface by the cmp protocol is also visible in
roughness profiles depicted in Figure 4.3.4A-D. Overall, the trend is coherent with literature,
surface roughness decreases with increasing boron content [3] and the cmp procedure further
smoothens the BDD layer. [14,15] Similar results were obtained by cooperation partners in
AFM and SEM measurements. [10] It was concluded that the topographical influence on the
SECM current signal was negligible because of low surface roughness and high planarity of
BDD layers.
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Figure 4.3.3. Microscopic false colour images of four BDD substrates, BDDsoo ag (A) and cmp (B), and

BDD2ooo ag (C) and cmp (D). Areas of 211x283 uym were scanned.
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Figure 4.3.4. Roughness profiles of four BDD substrates, BDDsoo ag (A) and cmp (B), and BDD2ooo ag (C) and

cmp (D). A line scan with a length of 283 ym was evaluated per sample.

Following the topographical investigation of BDD substrates, SECM experiments were
conducted on a selection of samples from both sets. Before imaging of samples is possible,
substrates need to be levelled. This is typically achieved with a series of PACs when the
electrochemical activity of the substrate is homogenous. Since the activity of BDD films is
normally heterogeneously distributed, [20] PACs and probe scan curves (PSCs) were utilized
in levelling the samples. Several PACs towards the surface of a BDDgaoo ag sample are shown
in Figure 4.3.5 together with model PACs for ideal positive [34] and negative [35] feedback.
The theoretical PAC for positive feedback was calculated for an Ry of 10 according to the
method from Amphlett et al. [34], for purely negative feedback the approach of
Cornut et al. [35] was applied. The experimental data differs significantly from both theoretical
approximations. On ag samples not only positive feedback was observed, as assumed for
conductive surfaces, but also negative feedback indicating non-conductive areas. This
observation was made solely on ag samples, on cmp electrodes only positive feedback was
measured. In Figure 4.3.6, comparative SECM images of representative areas on several BDD
substrates are shown. For comparability, measured currents were normalised by division of
measured current by bulk current. Normalised currents above 1 can be translated as positive

feedback, while currents below 1 reveal negative feedback. The same colour scale is used for
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all samples. The BDDsgo ag substrate SECM image can be found in Figure 4.3.6A. Most of the
electrode surface exhibited negative feedback, indicating a largely non-conductive surface.
Only a small percentage of the image shows spots of positive feedback indicated by orange
colour. In comparison, the image recorded of the surface of the BDDsyw cmp
sample (Figure 4.3.6B) indicated much higher electrochemical activity but still with local
variations. SECM images of samples with a higher boron doping level of 2000 ppm are
depicted in Figure 4.3.6C (ag) and D (cmp). Overall, the electrochemical activity of the BDD2ggo
ag was much higher than the BDDsgo ag substrate, yet with heterogeneous distribution. The
cmp substrate already exhibited almost completely homogeneous electrochemical activity
across the investigated area. Altogether, the trend is also shown in the SECM images of the
BDDsooo substrates depicted in Figure 4.3.6E (ag) and F (cmp). The ag substrate had a high
number of active spots, nevertheless non-conductive areas can be found as also shown in one
of the PACs (green line) depicted in Figure 4.3.5. Again, the pre-treated sample exhibited
almost constant electrochemical activity across the surface. In conclusion, the electrode
treatment by cmp enhanced the electrochemical performance of BDD films. With lower doped
samples (BDDsgp) the increase was found to be more pronounced. Complementary techniques
utilized by cooperation partners within the original publication further support the beneficial

effects of the cmp protocol. [10]
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Figure 4.3.5. Series of PACs towards the surface of a BDDsooo ag substrate. Experimental PACs were recorded in
1.5 mM FcMeOH solution with 1 M KNOs as supporting electrolyte. Maximum approach speed was 2.5 um s,
probe potential was +0.3 V, quiet time of 15 s, and a feedback target of 150% relative to steady-state bulk current
was used. A platinum UME (r = 12.5 ym, Rq ~10) was used, reference was an Ag/AgCI/3 M KCI electrode, auxiliary
electrode was a platinum wire. Theoretical models for positive and negative feedback [34,35] are shown as dotted

lines.
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Figure 4.3.6. Comparison of SECM images recorded of the surface of various BDD substrates, BDDsoo ag (A) and
cmp (B), BDD2ooo ag (C) and cmp (D), BDDsooo ag (E) and cmp (F). Images were recorded in 1.5 mM FcMeOH
solution with 1 M KNO3 as supporting electrolyte. Scan rate was 200 um s™', probe potential was +0.3 V, and quiet
time of 15 s. Constant-height mode at a fixed height corresponding to a feedback target of 150% was used. A

platinum UME (r = 6.25 ym, Rg ~10) was used, reference was an Ag/AgCl/3 M KCI electrode, auxiliary electrode
was a platinum wire.
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Determination of HET kinetics from SECM data

