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Abstract

Comprehensive knowledge about interfacial processes is essential for the development of
innovative miniaturized sensors or the investigation of biological samples. Miniaturization
of sensors with sub-micron and nanoscale dimensions and sensor arrays is accompanied
by challenges, such as changes in the efficiency of the sensor, changes in the general
behavior at small sensor dimensions, or difficulties in handling of such devices. Therefore,
a detailed evaluation of possible factors influencing the performance of miniaturized
sensors has to be done prior to applications. Studying processes at surfaces, ranging from
e.g., single cells' to corroding materials? and investigations of nanoscale 3D and 2D
materials, e.g. nanotubes? and graphene?, got accessible with high-resolution microscopic
techniques with improved resolution down to the sub-nanoscale®™. Especially combined
scanning probe techniques (SPM)*%10 enable the investigation of localized surface
properties. Amongst other hybrid methods, atomic force - scanning electrochemical
microscopy (AFM-SECM) is highly attractive for studying processes at the solid/liquid
interface, and also for investigations of liquid/liquid interfaces®!. In order to enhance the
field of applications, AFM-SECM probes may be modified facilitating the requirements for
biomedical applications and for usage with electroanalytical techniques. Whereas AFM-
SECM provides predominantly information of surface processes, the combination of
focused ion beam (FIB) and scanning electron microscopy (SEM)'%3 enables the detection
and reconstruction of the inner structure of (nano)porous materials. This was already
reported for several materials, ranging from nanoparticles in dye-sensitive solar cells'* to

investigations of biological'>® and geological'® samples.

Within the first part of this thesis, the focus of research is targeted towards modification
of AFM-SECM probes facilitating biomedically relevant measurements, such as sensing
hydrogen peroxide (H,0:) release or generation in close proximity to a sample surface

(chapter 4), and localized pH sensing with associated surface changes (chapter 5).

In chapter 4, the surface modification of AFM tip-integrated electrodes with
electrocatalytically active layers is presented, namely Prussian Blue (PB) for H,03 sensing.

In contrast to a relatively high potential (0.5 — 0.8 V vs. normal hydrogen electrode



(NHE)Y’) for H202 oxidation at platinum electrodes, modification with PB provides
moderate electrochemical reduction potentials (-0.05 V vs. standard reference electrode
(SHE)'®) and improved selectivity!®. The disadvantage of the limited stability of PB
particular in higher H,0; concentration can be attenuated by co-deposition of PB and
nickel-hexacyanoferrate (NiHCF)?°. Prior to AFM-SECM investigations, different electrode
materials and conditions, e.g. vacuum conditions and drying processes, which are
necessary for AFM-SECM probe fabrication, are evaluated on modified
ultramicroelectrodes (UME). Besides a thorough characterization, the stability and
sensitivity of the H,O; sensors are investigated, and first results towards localized H,0;

detection by AFM-SECM are presented in 4.3.3.

In chapter 5, solid-state pH sensors integrated into AFM tips are evaluated since local pH
changes play an important role, for example in corrosion science or investigation of living
cells?%22, Antimony/antimony oxide?>?4, anodic iridium oxide film (AIROF)?>?® and
electrochemical iridium oxide film (EIROF)?” were investigated as AFM tip-integrated pH
sensor materials. The most suitable modification with respect to stability and sensitivity
in pH calibrations is evaluated (5.3.1 and 5.3.3) and first AFM-SECM measurements of the
dissolution of calcite crystals as a model sample mapping surface changes along with a pH

change to more alkaline pH values?®?° are presented in 5.3.2.

In chapter 6, detailed investigations of FIB-milled nanoporous arrays in silicon nitride (SiN)
membranes are presented, which were used as solid-state support for electrochemistry
at the interface between two immiscible electrolyte solutions (ITIES)3%3, FIB can be used
for mask-less prototyping of arrays with readily adjustable dimensions32734, Since this
fabrication process may change the performance of such micro- and nanoporous solid-
state materials due to implantation of positively charged Ga ions® or due to a varying
pore shape resulting from re-deposition during the FIB milling process3%3¢37, 3
comprehensive analysis of these devices is essential. The suitability of AFM-SECM in the
investigation of micro- and nanoscale interfaces is shown by the performance of AFM-
SECM with a conductive AFM tip, which was used to visualize the different diffusion
behavior at these nanoporous arrays, as the ratio between the pore size and the distance
between single pores within an array are affecting the diffusion behavior at these devices

(6.3.1). The detailed investigations on the location of the nano-interfaces at the



nanoporous SiN membranes are shown in 6.3.3 and 6.3.4. In addition, the localized
electrochemical deposition of silica at the nanolTIES was used to visualize the location of
the interface within the nanopores. For the first time, FIB/SEM tomography was

performed for the investigations of the location of this interface at such silica deposits.
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IV. Zusammenfassung
Zur Entwicklung innovativer miniaturisierter Sensoren, sowie zur Untersuchung
biologischer Vorgange, ist ein detailliertes Verstandnis der zugrundeliegenden Prozesse
notwendig, die an Grenzflachen ablaufen. Mogliche Einfliisse, die das Verhalten und die
Anwendbarkeit solcher Mikrosensoren beeintrachtigen kénnen, missen im Vorfeld
detailliert untersucht werden. Untersuchungen an Grenzflachen in der GréfRenordnung
weniger Mikro- oder Nanometer profitieren von den Weiterentwicklungen im Bereich der
hochauflésenden  Mikroskopie-Techniken®>’  und  insbesondere  kombinierter
Rastersondentechniken?®1°, da hier ortsaufgeléste Messungen von elektrochemischen
Oberflachenprozessen ermoglicht werden. Die Kombinationstechnik von Rasterkraft- und
elektrochemischer Rastersondenmikroskopie (atomic force - scanning electrochemical
microscopy, AFM-SECM), welche hochauflésende Abbildungen einer Oberflache bei
gleichzeitiger Bestimmung elektrochemischer Oberflachenprozesse vereint, ist ein
Beispiel einer solchen Hybridtechnik. Eine weitere Mikroskopie-Technik stellt die
Kombination aus fokussiertem lonenstrahl (FIB) und Rasterelektronenmikroskopie (SEM)
dar, die es erméglicht Proben hinsichtlich ihrer mikro- und nanoporésen Strukturen3
zu untersuchen. Dabei erstreckt sich das Anwendungsgebiet der FIB/SEM Tomographie
von der Untersuchung von Nanopartikeln, die in Solarzellen genutzt werden'?, bis hin zu

Untersuchungen von biologischen>® und geologischen® Proben.

Der erste Abschnitt der zugrundeliegenden Arbeit umfasst die Modifikation von AFM-
SECM Sensoren, die biomedizinisch relevante Untersuchungen ermoglicht, wie zum
Beispiel die Detektion von Wasserstoffperoxid (H.0,, Kapitel 4) oder ortsaufgeloste pH

Anderungen (Kapitel 5).

In Kapitel 4 wird die elektrochemische Modifikation der elektroaktiven Flache von AFM-
SECM Spitzen mit PreuRisch Blau (PB) gezeigt. Im Gegensatz zu Platinelektroden, die hohe
Oxidationspotentiale (0.5 — 0.8V vs. NHE'’) zur H,0; Bestimmung bendtigen, kann mittels
PB-modifizierten Elektroden unter milden Bedingungen (-0.05 V vs. SHE'®) gemessen
werden. Gleichzeitig wurde eine erhdhte Selektivitit beobachtet?®. Ein Nachteil von PB ist

die begrenzte Stabilitdt, besonders bei hohen H,0; Konzentrationen, welche jedoch durch
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zusitzliche Abscheidung von NiHCF?° verbessert werden kann. Unterschiedliche
Elektrodenmaterialien und Messbedingungen, die wahrend der Herstellung von AFM-
SECM Sensoren erforderlich sind, wurden anhand modifizierter Ultramikroelektroden
(UME) untersucht. Neben einer detaillierten Untersuchung und Charakterisierung der
modifizierten Spitzen, wurde die H,0; Sensitivitat und das lineare Ansprechverhalten der
Sensoren untersucht. Erste AFM-SECM Messungen von lokalisiert erzeugtem Peroxid

werden in Abschnitt 4.3.3 diskutiert.

In Kapitel 5 wird die Modifikation von AFM-SECM Proben mit einem pH Sensor
prasentiert, da die Anderung des pH-Wertes sowohl in Korrosion, aber auch in
biologischen Zellen eine wichtige Rolle spielt, um nur zwei Beispiele zu nennen?%?2,
Unterschiedliche Modifikationen von pH-sensitiven ~ AFM-SECM Spitzen wurden
untersucht, und zwar Antimon/Antimonoxid?*?4, anodischer Iridiumoxid-Film (AIROF)?>26
und elektrochemisch abgeschiedene Iridiumoxid-Filme (EIROF)?’ als pH-sensitives
Elektrodenmaterial. Dabei wurden diese unterschiedlichen pH Sensoren auf ihre Stabilitat
und Sensitivitat in pH Messungen untersucht und verglichen (5.3.1 und 5.3.3). Erste
Untersuchungen mittels AFM-SECM werden in Abschnitt 5.3.2 gezeigt. Dabei wurden
Calcit-Kristalle abgebildet, die beim Lésen in wissriger Lésung eine lokale pH Anderung zu

basischen pH erzeugen?®%,

In Kapitel 6 wird die genaue Untersuchung von nanopordsen Siliziumnitrid Membranen
dargestellt, die als Supportmaterial fiir nanolTIES (nano-interface between two immiscible
electrolyte solutions) verwendet werden3%3!. Unter anderem wurde AFM-SECM dazu
genutzt, um das Diffusionsverhalten an diesen nanoporésen Strukturen zu untersuchen,
da dieses maRgeblich von dem Verhaltnis zwischen dem Porenradius und dem Abstand
zwischen den Poren abhangt (6.3.1). Neben dem Einfluss der Herstellungsart dieser
nanoporésen Membranen durch FIB, wie in Abschnitt 6.3.2 gezeigt, wird eine genaue
Untersuchung der Lage der Grenzflache von ITIES in diesen Nanoporen beschrieben und
anhand der elektrochemischen Abscheidung von Silikapartikeln an der Phasengrenze
zweier nichtmischbaren Flissigkeiten innerhalb des nanopordsen Netzwerkes gezeigt
(Abschnitt 6.3.3 und 6.3.4) Des Weiteren ermoglicht die genaue Untersuchung der
Nanoporen mittels FIB/SEM Tomographie eine Rekonstruktion der porésen Struktur und

der lokalen Abscheidung der Silikapartikel.
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V. Experimental background
The following section gives a comprehensive overview of the theoretical background,
which is the basis of the research presented within this thesis: fundamental principles of
electrochemistry at UMEs and at ITIES, AFM, SECM, the combination of AFM-SECM and
FIB/SEM tomography.

1  Fundamentals in electrochemistry
Electrochemistry includes all processes related to electric reactions that can be traced to

chemical processes. In case of potentiometry, no measurable current flow is involved. In
case that the process induces a current flow, one can distinguish between galvanic or
electrolytic processes. Thereby, galvanic reactions are spontaneous by connecting two
systems by a conductive media, which is important for energy storage and production. If
a reaction is forced by an applied external potential larger than the eigenpotential of the
system, it is called electrolytic. In electrolytic cells, different types of reactions are possible
with the concordance that every system strives for the equilibrium state with minimized
molar free energy A/G, resulting in the chemical potential pi of component i within an

electrochemical process described as32:

ui = u + RTIna; (1)

w=(2) ()

1 T,P,n#i

With the standard chemical potential (i°) of component i, the activity of the component
i (ai), the molar gas constant (R) and the temperature (T), the pressure (P) and the amount

of substance (nj).

The equilibrium is dynamic, which means that both, oxidation and reduction, are taking
place at the same rate in the equilibrium state. The chemical potential leads to the Nernst
equation, which describes the Galvani potential in equilibrium in dependence of the
activity of the participating compounds. If the Galvani potential difference A is measured

against the SHE, it can be replaced by the electrode potential E3°:

-1-
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With the number of participating electrons (n), the Faraday constant (F), the potential at

standard conditions (E®) and a stoichiometric factor (v).

To reach the equilibrium state within a certain time (dt), a charge (dQ) is transferred
within the system resulting in a faradaic current (i)2:

- do

l_E (4)

The Nernst equation applies therefore for reversible reactions. Reversible electrochemical
processes are governed by the concentrations at the surface, by fast electron transfer,
and lack of additional homogenous reactions in solution of the produced species forming
side product when a reduced species is oxidized and vice versa. Whereas for irreversible
reactions, the back reaction is kinetically hindered or additional side products inhibit the
conversion of all reduced species back to oxidized species (and vice versa). Quasi-
reversible reactions are governed by kinetic and mass transport. The Nernst equation
describes the electrochemical reaction from a thermodynamic point of view. If kinetic
processes are affecting the electrochemical reaction, an additional potential, the so-called
overpotential (n), has to be applied to overcome the activation energy and to drive the
reaction. The Tafel equation describes this overpotential in relation to the decadic
logarithm of the current and of the exchange current, which describes the resulting
faradaic activity in the equilibrium state with a zero current®®. The kinetics of a redox
reaction can be expressed by the standard rate constant ko with high values (1 —10 cm/s)38
for reactions reaching the equilibrium state in a short time. The rate constant is used to

describe the kinetics of the cathodic reaction kcathodic (or anodic as kanodic) by:
kcathoaic = ko * e—af-(E—EO ) (5)

= kg - e E-E) (6)

kanodic



E” is the formal potential and E the relative energy of the electron participating in the
redox reaction. The Butler-Volmer® describes the anodic (i) and the cathodic (i.) current

depending on the exchange current(io) in dependence of the overpotential by:

i=1i, +i_ =ip[e” M — el ®/M| (7)

Nonfaradaic current contributions to the overall recorded current are based especially on
the growth of a capacitance layer, namely the electrical double layer. The double layer
can be described as a capacitor, resulting in a current flow by applying an external voltage.
The current ic is described by the differential capacitance (Cq4), the potential (E) and time

(t) and is dependent on the electrodes’ surface and the electrolyte solution3?:

dE
ic = Cd b E (8)

The double layer consists of different regions described by the Stern model. This theory
combines the former models of Helmholtz and of Gouy and Chapman. In close proximity
to the electrode, an oriented ion layer is formed, which is termed the inner Helmholtz
layer with adsorbed ions on the surface of the electrodes due to Van der Waals forces,
and the outer Helmholtz layer with the ions surrounded by solvent molecules and

described by the Poisson equation3?:
d*¢ p

— 9
dx? &€ )

The second derivative of the potential (¢) to the perpendicular direction to the electrode
(x) is thereby dependent on the charge density (p) and the relative (index r) and absolute

(index 0) permittivity (g).

The Gouy-Chapman model describes an adjoining diffuse region considering the thermal
motion of the ions near the electrode surface and includes the presence of counter ions
within the diffusive layer, This layer is described by the so-called zeta potential, which

drops exponentially with distance3?.



1.1 Potentiometry
Potentiometric measurements are based on the detection of changes in the

eigenpotential of a system due to concentration changes with respect to the potential of
a reference electrode. This is the basic principle of ion-selective electrodes (ISE), in which
an inner reference electrode located in an inner electrolyte solution is separated from the
analyte solution by a semipermeable membrane. Diffusion and exchange of selective ions
within this membrane leads to a potential difference at the membrane. The membrane
can be either made of glass, as used in the pH glass electrode, or by a solid or liquid
crystalline membrane. This membrane is doped with either charged ions enabling the
detection of analytes of opposite polarity, or with ionophores enabling the selective
interaction of ions. This ionophores within the membrane can be both, neutral or charged,
depending on the analyte species*'. The potential gradient according to the exchange of
the analyte ions within this membrane is measured via the open circuit potential (OCP)
and is described by the Nernst equation (1-3). Exemplarily, for detecting pH changes, the
Nernst equation can be re-written as:

59.2mV

— pH (10)

RT
E=E+—- log(ay,o+) » E=E°

With the gas constant (R), the temperature (T), the Faraday constant (F), the number of

electrons (n) and the activity of H3O* ions (a).

Hence, this approach just represents the potential in the case of thermodynamic
equilibrium. Diffusional, kinetic or migration processes are not taken into account. In case,
the solution contains a mixture of ions, interferences have to be considered. A semi-
empirical extension of the Nernst equation for the potential (E) of ISEs is described by the

Nikolsky-Eisenman equation®!.

RT g
E = Elo + ﬁ In a; + Z kg}Ot ' ajZl/Z] (11)
: %)

With the constant potential (Eio), ion charge (z), gas constant (R), temperature (T), Faraday

pot

constant (F), activity a and the selectivity constant (kij ) for two ions i and j. The

-4 -



interfering ion contributing to the measured potential is represented by the index j. The
equation is based on the equilibrium state and any kinetic effects of ion transfer are
neglected. An extension to the general assumption of the equilibrium state is given by the
diffusion-layer-model, which takes into account the steady-state and local equilibrium
conditions at the membrane surface. The diffusion and the ion concentration at or within
the membrane are thereby time dependent. The most detailed description of
potentiometric measurements is given by an advanced non-equilibrium model
considering both, variations in time and in distance. This model is based on the Nernst-
Planck equation, describing the ion flux dependent on time and space and the Poisson
equation, defining the current density*?. The graphs in Figure 1 represent the potentials
described by the Nernst-Planck and Poisson (NPP) model (Figure 1 A) in comparison to the
phase boundary model (Figure 1 B), which is a classical model assuming equilibrium
conditions and neglecting migration and kinetic effects. The variation in the membrane

potential changes in the range of mV for the NPP model compared to the phase boundary

model (B).
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Figure 1 Schemes of the time- and space-dependent potentials described by the NPP model (A) and
compared to the classical phase boundary model (B). The membrane potential in (A) is defined
as the integral over the distance between a point in the bulk solution xpLand a point in the
internal solution xur at different times: 4 x 10 s (a), 1.64 s (b), 13.1 s (c), 26.2 s (d), 104.8 s (e),
420 s (f) and at steady-state conditions (13440 s, g).*? Reprinted with permission from Bobacka,
J., Ivaska, A. Lewenstam, A. Chem. Rev. 2008, 108, 329-351. Copyright 2019 American
Chemical Society. https://doi.org/10.1021/cr068100w.
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ISEs are used for the detection of a large variety of ions, as a standard analytical method
in water analysis or food control, and are also used for characterization of pharmaceutical
or biological samples**. The most used ISE is for the determination of pH using a
hydronium-sensitive glass electrode developed over a century ago and based on the
exchange of ions within the glass as the semipermeable membrane*. Next to ion-
selective electrodes, ion-selective sensing can be performed with solid-state electrodes,
such as conductive polymers, metals or ion-sensitive field-effect transistors (ISFETs). This
is especially favorable for miniaturized sensors. The capability of pH sensing using metals
as solid electrode materials is based on the equilibrium between the metal and its oxide,
or between two oxidation states of the metal/material. A variation in pH leads to changes
in the equilibrium state and, therefore, to a change in the eigenpotential of the material.
Thereby, the composition of the metal and its oxide (or of two different oxides) varies
leading to an electron transfer towards the electrode and the detection of the changed
pH value by the electronic setup. Because there is a limited amount of the metal and its
oxide (or of both metaloxides), especially for miniaturized sensors, also the capacitance
of the material is reduced. This results in a higher material resistance, which affects the
potential stability in potentiometric measurements*?. Competing site-reactions may lead
to false interpretations or to potential drifts during the measurements. Many metal/metal
oxides can be used for pH sensing, whereas stability and/or linearity vary dependent on
the different metal/metal oxides, conditions, and complexity of sample mixtures*>46,
Suitable metal/metal oxides have to be stable in solution, but also soluble enough that
the ratio of metal and corresponding oxide may vary to achieve equilibrium depending on
pH changes. The pH response has to be fast, just depending on the diffusion of the H30*
ions towards the pH sensor, and reproducible over a wide pH range. Response times
determined by an electrochemical time-of-flight technique were up to a tenth of seconds
for AIROF?>28 electrodes, dependent on the film thickness*’. Dependent on the underlying
redox reaction of the pH-sensitive materials, the sensitivity varies as shown in Table 1 for
a selection of metal/metal oxides. The underlying redox process during pH detection is
shown exemplarily for the AIROF and the antimony/antimony oxide electrode?3%4, which
were used in experiments presented within this thesis. The potential determining

equilibrium for the AIROF and the antimony electrode may be written as follows:



2110, (0H) 2y (H20) 575 + (3 — 2x)H* + 2e” & Ir,03(0H)3(H;0)3™ + 3 H,0

Sb,0; + 6 H* + 6 e~ & 2 Sb + 3 H,0

metal/metal oxide or metal oxides as

pH sensor pH response pH range
monocrystalline Sb/Sb0» 52 mV/pH pH 2-10
Ir/IrO; 63 mV/pH pH 2-9
Pd/PdO (thermal) 59.6 mV/pH pH2.5-8.5
Pd/PdO (electrochemical) 71.4 mV/pH pH 3 -8%
AIROF (electrochemical) 65— 80 mV/pH pH2.5-8.5
AIROF (thermal) 59 mV/pH pH 2 -12%
AIROF (sputtered) 59.5 mV/pH pH2-8.5
PtO2 46.7 mV/pH pH5-10
RuO2 61.8 mV/pH pH2-12
RhO2 x H.0 62.8 mV/pH pH2-12
0s0; x H20 51.2 mV/pH pH2-11

Table 1 pH response and linear pH range for some metal/metal oxides suitable as pH sensors*.

Different fabrication strategies have been reported with respect to crystallographic
properties®®=2, stability>?, and efficiency in pH sensing®*>°. Especially, the response of
iridium oxide electrodes varies depending on the fabrication process, namely, the

sputtered iridium oxide film (SIROF)>®>’, thermal oxidation of Ir salts (TOIROF)*®>° or
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electrochemically deposited films like EIROF?’, and AIROF®%-%2, The slope for the pH
response for AIROF electrodes can also be expressed by 59:(3 - 2x)/2 mV/pH*.
Additionally, the influence of oxidation state?” and of the substrate for the pH-sensitive
film with respect to stability®® has been investigated. All pH sensors have to be calibrated

prior to usage.

1.2 Diffusion-limited currents at UMEs
In voltammetric measurements, the faradaic current related to a redox reaction is

recorded. The current signal is influenced by transport processes in the electrolytic cell,
namely diffusion, migration and convection. In a system with no additional steering and
no temperature or density gradient, convection can be neglected. In electrolyte solution
with high electrolyte concentrations in the range of 0.1 — 1 M, the migration of charged
particles from the bulk solution to the electrode surface is mostly suppressed and can also
be neglected because the electrolyte ions are carrying 97 % of the current in bulk
solution38. In case of fast electron transfer kinetics, the faradaic current can then be
described by the diffusion processes towards the electrode’s surface. The diffusion-
limited current I(t) is described for a spherical electrode by a semi-infinite approach via

the Cottrell equation38:

nFA\/Dycy nFADyc}
I(t) = N + (12)
I

To

Thereby, the current consists of a time-dependent and a time-independent term,
respectively, defined by the electrode area (A) and radius (ro), Faraday constant (F), the
number of electrons (n), the bulk concentration (co*) and diffusion coefficient (Do) of the
electroactive species (labelled with the index 0). In case, the diffusion layer, which is
rather a region than a layer, is much smaller than the electrode area, the current signal
becomes time-dependent. In the case of ultramicroelectrodes defined by the critical
radius of 25 um38, this relation changes and the diffusion layer is in the same dimension
or even larger than the electrode size. The current signal becomes time-independent and

is termed steady-state current Iss38:



_ nFADycg

Iss T (13)

At short time scales, however, the time-depending term cannot be neglected. Calculated
by Shoup and Szabo®*, the time-dependence can be expressed for a planar disk

microelectrode as:

f(r) =0.7854 + 0.88627~ 72 + 0-21468(_0'7823T_1/2) (14)

With t as a dimensionless variable for the time defined as

B 4Dyt
T=— (15)
To

According to equation (15), the time dependence is strongly related to the size of the
electrode and results either in a linear or radial diffusion. For UMEs, the diffusion is linear
to the surface within nano- to microseconds, but this merges within milliseconds into a
radial diffusion and a resulting steady-state current. Due to this fast response at UMEs,

fast electrochemical processes can be investigated under steady-state conditions.

1.2.1  Surface and geometry of UMEs
The current response depends on the electrode’s geometry and surface roughness,

defined by the relation between the microscopic area (Am) and the geometric area (Ag),
which can be interpreted as the projection of the surface boundary. For polished
electrodes, the surface roughness is low, with38:

Am
2—-3 >—
e (16)

In case that the diffusion layer is larger than the actual electrode size, which is the case
for time scales above some seconds at UMEs, just the so-called geometric area of the

surface is relevant. In case that the roughness is within the dimension of the diffusion
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field, which is the case for fast time scales (nano or milliseconds) or unpolished surfaces,
the actual electrode area is relevant. Clearly apparent from equation (12) and (13), the
current is related to the area A of the electrode and different geometries, such as frame,
disk, band, cylindrical, or conical electrodes result in different current responses®. An
overview of the steady-state current responses with respect to the geometrical parameter

is summarized in Table 2.

electrode geometry steady-state current®®

disc microelectrode Iss = 4nFaDcg (17)

I = nFl,Dcy

ring microelectrode . [m%(b + ¢)] ¢ _ 1y (18)
WO T b+ 0/c—b)]° b o
I = 4nFDcya(1 + qHP)
conical microelectrode (19)

with H=h/a, q=0.3661 and p = 1.14466

Table 2 Overview of the steady-state current at nano/micro-electrodes with respect to different

electrode geometries.

For SECM measurements (see section 2.2), which allows mapping of local heterogeneity
of electrochemical properties, the dimensions of the insulating sheath of the UME are
crucial, because the current flow, when the UME is in close proximity to the sample
surface, is not only influenced by the nature of the sample but also by the insulating
sheath of the UME. An optimal ratio (RG value) of the radius of the electrode (rume) and

the insulating sheath (rinsulating sheath) Was derived from numerical simulations®” as

Tinsulating sheath
> g (20)
TuME

10

1.3 Electrochemistry at the ITIES
Besides electrochemistry at the interface between a solid electrode and a liquid

electrolyte solution, a polarized interface between two immiscible electrolyte solutions
(ITIES) is highly interesting for electroanalysis. Thereby, electrochemical processes within
the liquid/liquid system are described by different mechanisms, summarized in Figure 2.
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organic phase /\ r\
X :

Figure 2 Scheme of different electrochemically induced processes at ITIES: electron transfer by two
redox reactions in both phases (1), ion transfer (II) and facilitated ion transfer in the presence

of a ligand molecule in one of the phases (lll).