Eventually, HET rate constants ko were determined for a pair of BDD substrates with a boron
doping level of 4000 ppm and compared to ko values obtained from CV data according to the
Nicholson method. [10,33] While the CV method results in an average rate constant for the
whole electrode surface, SECM approaches [16,29,32,36] deliver values for individual spots
of an electrode, which renders them much more suitable for investigations of heterogenous
electrode materials. Methods based on SECM were proposed in feedback mode [29,32] as
well as in the SG/TC mode. [16,36] For the investigation of ag and cmp BDD electrodes the
method proposed by Wei et al. [32] was deemed to be the most suitable. Briefly, each PAC
towards an individual point generates a ko value for that specific location. Per sample, seven
individual PACs with differing coordinates on the surface were conducted. For comparability
with CV data from cooperation partners, hexaammineruthenium(lll) was used as mediator.

Calculation of theoretical PACs with ko as variable was achieved with equations 4.3.1—4.

Ip(L) = T = [ (L) + [} (L, ky) (1 M) (43.1)

iT,00 15om% (L)

Where Ir(L) represents the normalised tip current at a distance L from the substrate surface,
I"s+(L) is the normalised tip current towards a purely insulating surface, IX"s(L, ko) stands for
the normalised current of the substrate resulting from mediator regeneration, and 1°°"(L)
represents the normalised tip current for ideal positive feedback. Individual contributions to the

total tip current were calculated according to equations 4.3.2—4.

1

() = —=2es 4.3.2

0.78377 0.68+o.3315eXp(M)

kin — L
IS (L, ko) - L(1+ﬁ) . (%)+7.3 (4.3.3)
110—40L
1874 (L) = 0.72627 + “°2% + 0.26015exp (ﬁ) (4.3.4)

The parameter K = kor1/D is a dimensionless rate constant, rr is the radius of the electrode, and
D is the diffusion coefficient of the mediator. Equations 4.3.1-4 are valid for Rg =10 and

normalised distances 0.1<L=1.5. The diffusion coefficient used for
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hexaammineruthenium(Ill) in KNO3 was 5.32 x 106 cm? s™'. [37] Experimental PACs towards
BDD4ooo samples are shown in Figure 4.3.7A towards the ag substrate and in Figure 4.3.7B
towards the cmp BDD electrode. Furthermore, PACs for ideal positive feedback are shown as
dotted line for comparison. On the ag sample, the maximum reached feedback current varied
between 170% up to 330% feedback, while on the cmp sample the reached feedback only
varied to a smaller degree between approximately 360% up to 400%. Fitting of experimental
data with the theoretical model yields a ko value per PAC which are summarized in Table 4.3.1.
The range of ko values for the ag sample was between 0.113 up to 0.313 cm s™', while for the
cmp substrate rate constants between 0.280 up to 0.382 cm s™' were determined. On average,
ko values of 0.209 cm s on the ag BDD and 0.319 cm s™' on the cmp sample were obtained
from SECM data in contrast to 0.057 cm s (BDD4ooo ag) and 0.164 cm s (BDDa4goo cmp)
determined from CV data. In both methods, faster kinetics were determined for the cmp BDD
and less variance in the SECM determined values further prove lower heterogeneity of the

electrochemical activity on the BDD surface.
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Figure 4.3.7. Series of PACs towards the surface of two BDD substrates, BDDa4ooo ag (A) and cmp (B). PACs were
recorded in 1.5 mM hexaammineruthenium(lll) solution with 1 M KNOs as supporting electrolyte. Maximum
approach speed was 0.5 um s™', probe potential was -0.3 V, feedback current target of 500%, and quiet time of
15 s. A platinum UME (r = 6.25 pym, Rq ~10) was used as probe, reference was an Ag/AgCl/3 M KClI electrode, and

auxiliary was a platinum wire.
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Table 4.3.1. Determined HET rate constants ko from PACs and CV of BDDa4ooo ag and cmp samples according to
the methods by Wei et al. [32] and Nicholson. [33]