The charge transfer at ITIES can be based on electron transfer, but also on ion transfer,
which can be either a direct transfer of a molecule soluble in both phases or a facilitated
transfer in the presence of a ligand molecule in one of the phases. The facilitated transfer

can be grouped into different types of transfer, as summarized in Table 3.

types of ACT — aqueous TIC — transfer by TID — transfer by TOC - transfer
facilitated complexation interfacial interfacial followed by organic-
ion transfer followed by transfer complexation decomplexation phase complexation
analyte &> &
(- P ’)"83"" aq aq < aq
schemes ¥ 2 agq | erees e ............ i e ....... o AlyooooonoooEooo0D
. org ¥ g - Q org
o T ¢ ¥ (SR ¢ =

Table3  Overview of facilitated ion transport®.

Additionally, adsorption and desorption processes at the interface can be analyzed by
impedance measurements and electrocapillary curves. Thereby, the kinetics of layer
formation can be investigated, and new materials can be formed at a defect-free interface
between two liquids. The thermodynamics of charge transfer at the liquid/liquid interface
are described by the Nernst equation like in the case of a liquid/solid interface (see
equations 1-3) and the Galvani potential of the transfer can be described by the solvation
potentials in the aqueous and the organic phase, respectively. For the electron transfer,
two redox reactions, one in each liquid, are taking place at the same time. In most cases,
the charge transfer is coupled with multiple reactions and additional transfer due to
charge balance within the system has to be taken into account. The current is expressed

by the Butler-Volmer equation (see equation 7) with the flux of charge Ji or Je, which is
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described by first-order kinetics in case of ion transfer and by second-order kinetics for
electron transfer at ITIES. The kinetics of the transfer can be expressed by the rate
constants of the forward (kf) and backward (ky) transfer of an ion i with a concentration ¢;

3569

Ji = keci(w) — kpc;(0) (21)
Jer = kpcgi(W)cp2(0) — kpcor(W)cgz(0) (22)

The indices R and O in equation (22) represent the reduced and oxidized species in the
water and organic phase, respectively. The current within the liquid/liquid system is
defined as positive with the transport of a positive charge from the water to the organic

phase, and vice versa®.

1.3.1 The interface between two liquids
Compared to electrochemistry at a solid/liquid interface, for which the charge distribution

is described by the electrical double layer at the compact interface of a solid electrode,
the interface between two liquids can be interpreted as two mirrored, diffusive layers, the
so-called back-to-back double layer, each of them facing one of the electrolyte solutions.
The two diffusive layers can be described by the Gouy-Chapman model. The charge
distribution at the liquid/liquid interface is described by the modified Verwey-Niessen
model’®, whereas in early publications, both diffusive layers are separated by a compact
inner layer similar to the inner Helmholtz layer with a negligible potential drop’®. An
extension to first assumptions was the description of this inner layer as a sandwich
structure of alternating solvent molecules from the aqueous and organic phase,
respectively’?, or as a mixture of both solvents’®>74, Girault and Schiffrin described
additionally interfacial ion pairs of both electrolytes as a kind of specific adsorption at the
interface’. The potential difference (AY ¢) at the interface can be expressed as the sum
of these three layers, the interfacial potential drop within the inner layer (A% ¢;,,) and the

potential of the diffusive layers ¢, in both phases as®:

Ag P = A5 Pin + 2 — @2 (23)
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1.3.2  Electrochemistry at ITIES
For electrochemical experiments at liquid/liquid interfaces, four electrodes are necessary,

where one counter (CE) and one reference electrode (RE) are placed in each electrolyte
solution (SY as organic and RX as aqueous electrolyte), respectively. For miniaturized
electrochemical interfaces, the detected current is low (in the range of pA to nA) and a
two electrode setup can be used, with one reference electrode in each phase. The
polarized interface itself acts as the working electrode within the non-polarizable system.

The electrochemical cell is expressed by the following notation®?:

. *"s
Y

REJISX(w')} | 3SY(0")[SY(0) | & RX(w)|IRE

2" interface between the reference ) ]
interface between the organic

electrode in aqueous solution (w*) (0) and th ) ph
and the organic (o’) phase o) and the aqueous (w) phase

For the detection of standard potentials of a redox couple using a conventional three-
electrode system, only the potential of the reference electrode has to be taken into
account. In liquid/liquid interface measurements, the potentials of both reference
electrodes, as well as the potential at the second liquid/liquid interface (represented as
SX(w")|SY(0") in the notation, marked in blue) necessary for the reference electrode of
the organic phase solution, are influencing the overall potential and the standard
potential of the ion/electron transfer. The cell potential (Ecen) can be described as the
difference between the potentials at the reference electrode in the aqueous phase (Eaq)

and in the organic phase (Eorg)®°:

Ecen = Eorg — Eaq = A% — AV;:(]-’) + E; (24)

The term (A"g:gb + E;) represents the potential difference at the interface of the organic
electrolyte solution and the reference electrode of the organic phase with an aqueous
reference solution. An aqueous (quasi-) reference electrode is used in most cases, due to
the limited number of available non-aqueous reference electrodes. The reference
electrode of the organic phase can be considered as an ion-selective-type electrode with

the liquid junction (E;) at the interface between the reference electrode (aq) and the
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organic electrolyte solution. The potential window is defined or limited by the transfer of
the electrolyte ions. In the electrochemical cell given above, the limit at positive potentials
is the transfer of the R* ion from the aqueous to the organic electrolyte solution or the
transfer of the Y ion from the organic to the aqueous solution. The limit at negative
potentials is vice versa, the positive ion (S*) of the organic electrolyte solution is
transferred to the aqueous phase or the X (aq) ion to the organic electrolyte solution.
Similar to the standard hydrogen electrode, the organic electrolyte tetraphenylarsonium

tetraphenylborate (TATB) is defined as the zero potential® by

AY¢ =0 (25)

within the system, which is used to determine the half-wave potential of an analyte. The
center of the current-potential curve is defined as zero, because the ion size, the diffusion
coefficients in water and the potential for the transfer towards the aqueous solution are
equal for TA* and TB™ (or at least very similar that they can be assumed to be equal). This
is also called the TATB assumption’®. Hence, adsorption phenomena at the interface, the
energy of the transfer back to the organic solvent or the solvation of the ions in both

phases are not taken into account in the TATB assumption’”.

1.4  Electrochemistry at nano-interfaces
Electrochemistry at micro- and nanometer-sized interfaces using nanopipettes’®’® and

solid-state supports such as membranes®®-26 is a promising tool for analytical applications
as the miniaturization of interfaces results in an enhanced signal showing increased
charge and mass transfer compared to any macroscopic approach, which is also the case
for electrochemical reactions at the ITIES'!. Additionally, miniaturization reduces the
ohmic drop and leads to a reduced capacitive current®-8, With nanoporous arrays, a large
number of single interfaces can be achieved, leading to an enlarged electrochemical signal
by multiple interfaces. A detailed understanding of the kinetics of ion transport can be
investigated at small scale interfaces, which was reported first by the groups of Girault3>2°
and Mirkin’®, and for electron transport by Bard and co-workers®'. The diffusional

behavior at micro- and nanopores or -pipettes depends on the location of the interface
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(see Figure 3) resulting in either a linear diffusion profile within the pore or pipette, or in
a radial diffusion at the orifice of the pore/pipette®*°3, For ITIES, diffusion occurs in both
directions from the interface facing the aqueous and the organic electrolyte,

respectively®,

\.

inlaid recessed truncated
cone

Figure 3 Scheme of three different pores with interfaces (marked in red) located at different positions
within the pores, namely inlaid and recessed for pores with parallel pore walls, and a recessed

interface for a truncated cone-shaped geometry.

The current Ii at micro- and nano-ITIES for the transfer of an ion i is described by the
modified Cottrell equation (see equation 13) for radial diffusion towards an inlaid

interface located at a pore/pipette orifice with radius ro°*:

I; = 4nFDg;r, (26)

With the bulk concentration of the ion i (c), the Faraday constant (F), the diffusion
coefficient (D) and the number of participating electrons (n). For a recessed interface at
the position (L) within the pore (which can be also seen as the length of the pore/pipette),

the limiting current is described by®*

_AnnFDcry

.= 27
Y 4L+ nr, (27)

For a truncated cone-shaped pore or pipette, both radii of the orifices have to be

considered with r, < r_ resulting in the following equation®’.

_AmnFDcr,r

.= 28
! 4L + v, (28)
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Single pores within a solid material can be arranged either ordered within an array with
defined distances between single pores or randomly distributed in an ensemble®. The
distance or pore-to-pore separation influences the diffusion profiles of the
array/ensemble, resulting in either overlapped diffusion regions for pores in close

proximity to each other (see Figure 4 A), or in individual diffusion at each pore (see Figure

4 B)3°,
| ! |
AU, N N\
TYYTRRY Y Y
Figure 4 Influence of the pore-to-pore separation ratio within a pore array. For closely arranged pores

as shown in the SEM image in A, the radial diffusion at a single pore results in an overlaid
diffusion profile for the overall array as schematically represented below. Whereas for a large
pore-to-pore separation as shown in the SEM image in B, the diffusion profiles are not
overlapping and individual hemispherical diffusion at the pores, as indicated in the

corresponding schemes, is governing the overall response.

Numerical simulations compared to experimentally obtained cyclic voltammograms at
nano-ITIES within pores®-°¢ or pore arrays®’~°° were used to localize the interfaces. Also,
simulations were performed to identify individual radial diffusion at the pores with
determining a separation ratio between the pore radius (ra) and the distance between

single nanopores (rc)°”1% with a critical value for individual diffusion of3°;

> 56. (29)

Ta
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2 Scanning probe techniques

2.1 Atomic force microscopy
Since the introduction in 1986 by Binnig, Quate, and Gerber'°!, AFM developed into an

important tool in surface characterization, ranging from material science to biology*2. In
AFM, the force interaction between a surface and a sharp tip located at the end of a
cantilever is detected. These forces can be described by the Lennard-Jones potential and
can be divided into attractive or repulsive forces. The electric double layer interactions or
interactions resulting from overlapping atomic orbitals are repulsive, whereas capillary,
electrostatic and Van der Waals forces are attractive. Other forces such as chemical,
hydrophobic, steric or magnetic forces may be attractive or repulsive. The tip is located at
the end of a flexible cantilever, typically made of silicon nitride or Si. The AFM tip can be
additionally modified with e.g. nanotubes'®3, nanowires'®*, microneedles'®, colloids® or
single molecules'®” for imaging high aspect ratio features or for single-molecule force
spectroscopy experiments. Critical for AFM probes is their resonance frequency (fo),
spring constant (k) and the quality factor (Q), which should be chosen carefully in respect
to the targeted application and investigated sample, respectively. The parameters
describe the stiffness of the AFM cantilever and with this the ability to react on external
forces. With high resonance frequencies in the range of 1 — 500 kHz and with small spring
constants (0.07 - 100 N/m), forces of 10°® to 101> N can be measured, without issues that
the cantilever is influenced by external vibrations. Different operation modes are available
with respect to the characteristics of the substrate under investigation. The contact mode
is preferably used for hard surfaces due to strong force interaction between tip and
substrate. The surface can be scanned in either constant height or constant force mode
(also called topographical mode). The tip is either kept in a defined position in the z-axis,
recording the variations in force, or a defined force is kept constant and the height is
adjusted when the force interaction between tip and sample varies while scanning in x,y
-direction. In the dynamic mode, the tip oscillates in a defined distance above the surface.
This mode can be either frequency-modulated or amplitude-modulated!®. For the
investigation of soft samples, the tapping model® (or intermittent mode) is used that

results from the amplitude-modulated mode but additionally strikes the sample surface
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on every oscillation!®, The tip is oscillating close to its resonance frequency and the
change in the amplitude due to tip-sample interaction is detected. Additionally, a phase
shift indicates a varying adhesion or viscosity of the surface material. In all operation
modes, the interaction results in a bending of the cantilever, which is detected - in most
cases - via a laser focused at the backside of the cantilever and reflected to a split
photodiode. The detected photocurrent signal is then converted into an output voltage,
which is used via an electronic feedback system to maintain a fixed force, or amplitude or
resonance frequency of the AFM probe by the z-piezo when the cantilever is bent due to
the force interactions. Due to these interactions, the topography of a sample can be
mapped and additional information about mechanical properties of the sample can be
obtained and different materials can be distinguished due to varying adhesion between

the tip and the sample surface.

scheme of a cantilever with a sharp

A AFM tip: C resulting friction

profile:
8‘0
front view side view Ky ‘
o

VYV

friction (V)

distance

scan direction

sample surface

B S, resulting D % resulting friction
a2 S | deflection profile: & 2| profile:
0 2 & g
o t & =
M) @ o =
6{\ % _._/ o N 4 |
¢ I distance ¢ distance
|
scan direction scan direction
sample surface sample surface
Figure 5 Scheme of an AFM probe in front and side view (A); the detection of the deflection and friction

signal in AFM contact mode with corresponding signals shown as profile (B-D). The AFM probes

in (C-D) labeled with 1-3 show the AFM probe at three different positions representing the

movement of the tip in the scan direction.
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AFM measurements can be performed in air, liquid and under vacuum condition, whereas
the latter is most sensitive and atomic resolution can be achieved under optimized
conditions!®0. Tip artifacts, as shown in Figure 6, can be minimized or avoided by suitable
experimental conditions and a careful adjustment of scan parameters. Nevertheless, the
results have to be interpreted carefully. So far, a variety of advanced AFM modes were
developed e.g., peak force tapping™ AFM*!! gaining additional information on adhesion,
and Young modulus, force volume mode'!?, enabling the mapping of interactive forces by
recording a set of force curves, scanning Kelvin probe microscopy!!3 recording the contact
potential difference between the tip and a surface, and especially AFM-SECM, which is

discussed in detail in 2.3.

scan direction

resulting profiles:

> > .
z £ £ structure is
& 3 g
2 . .
5 5 o imaged twice
[=] =] [=)
o o o
g g g W
distance distance distance

Figure 6 Scheme of possible artifacts in AFM measurements. The topography image may reflect the
shape of the AFM tip, in case that the structure of the sample has smaller dimensions than the
tip (A), edges might be also imaged not correctly (B). Contaminated AFM probes may result in
double or multiple imaging of the actual sample structure (C). The displayed tips in A-C

represents one tip at different times moving in the scan direction.
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2.2 Scanning electrochemical microscopy
In SECM, which was first reported in 1989 by Bard and coworkers!'4, a nano- or

microelectrode is scanned across a sample surface of interest mapping local
electrochemical processes. SECM can be applied in many fields research fields including
life sciences!' or corrosion studies!'®, and investigations of amperometric,
potentiometric or conductive signals at homogeneous and heterogeneous samples can be
monitored!!’. A comprehensive description of SECM instrumentation, SECM tips, and
applications in various fields is given elsewhere!’. Briefly summarized, the positioning
and movement of the SECM tip is realized - in most cases — by stepper motors and
piezoelectric devices. A three- or four-electrode set-up is used consisting of the scanning
UME as working electrode, a counter, and a reference electrode and if required, the
substrate as the second working electrode. In a first step, the SECM tip is brought in close
proximity to the substrate’s surface, which is realized by recording approach curves
(Figure 7 A, B). In the presence of a redox active species with fast electron transfer
characteristic, the current is measured at the tip, which is biased at the required potential
while approaching to the surface. In bulk solution, the conversion of the redox active
species results in a steady-state current signal. When the tip is in a distance of several radii
of the electroactive radius of the SECM tip to the surface, the current signal is influenced
depending on the nature of the substrate. At insulating substrates, the current decreases
due to hindered diffusion of the redox mediator to the SECM tip, which is termed
‘negative feedback’. In the presence of a conductive substrate, the converted redox
species can be regenerated at the sample surface resulting in an increased current signal,
called ‘positive feedback’. To determine the distance between the SECM tip and the
surface, the resulting approach curves are compared to theoretical curves obtained via
numerical simulation. While imaging, the distance between tip and substrate plays a
crucial role. For relatively flat samples, the scanning can be performed in constant height,
whereas for rough surfaces (influence of roughness corresponds to the size of the SECM
tip), approaches have been introduced to keep a constant distance between the sample
and the SECM tip (Figure 7 D). This can be realized by applying a horizontal vibration to
the SECM tip, which results in damping in the oscillation with varying distances. This
damping can be measured either by optical®!® or piezoelectric detectors!!® as published

by Schuhmann and co-workers, or by the integration of a tuning fork, as presented by
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James et al.??%, The damping is used as the signal for a feedback loop to keep the distance
constant — this mode is adapted from scanning nearfield microscopy (SNOM) and termed
shear force mode. A constant distance can be further detected in the constant current!?!
or constant impedance mode'??. A similar approach keeping the electrode area in a
defined distance is given by SECM with soft-stylus probes!?3, whereas the insulating
material is in contact with the sample surface. The SECM tip is bent due to the flexible
insulating material. Next to different positioning modes, the imaging of a sample can be
also divided into different modes. In the generation/collection mode?%, the
electrochemical species is generated at the SECM tip and then detected at the substrate’s
surface or vice versa (Figure 7 C). A variation of the generation/collection mode is the

redox competition mode?®, in which the same electrochemical reaction is detected by

both, SECM tip and substrate.

A feedback current B approach curves:
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Figure 7 Schemes of different operation modes used in SECM: The feedback mode (A) with
corresponding approach curves (B), tip generation/ substrate collection (TG/SC) and substrate
generation/ tip collection (SG/TC) mode (C) and modes related to the detection in either

constant distance or constant height (D).
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In the so-called direct mode?®, the applied potential between the tip and a substrate can
be used for localized modification of the sample, by deposition?® or by generating
localized pit corrosion'?”. SECM has also been combined with a number of analytical
methods, e.g. optical microscopy*?8, IR spectroscopy'?®, surface plasmon resonance®3°,
and other scanning probe techniques. For example, by replacing the SECM electrode with
a micropipette, which is known as scanning ion conductance microscopy (SICM), the
conductance between a reference electrode located in an electrolyte solution within the
pipette and the reference electrode in the bath solution is detected!3!. SICM is frequently
used to map the topography of soft samples given a non-invasive approach. By combining
both SECM and SICM, the topographical information detected by SICM can be directly
correlated to electrochemical processes at the sample surface detected by SECM. A
miniaturized electrode can be either integrated into the pipette as a ring electrode
surrounding the orifice of the pipette or in a double (or multiple) channel arrangement,
using one barrel of the pipette filled with electrolyte solution for SICM and another barrel
filled with the electrode material for SECM (Figure 8 A). The combination with AFM is

described in detail in the following section.

B SECM/SICM

double channel

/
'y

ring /'o

electrode

Figure 8 Scheme of combined SECM/SICM tips with varying geometries (A); the black area shows the
electrode material, scheme for the different imaging principles (B): the SECM ring-electrode is
detecting electrochemical processes, whereas the conductance between two reference
electrodes (indicated as green dots) is used to determine the topography. A. Holzinger, C.
Steinbach, C. Kranz, ,,Chapter 4: Scanning Electrochemical Microscopy (SECM): Fundamentals
and Applications in Life Sciences”, in Electrochemical Strategies in Detection Science (Ed.
Damien W. M. Arrigan), RSC Detection Science, 2015. Adapted from Ref. *** with permission
from the Royal Society of Chemistry. https://doi.org/10.1039/9781782622529-00125.
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2.3  AFM-SECM
First published by Macpherson and Unwin in 2000%32, the combination of AFM and SECM

enables imaging of high-resolution topography and electrochemical processes by
detection of force interaction between a conical tip and a surface (AFM) and the
electrochemical signal related to surface properties (SECM). Whereas in this publication,
a cantilever-shaped conical electrode served as the AFM tip and simultaneously as the
SECM electrode, the independent detection of an electrochemical signal by a recessed
AFM tip-integrated electrode was first realized by Kranz et al.'33, First imaging of soft
biological samples was reported for the investigations of the activity of glucose oxidase®3*
or horseradish peroxidase!3> by AFM in tapping or contact mode, respectively, and SECM
generation/collection mode. Modification of AFM-SECM probes by immobilization of
redox mediators, namely, tip-attached redox mediator (TARM)-AFM-SECM®¢ and
investigation of immobilized macromolecules or DNA in the so-called molecule touching
(Mt)/AFM-SECM*3” was shown by Demaille and co-workers. For example, the detection of
proteins by measurements in AFM tapping mode and SECM feedback mode with a lateral
resolution in the topography of a few 100 nm*38 was reported. The immobilization of DNA
sensors to AFM/SECM probes was also realized by modification of the tip-integrated
electrode with polypyrrole!®. Further investigations of biological samples were realized
by Hirata et al.}*%, mapping glucose oxidase immobilized on highly oriented pyrolytic
graphite (HOPG) in tapping mode, and by Kranz and co-workers with the localized
mapping of enzymatic consumption of glucose by detection of H,0, with a horseradish
peroxidase-modified AFM-SECM probe in AFM contact mode!4!. Besides investigations of
biological samples, AFM-SECM can be used for visualizing corrosion processes and the
electrochemical behavior of metal compositions. Macpherson and co-workers
investigated the behavior of metal anodes by AFM-SECM**? and Davoodi et al. detected
active pitting and local corrosion of mixed Al alloys by an L-shaped AFM tip with an
integrated Pt wire as SECM electrode!*14>, The localized corrosion of copper in acidic
solution was reported by lzquierdo et al.1*6147  The dissolution of calcite was detected by
AFM-SECM#8, whereby the tip-integrated Pt electrode was used for water oxidation by
an applied anodic potential and afterward used for detecting pits within the calcite in the
acidic region by the generated protons. Investigations of diffusional transport at

-23-



nanopores by AFM-SECM was reported for the transport of glucose

143 of redox-active

species'™, as well as for electrode arrays within closely-spaced microdiscs>%1>1,

B C Topography D Tip current

0 W 0.28 pA

0 SN 25 nm

1000

03

nm
500

nm

00

g
g

Z/
(

N

©| Red Ox

=
. |
-_—
™ i ' s
i =
.

Figure 9

B Eggias 3

“seEsgg e 5

Overview on different AFM-SECM probe geometries: Schemes of a hand-made AFM-SECM
probe with a conical microelectrode with a spherical apex!? (A); batch-fabricated AFM-SECM
probe with a triangular, conductive AFM tip*>3 (E) and commercial AFM probe modified by a
conductive layer conductive BDD layer and insulated, followed by the exposure of a recessed
frame electrode by FIB-milling®>* (1). The detection principle of the electrochemical signal is
depicted in B, F and J and corresponding results of AFM-SECM measurements are shown for
the detection of Au particles in Mt/AFM-SECM?*? (C), individual recorded topography (G) and
current signal (H) with a conductive AFM tip**>® and simultaneously detected topography (K,
M) and current signal (L, N) of an UME with an AFM-SECM probe with a recessed conductive
BDD electrode; magnified view of the results (M, N) show the blocked current signal of the
UME due to a diamond particle at the UME surface ***. Reprint with permission from Eifert, A.,
Kranz, C. Anal. Chem. 2014, 86, 5190-5200. Copyright 2019 American Chemical Society.
https://doi.org/10.1021/ac5008128.
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Different geometries and fabrication procedures of AFM-SECM probes have been
published so far, for example, hand-made'>>'%¢, batch-fabrication3%7158 and
modification of commercially available probes!4915°-161 of which some examples are
depicted in Figure 9. According to the fabrication process, different electrode shapes and
sizes are possible, namely ring shaped'®?, square?®3, frame'331>°, disk'®*, cone-shaped'*?
or spherical'®®. Especially, FIB processing enables manufacturing a wide range of different
geometries, electrode shapes, and sizes, or different arrangements of the electrode area
within the AFM-SECM probe!33161166 Thjs contribution is based on the fabrication of
recessed frame electrodes as first reported by Kranz et al.!33. This method implies the
modification of a commercially available AFM probe with a thin adhesive layer of Ti and a
conductive gold layer, followed by insulation with SixNy, SixNy/SiO> mixed layers or

Parylene C.

90° towards
electron beam

90° towards
ion beam

Figure 10 SEM images of an AFM-SECM probe during FIB-milling in two different perspectives, either
perpendicular towards the electron or ion beam, indicated on the left side: an insulated AFM-
SECM probe with mark-ups of the area, which is removed by FIB (A) and after FIB-milling (B).
By mounting the AFM-SECM probe in 90° to the original position and removing the marked
region in (C) by FIB-milling, the electrode is exposed with a thorn located in the center. The
SEM images depicted in D-F show the Au and the insulation layers during the single fabrication
steps, 90° towards the ion beam and 52° towards the e-beam, respectively. Acceleration

voltage: 3 kV and beam current: 36 pA.
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The exposure of the recessed electrode area is done by FIB-milling, which is also used for
the preparation of a new AFM tip located in the center of the square formed by the frame-
shaped electrode. The individual fabrication FIB-milling steps are summarized in Figure
10. The resulting Au frame electrode with a frame width of about 100 nm, depending on
the thickness of the deposited Au layer, can be varied in size according to the desired
application. Additional modifications of the tip-integrated electrode result in advanced
probes suitable for detection of specific analytes. The AFM tip produced by FIB-milling is
located in the center of the Au frame. In this case, the tip is reshaped from the original Si
AFM probe, but variations in position are also possible and L-shaped AFM-SECM probes
made of insulating material (Parylene C) and located next to the electrode area were

reported and used for the mapping of carbon nanotubes>°.

Figure 11 SEM images of the final AFM-SECM probe imaged in different perspectives as shown in Figure
10 (A, B) and top view of the final Au frame (C); Acceleration voltage: 3 kV and beam current:

36 pA.