Sample Coordinates ko (cm s™) ko range (cm s™) ko from CV
data [10] (cm s™)

X0/Y 0 0.270
X 250/Y 0 0.313
X 500/Y 0 0.203

BDDaooo ag X 250/Y 250 0.193 0.113-0.313 0.057
X 0/Y 500 0.113
X 250/Y 500 0.175
X 500/Y 500 0.194
X0/Y 0 0.280
X 250/Y 0 0.287
X 500/Y 0 0.288

BDDa4ooo cmp X 250/Y 250 0.322 0.280 - 0.382 0.164
X 0/Y 500 0.326
X 250/Y 500 0.382
X 500/Y 500 0.345
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4.3.3 Conclusion

Within this project, two sets of BDD electrodes, ag and cmp, with boron doping levels between
500 and 8000 ppm were characterised by means of the feedback mode of SECM.
Furthermore, several other techniques were utilized by cooperation partners and discussed
together with the SECM findings. [10]

In first experiments, four commonly used redox mediators, FcMeOH, hexacyanoferrate(ll),
hexacyanoferrate(lll), and hexaammineruthenium(lll) were tested for their suitability in imaging
reactivity differences between ag and cmp BDD layers. SECM imaging of BDDa4ooo ag revealed
good image quality for FcMeOH and hexaammineruthenium(lll), while usage of
hexacyanoferrate(ll) and (lll) resulted in much less detailed activity maps of the substrate.
Quality differences were attributed to the surface sensitivity of used redox markers. While
inner-sphere probes, hexacyanoferrate(ll) and (Ill) are highly sensitive to surface morphology,
outer-sphere markers are much less sensitive. Imaging of the cmp substrate was successful
with FcMeOH, hexacyanoferrate(ll), and hexacyanoferrate(lll), whereas lower currents were
measured in usage of inner-sphere markers. Hexaammineruthenium(lll) delivered poor image
quality resulting from signal stability issues during measurements. Overall, highest consistency

and image quality was achieved in FcMeOH solution.

Next, comparative SECM experiments on both sets of BDD electrodes were conducted in
FcMeOH. On ag samples, not only positive feedback characteristic for conductive materials
could be detected but also negative feedback indicating non-conductive surface areas. This
finding was exclusive for ag substrates, even the lowest doped cmp electrode (BDDsoo cmp)
was found to exhibit only positive feedback in examined areas. Electrochemical activity in
general was much more heterogeneously distributed on ag samples. Differences were more
drastic on lower doped samples. Higher doped samples of cmp electrodes showed almost

homogeneously distributed conductivity across the surface.

Furthermore, HET rate constants ko were probed locally by means of SECM using
hexaammineruthenium(lll) as mediator. While determination from CV data results only in an
average value for the whole electrode, the SECM approach yield highly localized values for
individual spots on the BDD surface. For the ag BDDaooo, ko values between 0.113 up to
0.313 cm s were determined with an average of 0.209 cm s™'. PACs towards the surface of
the BDD4ooo cmp substrate yielded a ko range of 0.280 up to 0.382 cm s and an average of
0.319 cm s™'. Less variation and a larger average rate constant further proofed the increased

performance of cmp electrodes.
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4.3.4 Experimental section

Chemicals and materials

Hexaammineruthenium(lll) chloride (99%) was acquired from ABCR (Karlsruhe, Germany).
Ferrocene methanol (FcMeOH, 97%) was purchased from Alfa Aeasar (Haverhill, USA).
Potassium chloride (KCI, 299.5%) was acquired from Carl Roth (Karlsruhe, Germany).
Potassium hexacyanoferrate(ll) trinydrate (299%) and potassium
hexacyanoferrate(lll) (299%) were purchased from Sigma-Aldrich (St. Louis, USA). Potassium

nitrate (KNOs, 299%) was acquired from Merck (Darmstadt, Germany).

Lapping film sheets with particle sizes ranging from 0.3 to 30 ym were purchased from
Precision Surfaces International (Houston, USA). Platinum wires with radii of 6.25 pm (99.9%),
12.5 um (99.9%), and 0.5 mm (99.9%) were purchased from Goodfellow (Huntingdon, UK).
Silver conductive epoxy adhesive (Article 8331) was acquired from MG Chemicals (Ontario,
Canada). Soda-lime glass tubes with an inner diameter of 1.15 mm were supplied by
Hilgenberg (Malsberg, Germany). Two-component adhesive (Epoxy resin L + Hardener S)

was acquired from R&G Faserverbundwerkstoffe (Waldenbuch, Germany).