A precise characterization of the actual geometry of AFM-SECM probes is essential and
small variations, the RG values, artifacts within the AFM-SECM probe and the position of
the tip at or within the AFM-SECM probe!¢”:168 show an impact on the current signal, which
was shown by simulations for AFM-SECM probes with the AFM tip as conical electrode.
Additionally, the effect at the border between insulating and conductive regions of a
sample has been shown by simulations for AFM-SECM probes with a recessed electrode
geometry predicting an overlapped current signal of the insulating and conductive region,

respectively!.
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Different electrode materials can be used for AFM-SECM. Gold!33156170171 g
platinum?321>° are most commonly utilized, but also boron-doped diamond***72, carbon
nanotubes!®* or conductive colloids!®® have been reported so far. Additionally,
modification of gold electrodes with a Pt/C composite deposited via IBID’3174 enables an
easily tunable electrode area, adjustable to the requirements of the targeted AFM-SECM

measurements.
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3 FIB/SEM tomography
In scanning electron microscopy (SEM)!’>, a high energy electron beam is generated by a

thermionic or field emission emitter, focused and de-magnified by a set of
electromagnetic lenses and is finally scanned over a defined area of the sample surface.
When the energetic electrons penetrate the sample, elastic and inelastic scattering occurs
at atoms of the sample, whereby the trajectories of the electrons are changed and energy
is transferred during scattering events. This interaction with the sample causes the
emission of secondary electrons (SE), as well as characteristic X-rays and bremsstrahlung.
The actual trajectories of the primary electrons within the sample volume can be
described by Monte-Carlo simulations'’®. Incident electrons, which are able to leave the
sample after scattering are called backscattered electrons (BSE). The interaction between
the primary electron beam and the sample thereby depends on the acceleration voltage
of the electron beam, as a higher acceleration voltage results in a higher penetration
depth within the sample (Figure 12). Additionally, the yield of detectable electrons is
dependent on the composition and density of the sample material and the incident angle

of the electron beam towards the sample surface.

acceleration voltage: 3kv 5kv  20kV
primary
e-beam

side view:

3 kV 5 kv

top view:

Figure 12 Scheme of a model sample and the influence of the acceleration voltage of the primary e-beam
(represented by three arrows for three different acceleration voltages) in the detected SEM
(top view): the higher the applied voltage, the more of the inner structure of a sample is visible

in the SEM image.
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Therefore, as they originate from a certain depth of the sample, the amount of BSE able
to leave the sample depends strongly on density and composition, as well as crystal
orientation. SE are sensitive for surface relief, due to their lower energy content (50 eV
and less). Only SE emitted near the sample surface are able to leave the sample and be
collected by a detector. The contrast in SEM images results from varying amounts of
detected electrons per pixel. SEM gives, therefore, information on the localized structure
of materials of known composition within the sample and the surface structure. In SEM,
conductive samples can be easily imaged, whereas imaging of insulating materials may
cause distortions due to charging effects. The most commonly used detector in SEM is the
Everhart-Thornley detector (ETD)’” based on the conversion of electrons into photons by
a scintillator, enhancing the signal by 10° — 10° times within a photomultiplier and signal
collection by a computational read-out system. The ETD is located perpendicular to the
optical axis of the primary electron beam within the chamber of the SEM. State-of-the-art
microscopes provide an enhanced resolution by using an electron detector placed above
the objective lens pole pieces within the electron column, which are referred to as
through-the-lens detector (TLD). The use of the so-called immersion mode, in which the
magnetic field from the objective lens pole piece is extended to the sample surface,
attracts SE to travel towards the TLD. SEM is used primarily as an imaging method, but
modification and structuring of samples are also possible with a focused electron beam?’8,
A beam of accelerated ions instead of electrons is preferred for nano- and
microstructuring of materials. FIB is highly suitable for mask-less tunable fabrication steps
compared to other microfabrication processes, e.g. e-beam lithography'”® or deep
reactive ion etching (DRIE)®3. For FIB, mostly a gallium ion source is used®, FIB plays a
significant role, ranging from microfabrication, investigation of materials perpendicular to
the surface by cross-sectioning, TEM sample preparation, up to deposition of metals and
insulator materials by ion beam induced deposition (IBID) either as protection layer or for
surface modification. Examples for FIB applications relevant to the research presented
within this thesis are the exposure of the electroactive area in AFM-SECM probes!33160,161,
fabrication of nanoporous arrays in solid-state materials3'34, cross-sectioning of
nanopores for investigation of electron or ion beam-induced variations in pore shapes3®
and fabrication of high-aspect AFM probes for investigation of such nanopores by FIB-

milling considering e.g. the surface tilt or other parameters*®!. With the availability of
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FIB/SEM dual-beam instruments'®?, the investigation and reconstruction of materials by
FIB/SEM tomography!® becomes possible and structures of several nanometers can be
resolved!®418> By an automated successive FIB milling and SEM imaging of the freshly
exposed faces, a whole sample volume can be investigated with an axial resolution of 3 —
30 nm?*°, The acquired image stack, which represents the sampled volume, is processed
by a 3D software, whereby sample drifts or variations in contrast during FIB/SEM image
acquisition can be corrected. The 3D reconstruction of the actual morphology of the
sample gives access to the porosity and inner structure with nanometer resolution. Figure
13 gives an overview of FIB/SEM tomography and 3D reconstruction of a nanoporous
structure, which is discussed in detail in section 6. FIB/SEM tomography can be applied to
a large variety of scientific questions, such as the investigations of nanoparticles in dye-
sensitive solar cells'* and of nanotube arrays3. Investigations of the inner structure of
micro- and nanoporous materials'>'3 or Al-Si alloys'®, but also the investigation of

biological*>'® and geological'® samples have been reported.
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FIB/SEM tomography:

“ 38°
._ e beam

3D reconstruction

Figure 13

" bottom
view

FIB/SEM tomography: For 3D tomography, the sample of interest is stabilized with a Pt/C
protection-layer and a cross-section is milled by FIB. The FIB-induced SE image in A shows the
perspective of the ion beam, whereas in B the perspective of the SEM with a tilt correction of
38° towards the ion beam is shown (the actual angle between ion and electron beam is 52°
and defined by the spatial arrangement of the e-beam and ion-beam columns). The yellow-
framed SEM images represent single slices after consecutive FIB milling. After drift and
contrast correction, the slices can be reconstructed as a 3D image (C). The structure can be
presented in different perspectives (D). A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-
Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss.,

2018, 210, 113. Adapted from Ref. *¥’. Distributed under the license Creative Commons
Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),

https.//creativecommons.org/licenses/by-nc/3.0/.
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VI.

Results and discussion

In the following, the results obtained by modifications of AFM-SECM probes are
presented. In chapter 4, the influence of the individual pretreatment steps necessary for
the mounting of the AFM tip-integrated PB/NIHCF bilayers as H,0; -sensitive material into
the experimental setup is evaluated in respect to sensitivity and stability. First results for
the detection of localized H,0; generation at an UME is presented in 4.3.3. In contrast, to
the modification of AFM-SECM probes with the active sensor material, in chapter 5, the
modification of AFM-SECM probes with an additional metal layer for tip-integrated pH
sensors is evaluated. First measurements have already been reported by Jong Seok
Moon!®, who fabricated the Ir and Sb integrated AFM tips, respectively, used in chapter
5. Within this thesis, the performance in pH sensing of these modified AFM-SECM probes
is presented and first AFM-SECM measurements of localized surface changes together

with ongoing pH changes during the dissolution of calcite crystals are detected (5.3.2).

In chapter 6, the diffusion at nanoporous membranes is presented visualizing the diffusion
behavior dependent on the pore-to-pore separation of individual nanopores within an
array and showing the capability of AFM-SECM with a conductive AFM tip for the
detection of localized electrochemical processes!®. The nanoporous solid-state materials,
which are presented in this thesis, were fabricated by FIB milling enabling readily tunable
geometries of nanopore arrays. Although, FIB fabricated nanoporous membranes were
already investigated for electrochemical processes at the liquid/liquid interface3%3!, the
actual location of the interface between both liquids within these nanopores is not
verified yet. The actual pore shape and implantation of Ga* ions during FIB milling might
change the hydrophilicity of these nanopores and with this change the behavior of these
devices used as support material for electrochemistry at liquid/liquid interfaces. This was
not considered so far in previous publications and will be evaluated in chapter 6, among

other investigations, by FIB/SEM tomography.
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4 Hy0; sensing with AFM tip-integrated electrodes

4.1 Introduction
Hydrogen peroxide (H20;) plays a crucial role in biological systems as reactive oxygen

species (ROS)*®9, as a product of the oxygen reduction reaction (ORR) in acidic media'®,
and thus, H20; is important for developing new catalytic materials in energy storage!®*. It
is also an important species in environmental water and atmospheric samples indicating
phototoxic effects and environmental pollutions®®2. Next to others, like fluorometric*®3 or

spectrophotometrict®

methods, H;0; can be determined by electrochemical
approaches!®. First detection approaches with solid metal electrodes were reported for
the oxidation of H,0; at potentials of + 0.5 — 0.8V vs. NHE? in acidic or neutral solutions
depending on the electrode material, or H,0; reduction at 1.76 vs. NHE'%®, Hence,
reduction of O, and other electroactive compounds present in samples, such as ascorbic
acid in biological samples, might interfere with the electrochemical detection of H20,%".
Additionally, the H,0> conversion shows large overpotentials at metal electrodes®®.
Therefore, electrode modifications have been investigated enabling the conversion of
H,0, at moderate potentials with enhanced sensitivity for H,0,'%>. Examples for such
sensors are electrodes modified with enzymes embedded e.g. in redox polymers'®® or
nano-sized materials, such as multi-walled carbon nanotubes with nanoparticles'®®. Metal
hexacyanoferrates and especially Prussian Blue (PB)° show also a promising response in
H,0> detection via the Fenton reaction?®. PB, with KFe(ll)[Fe(ll1)(CN)s]as the soluble and
Fe(lll)a[Fe(l)(CN)e]s the insoluble salt, and analogues metal hexacyanoferrates form a
face-center-cubic structure with iron(ll) and iron(lll) ions in the network of the complex?°?.
The electrocatalytic activity of PB is related to the FeNy units in the crystal framework
determined by x-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FT-
IR)2°2, The reduction of H,0, occurs at a potential of - 0.05V vs. SCE and is catalyzed by
Fe(ll) ions'®, whereas O, does not interfere, because the reduction of O, to H,0 occurs at
a potential of 0.2V vs. SCE8, Additionally, PB is insensitive to other reductants interfering
in H202 sensing in biological samples?%. For metal hexacyanoferrates other than PB, the
electrocatalytic activity for H203 is due to defects of PB crystals in the salt lattice'¥2%, The
oxidation and reduction of iron hexacyanoferrate leads to the formation of Berlin Green
(or Prussian Yellow, Fe(lll)[Fe(Il1)(CN)e])?°! and the Everitt’s salt (or Prussian White, Berlin

White, KaFe(Il)[Fe(l1)(CN)s]) with structures comparable to PB2%>,
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Fe[Fe(CN)4] + Kt + e~ = KFe[Fe(CN)g] + Kt + e~ = K,Fe[Fe(CN)¢]
Prussian Yellow &~ PB &~ Prussian White
Fe,[Fe(CN)¢]; + 3Kt = 3 KFe[Fe(CN)4] + Fe3*

insoluble &~ soluble

Thereby, the role of potassium ions is significant for the redox reaction, because the
electrochemical processes are related to the transport of K* rather than the transfer of
electrons within the PB lattice?®®. The amount of K* within the PB crystal structure also
affects the sensitivity for H,0, detection. The influence of the used electrolyte solution,
containing K* cations during electrochemical PB deposition was shown by Zhang et al.?%’.
A potential shift in the open circuit potential of PB was obtained in dependence to the
used electrolyte. K* ions within the crystal lattice also guarantee the electro-neutrality.
The ability for K* (de-)insertion during oxidation and reduction, respectively, enables also
the use of PB for insertion electrochemistry in e.g. energy storage due to its capability to

203

store K* ions2%829°_ PB is frequently used for H,0, sensing, especially in biosensors??® and

even the synonym “artificial peroxidase” was established in literature?©,

The first deposition of PB on electrode materials by dipping the electrodes into a ferric
ferricyanide solution was published in 1978 and the redox behavior was shown by single
sweep voltammograms?!!, The first electrochemical deposition was presented by Itaya et
al.212213 Since then, different approaches for the electrochemical synthesis of PB has been
reported resulting in a variation of the structure and the stoichiometric composition of PB
depending on the electrochemical conditions. Epitaxial growth of PB on gold was realized
by electrochemical deposition at a constant potential?!*. PB was deposited on gold
nanoparticles to enhance the sensitivity (10.6 pA/(uM-cm?))?% towards H,02 compared
to bulk gold electrodes, and even the simultaneous formation of gold nanoparticles and
PB on gold or glassy carbon electrodes was reported by Kumar et al. with H,0; sensitivities
up to 5 nA/nM?, Other materials used as supporting electrode materials for PB

deposition are Pt and carbon paste using a ferricyanide solution for the electrochemical
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217" or Pt/C composite deposited via IBID showing

deposition by cyclic voltammetry
enhanced stability and H20 sensitivity compared to gold as electrode material?®. A
drawback of PB for H,0; sensing is its reduced long-term stability. The stability of PB is
influenced by the pH value of the analyte solution and a loss of stability can be seen in
alkaline solutions due to the possible formation of Fe(OH)3%!°. Because the conversion of
H.0; results in the production of OH" ions in neutral and alkaline media, the long-term
stability of PB is limited to a few minutes in the presence of higher amounts (tenths of
mM) of H,0,2%°. PB can be stabilized by co-deposition of conductive polymers??! enabling
additionally the embedding of enzymes in biosensors?%3. An alternative modification to
overcome this limitation is the co-deposition with other metal hexacyanoferrates showing
no sensitivity to H202, but exhibit enhanced stability in neutral and alkaline media?®*222,
Komkova et al. examined an optimal ratio for mixed metal hexacyanoferrates of three
bilayers of PB and nickel hexacyanoferrate (NiHCF) with reduced sensitivity compared to
PB films but enhanced long-term stability for several hours?®. PB-modified electrodes
were already used for the localized detection of H;0, evolution by SECM in the

218 and used as a lactate biosensor in soft-stylus SECM?23, A

generation/collection mode
H,0, sensitivity of 1.6 A/(M-cm?)??2®> could be achieved for the lactate biosensor.
Additionally, the dissolution and corresponding loss in H203 sensitivity for mixed PB/NiHCF

bilayers?%224 were investigated via SECM.
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4.2  Experimental
The modification of electrodes with H,0; sensitive PB/NiHCF was done according to the

procedure published by Komkova et al.?%. Three bilayers of PB/NiHCF were
electrochemically deposited by alternating deposition of PB and NiHCF. All
electrochemical measurements were performed with a (bi)potentiostat (660A or 660C,
CH Instruments). All solutions were diluted with ultrapure water (18.2 MQ, ELGA
LabWater, Veolia Water Solutions & Technologies). PB as first layer was deposited in a
solution containing 4 mM FeCls - 6 H,0 (pro analysi, Merck KGaA) and 4 mM K3[Fe(CN)s]
(Honeywell, Fluka) in 0.1 M HCI (from 32% HCI Normapure, VWR Chemicals) and 0.1 M KCl
(pro analysi, Merck KGaA) by cyclic voltammetry within a potential range of 0.4 to 0.75 V
vs. Ag/AgCl reference electrode (sat. KCl, RE-1CP, ALS Co) at a scan rate of 20 mV/s. The
electrodes were rinsed after deposition with ultrapure water and the first layer was dried
at 80°C for 15 min. NiHCF was deposited at a potential range of 0 — 0.8 V at 100 mV/s in a
mixture of 1 mM NiCl; (pro analysi, Merck KGaA) and 0.5 mM Ks[Fe(CN)s] in 0.1 M HCl and
0.5 M KCI. Subsequent depositions were done without additional tempering by alternating
deposition of PB and NiHCF up to 6 depositions of 2 CV cycles for each compound resulting

in three bilayers of mixed films.

04 045 05 055 06 065 07 0.75 0 0.2 0.4 0.6 0.8
voltage vs. Ag/AgCl [V] voltage vs. Ag/AgCl [V]

Figure 14 Electrochemical deposition of PB (A) and NiHCF (B) by cyclic voltammetry: PB: 1% (blue), 3™
(red) and 5" (green) layer were deposited at 0.4 - 0.75 V vs. Ag/AgCl reference electrode; scan
speed: 20 mV/s. NiHCF: 2" (blue), 4™ (red) and 6% (green) layer were deposited at 0 - 0.8 V vs.

Ag/AgCl reference electrode; scan speed: 100 mV/s.
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After deposition, the film was activated by cycling at a potential range of 0 — 0.85 V vs.
Ag/AgCl reference electrode at 40 mV/s in 0.1 M HCI/ 0.1 M KCI with varying numbers of
scans. After activation, the electroactive PB/NiHCF film was dried at 80°C for at least 30
min. Before and after electrochemical modification of the UMEs, the electrode surface
was investigated by optical microscopy (AXIO Imager.M1m, Zeiss) and by SEM (Quanta 3D
FEG, ThermoFisher Scientific), if not stated otherwise. The sensitivity and response of the
modified electrodes towards H,0, were tested by calibration at a constant potential of 0
V vs. Ag/AgCl reference electrode with subsequent addition of equimolar aliquots of H,0>
(40 pL (50 pL) of 10 mM H,0; (from 30 % H.0,, EMSURE, Merck)) to 0.05 M phosphate
buffer (4 mL (5 mL), pH 6-7, consisting of Na;HPOs - 12 H,O (NORMAPUR, VWR
Chemicals)/NaH2P04 - H20 (pro analysi, Merck KGaA) in 0.1 M KCI electrolyte solution
within a concentration range of 99 — 476 uM. For evaluation of the results, the averaged
steady-state currents after current leveling were used. High concentrations of H,0, (1 -2
mM) were used next to calibrations to test the stability of the sensors. The activation in
0.1 M HCI/ 0.1 M KCl was used to determine the amount of active PB film on the electrodes

after being exposed to H,O; solution.
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Figure 15 H20: calibration in 0.05 M phosphate buffer of a PB/NiHCF-modified Pt UME (diameter: 25
pum) with successive addition of equimolar aliquots of 10 mM H20: (A) and corresponding CV

in 0.1 M HCI/ 0.1 M KCl recorded prior to calibration; scan rate: 0.02 mV/s (B).
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Additionally, the dissolution of PB/NiHCF bilayers was investigated in solution by contact
AFM-SECM (5500 AFM/SPM microscope, Keysight Technologies). All AFM images and
correlating height and current profiles were processed by Pico View (Keysight
Technologies) or Gwyddion??°. The electrochemical liquid cell consisted of the AFM-SECM
probe as working electrode, an Ag/AgCl quasi-reference electrode (Goodfellows) and a Pt
wire (Goodfellows) as counter electrode. Different conditions were evaluated with
respect on the stability and response of the PB/NiHCF film for H,0; sensing. Details of the
AFM-SECM probe fabrication is based on the procedures described elsewhere!33. Briefly
summarized, the modification of an AFM tip-integrated electrode is comparable to the
modification of UMEs. It has to be ensured that the sharp AFM tip remains unmodified.
Therefore, the AFM-SECM probe was investigated by SEM after modification with
PB/NiHCF bilayers and the AFM tip had to be reshaped in case of deposited particles
located on the AFM tip, because NiHCF is known to deposit spontaneously, also without
applied potentials during electrochemical deposition and thus, the deposition of
PB/NiHCF bilayers is not just occurring at the electrode surface. Additionally, the electrode
area of tip-integrated electrodes was enlarged by IBID (precursor: methyl-
cyclopentadienyl-trimethyl platinum, ThermoFisher Scientific) of a Pt/C composite!’4 and
the PB/NiHCF films deposited on this electrode material were evaluated for stability, H,0;
response and sensitivity. The modification of the AFM-SECM probes with Pt/C was done
by consecutive deposition of rectangular patterns surrounding the AFM tip (Figure 16). To
guarantee that the AFM tip remains free of the conductive material, a circular pattern was
used removing possible Pt/C deposition at or close to the AFM tip. Thereby, the AFM tip
was reshaped after the final deposition of the PB/NiHCF film to obtain a sharp and clean
AFM tip. Single steps of the Pt/C deposition and cleaning by FIB milling are summarized in

Figure 16.
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IBID of Pt/C
composite

cleaning by
FIB milling

Figure 16 SEM images showing the modification of AFM-SECM probes with Pt/C composite by IBID: The
exposed Au frame electrode (shown in A) is modified by IBID (rectangular blue area), followed
by circular cleaning around the AFM tip and rectangular cleaning patterns next to the actual
electrode area (marked in red) by FIB milling prior to electrochemical modification with
PB/NiHCF (B). Single fabrication steps are shown 54° tilted, before (C) and after (D) Pt/C

deposition and after FIB cleaning-(E). Acceleration voltage: 3kV and beam current: 35.5 pA.

The AFM-SECM probes have to be glued onto the AFM mount (nosecone) and the
electrical contact of the electrode was insulated afterward by UV glue (Dymax 9001-E-
V3.1 or DYMAX 425, Dymax Europe GmbH). The influence of UV light (UV light: A= 320 -
395 nm, 9 W/cm?, Dymax UV lamp 75 Blue Wave, Dymax Corp.), which is required for
curing the glue, on the stability of PB/NiHCF films was also examined. Preliminary
measurements were done with UMEs being less time consuming to modify and enabling
simplified handling compared to AFM-SECM probes. The Pt and Au UMEs used for these

measurements were fabricated as described elsewhere®>226,
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4.3 Results and discussion
This first section summarizes and discusses the results obtained with PB/NiHCF-modified

UMEs, followed by the modification and optimization for the electrochemical deposition of
PB/NiHCF onto AFM-tip-integrated electrodes. First results in AFM-SECM measurements are

presented in section 4.3.3.

4.3.1 PB/NiHCF-modified UMEs
The modification of UMEs with three PB/NiHCF bilayers resulted in an inhomogeneous film

with different structures and colors as visible in SEM and optical images (Figure 17),
respectively. Thereby, the varying colors indicate different oxidation states of the PB and
varying stoichiometry of the PB structure. No correlation between the color or the shape of

the deposited film and the electrochemical deposition could be drawn.

Figure 17 SEM (A, C) and optical images (B, D, E) of UMEs (diameter: 25 um) before (A, B) and after (C-E)

electrochemical deposition of PB/NiHCF bilayers.
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The inhomogeneous structure might be also related to an inhomogeneous mixture of the PB
and the NiHCF at the surfaces of the modified electrodes. To exclude changes in morphology
and correlating loss of H;0; sensitivity during the measurement due to an irregular
composition of the PB/NiHCF-mixed bilayers, the elemental composition of the film was
investigated via EDX mapping as shown in Figure 18. The counts for Ni are homogeneously
distributed over the entire film and the Fe map in Figure 18 shows additionally an enhanced
intensity for Fe compared to Ni as a consequence of the presence of Fe ions in both, iron and
nickel hexacyanoferrates. The intensity distribution of the Pt signal originating from the
electrode material beneath the PB/NiHCF bilayers reveals an inhomogeneous thickness of the
PB/NiHCF film with less deposit on the areas with high Pt counts (white labeled in Figure 18,
Pt). The excitation volume according to the penetration depth of the electron beam into the
sample volume is, of course, larger than the actual thickness of the PB/NiHCF bilayers, which

is apparent in the detected Pt intensities.

thick \ thin

PB/NiHCF PB/NiHCF
layer layer

Figure 18 SEM (A, B) and EDX mapping (colored images showing the distribution of the elements: red (Fe),
green (Ni) and blue (Pt)) of an UME (diameter: 25 um) modified with PB/NiHCF-mixed film.
Acceleration voltage: 5 kV. EDX mapping represents the average elemental distribution of in sum

512 frames (resolution: 256 x 200 pixels).
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A penetration depth of up to at least a um has to be assumed in PB/NiHCF layers at an
acceleration voltage of 5 kV as used in the following EDX mappings, depending on the local
material composition and density. This varying thickness cannot be related to the composition
of the mixed film and higher Fe and Ni intensities in the EDX maps are likely related to an
increased thickness of the PB/NiHCF bilayers. The observed cracks may be associated with the
vacuum conditions. Because the precise stoichiometry of PB??” and NiHCF??® is not known due
to varying composition and oxidation states of PB and varying K* content in both salt
structures, quantification is not possible. The homogeneous distribution of Ni is clearly visible
in Figure 18. In case of an irregular composition of the mixed PB/NiHCF film, the distribution
of the intensity for Ni should be irregular as well. Another approach for the investigation of
the composition of the mixed film of PB/NiHCF is the dissolution of single PB particles in the
presence of H,0, detectable by changes in the morphology of the film. The dissolution of the
PB/NiHCF was measured in-situ by AFM-SECM and the results are depicted in Figure 19. Next
to the dissolution of these particles, the change in topography can be also explained by
mechanical removal of surface structures due to the scanning AFM tip. Thereby, resulting
artifacts within the topographical image are visible and marked by white arrows (see Figure
19). While imaging of the modified UME as depicted in the images in Figure 19 A and B, no
H,0, was present in the solution and no potential was applied to the AFM-SECM probe. Hence,
the observed changes in topography could be addressed to mechanical removal of the
PB/NiHCF bilayers. The AFM topography shown in Figure 19 C is the last scan recorded after a
duration of in total 7.5 h showing the PB/NiHCF film that was not removed during this
measurement. Between the results shown in B and C, a potential was applied to the AFM-
SECM tip sufficient for generating H,0; (- 0.5 V vs. quasi-Ag/AgCl reference electrode) and the
surface changes during consecutive AFM scans were detected. For improved visualization of
the morphological changes, just a small section of the PB/NiHCF-modified UME was
investigated in detail (white square in Figure 19 B). The results for three consecutive AFM
scans are depicted in the AFM topography images in Figure 19 D-F. The morphology of the
PB/NiHCF-modified UME changed within approximately 12 min in the presence of H,0;
generated at the AFM-SECM probe. The dissolution of a large particle is visible, which is also

partially removed by the scanning AFM tip.
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H,0, generated at the tip biased at -0.5 V vs. Ag/AgCl

Figure 19 Investigation of the stability and surface changes of a modified UME while H,0; is generated at the
AFM-SECM probe, by contact AFM in liquid. During imaging the surface depicted in A-C, no potential
was applied to the AFM-SECM probe. Original size: 50 x 50 pm?(A, B), 60 x 60 um? (C), scan speed:
0.6 In/s (60 um/s) (A,B), 0.8 In/s (96 um/s) (C). The timeline (not to scale) depicted in the figure
shows the times (min) when the images were recorded during a total duration of the experiment
of 7.5 h. For the small area of the PB/NiHCF-modified UME depicted in D-F, the AFM-SECM probe
was biased at -0.5 V vs. quasi-Ag/AgCl reference electrode and H.0: was generated in close
proximity to the surface. Scan direction: down (D), up (E) and down (F),original size: 25 x 25 um?,
scan speed: 1.5 In/s (37 um/s). The AFM topography in D-F shows single scans recorded in between

the scans shown in B and C, after a duration of 198, 204 and 210 min, respectively.

But the reduced size of the particle and shrinkage of its structure visible in the morphological
changes in image E to F can be associated with the dilution in the presence of H,0; generated
at the AFM-SECM probe. Thereby, the volume of this particle is reduced by approximately
62%. Following scans at different scan areas in the presence of H,0,, however, showed no
further changes in the AFM topography (results are not shown). The AFM-SECM investigation
in Figure 19 shows that higher regions of the PB/NiHCF bilayers or particles located on top of

the ‘main’ PB/NiHCF bilayers are predominantly removed in the presence of H,0,. In SEM

-43 -



images, these regions are also visible and changes in surface morphology after exposure of
the PB/NiHCF-modified electrodes to varying concentration of H,O, were observed. The
sensitivity loss in H,O; detection observed in the recorded electrochemical i-t curves may be
correlated to the morphology changes visible in the consecutively recorded SEM images. H,0>
sensitivity and response of the modified electrodes were determined by calibration
measurements before and after the exposure of modified electrodes to H.0;, whereas in
between the single SEM images shown in Figure 20, the UME was exposed to solutions of 0.7,
0.8 and 1 mM H20,, respectively, and an i-t-curve was recorded over a period of 25 min for
each H;0; concentration. Comparing the SEM data to the topographical changes observed in
the AFM-SECM investigation shown in Figure 19, a change or dissolution of these particles on

top of the ‘main’ PB/NiHCF film would be expected.