All solutions were prepared with ultra-pure water (>18.2 MQ cm) supplied by a Milli-Q
Advantage A10 system from Merck (Darmstadt, Germany). Mediator solutions consisted of

1.5 mM of respective mediator and 1 M KNO:s.

SECM probe fabrication and substrate preparation

UME probes suitable for SECM measurements were fabricated from soda-lime glass tubes
with an inner diameter of 1.15 mm. Tubes were pulled in a butane flame resulting in pipettes
with opening diameters of circa 100 um. A 1 cm piece of platinum wire (radius either 6.25 or
12.5um) was soldered to jumper wire (cross-section 0.2 mm?, insulating layer
diameter 1.1 mm) and subsequently, the assembly was carefully inserted into a pulled glass
pipette. The matching diameters of glass tubes and the insulation layer of the jumper wire led
to mechanical stability of the probe. Tips were re-sealed by melting in a butane flame once
approximately 1 mm of the platinum wire protruded from the tip opening. Exposition of a
platinum micro disk electrode was eventually achieved by defined polishing in a custom-made
polishing device equipped with lapping film sheets. Coarse polishing was performed with a grit
size of 30 um, mirror finish of the electrode surface was achieved by fine polishing with a grit

size of 0.3 ym. Eventually, the quality of the SECM probe was inspected by optical microscopy
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at 100x magnification and its Rq value, i. e. ratio of insulating layer and active electrode radii,
was determined. Before utilization in SECM experiments, the electrochemical behaviour was

evaluated by cyclic voltammetry in the respective mediator solution.

For installation within the electrochemical cell, BDD electrodes had to be mounted onto
laboratory-constructed substrate holders. Holders basically consisted of a brass
rod (diameter = 2.5 mm) with a polyvinyl chloride mantle (thickness =2 mm, total
diameter = 6.5 mm). On the flat top of a holder, a small amount of silver conductive epoxy
adhesive was applied, followed by the careful positioning of a BDD substrate. The curing time
of the conductive adhesive was at least six hours at room temperature. Afterwards, two-
component adhesive was applied to the sides of the BDD substrate to prevent exposition of
the silver epoxy to the electrolyte solutions. Substrates were suitable for SECM experiments

after another curing step of at least 24 hours at ambient conditions.

Experimental setup

SECM experiments were conducted with a commercially available SECM 920C system from
CH Instruments (Austin, USA). The electrochemical setup and the positioning motor unit were
placed on a dampening mat located within a laboratory-constructed Faraday cage to minimize
electromagnetic noise and vibrations. The electrochemical cell was made from
polytetrafluoroethylene with a volume of 5 mL. Substrates could be installed in a hole in the
bottom of the cell, a tight fit was achieved with small pieces of polytetrafluoroethylene tape.
Experiments were conducted in a four-electrode arrangement. Working electrode channel 1
was connected to the SECM probe, working electrode channel 2 was connected to the BDD
substrate. A platinum wire was used as auxiliary electrode and an Ag/AgCl/3 M KCI
electrode (CH Instruments, Austin, USA) was the reference electrode. All potentials stated are
referred to this electrode setup. SECM probes were platinum based UMEs with electrode radii
of 6.25and 12.5 ym and variable Ry values. Two different sets of polycrystalline BDD
electrodes from cooperation partners were investigated. BDD layers were deposited on
conductive Siwafers with a microwave plasma enhanced CVD AX5010 system from Seki
Diamonds Systems (San Jose, USA). Boron doping was achieved by introducing
trimethylborane into the gas phase with resulting B/C ratios of 500 up to 8000 ppm (BDDsgo—
BDDsooo). The first set of BDD electrodes was characterised without any further treatment, “as-
grown (ag)”. The second set was modified by chemical-mechanical polishing the BDD layers
according to the procedure published by Thomas et al. [14] Microscopic images and surface
roughness profiles of several BDD substrates were obtained with a VK-X 3000 3D laser

scanning microscope from Keyence (Neu-lsenburg, Gernany).
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Experimental procedures

Four commonly used redox mediators were initially evaluated regarding their performance in
feedback mode SECM experiments of BDD electrodes. FcMeOH, hexaammineruthenium(lIl),
hexacyanoferrate(ll), and hexacyanoferrate(lll) were tested. Solutions with 1.5 mM of the
respective mediator and 1 M of KNOs3 as supporting electrode were prepared. A BDD substrate
was installed in the bottom of the electrochemical cell, the cell was filled with 5 mL of mediator
solution, and it was levelled with a series PACs and PSCs before imaging experiments were
started. Suitable probe potentials were determined from cyclic voltammetric measurements in
respective mediator solution. For FcMeOH a probe potential of +0.3 V was applied, for
hexaammineruthenium(lll) the potential was -0.2 V, for hexacyanoferrate(ll) it was +0.1 V, and
for hexacyanoferrate(lll) the probe potential was +0.5 V. Further PAC parameters were:
maximum movement speed =2.5ums’, quiet time=15s, and feedback current
target = 150%. After levelling, SECM images were recorded with a probe scan rate of
200 um s, quiet time of 15 s, image size of 500x500 um, and a pixel size of 5 um. Imaging
was conducted in constant-height mode at a height corresponding to a feedback current of
150% relative to the steady-state current in bulk solution. Two substrates were imaged in all
mediator solutions, an ag BDDa4oo and a cmp BDDaooo electrode. For evaluating the
performance of individual mediators, an identical area per sample was imaged in all four
solutions. Experiments were conducted with a platinum UME with an electrode radius of

12.5 ym and an Ry value of ~10.

Comparative studies of both sets of BDD electrodes, ag and cmp, with various boron doping
levels were conducted in FcMeOH solution (1.5 mM FcMeOH, 1 M KNOs). A BDD sample was
mounted in the electrochemical cell, which was then filled with 5 mL of the FcMeOH solution.
Proper levelling was achieved by repeated PACs and PSCs across the BDD surface. PAC
parameters were: maximum approach speed = 2.5 ym s, probe potential = +0.3 V, quiet
time = 15 s, feedback current target = 150%. Eventually, representative SECM images were
recorded of each sample. For comparability between individual specimen, constant-height
mode at a height corresponding to a feedback current of 150% was used. Areas of
500x500 um were imaged per with a pixel size of 5 um, a quiet time of 15 s before current
recording, a probe movement speed of 200 um s, and a probe potential of +0.3 V. A total of
six substrates were imaged this way, BDDsoo, BDD20oo, and BDDgooo, €ach in the ag and cmp

variant. UME probes with an electrode radius of 6.25 ym and Rq values of ~10 were used.
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In order to evaluate spatially resolved heterogeneous electron transfer kinetics of BDDagoo ag
and cmp substrates from SECM data, the method developed by Wei et al. [32] was used. The
respective substrate was mounted in the electrochemical cell, which was subsequently filled
with 5 mL of mediator solution. To be able to compare the obtained heterogeneous electron
transfer rate constants ko with the results[10] of the cooperation partners,
hexaammineruthenium(lll) solution (1.5 mM hexaammineruthenium(lll), 1 M KNO3) was used
as mediator. After sufficient levelling of a sample, a series of seven individual PACs on different
locations were performed. PAC parameters were: probe potential =-0.3 V, maximum
approach speed = 0.5 ym s, quiet time = 15 s, feedback current target = 500%. Part of PAC
measurements were manually stopped after the surface was touched by the probe tip.
Experimental data was fitted with a theoretical model yielding one ko per approached position.
The diffusion coefficient for hexaammineruthenium(lll) used for calculations of ko values was
5.5 x 10 cm? s™'. [37] A platinum UME with an electrode radius of 6.25 um and an Ry of ~10

was used.
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5 Summary

A prerequisite for the first two main projects of the presented dissertation was the ability to
operate the SECM setup under inert conditions. Thus, an inert gas box was designed and
developed together with the mechanical workshop of the University of Regensburg. It was
designed to house the SECM setup as well as enabling manipulations of the electrochemical
setup during measurement sessions. A continuous flow of Argon through the box resulted in a
permanent excess pressure on the inside. Consequently, an inert atmosphere was ensured

even during opening of the glove hole covers for short periods of times.