Figure 20 SEM investigation of a PB/NiHCF-modified UME after electrochemical deposition (A) and after
exposure to different H202 concentrations: 0.7 mM (B), 0.8 mM (C, D) and 1 mM (E, F). Regions of
the PB/NiHCF bilayers labeled by red arrows and circles are stable in the presence of H20..

Acceleration voltage: 5 kV; 53 pA (A,B) and 852 pA (C - F).
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These particles are marked by a red arrow and circle in Figure 20 and showed however almost
no changes during the consecutive H,0, exposures in between recording the individual SE
images. In contrast to AFM investigations, the main characteristic of the PB/NiHCF bilayers is
a plate-structured deposit on the UME, which showed a reduction in surface coverage with
consecutive H;0, detection. The changes in the surface coverage are more obvious with
additional H,0; exposure, especially visible in the SEM images displayed in E and F showing a
larger area of the PB/NiHCF-modified UME. The dissolution of the PB/NiHCF film seems to be
homogeneous and along the edges of the visible structures, which is energetically favorable.
Whereas the particles on top of these main characteristic plate-structured deposits were
dissolved during AFM investigations, these structures observed in the SEM images as bright
single particles, appear to be not affected by the H,0; exposure. Hence, these particles might
consist either of NiHCF as a stable component of the mixed film insensitive to H,0; or these
particles and structures consist of mixed components of PB/NiHCF. The results obtained by
EDX mapping shown in Figure 18 indicate that a homogeneous mixture of PB and NiHCF is
most likely. The localized change and dissolution of a pure PB film in the presence of H,0;
were detected in consecutive AFM scans as shown in Figure 21. Thereby, a Pt UME modified
only with PB was investigated at a constant H,O, concentration (1 mM) similar to the

concentrations used in the SEM studies (as shown in Figure 20).

nm
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100

50

16 min 84 min 153 min

Figure 21 AFM topography of a PB-modified Pt UME (diameter: 25 um) in the presence of 1 mM H20: in 0.05
M phosphate buffer. The depicted AFM images are recorded at 16, 84 and 153 min, respectively, of
in total 2.5 h, showing the changes in the surface coverage during this AFM investigation. Original
size: 60 x 60 um?, scan speed: 0.5 In/s. Electrochemical deposition of PB was done with 20 cycles

according to the experimental conditions described in 4.2.
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Within approximately 2.5 h, the whole PB film was removed. A possible influence of the
vacuum conditions during SEM imaging was also investigated. A H,0; calibration curve and
corresponding loss of PB at a modified electrode with consecutive H,O, exposure is
exemplarily shown in Figure 22. In between the deposition of PB and NiHCF, the electrodes
were exposed to vacuum (chamber vacuum of the SEM, in the range of 10°® mbar), namely
after the 15t (PB), 2" (NiHCF) and 3™ (PB) layer. After the deposition of in sum 6 layers in

accordance with 3 PB/NiHCF-mixed bilayers, the electrode was investigated by SEM.
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Figure 22 15t H,0: calibration in 0.05 M phosphate buffer of a PB/NiHCF-modified Pt UME (diameter: 25 um)
and corresponding CV in 0.1 M HCI/KCI (scan rate: 0.02 mV/s) after 1% calibration (blue) and after
successive exposure to 1 mM H20: for 25 min, respectively (running order: red, green, yellow). SEM
images after PB/NiHCF deposition (C) and after H.02 detection (D) of in total of 3.5 mM Hz0: over
a period of approximately 2 h; acceleration voltage: 5kV, 7pA (C) and 8 nA (D).

In between the single H,0: calibrations, the PB/NiHCF-modified UME was only characterized
by CV in 0.1 M HCI/KCl and the change in the morphology was detected by optical microscopy
avoiding any influence of additional vacuum conditions in between consecutive H,0;
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exposures. In the optical images depicted in Figure 23, a clear change in the composition of
the mixed bilayers is visible, indicated by a change in color. Thereby, PB is reduced to Prussian
Yellow, visible as a yellow-brown region on the modified UME, and Prussian White, which is
insensitive to H20,. Single spots of the PB/NiHCF film were removed during H,0; exposure
that is visible in Figure 23 B and C at the bright regions within the film showing the underlying

Pt electrode surface.

Figure 23 Optical images of a PB/NiHCF-modified UME after electrochemical deposition of PB/NiHCF bilayers
(A), after the 1%t H,0: calibration (B) and after 2"! exposure to 1 mM H20> for 25 min (C).

Comparable results obtained by optical images of a PB/NiHCF-modified Pt UME without
vacuum conditions in between the single layer depositions showed enhanced removal of the
active bilayers without any distinctive color changes. The change in the surface of the modified

electrode with successive H,0; calibrations is shown in Figure 24.

Figure 24 Optical images of a PB/NiHCF-modified UME after electrochemical deposition of PB/NiHCF bilayers
(A), after the 1 H,0> calibration (B) and after 5% calibration, which equals an exposure to approx.

2 mM H20: (C).
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In Figure 25, the comparison between two H,0; calibrations with PB/NiHCF-modified UMEs
with and without vacuum conditions, respectively, shows enhanced stability for the bilayers

exposed to vacuum, which is in accordance to the observation via optical microscopy.
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Figure 25 H20:> calibration of PB/NiHCF-modified Pt UMEs (diameter: 25 um) with (dashed lines; 1%': orange
and 2": green) and without exposure to vacuum conditions between layer deposition (solid lines;

1%t blue and 2"%: red).

The enhanced stability of the modified UMEs, which were exposed to vacuum, might be
related to the removal of water (‘drying processes’) in the crystal lattice. The location of water
molecules in the PB lattice has been determined by attenuated total reflection FTIR (ATR-
FTIR)??° and powder neutron diffraction revealing both, coordinated and uncoordinated
regions of water molecules within the crystal lattice of PB23. Investigations of PB by H nuclear
magnetic resonance spectroscopy (NMR) showed that the water molecules are bound to the
high-spin Fe(lll) ions in the crystal lattice influencing the conductivity of the material?3l. On
the other hand, coordinated water molecules occupy space in the PB lattice, which might be

filled with K* ions that enable charge transport during electrochemical processes??’

as
described in the introduction. Water molecules after electrochemical deposition from
aqueous solution might also be located in between PB particles and the removal of

incorporated water from pores within the PB film by vacuum might lead to enhanced stability
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of the PB layers. A simple explanation for the reported enhanced sensitivity might by the fact
that rapid drying under vacuum conditions induces fractures within the PB film, which leads
to an enlargement of the surface area. Thereby, the film might be more sensitive to H,0; but,
on the other side, PB dilution preferentially occurs at these edges, which reduces the stability.

This was not observed during the course of these investigations.

In the next step, Pt/C composite as electrode material for the electrochemical deposition of
PB/NiHCF-mixed films was investigated. The activation of the PB/NiHCF-modified UME by
cycling in 0.1 M HCI/KCI shows an enlarged amount of PB deposited on the UME with Pt/C
composite as electrode material (Figure 26). The electrode area modified by Pt/C deposition
was determined by CV using [Ru(NHs)s]Clz as outer sphere redox species resulting in an active
electrode area of 755 um?, whereas a bare Pt electrode used for comparison had an active
electrode area of 825 um?. In contrast to the smaller active electrode area, the current of the
PB redox signal is approximately 5 times higher for Pt/C composites as electrode material

compared to the PB/NiHCF modification of bare Pt UMEs.
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Figure 26 CVin 0.1 M HCI/ 0.1 M KCI of PB/NiHCF-modified Pt UME (diameter: 25 um, A) and on a Pt UME
(diameter: 25 um) modified with Pt/C composite prior to layer deposition (B), scan rate: 0.02 V/s.
Blue CVs were recorded after deposition of PB/NiHCF bilayers and red CVs were recorded after H20:
calibration, respectively. After 4 consecutive calibrations (99 - 476 uM H:0: for each calibration) at
the UME, where data are shown in (A), and after 5 consecutive calibrations (99 - 476 uM H0> for
each calibration) for the Pt/C modified UME shown in (B).
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In Figure 27, the optical image of an UME is shown after the deposition of Pt/C composite by
IBID, whereas the optical images in B and C show the electrodes after electrochemical
deposition of the PB/NiHCF bilayers. In Figure 27 C, a large overspread of the PB/NiHCF film is
visible, which might be also the explanation for the enhanced amount of PB located on the

UME.

Figure 27 Optical images of UMEs (diameter: 25 um) with additional deposition of a Pt/C composite by IBID;
before (A) and after (B, C) the electrochemical deposition of PB/NiHCF bilayers. The overspread of
deposited PB/NiHCF depicted in C is reduced by additional FIB milling prior to layer deposition (A)
as depicted in (B).

This overspread should be avoided in the modification of AFM-SECM probes due to the loss
of the lateral resolution in localized H,0, detection. It was assumed that this overspread is
related to additional deposition of Pt/C next to the actual electrode area. To confirm this
assumption and to avoid this overspread, the region surrounding the actual electrode area
was cleaned by FIB milling after deposition of the Pt/C composite, but prior to the
electrochemical deposition of the PB/NiHCF film (Figure 27 A). The resulting PB/NiHCF
modification of the UME is shown in Figure 27 B with a negligible overspread around the actual
electrode surface. Thereby, it can be concluded that this overspread was actually based on
the additional deposition of Pt/C composite. A direct comparison of the H,0; sensitivity of
PB/NiHCF-modified UMEs with bare Pt or Pt/C composite as supporting electrode material is
shown in Figure 28. Additionally, the effect of the FIB cleaning after deposition of the Pt/C

composite to reduce the overspread of PB/NiHCF is taken into account.
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Figure 28 Comparison of H20: sensitivity and stability of a PB/NiHCF-modified UME at different supporting

electrode materials: Pt/C composite (blue), Pt/C composite with additional FIB cleaning (green) and
bare Pt UME with no additional treatment prior to electrochemical deposition of PB/NiHCF (red)
(A). The stability in consecutive calibrations of PB/NiHCF-modified UMEs is compared in (B) whereas
dashed lines represent the first and solid lines the second calibration, respectively (colors are same

as in (A)).

The measured current response at the 5 consecutive H,0; additions of the compared three
UMEs vary with a factor of 3.5 + 0.2 (Pt/C without FIB milling) and 5.0 + 0.3 (Pt/C with FIB
milling), respectively, within the data sets for Pt supporting electrode material and Pt/C-
modified Pt (or Au) UMEs with or without additional FIB milling (Figure 28). A loss of sensitivity
is observable for consecutive calibrations for all electrodes, but for Pt/C-modified UMEs
improved stability compared to bare Pt as supporting electrode material is observed. The
enhanced H,0; sensitivity may be related to an increased amount of PB within the PB/NiHCF
bilayers, whereas this is not necessarily related to an enlarged electrode surface, but to the
different supporting electrode materials, namely Pt and Pt/C composite. The stability of the
PB/NiHCF bilayers within consecutive calibrations (up to 5 calibrations) of H,0> in phosphate
buffer was investigated on different supporting electrode materials and for UMEs exposed to

vacuum.
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The results are compared in Figure 29. The loss in sensitivity is clearly recognizable for all

investigated electrodes, but increased stability for the electrodes exposed to vacuum between

single H,0; calibrations is visible compared to UMEs with no additional treatment. The Pt/C

modification of the UMEs prior to the deposition of PB/NiHCF bilayers resulting in enhanced

sensitivity for H,O3, shows also enhanced stability in H,0; detection.

sensitivity [pA/cm2-pM]

Figure 29
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Comparison of the H20: sensitivity for 5 successive calibrations of two PB/NiHCF-modified UMEs
with no additional treatment (green), two PB/NiHCF-modified UMEs additionally exposed to

vacuum conditions (blue) and two PB/NiHCF-modified UMEs with Pt/C as supporting electrode

material (red).
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Figure 30 Investigation of H20: stability after the exposure of the PB/NiHCF-modified electrodes to UV light:
consecutive H20> calibrations in 0.05 M phosphate buffer of a PB/NiHCF-modified UME (diameter:
25 um) with Pt/C composite as supporting electrode material (A), colors: 1°t (blue), 2" green) and
3" (red) calibration, and corresponding CVs in 0.1 M HCI/ 0.1 M KCI (B) after deposition (yellow),
exposure to UV light (purple) and after consecutive H20: calibrations (running order: blue, green,
red), scan rate: 0.02 mV/s. The sensitivity of three consecutive H,0: calibrations recorded at three

individual UMEs modified with Pt/C (red) and additionally exposed to UV light (green), is compared
in C.

Also, the influence of UV light towards the performance of PB/NiHCF-modified UMEs in
respect to H,0; sensitivity and stability was investigated. Therefore, a PB/NiHCF-modified Au
UME with Pt/C composite as supporting electrode material was exposed to UV light for 120 s
after electrochemical deposition of PB/NiHCF bilayers and after their activation by cycling in
0.1 M HCI/0.1 M KCI (Figure 30). The H,0; calibration in phosphate buffer showed good
linearity within the concentration range of 99 — 909 uM H.0; and a sensitivity of 0.82
HA/(cm?-uM) for the first calibration (Figure 30 A), which is comparable to the results obtained
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by modified Pt/C-UMEs without UV light exposure. Between recording the calibrations, the
PB/NiHCF bilayers were characterized by CV in HCI/KCI (Figure 30 B). Additionally, the
influence of the UV light in respect to the H.0; response was compared in the CVs recorded
prior and after the exposure of the modified UME to UV light (see yellow and purple CVs in
Figure 30 B). No significant change in the amount of PB could be detected and no negative
effect within the following consecutive calibrations was observed. Both treatments, namely
the vacuum and the UV exposure of the modified electrodes, might result in a loss of hydrate
water and an enhanced drying of the H,0,-active film. In literature, the exposure of PB to light
of different wavelength has been reported and an increase in the formation of PB could be
associated to the photo-reduction of the iron(lll) in the [Fe(llI)(CN)e])3 anion?32. The transfer of
ferricyanide to ferrocyanide was shown for UV light (A= 365 m)?32233, The photo-reduction is
not linked to the wavelength of the used light source, but to the energy transferred by
irradiation. Therefore, it is possible that residues of FeClz and [Fe(Ill)(CN)g]?" within the freshly
prepared PB films are reduced to Fe(ll) and PB is additionally formed. However, the redox
signal of PB shown in Figure 30 B doesn’t show significant differences between the CVs
recorded prior and after the exposure of the modified UMEs to UV light. Also, IR investigations
indicated no change of the vibration bands within the film (data not shown). Thereby, a change
of the PB structure can be excluded and the enhanced stability of the PB/NiHCF-modified films
is probably related to the fast drying of the film and additional PB formation for both, vacuum
and UV conditions. In conclusion, vacuum conditions and UV light, which are necessary for the
preparation of modified AFM-SECM probes, seem to have a positive effect on the
performance of the electrodes. Improved stability is observed under both conditions. Pt/C
composite as supporting electrode material is also suitable and showed enhanced stability

and sensitivity compared to bare Pt UMEs as supporting electrode material.

4.3.2  PB/NiHCF-modified AFM-SECM probes
Modification of AFM tip-integrated electrodes with PB/NiHCF bilayers, which has been

investigated within this thesis for the first time, was obtained using the same conditions as
described for UMEs with concentrations of the solutions for PB and NiHCF deposition adopted
from Komkova et al.?° (4 mM FeCls/Ks[Fe(CN)s] and 1 mM NiClz/ 0.5 mM Ks[Fe(CN)s]). Thereby,
the electrode area was exposed by FIB milling and increased with a Pt/C composite by IBID74,

First measurements with these modified AFM-SECM probes were performed in H;O;
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calibration experiments to investigate their H,0O, sensitivity and stability (Figure 31 C). In
Figure 31 A and B, an AFM-SECM probe after the deposition of 3 PB/NiHCF bilayers is shown.
The SEM images reveal a complete coverage of the whole pyramidal AFM tip. Because the
deposition of NiHCF is known to be spontaneous, this might be reasonable for the observed
deposition of the H,0,-sensitive PB/NiHCF layer onto the whole AFM tip. This should be

avoided to ensure localized measurements of H,0,.
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Figure 31 SEM image of a PB/NiHCF-modified, tip-integrated: top view (A) and side view (B) of the pyramidal
AFM tip. Linearity and H.0: sensitivity of 5 successive calibrations (C; running order: blue, red,
green, orange, purple). Because of the huge overspread of the PB/NiHCF bilayers, the electrode
area was not taken into account and the absolute current signal is correlated to the H20:

concentration (C).

Therefore, the deposition of PB/NiHCF bilayers has been optimized with tip-less AFM-SECM
probes and tested in H,0; calibration experiments. In Figure 32, the deposition of PB/NiHCF
following the procedure of Komkova et al.?° is depicted in A, whereas the deposition of two
PB/NiHCF bilayers using a reduced concentration of the original deposition solutions by 66%

is shown in B. It is obvious that the optimization of the PB/NiHCF layer deposition resulted in
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the localized deposition of H,0,-sensitive material located at the original electrode area with
an overspread due to a radial diffusion at the microelectrode during the electrochemical
deposition. In Figure 32 C, the PB/NiHCF deposition occurred additionally at the area
surrounding the actual microelectrode as a result of the Pt/C deposition by IBID and/or the

spontaneous deposition of NiHCF.

Figure 32 SEM images of PB/NiHCF-modified, tip-integrated electrodes, with 4 mM FeCls/Ks[Fe(CN)s] and 1
mM NiCl2/ 0.5 mM Ks[Fe(CN)s] concentrations for the electrochemical deposition of 3 PB/NiHCF
bilayers (A) and reduced concentrations of the used solutions of 1.33 mM FeCls/Ks[Fe(CN)s] and
0.33 mM NiCl2/ 0.17 mM Ks[Fe(CN)s]) during electrochemical deposition of 2 PB/NiHCF bilayers (B-
D); without (C) and with (D) additional FIB cleaning after IBID of the Pt/C composite. Acceleration
voltage: 5 kV (A) and 3 kV (B-D)/ 24 pA (A), 43 pA (B) and 86 pA (C, D). The SEM images in (B — D)

are recorded in the immersion mode.

This increased deposition of a thin Pt/C layer next to the actual microelectrode area was
reduced by subsequent FIB milling as depicted in Figure 32 D. The sensitivity and stability of
the PB/NiHCF-modified AFM-SECM probes with a reduced concentration of the deposition
solutions were tested in consecutive H,0; calibrations. In the following graph (Figure 33), the
H20> sensitivity of a PB/NiHCF-modified, tip-integrated electrode (in blue) is compared to

results obtained with modified UMEs. The reduction of the amount of PB and NiHCF during
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electrochemical deposition didn’t show a reduced sensitivity, in contrast even an enhanced
sensitivity for the first 3 H,0; calibrations with the PB/NiHCF-modified, tip-integrated
electrode was observed. The influence of UV light exposure on the behavior of the PB/NiHCF

bilayers was also investigated as the mounting of the AFM-SECM probes requires the exposure

to UV light.
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Figure 33 Comparison of the H20: sensitivity for 5 successive calibrations of a PB/NiHCF-modified tip-

integrated electrode (blue) to PB/NiHCF-modified UMEs modified with Pt/C (light and dark red).

The investigation of the influence of the UV light was already tested with modified UMEs (see
4.3.1), resulting in enhanced stability of PB/NiHCF bilayers. The AFM-SECM probes were
exposed to UV light after the deposition of the 1%t and the 3™ layer corresponding to the
deposition of PB, whereas the 2" and 4" layer correspond to the deposition of NiHCF resulting
in two PB/NiHCF bilayers. In the following section, individual AFM-SECM probes are compared
showing good H,0; sensitivity in consecutive calibrations. Using a reduced concentration of
the deposition solutions, for the modification of AFM-SECM probes with PB/NiHCF bilayers
resulted in rather limited reproducibility. In fact, only the 4 (13 %) presented probes showed

a response to H.0; and 27 (87 %) tested AFM-SECM probes showed either no signal in the
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‘activation’ CV in HCI/KCI or no H,0; sensitivity at all. In the following, the different responses
of the presented probes are evaluated in detail to identify the reason for this good H,0;
sensitivity. The H,O; sensitivity of different AFM-SECM probes with slightly different electrode
sizes and geometries are compared in Figure 34 A. The compared probes are named according

to the colors in the graphs, namely purple, blue, red and black.
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Figure 34 Comparison of H20; sensitivity and linearity of PB/NiHCF-modified AFM-SECM probes with UV
exposure (purple, blue, red) and without (black) UV exposure during electrochemical layer
deposition (A). CV in 0.1 M HCIl/ 0.1 M KCI of PB/NiHCF-modified AFM-SECM probes (B) recorded

prior to calibrations depicted in (A), scan rate: 0.02 V/s. Corresponding data are of the same color.

A summary of the sensitivities and electrode area is given in Table 4. The 1%t H,0; calibrations
obtained with PB/NiHCF-modified AFM-SECM probes are shown in Figure 34 A, being exposed
to UV light (purple, blue and red dashed lines; results correspond to three individual AFM-
SECM probes), and without being exposed to UV light (black dashed line). It is clearly visible
that the sensitivity of the probes exposed to UV light is strongly enhanced by a factor of 4.9
up to 16.3 in relation to the results labeled in black. Just one PB/NiHCF-modified AFM-SECM
probe with additional UV exposure (red dashed line in Figure 34 A) shows a reduced sensitivity
by a factor of 0.5. Although the same conditions for the electrochemical deposition of
PB/NiHCF bilayers were applied to all samples, the deviation in the resulting sensitivities is

huge. A comparison of the ‘activation’ CVs of the H,03-active bilayers in 0.1 M HCI/ 0.1 M KCl
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black red blue purple
exposed to UV

N Y
light © e
FIB cleaning
after !’B/NlHCF No No Yes
bilayer
deposition
H20; sensitivity
1.24 0.65 6.10 20.17
[MA/(cm? - uM)]
ratio - 0.5 4.9 16.3
electrode square, Pt/C frame electrode
no AFM .
geometry . + AFM tip
tip
electrode 13.8 12.7 1.1 1.8

surface [um?]

Table 4 Comparison of H20: sensitivity and corresponding ratio of AFM-SECM probes exposed to UV
light in respect to the AFM-SECM probe not exposed to UV light (black), electrode surface as
determined by CV in 1,1’-ferrocenedimethanole and H20: sensitivity regardless of the active

electrode surface of PB/NiHCF-modified AFM-SECM probes as depicted in Figure 34.

(the amount of PB can be estimated by its redox signal at approximately 0.2 V vs. Ag/AgCl
reference electrode (Figure 34 B)) doesn’t explain these enhanced sensitivities. Only the data
obtained for one AFM-SECM probe exposed to UV light during electrochemical layer
deposition (displayed in red colors in Figure 34 and Table 4) shows a reduced sensitivity and a
low concentration of PB, according to the redox signal for PB in the CV displayed in Figure 34
B. Indeed, the electrode revealing the highest signal (black CV in Figure 34 B) shows for the 1°
calibration the worst sensitivity (not exposed to UV light). The comparison of the active
electrode surface as determined by CV in 5 mM 1,1’-ferrocenedimethanole shows deviations
for the respective AFM-SECM probes as summarized in Table 4. The differences in electrode
size and H,0; sensitivity are shown in Figure 34 B and in Table 4, respectively. The individual
samples are named according to the colors in Figure 34. The data in Table 4 show significant
deviations in the H,0; sensitivities, which does not correlate with the actual electrode surface.
Whereas for the probe ‘black’ (no UV exposure), a square electrode was used without an AFM
tip (as depicted in Figure 32 B), the AFM-SECM probes with an electrode area (named as blue

and purple) reflect Pt/C frame electrodes surrounding the AFM tip (SEM image of the ‘blue’
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AFM-SECM probe is shown in Figure 32 D). The AFM-SECM probe labeled as ‘red’ is shown in
the SEM image in Figure 32 C, without additional FIB cleaning after Pt/C deposition, but also
with an AFM tip surrounded by the active Pt/C-modified electrode area. Because the ‘red’
AFM-SECM probe shows complete coverage of the pyramidal AFM probe in the SEM image in
Figure 32 C, the actual electrode area before the deposition of PB/NiHCF-bilayers is larger (see
values listed in Table 4). The detection of H,0; correlates with the amount of PB as the H,0;-
sensitive material. The amount of PB is dependent on the concentration of FeCls and
K3[Fe(CN)s] during electrochemical deposition and the actual electrode area, on which the PB
is deposited. Because the concentration during the electrochemical deposition for all AFM-
SECM probes in the compared results was kept the same, the differences in sensitivity are
either related to the electrode surface or to the positive influence of the exposure to UV light
in between the deposition of the individual layers. Indeed, the AFM-SECM probe (‘red’),
exposed to UV light and with the highest electrode area (see CV recorded in 1,1’-
ferrocenedimethanole) and a PB/NiHCF coverage of the whole pyramidal AFM probe visible
in the SEM image in Figure 32 C, shows the worst sensitivity with the lowest amount of PB
according to the results shown in Figure 34. The difference between this AFM-SECM probe
and the other probes is the additional FIB cleaning next to the actual electrode area, which
guarantees a localized deposition of PB/NiHCF bilayers. This additional treatment doesn’t have
a direct influence on the H.0; sensitivity but on the amount of deposited material. The
amount of PB as estimated by the redox signal in the CVs shown in Figure 34 B is comparable
for the ‘purple’ and ‘blue’ AFM probes, but lower for the ‘red” AFM probe. Up to this point, no
correlation could be found between the amount of PB/NiHCF bilayers, detected by the
‘activation’ of the bilayers by cycling in HCI/KCl solution and the coverage area observed in the
SEM images, and the resulting H,0; sensitivity of the modified AFM-SECM probes. All
PB/NiHCF-modified AFM-SECM probes showed a sensitivity loss with consecutive H,0;
calibrations, which is in accordance with a diminishing concentration of PB during H,0;

detection due to more alkaline pH values of the solution induced by the H,0; reduction.
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The ‘blue’ AFM-SECM probe tested by two successive H,O; calibrations showed a sensitivity
loss of approximately 58 %, the ‘purple’ probe showed a sensitivity loss of 45 %, red probe of
31 % and black probe of 25 %. The PB/NiHCF electrochemical deposition of two bilayers with
reduced concentration compared to the original deposition protocol was repeated. It would
be favorable to reactivate used PB/NiHCF-modified AFM-SECM probes for further

investigations.
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Figure 35 H20: sensitivities for two consecutive calibrations of the PB/NiHCF-modified AFM-SECM probes.

The colors are in accordance with the modified AFM-SECM probes summarized in Table 4.

Additional deposition of PB and NiHCF should also result in an enlarged amount of PB on the
AFM-SECM probe. Because the same probe is used, there are no differences in preliminary
preparation steps (electrode size, additional FIB cleaning, etc.) of the AFM-SECM probe that
showed already good behavior in H,0; sensing. With the assumption that the electrochemical
deposition results in PB/NiHCF-mixed bilayers as postulated by Karyakin and coworkers???, the
amount of PB/NiHCF-mixed material should be increased with additional deposition. Because
the modified AFM-SECM probe was used in H;0; calibration and according to the loss of
sensitivity of the H,0»-active film during the 2" calibration, the amount of PB and NiHCF still

left on the electrode area is unknown. Nevertheless, an enhanced H;0: sensitivity after the
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2" electrochemical deposition of mixed bilayers is expected. In Figure 36 A, the H>0;
calibration (green dashed line) actually shows an enhanced sensitivity, which is three times

higher than the sensitivity of the 1% calibration after the 1%t electrochemical deposition of
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Figure 36 Comparison of H20: sensitivity and linearity of one PB/NiHCF-modified AFM-SECM probe with UV

exposure during electrochemical layer deposition (A): 1t (blue) and 2™ (red) H,O: calibration after
1%t electrochemical layer deposition and H20> calibration (green) after 2" electrochemical layer
deposition. CV in 0.1 M HCI/ 0.1 M KCI of the PB/NiHCF-modified AFM-SECM probe (B) recorded
after 1°t (blue) and 2" (green) electrochemical layer deposition and prior to calibrations depicted

in (A), scan rate: 0.02 V/s.

PB/NiHCF (blue), but the amount of PB shows just a small deviation in the CVs recorded in
0.1M HCI/ 0.1 M KCI (Figure 36 B). In both electrochemical depositions, the AFM-SECM probe
was exposed to UV light after the 15t and the 3™ layer deposition. The difference in sensitivity
is therefore not associated with the exposure of the PB/NiHCF-modified AFM-SECM probe to
UV light. The enhanced stability can be addressed neither to the exposure of the PB/NiHCF-
modified AFM-SECM probes to UV light nor to the amount of PB. Because the same AFM-
SECM probe was used in this comparison, there were no additional differences, namely the
electrode area or geometry of the original Pt/C-modified electrode. Additionally, the
hypothesis that alternating electrochemical deposition of PB and NiHCF results in the
formation of bilayers is questionable. The presented results are reflecting individual AFM-

SECM probes, at this stage, no quantitative conclusion could be drawn. The investigation of
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27 of 31 PB/NiHCF-modified AFM-SECM probes showed no H,0; sensitivity or any stable
behavior in H,0; detection if this is related to handling issues (e.g., electrical discharge, etc.)

or insufficient stability of the deposited layers could not be clarified.

4.3.3 Localized detection of H,02 by AFM-SECM
For the first AFM-SECM measurements, the original deposition protocol as published by

Komkova et al.? was used resulting in a PB/NiHCF-modified AFM-SECM probe with complete
coverage of the pyramidal AFM tip. In this investigation, no localized signal was expected to
reflect the size of an electrode as a model sample during H,0, generation by an applied
potential. Therefore, the PB/NiHCF-modified AFM-SECM probe was used for imaging the H20;
evolution at a Pt/C-modified Pt UME biased at — 0.5 V vs. quasi-Ag/AgCl reference electrode,
which is sufficient to generate H20,%234. The morphology was detected in AFM contact mode
and the generated H,0; in SECM generation/collection mode (Figure 37 B, D, and F). Control
experiments were performed at a sample bias of 0 V vs. Ag/AgCl quasi-reference electrode,
which is not sufficient for H,0, generation (Figure 37 A, C and E). The current signal in Figure
37 F recorded by the PB/NiHCF-modified, tip-integrated electrode clearly shows a response to
H,0, generated at the UME. Even a difference between the original electrode area and the

overlapping Pt/C composite could be detected.
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Figure 37

+ PB/NiHCF + PB/NiHCF

AFM-SECM images recorded at an UME with a PB/NiHCF-modified AFM-SECM probe; setup
according to the schemes depicted in (A) and (B): topography (C, D) and corresponding tip current
(E, F) recorded at the AFM-SECM probe with a sample bias of 0 V (E) and — 0.5 V (F) vs. Ag/AgCl
quasi-reference electrode, respectively, and a tip bias at 0 V vs. Ag/AgCl quasi-reference electrode

in both measurements. Original size: 54 x 54 um?, scan rate: 0.2 In/s (10.9 um/s).
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Although the used AFM-SECM probe was completely covered with H,0,-active PB/NiHCF
bilayers (as shown in Figure 31 A, B), still localized information could be obtained, as the signal
of the H,0; reduction mainly results from the film at or close to the AFM-integrated electrode
surface. This becomes more obvious in the 3D representation of the AFM topography overlaid

with the current signal as shown in Figure 38.
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Figure 38 3D representation of the results shown in Figure 37. The current signal of H.0; reduction detected

at a PB/NiHCF-modified AFM-SECM probe (A) and AFM topography (B).

In addition, the H,0;-sensitive PB/NiHCF bilayers may also have been removed during
previous scans or calibrations, which would also explain that there are no obvious artifacts in
the topography visible. The H,02 conversion is predominantly located at PB/NiHCF bilayers
deposited onto the AFM tip-integrated microelectrode. Nevertheless, for investigations of
unknown sample morphology and/or spatially heterogenous H,0; release, the H,0; sensing
layer should be well defined and confined to the electrode surface. Although the current signal
was stable during 5 consecutive AFM scans, partial dissolution of the PB/NiHCF film during
measurements might lead to a false interpretation of the detected current signals for

unknown samples.
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To exclude electrochemical activity in the absence of the PB/NiHCF bilayers and any crosstalk
between the current signal and the topography detected simultaneously by AFM-SECM, an
unmodified AFM-SECM probe was used additionally as shown in Figure 39. As expected, no
current response related to H,0; consumption could be detected by the unmodified AFM-

SECM probe.

-1.6

0.63

0.62

Figure 39 AFM-SECM image of an UME recorded with an unmodified AFM-SECM probe; set-up according to
the scheme depicted in (A): Topography (B) and corresponding tip current (C) recorded at an
unmodified AFM-SECM probe with the sample biased at — 0.5 V vs. Ag/AgCl quasi-reference
electrode and with an AFM-SECM probe bias of 0 V vs. Ag/AgCl quasi-reference electrode. Original
size: 46 x 46 um?, scan rate: 0.25 In/s (11.4 um/s).
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4.4 Conclusion and outlook
Within this section, PB/NiHCF-modified UMEs and AFM-SECM probes for H,0; detection have

been investigated. Thereby, significant influences of parameters used for the fabrication of
AFM-SECM probes have been identified, namely the influence of vacuum conditions, UV light
and Pt/C composite as supporting electrode material. In general, no negative effect of all these
parameters could be detected. In contrast, a significantly improved stability and sensitivity for
the detection of H,0, was achieved. Preliminary experiments for mapping localized H,0;
evolution at an UME using a PB/NiHCF-modified AFM-SECM probe are presented. Although
the used AFM-SECM probe was completely covered with PB/NiHCF bilayers, a localized
detection of H20; could be shown. This can be explained that only the PB/NiHCF-covered tip-
integrated electrode area close to the sample surface contributed predominantly to the
recorded signal. Additionally, a change in the morphology of the PB/NiHCF film, as shown in
4.3.1 for the modification of UMEs, might result in that the non-electrode areas covered by
PB/NiHCF film are not significantly contributing to the overall signal. To avoid the coverage of
the complete tip, AFM-SECM investigations have to be repeated with optimized parameters
for the electrochemical deposition of PB/NiHCF bilayers reported within this section. The
bilayer-modified probes, either UMEs or AFM tip-integrated electrodes, showed a good
response to H,O, with enhanced stability compared to PB as electrocatalytic layer for H,O>
reduction. A reduced concentration and number of deposited PB/NiHCF bilayers used for the
modification of AFM tip-integrated electrodes showed a reduced amount of PB/NiHCF located
on the AFM-SECM probe as detected by SEM, but H,O, calibrations showed enhanced
sensitivity for H.0,. However, the reproducibility with respect to AFM-SECM probe
modification needs to be improved in future experiments. Characterization of individual
PB/NiHCF-modified AFM-SECM probes showed additionally no comparable behavior and no
correlation between the redox signals within cycling in 0.1 M HCI/ 0.1 M KClI for activation of
the PB/NIHCF bilayers and the actual sensitivity towards H,0,. All investigations of the
PB/NiHCF bilayers by AFM-SECM, SEM, EDX, optical microscopy and electrochemical
measurements led to the conclusion that the formation of bilayers by alternating
electrochemical deposition of PB and NiHCF could not be confirmed, but rather the formation
of a homogeneous PB/NiHCF film with varying thicknesses in relation to the amount of
deposited PB and NiHCF is most likely. Further investigations with respect to the actual

composition of PB/NiHCF-mixed layers are needed in future. With a detailed investigation of
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the mixed films, the modification of AFM-SECM probes can be optimized and a higher yield of

PB/NiHCF-modified sensors with appropriate performance in H,03 sensing can be gained.
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5 AFM tip-integrated pH sensors

5.1 Introduction
The miniaturization of pH sensors is essential for localized pH measurements and enables

research of metabolic or signaling processes in biomedical related research for example
mapping changes of pH at the cell level?, as well as the detection of localized corrosion
processes??, Therefore, the sensor material has to be biocompatible, mechanically
resistant and the pH sensor has to be miniaturized* . The most common pH sensor is the
pH-sensitive glass electrode. Carter et al.?3> used a glass microelectrode for the study of
corrosion processes. For the investigation of biological samples, P. C. Caldwell used a glass
microelectrode for intracellular pH sensing at muscle fibers of crabs?3® and at a giant squid
axon??’. Next to pH-sensitive glass electrodes, metal/metal oxides were widely used for
pH detection during the last century®>?38, A range of suitable metal/metal oxides, such as
Ru02%*°, WO03?*%, and most important iridium oxide®> and the antimony/antimony
oxide?>?* electrode, have been investigated so far and successfully applied for pH
monitoring in biological research. For example, intracellular investigation of the giant

241

squid axon with a 1 um antimony electrode®*' and in extracellular investigations of

242 and carbonic anhydrase located at the brain?*®* have been

endothelial cells
demonstrated. SECM is highly suitable for the localized detection of changes in
electrochemical signals at a surface and potentiometric measurements combined with
SECM were also successfully shown?*-24¢, Mirkin and co-workers investigated pH changes
around human breast epithelial cells with a 7 pm Sb UME?*’. The investigation of corrosion
processes by SECM has been reviewed by Niu et al.?*8, For the detection of the oxygen
reduction reaction and corresponding pH changes due to corrosion of metal or metal alloy
surfaces, Sb??, Ir oxide particles?*® or hydrogen ionophore liquid membranes®° in
combination with SECM have been used so far. Although SECM is highly suitable for
mapping local changes in electrochemical signals, typically it is challenging to obtain
simultaneously topographical information of the investigated sample. This gap can be
closed by the combination of SECM with other surface sensitive techniques, e.g. with

scanning vibrating electrode technique (SVET)®%%>2 and SICM?>3 for pH mapping. pH

measurements in close vicinity to the area of interest with high spatial resolution may
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further provide information on the reaction mechanism, the rate of reaction or the
involved species itself. The combination of a pH-sensitive electrode integrated into an
AFM probe may enable the local detection of pH changes simultaneous with changes in
topography. Although the metal/metal oxide pH sensors have been used in a broad variety
of applications, insufficient stability was reported, e.g. for the iridium oxide electrodes,
and different oxidation states of the iridium oxide or different fabrication schemes of the
active films showed a distribution of pH sensitivities of 82 — 92 mV/pH?’, 62 — 74 mV/pH®?,
or 59 - 77 mV/pH*. Additionally, decreasing pH sensitivity in consecutive calibrations was
also observed for iridium oxide electrodes*®. However, no statistical data are available in
literature and most of the publications present investigations in respect to individual
sensors, which will be also discussed in the following sections. Within this thesis, Ir and
Sb—modified AFM-SECM probes are investigated as pH sensors and the performance of
the modified AFM-SECM probes is investigated by monitoring the dissolution of calcite
crystals. Unwin and co-workers investigated the dissolution of calcite using a platinized
SixNy AFM cantilever to reduce the pH value to more acidic pH values, which accelerates
the crystal dissolution*8. Furthermore, the electrochemical deposition of EIROF onto AFM
tip—integrated Au and Pt/C—modified Au microelectrodes is evaluated within the following

chapter and investigated at Au and Pt/C—modified Au UMEs.

-70-



5.2 Experimental
Ultrapure water (18.2 MQ, ELGA LabWater, Veolia Water Solutions & Technologies) was

used for the preparation of all solutions. For Ir-modified AFM probes and iridium oxide
modified UMEs, CVs in de-aerated 0.5 M H,SO4 (from 98 %, VWR Chemicals) in a potential
range of - 0.45 V to 0.75 vs. Hg/HgS0a reference electrode (sat. K2SO4, CH Instruments) at

a scan rate of 1 V/s was used to activate the iridium oxide film (Figure 40 A) prior to pH

calibration.
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Figure 40 CV (A) in 0.5 M H2S04 vs. Hg/HgS0a reference electrode, showing the 1t (black) and the last

(blue) CV of in sum 500 cycles. Scan rate: 1 V/s. OCP measurement (B) in 0.05 M TRIS buffer
with corresponding pH values determined by a pH glass electrode at room temperature after

addition of HCl and NaOH, respectively.

OCP measurements (Figure 40 B) vs. Ag/AgCl reference electrode (sat. KCI, RE-1CP, ALS
Co) were done in 0.05 M TRIS buffered solution (pH 6.96, tris(hydroxymethyl)-
aminomethane, Merck KGaA) within a pH range of 2 — 11 using a (bi)potentiostat
(CHI660A and CHI660C, CH Instruments). The pH values were adjusted by addition of 5 M
HCI (from 30 % HCI, Normapure, VWR International GmbH) or 0.5 M NaOH (Merck KGaA),
respectively. A complete exchange of different buffered solutions took several minutes,
which impedes proper detection of the response time of the pH sensor towards pH
changes. Therefore, the pH calibration was done by consecutive addition of aliquots of
HCI or NaOH, respectively. After mixing the solution, a pH glass electrode (InLab® Expert
pro, Mettler-Toledo Intl. Inc.) with an integrated temperature sensor was used to
determine the pH values of the buffered solutions. The pH calibrations were done at room
temperature with small fluctuations of 1 — 2 °C during measurements. A simultaneous

detection of the pH with the pH glass electrode during OCP measurements in the same
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solution was not possible due to strong interferences in the detected OCP signal by the

glass electrode (see Figure 41).
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Figure 41 Influence of the pH glass electrode towards the OCP signal of an Ir/IrOx — modified AFM probe.
OCP measurement in 0.05 M TRIS buffer at pH 2.5. The pH glass electrode was kept within the

liquid cell in the Faraday cage and was turned on/off as labeled within the graph.

Different AFM tip- integrated pH sensors were investigated within this thesis, which were
fabricated by former co-workers of Mizaikoff and Kranz. AFM probes modified with a pH-
sensitive Sb layer were fabricated by Jong Seok Moon?8, Briefly, a commercial SixNy AFM
cantilever was modified with a thin Ti adhesion layer and an Au layer (100 nm) with a DC
sputter coater, followed by the deposition of Sb at the AFM tip with varying thicknesses
(35 - 225 nm) by an RF sputter system. Afterward, the AFM-SECM probes were insulated
by PECVD with SixNyand SiO». An active pH-sensitive electrode and a defined AFM tip were
exposed by FIB milling (Quanta 3D FEG, ThermoFisher Scientific) as reported in section
4.2. AFM-SECM probes were batch-fabricated by Heungjoo Shin?** und modified with Ir.
Silicon cantilevers were modified with a thin Pt layer and an Ir layer with a thickness of
300 - 400 nm. After the release of the cantilevers, additional deposition is required to

compensate stress in order to use such probes for AFM measurements.
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Figure 42 SEM of Ir (A, C) and Sb (B, D) modified AFM probes. The whole AFM tip shown in (A) was cut
by FIB milling to expose all components of the Ir — modified AFM tip (labeled in C). The
electrode area of an insulated Sb — modified AFM probe (B) was also exposed by FIB milling.

The Sb layer deposited on Au is labeled in (D). Acceleration voltage: 3 kV,10 pA (Ir)/ 20 pA (Sb).

The different geometries of the AFM tip-integrated pH sensors are summarized in Figure
42. Prior to the calibration of the AFM tip- integrated pH sensors, the AFM-SECM probes
were mounted onto an AFM nosecone or an insert using UV glue (Dymax 9001-E-V3.1 or
DYMAX 425, Dymax Europe GmbH). Electrochemical deposition of iridium oxide film
electrodes was done according to Yamanaka et al.?>. 71.3 mg/50mL iridium(IV)oxide (Alfa
Aesar GmbH & Co. KG) was stirred for 30 min, followed by the addition of 0.5 mL H,0;
(30%, Merck KGaA). After 10 min stirring, 208.2 mg anhydrous oxalic acid (Fluka Chemie
GmbH) was added to the solution. The pH was adjusted to 10.5 by the addition of KCO3
(Merck KGaA). After storing the solution for three days, the solution was purged with
argon for 30 min prior to electrochemical deposition. Au wires (diameter: 10 um,
Goodfellows) were used as electrodes fabricated as described elsewhere®%26, Some Au
electrodes were additionally modified with a Pt/C composite by IBID (precursor: methyl-

cyclopentadienyl-trimethyl platinum, ThermoFisher Scientific) with respect to the EIROF
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modification of AFM tip-integrated pH sensors. AFM-SECM probes were prepared based
on the procedures as already reported®*? and described in section 4.2. The AFM tip—
integrated Au electrode was modified with Pt/C via IBID. 5 mM [Ru(NH3)e]Cls (98 %,
Aldrich) in 0.1 M KCI (Merck KGaA) and 5 mM 1,1’-ferrocenedimethanole (98 %, Acros
Organics) in 10% ethanol (from 96 %, VWR Chemicals) and 0.1 M KCI (Merck KGaA) were
used to determine the electroactive electrode surface of the UMEs and the AFM-SECM
probes prior to electrochemical modification with EIROF. pH-active iridium oxide films
were deposited using a (bi)potentiostat. Different deposition techniques were evaluated

as summarized in Table 5.

deposition parameters

constant current 0.2 nA for 300 s

constant potential 0.75 V vs. Ag/AgCl for 300 s

-0.45V-+0.7 vs. Ag/AgCl, scan rates: 1- 10 V/s,
v 20 - 500 cycles
E1=0.75V, E; =-0.45 V for 0.25 s, respectively;

pulsed potential number of cycles: 25 -250

Table 5 Summary of deposition techniques with corresponding deposition parameters used for

the EIROF formation, by CV, at a constant current, and at constant or pulsed potentials.

The modified UMEs were investigated after electrochemical deposition by optical
microscopy (AXIO Imager.M1m, Zeiss), SEM (Quanta 3D FEG, ThermoFisher Scientific) and
contact mode AFM (5500 AFM/SPM microscope, Keysight Technologies) with silicon
nitride tips (OTR-P, Olympus). All AFM images and correlating height and current profiles
were processed by Pico View (Keysight Technologies) or Gwyddion??>. AFM-SECM
measurements were done in contact mode AFM detecting the dissolution of calcite and
the local associated pH changes by OCP measurements using a bipotentiostat (CHI842B,
CH Instrument). The OCP output signal of the bipotentiostat was fed to an AD channel of

the AFM controller for correlating the potentiometric data with the topographical image.
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Prior to AFM-SECM investigations in TRIS buffered solution, the calcite sample was imaged
in air in AFM contact mode to locate single calcite crystals. Calcite crystals were
synthesized by the ammonia diffusion method from dissolved CaCl, (95 %, Carl Roth) and
(NH4)2CO3 (Merck KGaA) under NHs — saturated atmosphere?®®. The calcite crystals were
embedded in Crystalbond (509, Plano) and partially polished with Al,O3 suspension (50

nm, MasterPrep, Buehler).

5.3 Results and discussion
In the following section, results of AFM-SECM probes modified with either an Ir or Sb

metal layer are presented by pH calibrations in 5.3.1. Due to a limited number of available
AFM-SECM probes modified with an Ir or Sb metal layer, respectively, the following results
might be interpreted as first investigations showing the suitability of these AFM tip-
integrated pH sensors, but also in detection of localized pH changes, exemplarily shown
by AFM-SECM investigations of the dissolution of calcite crystals in 5.3.2. The fabrication
of such modified AFM-SECM probes resulted in strong bending of the AFM cantilever due
to intrinsic stress during sputtering of the e.g. Ir metal layer®*. A limited number of Sb or
Ir coated probes were available for combined measurements in the time frame of this
thesis showing a cantilever bending of 1 — 2°. AFM cantilevers with more bending were
used in OCP measurements for pH calibrations in bulk experiments. Additionally, EIROF-
modified microelectrodes were tested in consecutive pH calibrations at UMEs (diameter:
10 um), as presented in 5.3.3, as alternative fabrication strategy of a pH sensor integrated

into AFM probes.
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5.3.1 AFM tip-integrated pH sensors
After insulation of the AFM probes and exposure of an active electrode area by FIB milling

as described in section 4.2, the pH sensitivity and linearity was investigated performing

calibrations. The AFM probes with an integrated pH — sensitive AIROF electrode showed

a stable pH response in long-term measurements (Figure 43) within consecutive

calibrations. The pH response for the exemplarily presented pH sensor was 54.3 mV/pH,

whereas a pH response of 65.4 mV/pH - also referred to as super-Nernstian behavior

reported for AIROF electrodes® - could be determined in the buffered region shown in

the zoomed graph in Figure 43. The linearity of the calibration graphs is in an acceptable

range (inlaid table in Figure 43) to investigate qualitative pH changes, localized at a sample

surface in following AFM-SECM investigations.
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Figure 43 OCP vs. Ag/AgCl reference electrode of an AIROF-modified AFM probe in 0.05 M TRIS buffer

detecting pH changes by addition of either 5 M HCl or 0.5 M NaOH, respectively. The table

summarizes the sensitivity and linearity of the whole calibration experiment and the buffered

region shown in the zoomed extract.
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Exemplarily, the results for 4 consecutive calibrations of one Ir -modified AFM-SECM
probe are shown in Figure 44, pH sensitivity and linearity are given in the implemented
table for the different calibrations. The results reveal that the OCP signal showed a more
linear behavior with a high recovery within consecutive calibrations for neutral to alkaline
pH values, whereas the distribution of the detected potentials was increased in the acidic
pH range. This has been already reported for AIROF electrodes showing a varying pH

response with different pH sensitivities in correlation to the measured pH values?>’.
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Figure 44 Calibration of an AIROF-modified AFM-SECM probe: Linear regressions of 4 consecutive pH
calibrations with sensitivity and linearity given in the implemented table labeled by the
respective colors. The 3™ calibration is not shown due to insufficient stability (see also Figure

45).

The OCP measurement for the third and the fourth calibration of this AIROF-modified
AFM-SECM probe is presented in Figure 45. In contrast to Sb — modified electrodes, the
iridium oxide film can be regenerated and pH sensitivity and linearity can be recovered by
cycling in H2SOa. In Figure 45, the OCP measurements recorded with an AIROF-modified
AFM probe are shown before and after the regeneration of the active iridium oxide film,

demonstrating the great advantage of Ir over Sb. The presented results here correspond
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to one AFM-SECM probe tested in consecutive pH calibrations due to a limited number of
available AFM-SECM probes. Limitations according to available AFM-SECM probes were
also a problem for Sb-modified AFM-SECM probes.
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Figure 45 Regeneration of AIROF electrodes: OCP vs. Ag/AgCl reference electrode in 0.05 M TRIS buffer
detecting pH changes by addition of either 5 M HCl or 0.5 M NaOH, respectively, before (A)
and after (B) cycling in 0.5 M H2SOa4. The linear regression of the results shown in (B) is depicted

in Figure 44 as calibration 4 (red).
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Individual probes could be tested in pH calibrations, as exemplarily depicted in Figure 46,
showing two OCP measurements with correlating pH values of the buffered solution
detected with a 100 nm Sb-modified AFM probe in a short (A) and a long-term (B)
calibration, The results show a fast and stable pH response up to 300s (A) and being linear
over several minutes at the same time (B). The pH sensitivity was 50.3 (A) and 55.9 (B)
mV/pH, respectively, whereas the linearity in the OCP measurements was 99 % (A) and

97 % (B).
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Figure 46 OCP vs. Ag/AgCl reference electrode in 0.05 M TRIS buffer detecting pH changes by addition
of either 5 M HCl or 0.5 M NaOH, respectively. The change in short time scales (A) and stability

within long time measurements (B) were investigated.

However, only a small percentage of available potentiometric Sb AFM-SECM sensors
showed a measurable pH response, which may be associated with the long storage time
(approx. 4 years) under ambient conditions. Additionally, some sensors showed a strong
surface change after OCP measurements as depicted in Figure 47 B and C. It seems that
the Sb layer undergoes some dissolution process and spread as small particles around the
actual electrode area, which may be associated with the complete oxidation of the Sb
layer during the long storage time. The Au layer is still visible and the in-plane area of the
Au can be identified as the frame in the zoomed SE image in C, whereas the pyramidal
shape of the Au modified AFM tip became visible in the surrounding region formerly
covered by the Sb layer. In case of Sb — modified AFM-SECM probes, both metal layers (Au
and Sb) are exposed and connected within an electrolyte solution resulting in a galvanic
couple and, therefore, in the dissolution of Sb as the less noble metal. Localized corrosion

and the adjoining removal of the Sb film because of impurities on the Sb electrodes was
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Figure 47 SEM images of a Sb-modified AFM-SECM probe before (A) and after (B) calibration. The

zoomed region (C) shows the removal of the Sb layer. Acceleration voltage: 5 kV, 27 pA (A) /47
pA (B, C).

already reported, whereas these impurities were not specified®2. However, prior studies
using these Sb-modified AFM-SECM probes didn’t show this behavior!®, To eliminate any
possible dissolution of the Sb metal layer by forming a galvanic couple, the deposition of
Sb should be limited to the AFM tip and part of the cantilever, whereas Au as an electronic
connection layer might be just deposited onto the AFM chip and cantilever!8, Another
possibility would be the exposure of an electrode area next to the pyramidal AFM tip,
exposed by FIB milling in a top-down approach. Thereby, just the Sb metal deposited on
top of Au is exposed. The SECM signal is then shifted towards the topographical
information with respect on the distance between the AFM tip and the electrode area

located close to the AFM tip. These investigations were not the focus of this thesis.