Within the first main project, a simple and straightforward SICM method for usage in lithium-
ion battery (LIB) electrolytes was developed. The method was based on the
ferrocene/ferrocenium redox couple, which was also suitable as reference electrode.
Measurements on a micro milled copper circuit board as model substrate demonstrated the
signal stability and reproducibility of the SICM approach. Probe approach curves (PACs)
towards the sample surface were highly reproducible with minor deviations between individual
measurements. Moreover, fine details of the sample topography were resolved in imaging
experiments. The SICM method was hyphenated to feedback mode SECM with the help of a
laboratory-constructed dual-probe holder. It enabled the usage of two individual probes at the
same time. The combined SECM/SICM approach was utilized in the study of a commercially
available LIB graphite electrode before and after the application of a pre-charging protocol.
Measurements revealed changes in the electrochemical activity as well as the topography of
the electrode. These findings demonstrated the need for developments capable of separating
the topographical and electrochemical influence onto the SECM signal, especially in the

context of LIB studies.

The scope of the second main project was to significantly reduce the amount of mediator
species within the electrochemical cell, because of its potentially interfering effects on battery
chemistry. A novel mediator dosing (MD) concept was designed with the requirements of
minimized mediator usage, comparable data quality, and simplicity of the setup. Thus, a dosing
capillary installed together with the SECM probe in a dual-probe holder was used to locally
dose mediator solution close to the probe tip. A height difference between the inlet and outlet
of the capillary was used to generate a gravity-driven flow. In first experiments, the flow rates
resulting from various height differences were determined. After choosing a suitable height
difference, PACs towards conductive and non-conductive parts of a model substrate were
performed and compared to theoretical curves. Measurements demonstrated good
accordance with the mathematical approximations and excellent reproducibility. Furthermore,

imaging experiments of the model substrate were carried out under MD conditions and
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compared to conventional measurements conducted directly in mediator solution. It was found
that the quality of MD images was on par with images obtained in mediator solution. Further
imaging experiments were performed with a LIB graphite composite electrode. Again, the
achieved image quality was comparable to measurements in bulk solution. The proposed MD
concept could be beneficial for studies regarding the formation of interphases on negative and
positive LIB electrodes during charging/discharging processes, since the interfering influence

of added mediator species is reduced to a minimum.

The third project was focused on the SECM characterisation of two sets of boron-doped
diamond (BDD) electrodes, as-grown and chemically-mechanically polished (cmp). Moreover,
each set consisted of specimen with varying boron doping levels in the range of
500 to 8000 ppm. First experiments were performed, to evaluate four commonly used
mediators regarding their suitability to resolve reactivity differences of the BDD substrates.
Highest consistency and imaging quality was achieved with usage of ferrocene methanol as
mediator. The comparative study revealed that as-grown samples not only exhibited positive
feedback typical for conductive materials, but also non-conductive areas, indicated by negative
feedback, were found. In contrast, cmp substrates only showed positive feedback. Overall, as-
grown samples were found to have a much more heterogeneous electrochemical activity, even
at the highest doping level. The electrochemical activity of cmp electrodes was almost
homogeneous. Differences between both sets were more drastic on lower doped samples.
Further SECM experiments were conducted to locally probe electron transfer kinetics at as-
grown and cmp BDD electrodes with 4000 ppm boron doping. A larger average as well as less

variation between individual areas was found for the treated sample.

In a side project, the feedback mode of SECM was used to characterise stamping platinum
electrodes. By simple application of a non-conductive varnish with a defined shape onto a
platinum macro electrode, several microstructures were fabricated. SECM experiments were
performed to evaluate the properties of three different structures, a dot-shape, a band-shape,
and a circle-shape. The obtained SECM images validated the expected sizes and quality of
the microstructures, and furthermore, the stability and insulating properties of the surrounding

varnish layer.

In summary, the SECM was improved by instrumental and methodical developments with a
focus on LIB research. A simple and straightforward SICM method was introduced and
hyphenated to feedback mode SECM. The combined SECM/SICM approach was applied in
carbonate-based solvents, typically used in LIBs. Furthermore, a novel concept for reduced
usage of mediator during in situ and even in operando studies of LIBs was established.
Measurements with a model substrate and a LIB graphite electrode demonstrated the

performance of the MD approach. Besides, SECM was applied in the characterisation of
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several electrode materials in the scope of other projects conducted in aqueous media. Two
sets of BDD samples, with and without treatment through cmp, were investigated. Additionally,
the influence of different boron doping levels was evaluated. Moreover, microstructures

stamped on top of platinum macro electrodes were characterised regarding their quality.
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6 Zusammenfassung in deutscher Sprache