5.3.2 Investigation of calcite dissolution by AFM-SECM
First AFM-SECM measurements were conducted with Sb- and AIROF-modified AFM-SECM

probes. Changes in the OCP detected by the AFM tip-integrated pH sensor were
interpreted just qualitatively according to the obtained results in section 5.3.1. Prior to
AFM-SECM investigations, the pH sensors were tested towards their pH sensitivity to
guarantee a change in the OCP signal to more negative potentials for more alkaline pH

values. As a model system, the dissolution of calcite was imaged with the AFM-SECM pH
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sensors. Calcite is dissolved in aqueous solution by characteristic surface changes showing
rhombohedral etch pits due to dissolution?®. Additionally, the dissolution process results
in a pH change to more alkaline pH values?. Thereby both, a surface change and a pH
change should be detectable by the AFM-SECM probes. Similar investigations were
published by Unwin and coworkers?>3, detecting the dissolution of a calcite crystal with
an edge length of approximately 25 um by SECM-SICM revealing limited topographical
information. In Figure 48, the results for the AFM-SECM investigations with an AFM tip-
integrated Sb electrode are shown. The electrode area is located next to the actual AFM
tip as depicted in the SE images in A - C. In the AFM deflection and topography images

shown in D and E, the change in morphology of the calcite crystal is clearly visible revealing

scan direction > ‘_

Figure 48 AFM-SECM measurement of the dissolution of calcite using an AFM tip-integrated Sb
electrode: SEM images of the used AFM-SECM probe in side view (A) and 52° tilted (B), with a

zoomed view to the actual electrode area with an edge length of 189 nm (C). Acceleration
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voltage: 3 kV, 43 pA. AFM deflection (D) and topography (E) recorded in AFM contact mode
and correlating potential changes detected by OCP vs. Ag/AgCl quasi-reference electrode (F).
Original size: 80 x 80 um?, scan rate: 0.1 In/s (16 um/s).

the characteristic pit structures. The potential changes during AFM scanning are depicted
in Figure 48 F showing lower potential values compared to regions without calcite, which
correlate to a pH change towards more alkaline pH values. The lateral resolution in Figure
48 F is insufficient within the single line scans (x-direction), whereas a change in signals is
localized with respect to the scan direction (marked by an arrow in Figure 48, y-direction).
Same investigations were repeated with AFM-SECM probes with tip-integrated AIROF pH
sensors. One AFM-SECM investigation is exemplarily shown in Figure 49. Thereby, a
smaller calcite crystal (approx. 2-8 um in length), compared to the one depicted in Figure
48, was mapped using the maximum scan range of the piezoelectric positioner in case the
missing lateral resolution is correlated to convection effects of the moving tip. Although
the Ir electrode area integrated into the AFM probe is large with an outer diameter of the
ring electrode of 3.6 um, the resolution in the scan direction (y-direction) was sufficient
to detect localized pH changes related to the dissolution of calcite. However, no laterally
resolved information on pH change in x-direction was observed. The height and potential
profiles at the marked positions in E and D of Figure 49 are clearly showing a potential
change towards lower potentials correlating with a higher pH value at the position of the
calcite crystal with an elevated topography visible compared to the surrounding surface,
in which the calcite crystal was embedded. Nevertheless, the change in the potential is
still spread over the whole distance in x-direction lacking lateral information in the region
of the calcite crystal. This broadening of the OCP signal seems to be absent in the y-
direction, which indicates that the lack of resolution is not associated with the actual

electrode size.
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AFM-SECM imaging of the calcite dissolution with a tip-integrated AIROF electrode: SEM image
of the used AFM-SECM probe with a ring electrode with an inner diameter of 2.97 um (outer
diameter = 3.64 um, A). Acceleration voltage: 3 kV, 10 pA. AFM deflection (B) and topography
(C) detected in AFM contact mode with correlating potential changes detected by OCP vs.
Ag/AgCl quasi-reference electrode (D). The actual, exposed calcite crystal is marked by a white
dotted circle in (B) embedded in crystal bond. The profiles of the topography and OCP at the
marked region in (C) and (D), respectively, are given below. Original size: 90 x 79 um?, scan

rate: 0.14 In/s (25 um/s).

The AFM-SECM measurement shown in Figure 49 is analyzed in detail in the following

figures. In Figure 50, the change in the detected OCP signal extracted as single line scans

(x-direction) is evaluated in detail. Thereby, the onset of a decreasing potential correlated

-83 -



to the more alkaline pH value in close proximity to the calcite crystal can be seen in the
first potential profile depicted in B and labeled with 1. This data corresponds to the dashed
white line (1) in the AFM topography image shown in A. Line (2) corresponds to the last
extracted profile as marked in Figure 50 A, indicating the actual location of the calcite
crystal. This position is also marked in the corresponding heightprofile (labeled with an
arrow, 2 in B). Thereby, the onset of the detectable potential change is shifted by
approximately 7.3 um, representing the distance between the dashed white lines 1 and 2
in (A). The minimum value for the OCP signal represents a change of approx. 3 mV in an
area of 20 um in the x-direction (dashed lines) shown in the profile in (C) corresponding

to the OCP signal in the 3D representation in (B) as indicated by a blue arrow.
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Figure 50 Response time of the OCP signal correlated to the location of the calcite crystal: Single height
profiles as labeled by white dashed lines in the AFM topography (A) for the first (1) and the
last (2) extracted profiles are compared to corresponding changes of the OCP at same positions
(B). The scan direction (y-direction) is labeled by a black dashed arrow (in A and B) and the
location of the crystal is indicated by an arrow in (B). Data correspond to the results shown in

Figure 49.
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The detailed evaluation of the response time with respect to the scan direction (y-
direction) is shown in Figure 51. At the position marked by a white dotted line in the OCP
image in A, the heightprofile in B and the OCP profile vs. distance shown in D are extracted.
Additionally, the detected OCP signal vs. time as recorded by the external bipotentiostat
is shown in C. Indeed, the profiles in Cand D are almost identical, indicating no resolution
in x-direction during the detected results. The onset of the changing potential towards
more negative potentials correlating with a more alkaline pH is shifted towards the
location of the calcite crystal by 7.3 um. This largest potential change recorded during 2-
3 um (in y-direction) is approximately 10 mV followed by an increasing potential leveling

to the background response in between a distance of 10 um in the y-direction.
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Figure 51 Evaluation of the response time in AFM scan direction (y-direction): Extracted profiles at the
location marked by a dashed white line in the OCP signal (A) showing the potential changes in
scan direction (indicated by a black, dashed arrow). The height profile (B) with the location of
the actual calcite crystal marked by an arrow is compared to the OCP signal vs. time detected
by the external bipotentiostat (C) and the OCP change vs. distance (D) as extracted from the

OCP image in (A). Data correspond to the results shown in Figure 49.
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In comparison, the obtained results reported by Unwin and coworkers?>3 for SECM-SICM
investigations using an AIROF-modified nanoelectrode, show that the detected OCP signal
is increased compared to the actual size of the calcite crystal by the factor 2-3 or by a
factor of 1.5 — 2 compared to a simulated potential shift according to the pH distribution
above the calcite crystal. Whereas in this publication, the pH sensor had a dimension of
100 nm and additionally, the calcite dissolution was recorded in the SECM hopping mode
recording single positions of the SECM-SICM probe along the x,y -direction without lateral
scanning. The detected potential changes were recorded in a distance of approximately
100 nm towards the calcite crystal. Compared to this investigation, the obtained result
shown in Figure 49 to Figure 51 isin a comparable range. The distance between the AIROF-
modified electrode and the sample surface was in the range of 1 um as defined by the
length of the reshaped AFM tip, which also indicates a broadened signal due to enhanced
diffusion. Indeed, the enlarged AIROF sensor used in the presented results in comparison
to the nanoelectrode used by Unwin and coworkers®>3 showed an enhanced resolution
with respect to the scan direction (y-direction). This can be definitively interpreted as a
positive trend for further investigations with AIROF-modified AFM-SECM probes.
However, the resolution in the x-direction or the direction of single line scans has to be
improved for future studies. In the AFM-SECM measurement shown in the previous
figures, the resolution was 512 x 512 pixel, representing a line scan every 0.17 um. With
the scan speed of 0.14 In/s (25 um/s) one line was recorded in approximately 7 s and the
area marked by the white dashed lines 1 and 2 in Figure 50 with the distance of 7.3 um
represent 43 lines, which were recorded in 5 min. This also correlates to the OCP signal
detected by the external bipotentiostat showing a change in the potential in a duration of
7 min. Wipf and coworkers reported an optimal response time of < 10 s for AIROF

microelectrodes?*®

, whereas for EIROF-modified electrodes, detected in a potentiometric
time-of-flight experiment, the response time was determined as several tenths of seconds
in relation to the thickness of deposited EIROF%>%. Thereby, the detected insufficient pH
response in the x-direction of the single line scans might be indeed related to a scan speed,
which is too fast for detecting an adequate pH change. Similar AFM-SECM measurements
with comparable Ir and Sb- modified AFM-SECM probes with only small deviation in

electrode size were used with varying AFM scan speed and scan size, resulting always in

insufficient resolution in the x-direction (results are not shown). One explanation for the
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lack in resolution may be additionally the mentioned convective effects of the scanning
AFM probe. This effect should be strong for high scan speeds, whereas, during slow

scanning, convection should be negligible.

5.3.3 Electrochemical deposition of iridium oxide film electrodes
Both, Ir- and Sh-derived pH active layers showed a broad distribution in pH sensitivity. In

addition, bending of the cantilever might be an issue for the fabrication of such probes
due to intrinsic stress during sputtering of Ir that requires additional microfabrication
steps. Hence, the electrochemical deposition of pH-sensitive material onto the AFM tip
integrated Au electrode was investigated. EIROF was deposited by different
electrochemical techniques (see Table 5 in 5.2). The evaluation of optimized deposition
parameters was tested with Au UMEs (diameter: 10 um) prior to the modification of AFM-
SECM probes. Additionally, the pH response of EIROF electrodes deposited to Pt/C-
modified Au UMEs was evaluated. Pt/C composite was tested as the substrate material
for EIROF pH sensors as the AFM tip-integrated Au frame electrodes can be increased by
an additional Pt/C composite layer. This additional step results in an enhanced deposition
of pH active iridium oxide, which is localized at a small electrode area but contains a
sufficient amount of active pH material for stable pH response given the enlarged surface

area by Pt/C deposition compared to the 100 nm thin Au frame electrode.
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Figure 52 EIROF deposition on Au UMEs (diameter: 10 um) modified with a 150 nm thin Pt/C composite
by IBID: AFM topography of the modified UME (A) and corresponding height profiles (B) of the
bare Au UME (blue), after modification via IBID (green) and after EIROF deposition by 100 pulse

cycles (red), recorded in AFM contact mode. Original size: 17 x 17 pm?, scan speed: 0.34 In/s.
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The first investigations of the modification of Au and Pt/C-modified Au UMEs were
evaluated by imaging the electrode surface by optical microscopy, SEM and AFM to
guarantee a homogeneous deposition on the whole electrode area by a thin EIROF layer.
Figure 52 A shows the AFM topography of an Au UME (diameter: 10 um) modified with
150 nm Pt/C layer via IBID, which is additionally modified with EIROF by applying 100
potential pulse cycles. The corresponding height profiles of the UME are shown in Figure
52 B after each modification of the surface with the final height profile showing the
surface after deposition of a thin iridium oxide film (red). The EIROF depositions by CV and
multiple pulses showed the most satisfactory results and both techniques were evaluated
in more detail by changing deposition parameters. The pH response of the EIROF pH
sensors was tested in consecutive pH calibrations (2 — 4 calibrations depending on the
stability of the individual sensors) comparing different deposition cycles for both
techniques. The results obtained for EIROF-modified UMEs with respect to the pH
response in consecutive calibrations and the linearity of the obtained signals during these
calibrations are presented in Figure 53. In A, the sensitivity is compared for sensors
deposited via CV (shown in squares) and via multiple pulses (marked by crosses). The grey
bar represents the sensitivity range for neutral to alkaline pH values (> pH 6) for EIROF-
modified sensors as reported by Wipf et al.?>’. Only two out of 8 sensors, which are
compared in Figure 53, showed a response to pH changes within 4 consecutive
calibrations, whereas most of the others gave a stable response in two calibrations.
Indeed, the linearity for all presented pH sensors as shown in Figure 53 B, was insufficient
for quantitative pH detection. The black dotted line in B labels linearity of 90 % and the

majority of the results are below this linearity.
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Figure 53 Sensitivity (A) and linearity (B) of pH calibrations for 8 EIROF-modified UMEs (diameter: 10
um): The graphs represent results obtained with Au and Pt/C - modified UMEs by EIROF
deposition via CV (squares in A and solid bars in B) and via MP (crosses in A and dashed bars
in B) with varying numbers of cycles or pulses. The dashed bar in (A) shows the sensitivity range
reported by Wipf et al.?*’, the dashed line in (B) marks linearity of 90 %. Corresponding data is

depicted in the same colors.

Similar to the results presented in section 5.3.1, the EIROF electrodes showed a broad
distribution in pH sensitivity. The stability and the linearity in between consecutive
calibrations, but also for different tested sensors, was unsatisfactory. The results of
consecutive pH calibration of exemplarily two EIROF-modified Au UMEs are presented in
Figure 54. These results correspond to the two pH sensors shown in Figure 53 with 4
consecutive calibrations. The quite large distribution measured with a single EIROF-
modified sensor is for the obtained OCP values approximately 200 mV at pH values of 6 —

8 in consecutive pH calibrations, for both, EIROF deposited via CV (A) and multiple
potential pulses (B).
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Figure 54 Calibration of EIROF-modified Au UMEs (diameter: 10 pm), electrochemically deposited by CV
(A) or by multiple potential pulses (B): Linear regressions of 4 consecutive pH calibrations with

sensitivity and linearity summarized in the tables below labeled in corresponding colors.

Similar results were also obtained by other researchers, e.g. by Wipf et al. with EIROF-
modified carbon fiber microelectrodes?®’, by Marzouk using different mm-sized
substrates as supporting material for AEIROF sensors®3, or by Elsen et al., who investigated
different deposition protocols for EIROF-modified gold microelectrodes?®?. In all of these
reported investigations, individual pH sensors were reported also showing broad
distributions in pH sensitivity between individual sensors and no information is given in
respect to long-term stability of these pH sensors. Although different supporting electrode
materials or different sizes of the modified electrodes are presented in the described
examples above, a clear trend is recognizable. The results obtained in this thesis with the
EIROF modification of either UMEs or AFM-SECM probes are in agreement with the
reported findings. The electrochemical deposition of EIROF was initially investigated to
overcome limitations of AFM-SECM probes with integrated Sb or Ir metal layers as pH
sensor. But the results for EIROF-modified Au and Pt/C UMEs also showed a broad
response in the range of 17 to 96 mV/pH with insufficient linearity (Figure 53Figure 53 B).

Nonetheless, first EIROF modification of AFM-SECM probes with gold frame electrodes
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and electrodes additionally modified with Pt/C composite via IBID were electrochemically
modified by either CV or multiple potential pulses and characterized via calibration
experiments. Thereby, the response time of the EIROF-modified AFM-SECM probes
towards pH changes in TRIS buffered solution was investigated. The pH calibration curves
obtained for 4 individual pH-sensitive AFM-SECM probes are summarized in the table
shown in Figure 55. Again, a broad distribution ranging from 37 to 91 mV/pH in pH

sensitivity for different probes, similar to the results of EIROF — modified UMEs was

observed.
650 . calibration electrode |deposition | sensitivity | linearity
substrate via [mV/pH] [%]
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E 450 Pt/C cv 91.6 95
@ Au MP 50.0 98
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Figure 55 Calibration of EIROF-modified AFM-SECM probes, electrochemically deposited by multiple
pulses (MP) or CV on Au or Pt/C - modified Au AFM-SECM probes: Linear regressions of 4 pH
calibration graphs with sensitivity and linearity given in the table in respect to electrochemical

deposition and substrate, are labeled in corresponding colors.

No differences between either the electrochemical deposition technique nor the
underlying electrode material for the iridium oxide film showed preferable behavior in
stability, pH sensitivity or linearity, in concordance with the results published elsewhere
by Wipf et al.?>7, Marzouk®? or Elsen et al.?*%. Similar investigations for EIROF sensors at a
macroscopic rotating ring-disk electrode as reported by Steegstra et al.?’ reported also a
broad distribution in pH sensitivity according to the oxidation state of the iridium oxides.
Indeed, they also address the results of individual EIROF electrodes and again no statistical
data were presented. As the fabrication process is more time-consuming in respect to the
modification of AFM-SECM probes, as every single AFM-SECM probe has to be modified
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individually, further optimization of EIROF-modified AFM tip-integrated pH sensors was

not further pursued within this thesis.

5.4  Conclusion and outlook
Within this section, AFM tip-integrated Sb and Ir pH sensors were investigated towards

their pH response. The experiments performed within this thesis also show a limited
reproducibility of the miniaturized pH electrodes as already reported in several
publications (see introduction). For all different modification strategies, a broad
distribution of pH sensitivity was observed. pH sensors prepared under the same
conditions showed varying pH sensitivity for different pH electrodes but also for
consecutive pH calibrations. The stability of the pH sensors was examined for
approximately 1 h showing good pH sensitivity and recovery after several minutes. In case
of EIROF pH sensors electrochemically deposited on Pt/C-modified Au electrodes, either
in AFM-SECM probes or as UMEs, the pH sensitivity and linearity was insufficient, and the
electrochemical deposition of iridium oxide seems to be unsuitable for tip-integrated pH
sensors. Although the successful modification of carbon nanoelectrodes with
electrochemical deposited iridium oxide used in combined SECM-SICM investigations of
the calcite dissolution was reported by Unwin and co-workers?>3, no information was
provided for long-term stability of the presented pH sensors, nor multiple pH
measurements were shown. Within this thesis, no clear improvement of the
electrochemical modification in respect to reproducibility of the pH sensors could be
observed. In section 5.3.2, Sb and Ir-modified AFM-SECM probes were used to detect the
localized dissolution of calcite crystals with simultaneously recorded pH changes. No
lateral resolution of pH changes could be observed. Variations in scan speed, scan size,
the original pH of the electrolyte solutions or the used pH sensor, either Sb or Ir, always
resulted in a change of the detected potential close to calcite particles, but without a clear
correlation to the imaged morphology. However, compared to already reported
investigations, e.g. by SECM-SICM?33, the resolution in the presented results of this thesis
obtained for AIROF-modified AFM-SECM probes are in an acceptable range, especially in
the scan direction (y-direction, see 5.3.2) of the measurements. Whereas a broad range

in sensitivity was observed for both, Sb and Ir-modified AFM-SECM probes, the great
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advantage of Ir-based pH sensors over Sb is its possibility to be ‘reactivated’ by anodic
oxidation in H2SO4. AIROF electrodes were also investigated by Wipf and coworkers?*°
towards their long-term stability in pH sensing. The size of the reported electrode was in
the range of 10 um in diameter consisting of Ir microparticles located in a microcapillary
with an active electrode surface significantly larger than the here reported AFM-SECM
sensors. Nevertheless, they reported the stability of individual sensors for over 2 months,
also showing a reduced sensitivity in pH calibrations, but with linear behavior over several
calibration experiments during these 2 months. Indeed, the results presented in this
publication refer to one individual AIROF sensor showing good linearity during this period
and just small deviations in sensitivity ranging from 66 — 74 mV/pH?*°, They also reported
a yield of 30 — 50 % of in total 510 investigated AIROF sensors. Studies involving such a
large number of miniaturized pH sensors is beyond the scope of this thesis. However, the
reported long-term stability of the AIROF pH sensor seems to be promising also for AFM
tip-integrated AIROF electrodes and further investigations should be focused on the

optimization of the fabrication of these pH sensors.
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6 Investigation of the ITIES at nanopore arrays

6.1 Introduction
The detailed characterization of nanoporous arrays used for electrochemistry at the ITIES

is crucial for a comprehensive understanding and interpretation of transport phenomena
taking place at the liquid/liquid interface. Especially, when changing the fabrication
processes of such nanosized devices, the behavior, e.g. in diffusion or the location of the
interface in these devices, might change dramatically. The direct visualization of diffusion
phenomena at FIB-milled nanoporous arrays was shown by localized deposition of silica
at the liquid/liquid interface in collaboration with Damien Arrigan’s group at Curtin
University (Li et al.'8). The localized deposition showed different diffusional behavior for
nanoporous arrays with varying pore-to-pore separation. However, it has to be noted that
the final silica formation is realized by the hydrolyzation initialized by the electrochemical
ion transfer of a precursor at the ITIES, followed by rinsing and drying processes, which
may change or influence the actual or localized silica formation. For the in-situ observation
of diffusion processes at nanoporous arrays, AFM-SECM is highly suitable. ITIES at
nanoporous arrays profit from an enhanced charge transfer and are a promising interface
for sensing applications?*®. The diffusion behavior at these micro- and nanoporous
membranes are not just dependent on the dimensions (length and diameters) of the
actual micro- or nanopores, but on the pore-to-pore separation resulting in an overlaid
diffusion profile for short pore distances within the array (see also 1.4). Micro- and
nanoporous membranes can be fabricated by standard microfabrication processes. For
example, DRIE has been applied for membranes used in ITIES investigations®3, as well as
e-beam lithography?®®. Especially, FIB enables the fabrication of arrays, without the need
for shadow masks and with varying and easily adjustable pore-to-pore separations, as
already reported for various materials3?=3%, The fabrication of nanosized geometries by FIB
processing is favorable due to an easily tunable geometry within one fabrication step in
varying materials, e.g. thin SiN membranes3! or porous alumina?®®, Tong et al.?! reported
the fabrication of nanopores with diameters down to 10 nm by additional silica deposition
using low-pressure chemical vapor deposition to FIB-milled nanopores within SiN
membranes. Additional (cold) ion beam sculpting results in nanopores of just a few
nanometers in diameter as reported by Li et al.3? and Kuan et al.3*. For investigations of

the ITIES at nanoporous arrays, theoretical simulations and cyclic voltammetry showed
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additionally that the separation of the individual interfaces plays a crucial role in the
current signal and results in an overlapped diffusion profile for closely-spaced
nanopores3%°’. Local diffusion processes can be detected by scanning probe techniques
as already reported for the diffusion at nanoporous membranes by SECM?%2 or SICM?263-
266 AFM-SECM offers the advantage of simultaneous detection of the topography of
nanoporous array by AFM and the localized detection of the electrochemical processes.
The diffusional transport through pores by AFM-SECM has been shown by Kueng et al. for

149 of redox-active species by Macpherson et al.'*® and for the

the transport of glucose
diffusion at electrode arrays with closely-spaced microdiscs®%*1. For the used
nanoporous arrays in SiN membranes fabricated by e-beam lithography, an inlaid
interface was predicted with the organic phase located within the nanopores due to the
resulting electrochemical signals of the transfer of a model analyte at ITIES?%.
Investigations at similar nanostructured samples predicted the aqueous phase within the
nanopores as shown by deposited nanoparticles located at the interface at nanoporous
alumina membranes®® or size exclusion of a ligand molecule at nanoporous silicalite
membranes?®®. The hydrophilicity of the SiN membranes was characterized by contact
angle®®267 resulting in a hydrophobic back and a hydrophilic front side of the membrane.
The pore walls were also assumed to be hydrophobic and therefore, the pores should be
filled with the organic phase, which was supported by calculations?®’. The same geometry
and location of the interface were assumed for FIB-milled nanoporous arrays and

calculations of electrochemical transport at ITIES at these nanoporous arrays were based

on an inlaid interface 31267,

front side
| 100 nm
B \

backside 300 um

Figure 56 Scheme of the used SiN membranes with corresponding dimensions; top view (A) and side

view (B).

-95-



FIB fabrication results in the implantation of Ga* ions® and results in a truncated cone-
shaped geometry of the nanopores due to re-deposition of FIB-milled material3%3637,
Indeed, the implantation of charged ions in the SiN membranes should show an influence
on the hydrophobicity of the surface. Contact angle measurements are not possible for
the inner wall of nanoscale pores, hence the location of the interface has to be detected
otherwise. With the truncated cone-shaped geometry resulting from FIB-milling, the
nanopores have two varying orifices located at either the organic or aqueous facing side
of the SiN membrane, respectively. This effect has not been taken into account yet for
nanopore arrays used for ITIES investigations, only for solid-state electrodes recessed at
the bottom of truncated pores®’. Therefore, in the following section of this thesis, the
nanopore arrays were fabricated by FIB-milling from either the front or the back of the

SiN membrane resulting in varying pore diameters at each side of the membrane.

front side

large small
pa— /interface /interface

/ﬁ/\

back side

—

Figure 57 Scheme of front (left) and back (right) side FIB-milled nanopores and the varying pore

diameters at one side of the membrane marked in red and green.

With the comparison of the resulting currents for the transfer of a model analyte, e.g.
tetrapropylammonium chloride at the ITIES, the location of the interface at or within the
nanopores can be predicted. This prediction is still based on theoretical assumption and
the actual location of the interface can dramatically vary from these predictions, in
particular when the inner side walls of the pore might be altered due to FIB milling. The
interface between two liquids may be also of dynamic nature and a static interface, which
is used for theoretical calculations, may not be suitable to characterize the location of

these interfaces in detail. Different approaches for the investigation of the liquid/liquid
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interface have been reported so far by spatial scanning spectroelectrochemistry and
localized deposition of nanoparticles?®®, by UV-VIS spectroscopy?’?, and Raman confocal

spectroscopy?’?

with a spatial resolution in z-direction in the um-range. Hence, the
investigation of the interface between two immiscible liquids by spectroscopic
approaches is lacking the required resolution essential to investigate nano-sized pores
within membranes. The parallel displacement of the excitation light source as used in the
mentioned techniques is not suitable for solid-state membranes. The visualization of the

interior and shape of nanopores in SiN membranes has been demonstrated by high-

resolution TEM tomography?72273,

The first part of this section will show the visualization of different diffusional behavior in
relation to the pore-to-pore separation by mapping the diffusion of a redox species at
ITIES by AFM-SECM?*8%, These measurements complete the investigations of the influence
of the pore-to-pore separation by CV and corresponding theoretical calculations. Next to
AFM-SECM, the localized deposition of silica deposits at ITIES was used for visualization of
the diffusion profiles showing overlapped or individual diffusion in dependence of the
pore-to-pore separation®®!. The formation of a solid phase directly at the interface due to
an ion transfer at the ITIES may be used to identify the location of this interface within the
nanopores. In section 6.3.2, different current responses of the transfer of
tetrapropylammonium chloride (TPrACl) as a model analyte at the ITIES within FIB-milled
nanopore arrays, fabricated either from the front or the back, are compared.
Electrochemical silica deposition at the interface at the two different nanoporous arrays
is used to visualize the differences between both approaches. Additionally, such silica
deposits at ITIES were investigated by FIB/SEM tomography enabling the reconstruction
of the pore shape, the morphology of the deposited silica directly located at the
nanopores and especially within the nanopores. Additional EDX and STEM measurements

were conducted to characterize the silica deposits.

The following results have been published partly by Liu et al.'®! and by Holzinger et al.'®’.
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6.2 Experimental
SiN membranes (SIMPore Inc. and DuraSiN Films, Protochips) with 50 and 100 nm

thickness, respectively, were used as supporting material for nanoporous arrays
fabricated by FIB milling (Zeiss Neon 40EsB, Carl Zeiss Nano Technology Systems for the
arrays used for visualization of diffusion processes and FElI Helios Nanolab 600,
ThermoFisher Scientific for electrochemical measurements and FIB/SEM tomography).
The AFM-SECM probes used in part 6.3.2 of this chapter were produced as described
elsewhere®33%0 |n brief, non-metalized silicon nitride probes (OTR-P, Olympus) were
modified with a 5 nm Ti adhesion layer and a 100 nm gold layer prior to insulation by
silicon nitride (PECVD). Then, the probes were additionally modified with a conical
conductive tip of Pt/C composite by IBID (precursor: methyl-cyclopentadienyl-trimethyl
platinum, ThermoFisher Scientific). The fabrication steps by FIB milling and IBID are

displayed in Figure 58.

r" 2 = e ot SV - e

Figure 58 SEM images of the used AFM-SECM probe with a conductive Pt/C tip: the Au electrode frame
(approximately 600 nm in diameter) was exposed by FIB milling (30 kV, A), Pt/C composite was
deposited by IBID on top of the Au frame (square-shaped pattern with an edge length of 1 um
and an approximate height of 466 nm, B) and reshaped by FIB milling resulting in a curvature
radii of 20-25 nm (C). Adapted with permission from Y. Liu, A. Holzinger, P. Knittel, L. Poltorak,
A. Gamero-Quijano, W. D.A Rickard, A. Walcarius, G. Herzog, C. Kranz, and D.W.M. Arrigan.
Visualization of diffusion within nanoarrays. Anal. Chem. 88, 6689—6695 (2016). Copyright
2019 American Chemical Society. https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513.
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The AFM-SECM probe was characterized by CV in de-aerated 5 mM Ru(NH3)sCl3 / 0.1 M
KCl (98 %, Aldrich/ pro analysi, Merck KGaA) at a scan rate of 0.1 V/s (Figure 59 B). For
AFM-SECM measurements, AFM (5500 AFM/SPM microscope, Keysight Technologies)
was used in contact mode and SECM was done in the generation-collection mode in 0.1
M KCI (pro analysi, Merck) detecting the reduction of Ru(NH3)e3* at - 0.3 V vs. Ag/AgCl in
a three-electrode setup with the AFM-SECM probe as working electrode, a Ag/AgCl quasi-
reference electrode (Goodfellows) and a Pt counter electrode (Goodfellows). All AFM
images and correlating height and current profiles were processed by Pico View (Keysight
Technologies). All solutions were prepared with ultrapure water (18.2 M, ELGA
LabWater, Veolia Water Solutions & Technologies). Dynamic mode AFM was additionally
used to characterize the pore shapes of the nanopores used in section 6.3.2 and 6.3.3 with

a FIB-sharpened NCL probe (k =48 N/m, 190 kHz, Nano World). The electrochemical

AFM-SECM setup
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B
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. RUl(NH)eICly/ e
RUl(NH3)e]** 0.1 m kel 25 % 48 43 i ® =

voltage vs. Ag/AgCl [V]

Figure 59 Scheme of the AFM-SECM setup used for detection of different diffusion behavior at
nanoporous arrays within SiN membranes (A), with the upper reservoir filled with 0.1 M KCI
(light blue) and the lower reservoir beneath the membrane filled with 20 mM Ru(NH3)sClz / 0.1
M KCI (grey-blue). CV of the conductive AFM tip recorded in 5 mM Ru(NH3)sCl3 / 0.1 M KCl,
scan rate: 0.1 V/s (B). Adapted with permission from Y. Liu, A. Holzinger, P. Knittel, L. Poltorak,
A. Gamero-Quijano, W. D.A Rickard, A. Walcarius, G. Herzog, C. Kranz, and D.W.M. Arrigan.
Visualization of diffusion within nanoarrays. Anal. Chem. 88, 6689—6695 (2016). Copyright
2019 American Chemical Society. https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513.
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investigations in 6.3.2 of ITIES at nanoporous arrays are based on the following

electrochemical cell:
Ag/AgCl | x uM TPrACl, 10 mM LiClag | | 10 mM BTPPATPBCI pcH | Ag

using TPrACl (Aldrich) as the model analyte in lithium chloride solution (LiCl, 2 99%, Sigma
Life Science) as the aqueous electrolyte. Aliquots of TPrACI were added to the aqueous
phase and gently mixed with a pipette for a homogeneous concentration during
calibrations. The organic electrolyte was synthesized as described elsewhere?’* by
metathesis of potassiumtetrakis(4-chlorophenyl) borate (K* TPBCI, Alfa Aesar) and
bis(triphenylphosphoranylidene)ammoniumchloride ~ (BTPPA* Cl, Alfa  Aesar).
Bis(triphenylphosphoranylidene)ammoniumtetrakis(4-chlorophenyl)borate

(BTPPATPBCI) was used as organic electrolyte in 1,6-dichlorohexane (98%, Aldrich). All
electrochemical measurements were done by using a (bi)potentiostat (CompactStat,
lvium Technologies) with Ag/AgCl quasi-reference electrodes. The electrochemical
deposition of silica at the interface between water and 1,2-dichloroethane was obtained
according to Poltorak et al.?’”> and Herzog and co-workers'®’. A sol of 50 mM TEOS in 5
mM NaCl was adjusted to pH 3 by addition of aliquots of 1 M HCI, stirred for 90 minutes
at room temperature to allow hydrolysis to occur. The ethanol produced by the hydrolysis
was removed by evaporation and the pH was raised to pH 9 by the addition of aliquots of
1 M NaOH solution (unless stated otherwise). The used electrochemical cell can be

described by:
Ag/AgCl | 50 MM TEOShydrolyzed + 5 MM NaClyg || 14 mM CTA* TPBClpce | Ag

The template salt in the organic phase was prepared by metathesis from K*TPBCIl" and
cetyltrimethylammonium bromide (CTAB) as described elsewhere?’®. A potential of - 0.1
V or 0 V was applied for 30 - 60 s enabling the transfer of CTA* from the organic to the
aqueous phase, triggering the condensation reaction between silanol groups to form Si-
O-Si bonds. After the electrochemical deposition step, the membrane was carefully
removed from the solution and rinsed with a flow of ultrapure water to avoid any
formation of silica through evaporation. The membranes were then placed in an oven at

130 °C for 16 h to ensure cross-linking.
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Automated data acquisition for FIB/SEM tomography (Helios Nanolab 600, FEl,
ThermoFisher Scientific) was performed with the ‘slice and view’ software package (FEl,
ThermoFisher Scientific) with automated FIB milling (30 kV, 1.5 - 48 pA) providing a lateral
resolution of 5 or 10 nm for slicing, respectively, and SEM imaging (5 kV, 86 pA) in
immersion mode after each milling step. Stabilization of the silica deposits while FIB
milling or TEM foil preparation was achieved by additional deposition of a thin Pt layer (3-
4 nm) by sputter coating (SCD 005, BAL-TEC) and by Pt/C deposition via IBID. The 3D slices
were processed by Fiji?’” using the ‘linear stack alignment with SIFT’?’8 and applying a FFT
bandpass filter. 3D graphs were processed by Avizo 9.1.0 Lite (FEl, ThermoFisher
Scientific). An overview of the different fabrication steps in FIB/SEM tomography is shown

in Figure 60.

silica

nanopore

Figure 60 SEM images (5 kV/ 8 6pA) of the preparation steps for FIB/SEM tomography: A single silica
deposit (A) was covered with a Pt/C protection layer by IBID (30kV, 48pA) (B) and the sample
was exposed by a cross-section to localize the SiN membrane below the silica deposit (C). A
different number of slices (80 — 400) with thicknesses of 5 and 10 nm, respectively, was
recorded during ‘Slice and View’. The slices showing the pore were then used to generate 3D

projections of the sample (SEM in 2D and corresponding 3D representation are given in the
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lower panel of the figure). A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G.
Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113.
Adapted from Ref. ®. Distributed under the license Creative Commons Attribution-
NonCommercial 3.0 Unported (CC-BY-NC 3.0), https://creativecommons.org/licenses/by-
nc/3.0/.

TEM lamellae were prepared by several successive FIB milling steps as described in detail

elsewhere?’® and summarized in Figure 61. TEM (EM 912 TEM, Zeiss) images were

recorded with an acceleration voltage of 120 kV. STEM and EDX measurements were done

with an FE-SEM (30 kV, S-5200, Hitachi), equipped with a X-ray detector (Pheonix, EDAX)

and a STEM detector (Hitachi). The images were also processed by Fiji?”’.

Figure 61

Overview of the preparation of TEM lamella: approx. 1 um (in thickness) lamella is isolated

from the membrane containing the silica-modified nanopore by FIB milling steps. The lamella
is then attached via IBID (30 kV) to a micromanipulator needle (Omniprobe) (A), removed from
the sample and transferred onto a Cu TEM grid (Omniprobe) (B, blue square marks the
micromanipulation needle with the TEM sample) and fixed via IBID to the grid (C). Afterward,
the micromanipulation needle is removed (D) and the lamella is thinned by FIB to a thickness
of approximately 150 - 200 nm (E). A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano,
G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210,
113. Adapted from Ref. ¥, Distributed under the license Creative Commons Attribution-
NonCommercial 3.0 Unported (CC-BY-NC 3.0), https://creativecommons.org/licenses/by-
nc/3.0/.
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6.3 Results and discussion

6.3.1 Diffusion at nanopore arrays
The diffusion of a redox mediator through nanoporous arrays, driven by a concentration

gradient of two reservoirs located below and above the nanoporous array (see Figure 59),
is detected. The AFM-SECM probe was located in the upper compartment containing
solely KCI electrolyte solution and detected the diffusion of Ru(NHs)e>* from the lower
reservoir separated by the SiN membrane containing the nanopore array towards the
AFM-SECM probe. In Figure 62, the results for the diffusion at nanopores with small pore-

to-pore spacing are presented.
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Figure 62 AFM-SECM images of a nanoporous array with 21 times separation of the individual poresin a
hexagonal arrangement. Contact mode AFM topography (A) and GC mode SECM current signal
(B) due to the diffusion of [Ru(NH3)e]** through the nanopores is depicted showing an
overlapped diffusion. The corresponding height and current profiles are shown below
according to the marked line in (A) and (B). Original size: 35 x 35 um?, scan speed: 32.0 pm/s
(0.5 In/s), scan angle: - 14.4°. Adapted with permission from Y. Liu, A. Holzinger, P. Knittel, L.
Poltorak, A. Gamero-Quijano, W. D.A Rickard, A. Walcarius, G. Herzog, C. Kranz, and D.W.M.
Arrigan. Visualization of diffusion within nanoarrays. Anal. Chem. 88, 6689-6695 (2016).
Copyright 2019 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513.
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The ratio of the distance between single pores and the radius of the pores (rc/ra, see
equation 29) is 21 and smaller than the critical value for individual diffusion of 56 as pore-
pore separation defined by Liu et al.?° and resulting in an overlapped diffusion behavior
at the nanoporous array. The AFM topography and the corresponding height profile at the
marked line in the AFM image are shown in A, whereas the correlating current response
with the current profile at the same location is shown in B. A clear overlapped current
signal was detected with a current density of 0.64 pA/cm? above the nanoporous array.
Single current peaks are visible at the location of the individual nanopores. These
observations can be explained by the conductive AFM tip penetrating the nanopores and
detecting the current response, which reflects the concentration in the lower
compartment of [Ru(NHz)g]**. Calculations of the expected theoretical current response
(based on the electrode area, diffusion coefficient, concentration, etc.) for these
additional current peaks with a conical AFM tip results in a current response in the range
of 0.3 — 1 nA (Table 6). Thereby, the theoretical currents lgif are calculated by equation

(19) (see Table 2).

measured; peak calculated; calculated; calculated;
current signal, for a1 =100 nm, foraz=40 nm, foraz=30 nm,
N =50 h1 =155 nm h2 =40 nm h2 =30 nm
current [nA] 0.08 + 0.02 1.04 0.36 0.27

Table 6 Measured and calculated current for the additional current peaks as illustrated in Figure

63. The calculations were obtained with equation (19).

Only the part of the electroactive area of the AFM-SECM probe within the pore and
reaching the other side of the membrane (with height hi and radius ai1) containing the
high concentrated [Ru(NHs)s]** solution (20 mM) is used to calculate the theoretical

current response (see scheme in Figure 63).
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Figure 63 Current response (A) according to the AFM-SECM images shown in Figure 62 and scheme of
the AFM tip penetrating a single nanopore (B). The height h and radius a, used for calculation
of the theoretical current values for the observed current peak as shown in the overlaid

current response (red curve), are labeled in white and yellow, respectively.

Additionally, the current is calculated for the AFM tip just immersing into the high
concentrated [Ru(NHs) ¢)3* solution with the height h, and the radius az according to the
actual dimensions of the used AFM-SECM probe (in Table 6, two different heights and
radii are compared based on the SEM images of the actual AFM-SECM probe, which are
measured from two different sides of the AFM tip). The calculated currents are up to 10
times higher than the actual measured current response. Indeed, a perfect cone shape
was used for the calculations, which is not the case for the actual shape of the FIB-milled
AFM tip, and a maximum concentration of Ru(NHz)s** was used as co. Because diffusion
close to and within the pores changes the actual concentration of the redox mediator in
the solution below the nanoporous array and also the penetration of the AFM tip into the
pores results in additional convection in opposite direction (tip moves towards the side of
the membrane facing the concentrated solution, whereas diffusion is directed from the
high to less concentrated solution). Hence, the actual concentration for co may be lower
than the original bulk concentration of Ru(NHs)s>*. Additionally, the tilt of the AFM tip
towards the surface is not taken into account, which changes the actual size of the AFM
tip placed within the nanopore. For an estimation of the detected current signal, the
calculations used in Table 6 are sufficient and these single peaks visible for individual

nanopores can be addressed by the electroactive area of the AFM-SECM actually
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penetrating the nanopores. Additionally, the overall current signals are overlapped in the
surrounding of the pores due to the overlapping hemispherical diffusion profiles at the
individual pores. Same measurements at nanoporous arrays with a pore-to-pore
separation sufficient for individual diffusion (with r¢/ra = 91, see equation 29) as predicted
by electrochemical investigations and theoretical calculations3%3%°7 are presented in
Figure 64 and show clearly hemispherical diffusion above the single nanopores. The AFM
topography with corresponding height profile is depicted in A and the correlating current
image and profile at the marked line in the current image is shown in B. The current
density obtained from these results is lower (0.11 pA/cm?) compared to the results shown
in Figure 62 for the overlapped diffusion, but just a small section of 8 nanopores is visible
within the depicted images in Figure 64 compared to the whole array with 100 nanopores
in Figure 62. By calculation of the current response for solely one single nanopore within
both arrays, a current density of approximately 13.3 nA/cm? for large pore/pore
separation compared to 6.4 nA/cm? for small distances between single pores show the
enhanced current response for single nanopores with individual hemispherical diffusion
profile. The current profile in Figure 64 B also shows the current peaks with enhanced
current signals at the nanopores, which is again related to the penetration of the
conductive AFM tip into the pore filled with the solution of high concentration of

Ru(NHs)e>*.
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Figure 64 AFM-SECM images of a nanoporous array with 91 times separation of the individual poresin a
hexagonal arrangement. Contact mode AFM topography (A) and GC mode SECM current signal
(B) due to the diffusion of [Ru(NHs3)e]** through the nanopores is depicted showing individual
diffusion profiles at the pores. The corresponding height and current profiles are shown
beneath according to the marked line in (A) and (B). Original size: 25.3 x 25.3 um?, scan speed:
47.9 um/s (1.0 In/s), scan angle: - 34.9°. Adapted with permission from Y. Liu, A. Holzinger, P.
Knittel, L. Poltorak, A. Gamero-Quijano, W. D.A Rickard, A. Walcarius, G. Herzog, C. Kranz, and
D.W.M. Arrigan. Visualization of diffusion within nanoarrays. Anal. Chem. 88, 6689—6695
(2016). Copyright 2019 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513.

The AFM-SECM investigations were repeated with an AFM tip-integrated recessed Au
frame electrode to detect the diffusion without additional current peaks due to the
penetration of a conductive AFM tip into the nanopores. Thereby, a hindered diffusion
could be detected besides the pore as shown in Figure 65, with some pores seem to be
blocked, indicated by an absent current signal. The results show a nanoporous array with
a pore-to-pore separation of 21 in the AFM topography with the corresponding height
profile (A) and the current response in B, which shows not the expected overlapped

diffusion. Indeed, the current response is too low compared to calculations of the
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predicted current for the diffusion of Ru(NHs)e3* and the current density (0.04 pA/cm?) is
just 6 % of the current density for the results shown in Figure 62, leading to the
assumption that the whole nanoporous array was blocked and not just some individual

pores of the array.
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Figure 65 AFM-SECM images of a nanoporous array with 21 times separation of the individual poresin a
hexagonal arrangement. Contact mode AFM topography (A) and GC mode SECM current signal
(B) due to the diffusion of [Ru(NH3)s)** through the nanopores is depicted. Some of the pores
are blocked and no diffusion is detectable in (B) represented by dark region above the
nanopore array. The corresponding height and current profiles are shown beneath according

to the marked line in (A) and (B). Original size: 40 x 40 um?, scan speed: 47.7 um/s (0.6 In/s).

The observed small change in current may be explained than by the change in distance
between the surface and the tip integrated electrode when the re-shaped AFM tip
penetrates the pores. This behavior of blocked pores could be also observed in ITIES
measurements at the nanoporous arrays. The reason for blocking has not been fully
investigated and might be related either to impurities of the used solutions or to
redeposited material during FIB-milling of the arrays. Additionally, small air bubbles,
which may be located at the SiN membrane and may be possibly introduced during the

filling of the glass tubes with one of the electrolyte solutions, might also block single pores.

-108 -



For a detailed interpretation of the observed pore blocking, a detailed understanding of
the location of the ITIES within the nanopores is essential. In the following section,
electrochemistry at the ITIES and theoretical calculations are compared to verify the
prediction of the interface being located at the aqueous facing side of the nanopores as
reported for arrays produced by e-beam lithography®¥2¢” and also assumed for FIB-milled

nanoporous arrays>3..

6.3.2 ITIES at nanopore arrays
For the identification of the interface within nanoporous arrays, the electrochemically

driven transport of TPrA* as a model analyte at the ITIES is investigated. This was already
used for characterization of porous SiN membranes and led to the conclusion that the
interface at FIB-milled nanopores is comparable to nanopores fabricated by e-beam
lithography3!. Thereby, an inlaid interface facing the aqueous electrolyte solution was
assumed and the calculations are based on equation (26) (see section 1.4). Because FIB-
milling results in the implantation of positively charged Ga ions, which may result in a
hydrophilic surface, the behavior of FIB-milled nanopores might be different for ITIES
compared to nanopores obtained by e-beam lithography. Additionally, the truncated pore
shape due to redeposited material during the milling process, which was already reported

by several groups3%3%37, was so far not considered.
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Figure 66 CV recorded at ITIES (A): black curve represents the background and colored curves represent
the CV after consecutive addition of TPrACI to the aqueous phase. The current response after
background subtraction is depicted in (B). Colors: 20 uM (purple), 40 uM (yellow), 60 uM
(green), 80 uM (blue) and 100 uM (brown) TPrACI. Scan speed: 5 mV/s.
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In Figure 66, the CV for the transport of TPrA* from the aqueous to the organic phase
during the forward scans are shown within a concentration range of 20 — 100 uM TPrA®,
with the black CV as the background response prior to the addition of the analyte. In B,
the background subtracted current response of the forward scan (TPrA* transfers from
the aqueous to the organic phase) is depicted. A limiting current at 0.6 — 0.65 V is visible
for the purple and the yellow curve in Figure 66 B. The current at this potential was
compared to theoretical currents calculated by the different equations summarized in 1.4.
Prior to the electrochemical investigations, the nanoporous array was characterized by
AFM using a high-aspect ratio AFM tip, showing the pore shape and the pore orifices of
the FIB-milled nanopores (see Figure 67). Whereas in prior publications, the diameters of
the nanopores were evaluated by SEM3%31, AFM provides an accurate geometry and size

of the pore.
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Figure 67 Dynamic mode AFM topography (A, original size: 2.75 x 2.75 um?) of a nanopore array with
height profile (B) according to the marked line in A. The results shown in Figure 66 and depicted
as black points in the calibration curve in C are compared to theoretical calculations for an
inlaid geometry of the interface (black line, at h= 0 nm) and a recessed interface at different
locations within the nanopore as marked in the depth profile in (B). The diameters used for

calculations of the theoretical currents are summarized in (D).
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The measurement of the pore diameter from SEM images is suitable for pores with
parallel inner walls and the same pore diameters at both sides of the membrane, whereas
for a truncated pore shape, the investigation of the pore shape of nanoporous membranes
with thicknesses within 50 to 100 nm via SEM will always result in mixed pore size of the
truncated cone-shaped pore due to the penetration depth of the electron beam. Thereby,
the calculation of the current response based on an inlaid interface, which represents the
large orifice of the truncated nanopores facing the aqueous side within the reported
investigations3%3!, whereas for the reported calculations the pore dimensions determined
by SEM were used. These pore dimensions represent indeed an intermediate pore
diameter, in between both orifices of a truncated cone-shaped pore. In Figure 67, the AFM
image obtained with an ultra-sharp AFM tip (A) and the corresponding depth profile of
the nanopores is depicted in B. The dashed lines within the profile represent the position
of the interface used for the calculations of the theoretical current by equation (28) for
truncated cone-shaped nanopores. The diameter of the nanopores at the orifice (at 0 nm
in the depth profile in Figure 67 B, black dashed line) is 187 nm £ 3 nm (N = 3) and was
used as r. in the calculation of the theoretical current (based on equation (28) in 1.4) at
different position of the interface within the nanopores marked by different colors in
Figure 67 B. The diameters for the assumed recessed interfaces at different depths are
shown in Figure 67 D and were used for rg in the calculations. The experimental data for
the transfer of TPrA* as shown in Figure 66 are presented as black points in the calibration
shown in Figure 67 C. Thereby, the data points fit well with the theoretical calibration for
an interface located in the pores at a depth (or length) of L =50 nm. The nanoporous array
had a pore-to-pore separation of 10.2 + 0.2 (N = 3) for the results shown in Figure 66 and
Figure 67. This indicates an overlapped diffusion profile at this nanopore array as shown
in the AFM-SECM investigations in chapter 6.3.1 (see Figure 62). Liu et al.3%°7 reported
that the current response for an overlapped diffusion is up to 54 %3° reduced to individual
diffusion at the nanopores in dependence to the pore-to-pore separation. In Figure 68,
two different assumptions for an overlapped diffusion are compared to the experimental
data and to the theoretical current with the interface located within the truncated cone-

shaped nanopores at a depth of L =50 nm.
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Figure 68 Schemes (A) showing the assumptions used for theoretical calculations according to an
overlapped diffusion compared to the calibration curve (B, black points) of the results in Figure
66. The red and blue lines in B correspond to the theoretical assumption of one UME with the
same size as the active area (red) or an UME of the same size as the whole array (blue). The
green line in B corresponds to the theoretical assumption of a recessed interface located

towards the organic electrolyte.