Eine Voraussetzung fir die ersten beiden Hauptprojekte der vorliegenden Dissertation ist die
Moglichkeit das SECM unter Inertbedingungen betreiben zu kénnen. Fur diesen Zwecks wurde
in Kooperation mit der Feinmechanischen Werkstatt der Universitdt Regensburg eine
Inertgasbox aus Plexiglas entwickelt. Sie wurde entworfen, um das existierende SECM-Setup
inklusive Farayday-Kafig aufnehmen zu kdnnen. Aul3erdem sollte es weiterhin mdglich sein,
Veranderungen am elektrochemischen Aufbau vornehmen zu kénnen, auch wahrend des
Messbetriebs. Ein kontinuierlicher Argonstrom durch die Box flhrte zu einem permanenten
Uberdruck im Inneren. Dadurch war die inerte Atmosphare auch wahrend des kurzzeitigen
Offnens der Eingriffabdeckungen gewahrleistet.

Im Rahmen des ersten Hauptprojekts wurde eine unkomplizierte und leicht anzuwendende
SICM-Methode zur Nutzung in Elektrolytldsungen aus Lithium-lonen-Batterien entwickelt. Die
Methode basiert auf der Nutzung des Ferrocen/Ferrocenium-Redoxpaars, welches darlber
hinaus geeignet fir den Einsatz in einer Referenzelektrode war. Messungen mit einer
mikrogefrasten Kupferleiterplatte als Modellsubstrat demonstrierten die Signalstabilitat und
Reproduzierbarkeit der entwickelten SICM-Technik. Annaherungskurven der Sonde zur
Substratoberflache zeigten eine sehr gute Reproduzierbarkeit einzelner Messungen auf.
Weiterhin wurden Details der Oberflachentopografie des Modellsubstrats in Imaging-
Experimenten fein aufgeldst dargestellt. Im Anschluss wurde die vorgestellte SICM-Methode
mit dem Feedback-Modus des SECM mithilfe eines speziell angefertigten Dual-Sondenhalters
kombiniert. Dadurch wurde es ermoglicht, zwei individuelle Sonden gleichzeitig zu verwenden.
Der gekoppelte SECM/SICM-Aufbau wurde in der Untersuchung kommerziell erhaltlicher LIB-
Graphitelektroden, vor und nach der Anwendung eines Vorladungsprotokolls, eingesetzt. Die
zugehdrigen Messungen zeigten auf, dass sich nicht nur die elektrochemische Aktivitat der
Probe veranderte, sondern auch ihre Topografie. Diese Ergebnisse betonen die Notwendigkeit
von Entwicklungen hinsichtlich der Entkopplung beider Einflisse auf das Messsignal in der

SECM-Thematik, besonders im Kontext von Untersuchungen an Lithium-lonen-Batterien.

Das Ziel des zweiten Hauptprojekts war es, die Menge an eingesetztem Mediator im
elektrochemischen Aufbau signifikant zu verringern, um mogliche Interferenzen auf die
Batteriechemie zu unterbinden. Daher wurde ein neuartiges Mediatordosier-Konzept
entwickelt im Hinblick auf minimierten Mediatoreinsatz, ausreichende Datenqualitdt und ein
moglichst unkompliziertes Setup. Diese Anforderungen werden erfullt durch den Einsatz einer
Dosierkapillare welche lokal an der Spitze der SECM-Sonde Mediatorlésung zudosiert. Sonde
und Kapillare wurden im Dual-Sondenhalter installiert und konnten individuell zueinander

ausgerichtet werden. Ein variabler Hoéhenunterschied zwischen der Eingangs- und
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Ausgangso6ffnung der Kapillare flihrte zu einem gravitationsbedingten Fluss der
Mediatorlésung. Die resultierenden FlieRgeschwindigkeiten wurden in den ersten
Experimenten in Abhangigkeit des Hoéhenunterschieds bestimmt. Nach der Wahl eines
geeigneten Hohenunterschieds wurden Annaherungskurven zu leitenden und nichtleitenden
Bereichen eines Modellsubstrats durchgefihrt und mit theoretischen Kurvenverlaufen
gegeniibergestellt. Die Messungen zeigten eine gute Ubereinstimmung mit den
mathematischen Modellen und dariber hinaus eine exzellente Reproduzierbarkeit. Im
Anschluss wurden Imaging-Experimente am Modellsubstrat unter MD-Bedingungen
durchgefuhrt und mit konventionellen Messungen in Mediatorlésung verglichen. Die erreichte
Bildqualitat unter MD-Bedingungen war gleichwertig mit konventionellen Messungen.
AulBerdem wurden weitere Messungen an LIB-Graphitelektroden durchgefuhrt, mit dem
Ergebnis, dass auch hier die erreichte Bildqualitat vergleichbar war. Das vorgestellte MD-
Konzept kann fir Untersuchungen an Grenzflachen, welche im Betrieb von Lithium-lonen-
Batterien auf negativen und positiven Elektroden entstehen, von Vorteil sein, da Interferenzen

durch den zugesetzten Mediator auf ein Minimum reduziert werden.

Zentrales Thema des dritten Projekts war die Charakterisierung zweier Gruppen von
bordotierten Diamantelektroden mit und ohne Vorbehandlung durch ein spezielles
Polierprotokoll. AuRerdem beinhalteten beide Satze BDD-Proben mit unterschiedlichen
Bordotierungsgraden im Bereich von 500 bis 8000 ppm. Zuerst wurden vier typische SECM-
Mediator fur den mdglichen Einsatz zur Darstellung von Reaktivitatsunterschieden der BDD-
Proben getestet. Die hochste Qualitat wurde dabei mit Ferrocenmethanol erreicht. Die
Vergleichsstudie zeigte, dass die unbehandelten Proben nicht nur leitende Bereiche auf ihrer
Oberflache hatten, sondern auch nichtleitende. Im Gegensatz dazu wurden an den
behandelten Proben keine nichtleitenden Bereiche vorgefunden. Weiterhin zeigten die
unbehandelten Proben eine ausgepragte Heterogenitat der elektrochemischen Aktivitat, selbst
beim hochsten Bordotierungsgrad. Die elektrochemische Aktivitat der behandelten Proben war
weitestgehend homogen. Dartber hinaus waren die Unterschiede zwischen beiden Gruppen
bei niedriger Bordotierung starker ausgepragt. Weitere Experimente wurden durchgefihrt, um
die Kinetik der Proben lokal zu untersuchen. Dafur wurden Proben mit 4000 ppm
Bordotierungsgrad eingesetzt. Eine hohere durchschnittliche Reaktionskonstante und eine

geringere lokale Variation wurden fir die behandelte Probe festgestellt.

In einem Nebenprojekt wurden gestempelte Platinelektroden mittels SECM charakterisiert.
Durch das simple Auftragen einer nichtleitenden Lackschicht mit definierter Form konnten
verschiedene Mikrostrukturen auf einer Makroelektrode erzeugt werden. In SECM-
Experimenten wurden drei Strukturen, eine punktférmige, eine bandférmige und eine

kreisférmige untersucht. Dabei wurden die erhaltenen Gré3en und die erhaltene Qualitat der
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Mikrostrukturen bestimmt und auRerdem die Stabilitat und isolierenden Eigenschaften der

umgebenden Lackschicht.

Zusammengefasst wurde die SECM-Thematik durch instrumentelle und methodische
Entwicklung mit besonderem Fokus auf LIB-Untersuchungen verbessert. Eine unkomplizierte
und leicht anzuwendende SICM-Methode wurde vorgestellt und gekoppelt mit SECM
eingesetzt. Der kombinierte Aufbau wurde verwendet in LIB-Elektrolytlosungen. Weiterhin
wurde ein neuartiges Konzept zum reduzierten Mediatoreinsatz wahrend in situ oder in
operando Studien an LIBs entwickelt. Messungen an einem Modellsubstrat und an einer LIB-
Graphitelektrode demonstrierten die Leistungsfahigkeit des MD-Aufbaus. AulRerdem wurden
SECM-Studien an verschiedenen Elektrodenmaterialen in wassrigen Losungen im Rahmen
weiterer Projekte durchgeflihrt. Zwei verschieden Gruppen bordotierter Diamantelektroden
wurden untersucht. Dabei wurde der Einfluss einer Vorbehandlung durch ein spezielles
Polierprotokoll und unterschiedliche Bordotierungen ermittelt. Darlber hinaus wurden
Mikrostrukturen, welche auf Platinmakroelektroden gestempelt wurden, hinsichtlich ihrer
Qualitat beurteilt.
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