The schemes in Figure 68 A are illustrating the theoretical assumption used for the
theoretical values depicted in the calibration curves in B in corresponding colors. For the
approach colored in red, the active area of the single nanopores is summarized and
replaced by an interface of the same area, whereas for the calculation of the whole area,
the size of the array was used and replaced by a disk-shaped interface with the same area.
Both approaches can be considered as the upper and lower limit of current response that
can be expected for an overlapped diffusion. Another approach for the investigation of
the location of the ITIES within FIB-milled nanopores is shown in Figure 69. The truncated
cone shape of FIB-milled nanopores is used in the comparison of nanoporous arrays
fabricated from the front or the back, so that either the small orifice is facing the aqueous
electrolyte solution and vice versa, as illustrated in Figure 69 A. The used SiN membranes
had a thickness of 100 nm and same parameters were used for the fabrication of the
nanopore arrays by FIB milling. A similar approach was already reported by Alvarez de
Eulate et al.®* for microporous glass membranes fabricated by laser ablation with
truncated cone-shaped pores. The hydrophobicity of such inner pore walls was
determined by contact angle measurements and corresponding experimental and

simulated data of the diffusion at the microporous array with pores oriented towards
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either the aqueous or the organic electrolyte solution results in the assumption of a
hemispherical shape of the interface. For the arrays reported in this publication, the pores
were filled with the organic electrolyte solution®. For characterization of the nanopores
in the experiments presented within this thesis, an ultra-sharp AFM tip was used. The
sharp AFM probes were obtained by FIB milling taking into account the instrumental
mounting angle (9°) of the AFM probe towards the sample surface. The AFM topography

of a front and back side milled nanopore are shown in C with corresponding height profiles

displayed in D.
A : C
aqueous phase :
i
I
I
I
I
I
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Figure 69 Comparison of front and back side milled pores: the scheme in (A) represents the orientation
of the truncated cone-shaped pores towards the aqueous and organic phase, respectively,
depending on the orientation of the membrane during FIB milling. AFM topography recorded
in dynamic mode (B) of a front side (left) and back side (right) milled pore with corresponding
height profiles as marked in (B) and depicted in (D). A high-aspect-ratio AFM tip is represented
in the SEM image in (C) obtained by FIB milling. AFM parameters: 152 kHz (left)/ 169 kHz
(right), scan speed: 1 In/s (6 um/s), original size: 3 x 3 um?2. A. Holzinger, G. Neusser, B. J. J.
Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz,
Faraday Discuss., 2018, 210, 113. Adapted from Ref. **’. Distributed under the license Creative
Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),

https://creativecommons.org/licenses/by-nc/3.0/.
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Due to the geometry, only the pore diameter of the small orifice is accessible via AFM
measurements for the back side milled nanopores. The dimensions of the nanopores are
represented by the height profiles of the back side milled pore (light blue line) and the
front side milled pore (dark blue line) in Figure 69 D corresponding to the topography
marked by dashed lines in B in corresponding colors. The profile of the back side milled
pore represents thereby the shape of the AFM tip and solely the dimension of the small
orifice can be gained from these investigations. The fabricated nanoporous arrays, FIB-
milled either from the front or the back of the SiN membrane, were examined in
electrochemical investigations via CV for the transport of TPrA*. In case that the interface
is located towards the aqueous phase as assumed in previous publications3%3!, a lower
current response for the back side milled nanopores is expected due to the smaller orifice
facing the aqueous phase. In Figure 70 A, the background corrected forward sweep of the
current response in dependence of the concentration-of TPrA* in the range of 20 — 100

MM is shown and the corresponding calibration graph is represented by red points in B.
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Figure 70 Current response after background subtraction (A) of consecutive addition of TPrACI at a back
side milled nanopore array. Colors: 20 uM (purple), 40 uM (yellow), 60 uM (green), 80 uM
(blue) and 100 uM (brown) TPrACI. Scan speed: 5 mV/s. The calibration curve (B) compares
the results of A (red data) with the data obtained at ITIES at a front side milled nanopore array
(black data) and the theoretical assumption (green line) of an inlaid interface facing the

aqueous electrolyte.
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The green line in B represents the calculated data for an inlaid interface facing the
aqueous electrolyte solution and the black points represent the experimental results for
a front side milled nanoporous array as already shown in Figure 66. Although the linearity
for the experimental data for the nanopores FIB-milled from the back is poor, the detected
current is up to 5 times higher than for the front side milled nanoporous array. The pore-
to-pore separation for this array with respect to the radius of the small orifice is 17.6 £ 0.8
(N =9) compared to 10.2 + 0.2 (N = 3) for the results shown in Figure 66 and represented
by the black data points in Figure 70 B. According to the results obtained so far3°, the
diffusion at this pore array is overlapped. Either for individual or overlapped diffusion
profiles, the current response has to be reduced for smaller pore diameters represented
by the back side milled nanoporous array in case of an inlaid interface facing the aqueous
electrolyte solution during electrochemical investigations. Of course, the influence of
implanted Ga* ions has to be considered resulting in changes in the hydrophilicity of the
membrane dependent on the orientation of the SiN membrane towards the ion beam
during FIB milling. This parameter was neglected so far and has to be taken into account
in future studies. Similar results showing a variation in electrochemical investigations
performed at conical pores in two different orientation was already reported by Arrigan
and coworkers, but for pm-sized pores in a glass membrane fabricated by laser ablation®.
However, the hydrophilicity of these micropores was modified by an additional surface
modification, which ensures the same hydrophilicity for the different orientations of these
micropores. This is not the case for the FIB-milled nanopores reported within this thesis.
Thereby, this is the first time that this direct comparison of nanoporous arrays in SiN
membranes used for nanolTIES (see Figure 69 and Figure 70) are investigated towards the
orientation of the membranes during FIB-milling. The different behavior in
electrochemical investigations at nanolTIES with respect to the orientation of cone-
shaped nanopores will be also considered in the following sections. The localization of the
interface by AFM-SECM is difficult due to the penetration depth of the AFM tip into the
nanopores and an accompanying mixture of the solutions. The diffusion behavior at
nanoporous arrays was also visualized by silica deposition at the ITIES within nanoporous
arrays. The size of the silica deposits formed at the interface between an aqueous phase
and DCE was evaluated'8’. Within the next section, the size variation of the silica deposits

is compared with respect to the actual pore diameters.
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6.3.3 Silica deposits at the ITIES for localization of the interface
The localized deposition of silica at the ITIES is used within the following investigations to

distinguish between nanopores FIB-milled either from the front or the back as shown in
Figure 69. The pore-to-pore separation in both arrays is sufficient for independent pore
diffusion and the diameters determined by AFM for the orifice facing the aqueous
electrolyte solution are 183 nm + 29 nm (N=3) for front side milled and 72 nm £ 12 nm
(N=3) for the back side milled arrays, respectively. The SEM images of the arrays after
silica deposition are depicted in Figure 71 A and the diameter of the single silica deposits
for both arrays are compared in B. Thereby, a wide distribution of different deposit sizes
can be seen for both approaches with larger diameters for the back side milled
nanoporous array that indicates an enhanced ion transport.-The size distribution within
the 100 nanopores of one array is even larger than the difference between both arrays
fabricated by front or back side FIB milling. A paired two-tailed t-test with a 95 %
confidence level showed that the variation of the silica deposits in each array is significant
and the standard deviation of the silica deposits (43 % and 57% of the mean value for
diameters, respectively) within one array, which has only a small standard deviation in the
original pore size, corresponding to 16 — 17 % of the mean value, is larger, than the
difference between the silica depositions at both membranes. These results confirm the
interpretation gained by the comparison of electrochemical results of the transfer of
TPrA* at the nanolTIES as discussed in 6.3.2, showing the same trend of an enhanced
diffusion for FIB-milled nanoporous arrays fabricated from the back of the SiN membrane.
However, due to the broad size distribution of the results presented in Figure 71,
additional investigations have been done at these modified nanopore arrays. Therefore,
the silica deposits of the nanoporous array fabricated from the back are investigated in
detail by FIB cross-sections and FIB/SEM tomography. During electrochemical deposition
of silica at the ITIES, the template CTA* is transferred from the organic to the aqueous
phase enabling the formation of silica by hydrolysis and condensation of TEQS.27 Si, either
as TEOS or silica, is just present in the aqueous phase, hence the location of the silica

deposits is an indication for the location of the aqueous phase.
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Figure 71 SEM images of the silica depositions at front (A, left) and back (A, right) side milled pore arrays,
respectively. The size distribution of the arrays in A is given in B. yellow: front side, blue: back
side approach. The electrochemical deposition was done at 0 V for 90 s (aqueous phase: pH
9). A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan,
A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref.
187 Distributed under the license Creative Commons Attribution-NonCommercial 3.0 Unported

(CC-BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/.

In Figure 72 A, the FIB-induced secondary electron image is shown of one silica deposit
covered with a layer of Pt/C, which prevents charging effects while imaging and milling,
and additionally prevents beam-induced damage of the silica deposit. In the SEM images
in B-E, the cross-sections of two silica deposits with varying diameters are depicted. As

shown in Figure 71, the size distribution of the silica deposits is large and both, small
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(<5 um, in B, C) and large (>9 um, in D, E) deposits were investigated in detail by FIB/SEM
tomography. A close-up of the silica deposits close to the nanopores is shown in Cand E.
Whereas for small deposits, the silica is directly attached at the SIN membrane, a gap
between the silica and the SiN membrane is visible for large ones (Figure 72 E). This gap
might be related to the drying step after silica formation, which might cause shrinkage of
the silica deposit due to solvent loss. This effect is likely stronger for large deposits

resulting in the separation of the deposit from the SiN membrane.

38° tilted
view

Figure 72 Differences in silica morphology: Cross-sections of silica deposits are compared for large (> 9
um in diameter) and small (< 5 um in diameter) deposits. The FIB-induced SE image in A shows
the silica deposit partially covered with a Pt/C protection layer, whereas the SE images in B-E
show the deposits in a 38° tilted perspective. The SE images shown in C and E represent a
zoomed view of the samples shown in B and D, respectively, during consecutive FIB sectioning.
The blue arrows in E point out an inner radial region showing different density of the deposited
silica. A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan,
A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref.
187 Dijstributed under the license Creative Commons Attribution-NonCommercial 3.0 Unported

(CC-BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/.
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Any other processes following the silica formation, such as removing the electrolyte
solutions, drying, and cleaning might also have an influence on the silica deposits and with
this on the investigated interface. In both examples shown in Figure 72, a dense structure
of the silica deposit is visible, whereas for the large deposit in Figure 72 D and E, the dense
structure shows a hemispherical region in close proximity to the nanopore (marked by
arrows in E) with higher density according to the contrast in the SE image, compared to
the adjacent region showing a slightly different contrast. This variation in the silica deposit
can be addressed to an enhanced hemispherical diffusion near the nanopore during
electrochemical deposition resulting in an enhanced formation of silica and a denser
structure compared to the adjacent region. Next to the dense structure located in close
proximity to the SiN membrane visible in the SE images, which correlates with the side
facing the aqueous electrolyte solution during electrochemical deposition, there is an
inhomogeneous structure visible below the membrane facing the organic electrolyte
solution. This is recognizable for small and large silica deposits (Figure 72 C, E). This
structure will be referred to as “residue” within the following discussion. In the SE image
shown in C, something appearing as a ‘single particle’ is located within the nanopore. In
Figure 73, several SE images of this silica deposit are shown in the FIB/SEM tomography,
where the lateral distance between single SE images was 10 nm. The focus in these images
was laid on the nanopore and the residue in close proximity to the nanopore. The conical

shape of the nanopore is clearly visible in these images.
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Figure 73 Processed SEM images showing a nanopore (marked area in (A)) within a series of images (A-

I) with 10 nm distance between single SE images. SEM: 5 kV/ 86 pA, FIB: 30 kV/ 48 pA, 10 nm/
slice. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A.
Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Based on Ref. ¥’
Distributed under the license Creative Commons Attribution-NonCommercial 3.0 Unported (CC-

BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/.

Additionally, the bright particle in the pore (see Figure 73 F) has a dimension of 10 —20nm
as a small variation of the contrast in the SE image in E might be part of this particle, but
the particle is already no longer visible in image G. Additionally, the particle is not
completely visible in image E, which might indicate that the pore is also filled with some
other residue. In case that the pore is empty (except this particle) and the contrast just
indicates the SiN membrane behind the nanopore, this single particle has to be also visible
in the images C-E. It is difficult to discriminate between the in-plane region of the exposed
area and the sample volume because the contrasts in the SE images are always a result of

overlapped signals due to the penetration depth of the electron beam?®®*, This is also called
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‘the shine through artifact’ 280. The structure of the silica deposit is homogeneous except
small variation in contrast in close proximity to the nanopore, which might indicate
differences in the silica formation rate due to enhanced concentrations directly at the
nanopore. A detailed interpretation giving the variation in the SEM contrast is at the
current state not possible. The residue at the side of the SiN membrane facing the organic
electrolyte solution during ITIES measurements shows different regions given the varying,
observed contrasts. The black regions are holes within this residue, whereas bright regions
might be either single particles of unknown content or edges indicating the in-plane area
sectioned by the ion beam. Again, it is difficult to interpret the different contrast in SE
images with unknown samples and to distinguish between the in-plane area and the
sample volume. Structures, which are visible in more than one SE image during FIB
sectioning can be associated with the sample volume. Focusing on the nanopore, there is
some connection between residue and the nanopore visible, especially in the SE images
shown in Figure 73 C - G, with a single particle shown in F. A clear differentiation between
the SiN membrane and this residue within the nanopore is still challenging and data have
to be interpreted with care to avoid false results. The residue can be clearly addressed to
the diffusion processes in close proximity to the nanopore because the residue is just
located at this nanopore. These observations are more obvious in another silica deposit
investigated by SEM/FIB tomography, which is presented in Figure 74. Single slices of the
3D stack are presented in A, I-1V showing the residue on the organic facing side of the SiN
membrane and located close to the orifice of the nanopore. Three different regions might
be differentiated within this residue. The first part seems to be some kind of encapsulating
layer, followed by a porous region and a diffuse inner structure of the residue. The diffuse
inner structure seems also to be within the nanopore. In total 24 SE images of the slice &
view procedure are summarized in a 3D representation of the nanopore, presented by a
voxel size 0f1.92 um x 1.92 um x 10 nm. The residue is shown in Figure 74 B with the inner
diffuse structure marked in green and the outer layer shown in yellow. The borders of the
SiN membrane are indicated in blue. The truncated cone shape of the nanopore is clearly
visible in the 3D reconstruction. The drop-like residue in this example is located around
the nanopore, whereas the thin layer marked in yellow seems to cover the SiN membrane

over a larger region.
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Figure 74 Processed SEM image sequence of a back side milled nanopore after silica deposition with a
large residue structure located at the nanopore facing the organic electrolyte (A, I-1V). The
distance between single slices is 30 nm. 3 D reconstruction of the slices and view stack is shown
in B. SEM: 5 kV/ 86 pA, TLD at 38° (corrected tilt), FIB: 30 kV/ 48 pA, 10 nm/slice; in total 80
slices are imaged. A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D.
W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113.
Reproduced from Ref. 7. Distributed under the license Creative Commons Attribution-

NonCommercial 3.0 Unported (CC-BY-NC 3.0), https://creativecommons.org/licenses/by-
nc/3.0/.

The results shown in Figure 73 and Figure 74 indicate that the pores are filled with some
residue. There is a connection between this residue and the silica deposit above the
membrane facing the aqueous electrolyte solution during electrochemical investigations,
however, the structure of the particles or structures within the nanopores show different
contrast in the SE images compared to the silica deposits. A detailed interpretation is still
difficult due to the ‘shine through effect’ of porous structures?®. Additional information
is gained by the investigation of the elemental composition as presented in the following

section.
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6.3.4 Investigation of the elemental composition of deposited silica at nanopores
For the determination of the elemental composition of the silica deposits and the residue

at the side of the membrane facing the organic electrolyte solution during electrochemical
deposition, a thin TEM lamella was prepared from a single silica deposit. The TEM lamella
with a thickness smaller than 150 nm was investigated by EDX resulting in the elemental
maps shown in Figure 75 (color-coded SE images in respect to the present elements on
the right). The fabrication of the TEM lamella by FIB milling resulted in re-deposition of
material, which is indicated by the EDX signal of Pt (light blue image). The signal has a
maximum value at the edge of the diffuse residue. An enhanced signal at energies for X-
rays characteristic for the other elements at this border can be also seen in the other

images and is therefore negligible.

180°
vertically
flipped

organic
facing side

Figure 75 TEM image of a nanopore with a diameter of 80 nm (A) with a zoomed view of the pore (B)
and SEM image of the same location, but vertically flipped by 180°. EDX mapping of this area
is given on the right side marked by false color images according to the elemental composition
given in the single images. Acceleration voltage: 10 kV. A. Holzinger, G. Neusser, B. J. J. Austen,
A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday
Discuss., 2018, 210, 113. Adapted from Ref. 7. Distributed under the license Creative
Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),

https://creativecommons.org/licenses/by-nc/3.0/.
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The residue located at the nanopore shows high intensities for chloride (red), carbon
(green), but also silicon (pink). Thereby, the Si signal is more pronounced and it is unlikely
that this signal originates just due to redeposited material. Therefore, this residue might
consist of Si, either as silica or as TEOS indicating the location of the aqueous phase during
electrochemical silica deposition. For a detailed interpretation of the elemental
composition of this residue, additional investigations will be necessary. The interior of the
nanopore cannot be evaluated here because the signal is overlaid with the signal
originating from the SiN membrane. The STEM image depicted in A shows the TEM lamella
from one side, whereas the SE image in C and the corresponding EDX mapping (right side)
show a vertically flipped view of the same position. From this perspective, the nanopore
is not visible and the SiN membrane in this image is entirely covering the pore. For both,
SEM and EDX, the penetration depth of the excitation e-beam is larger than the thickness
of the TEM lamella itself'®4. For clear identification of the content within the nanopores,
the pore has to be larger than the TEM lamella. Because the preparation of thin lamellas
below 100 nm is challenging due to limits in the fabrication process?®%?%2, the nanopores
prepared by FIB milling were increased to a range of 250 — 350 nm in diameter. As
visualized in the schemes in Figure 76, the larger pores are accessible from both sides in
lateral dimension that the contrast in SEM, TEM and the signal detected by EDX of the
lamellas solely represents the inner structure within the pores avoiding the convolution

of the signals with the signals originating from the SiN membrane.

Figure 76 Scheme of two TEM lamellas with varying pore diameters, insufficient (left) and sufficient
(right) for investigation of the content within the nanopores. A. Holzinger, G. Neusser, B. J. J.
Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz,
Faraday Discuss., 2018, 210, 113. Reproduced from Ref. *®. Distributed under the license
Creative  Commons  Attribution-NonCommercial 3.0 Unported (CC-BY-NC  3.0),

https://creativecommons.orqg/licenses/by-nc/3.0/.
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For the nanoporous arrays with larger diameters ranging from 250 to 350 nm, SiN
membranes with a thickness of 50 nm were used. All arrays were FIB milled from the front
side facing the aqueous electrolyte solution during electrochemical silica deposition. To
distinguish between Si particles located in the pore and associated with the silica deposit
process, which might be moved into the pore during drying or cleaning steps after silica
formation, the pH value for one silica deposition was adjusted to suppress the silica
formation. Additionally, the deposition time was altered, and its influence is analyzed
towards the silica deposits and the remaining residue in or below the nanopore facing the
organic electrolyte solution during electrochemical deposition. An overview of silica

deposits fabricated at different deposition conditions are shown in Figure 77.

Figure 77 SEM images of different silica deposits with varying deposition parameters: array with 9 (A, B)
and 4 (C) pores and silica deposits (D-F) corresponding to the arrays above. Parameters:
applied potential: - 0.1 V for all arrays; for 60 s at pH 9 (A, D), for 5 s at pH 9 (B,E), for 10 s (3
times) at pH 3 (C,F). The pH value corresponds to the aqueous phase. 5 kV, 86 pA, tilt: 0° (A-C)
and 52° (D-F). Adapted from Ref. *®¥’. Distributed under the license Creative Commons
Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),

https.//creativecommons.org/licenses/by-nc/3.0/.
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Thereby, the SE images in A and B show a varying size of the silica deposits with changes
in deposition time at pH 9. In C, the results for the deposition at pH 3, insufficient for the
silica formation, is shown. At acidic pH values, the mononuclear species of TEOS is
dominant in the aqueous phase, which doesn’t facilitate the transfer of the template from
the organic to the aqueous phase and no condensation reaction of the TEOS occurs?’®. It
is clearly visible that no silica deposits were formed above the individual pores at the
aqueous facing side during electrochemical deposition. However, some particulate
material was located within the nanopores in absence of silica deposits, which are
embedded within the residue that was already observed for nanoporous arrays with
smaller pore diameters (see Figure 72 to Figure 75). With increasing deposition times, the
diameters of the silica deposits increased with 1.4 + 0.3 um (N = 27) for 5 s compared to
3.7 £ 0.5 um (N = 27) for 60 s, whereas in both examples shown in Figure 77 A and B,
slightly different sizes for single deposits in one array can be seen in accordance to the
results presented in section 6.3.3. For short deposition times of 5 s, the silica deposits
were just formed at some pores and 5 of 27 nanopores of this investigated nanoporous
array showed no silica formation. For the nanoporous array used in ITIES measurements
with insufficient pH values of the aqueous phase, no silica deposits were obtained (Figure
77 C, F), but some nanopores showed residue within the pores as shown in F. In Figure 78,
the cross-sections of a silica deposit formed at pH 9 (A and B) are compared to the cross-
section of a nanopore without silica formation due to an insufficient pH value (pH 3, C).
The cross-sections shown in A and B, as well as the 3D reconstruction in D, show a dense
silica deposit as already reported for the nanopores with smaller dimensions and a diffuse
residue (marked yellow) within the pores with a few single particles (marked in green) and
some holes (black). In the SE image in C, a large particle is visible within the nanopore

embedded in the so-called residue.
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Figure 78

pH9 vs. pH 3

Influence of the pH in the aqueous phase on silica formation: A processed SEM image of a silica
deposit formed at pH 9 shown at two different magnifications (A, B) and no silica formation at
pH 3 (C), 38° tilted view. The residue formed at large nanopores is shown in detail in the 3D
representation (D, according to the nanopore shown in A, B) with: SiN membrane (blue), single
particles (green), holes (black) and the diffuse residue (yellow). SEM: 5 kV/ 86 pA, TLD at 38°
(corrected tilt), FIB: 30 kV/ 48 pA, 5 nm/slice and in sum 300 slices. A. Holzinger, G. Neusser,
B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C.
Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref. *¥". Distributed under the license
Creative  Commons  Attribution-NonCommercial 3.0 Unported (CC-BY-NC  3.0),

https://creativecommons.org/licenses/by-nc/3.0/.

Because there is no silica condensation at the acidic aqueous solution in accordance to

literature?’®, detailed investigations of these particles or residues might give further

information on the residues located on the side of the SiN membrane facing the organic

electrolyte solution during electrochemical silica deposition. Therefore, a TEM lamella was

prepared by FIB milling and the elemental composition of the residue within the nanopore

was investigated. In Figure 79, SE images of a nanopore (A), the cross-section of a

nanopore (B) and the preparation of a TEM lamella (C) of the nanoporous array without

-127 -


https://creativecommons.org/licenses/by-nc/3.0/

silica formation is shown. The EDX spectra of two regions within the nanopore, located in
a TEM lamella thinner than the actual pore diameter (STEM image in D), are compared
showing a clear difference between the region of a bright particle and the residue
surrounding this particle. The bright particle consists of Si as marked in blue in the EDX
spectra, whereas the other residue shows almost no Si signal (marked in yellow). The Cu
signal in both EDX spectra is associated with the copper TEM grid. No silica is formed at

the nanopore shown in Figure 79 according to insufficient pH value.
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Figure 79 SE images of nanopores after electrochemical investigations with no silica deposits due to pH
3 insufficient for the silica formation at the ITIES (A - C). SE image after cross-sectioning of a
nanopore filled with a bright particle (B) and SE image during the preparation of a TEM lamella
by FIB milling with additional Pt/C as a protection layer (C) and STEM image of a TEM lamella
(D). EDX spectra represent the marked regions in (D) in corresponding colors. SEM (A-C): 5 kV/
86 pA, 38° tilted, STEM (D): 30 kV. A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano,
G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210,
113. Reproduced from Ref. *¥’. Distributed under the license Creative Commons Attribution-

NonCommercial 3.0 Unported (CC-BY-NC 3.0), https://creativecommons.org/licenses/by-
nc/3.0/.
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The observed particulate material within the nanopore might be the result of a pre-
concentration of non-condensed Si(OH)s of the aqueous phase during removal of the
electrolyte solutions while cleaning the sample. Because Si is just located in the aqueous
phase, this silica-rich particle in the nanopore was either due to the presence of the
aqueous phase within the nanopore during ITIES investigations or had to be moved into
the nanopore during cleaning and drying steps. Both effects may be also associated with
the results obtained at nanoporous arrays under electrochemical conditions sufficient for
silica formation. In Figure 80, different cross-sections of silica deposits either formed at
small nanopores with pore diameters of 72 nm + 12 nm (N=3) (A, B) and for large with
nanopore diameters of 322 nm + 84 nm (C). In all SE images shown in Figure 80, there are
particles located in the residue at the side of the membrane facing the organic electrolyte
solution during ITIES measurements. In case of a large pore as shown in C, these particles
may have been moved to this side of the membrane due to cleaning and drying steps,
whereas for the examples shown in A and B for small nanopores, the dimensions of the

particles are too large to be accidentally moved to this side of the SiN membrane.

30_nm

200 nm| B F"""'zoo'nm] C
Fg ’

Figure 80 Differences in the residue: silica formation at nanoporous arrays with small nanopores (72 nm
+ 12 nm, A, B) with particles within the residue for large (A) and small (B) silica deposits,
compared to silica formation and the characteristic residue at the organic electrolyte facing
side of the membrane at nanopores with large pore diameters (322 nm + 84 nm, C). SEM: 5 kV
/ 86 pA, 38° tilted view. A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog,
D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113.
Reproduced from Ref. '®. Distributed under the license Creative Commons Attribution-
NonCommercial 3.0 Unported (CC-BY-NC 3.0), https://creativecommons.org/licenses/by-
nc/3.0/.
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Therefore, it is most likely that these particles indicating the location of the aqueous phase
and with this the interface between both electrolyte solutions. All SE images and EDX
mappings shown within this section reveal that these particles visible within single
nanopores or in the residue at the side of the SiN membrane, which face the organic phase
contained Si-related species. At this point, it is not possible to distinguish between silica
or TEOS. Based on the results shown in Figure 80, it is highly unlikely that these large
particles are part of the silica formed at the side of the membrane facing the aqueous
electrolyte solution during deposition. Either these particles indicate the location of the
aqueous phase during electrochemical silica deposition at the ITIES, or the residue
represents some kind of mixed phase close to the nanopores. Indeed, ethanol is formed
during the hydrolysis of TEOS to silica?®3, which is soluble in the aqueous electrolyte
solution, but also in DCE. Although ethanol was removed prior to electrochemical
deposition at the ITIES, the residue may still be related to mixed layer when ethanol was
not completely removed. It has been shown that the ion transfer at truncated pores is
influenced by osmotic pressures or double layers within the nanopores, even for miscible
solutions. This leads to an ion current rectification with the electroosmotic flow depending
on the ion flow direction within the truncated cone-shaped geometry?®4, This might also
be a reason for some kind of mixed phase forming the observed residue. Hence, the

observed particles may be the result of a combination of the discussed effects.

6.4 Conclusion and outlook
The advantages of FIB milling for prototyping nanoporous arrays within SiN membranes

were shown in detail as already reported in previous publications3%31°7, The importance
of the pore-to-pore separation with respect to the current response for nanoporous
arrays at the liquid/liquid interface could be visualized by AFM-SECM. Additionally, the
position of the liquid/liquid interface within the nanopores plays a crucial role in the
application of such nanosized interfaces in electroanalysis, which was investigated by the
transport of TPrA* between both electrolyte solutions and by electrochemical silica
formation directly at the water/DCE interface. For the first time, 3D FIB/SEM
investigations were used to visualize the silica formation in detail, enabling a close look

into the nanopores and into the silica deposition at the side of the SiN membrane facing
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the aqueous electrolyte solution during electrochemical deposition. Additionally, some
kind of residue was observed at the side facing the organic electrolyte solution, which was
characterized by SEM and by EDX measurements performed at TEM lamellas. The results
obtained here indicate that the nanopores are filled with the agueous phase, whereas
additional cleaning or heating procedures during sample preparation might change the
actual situation/location during electrochemical ITIES measurements dramatically.
Equally reasonable and conceivable explanations would be some kind of mixed phase
within the nanopores, which changes during the electrochemical investigation at the ITIES
and results in a mixed, diffuse residue in close proximity to the nanopores. Hence, the
assumption that the interface is located inlaid towards the aqueous electrolyte solution
and that the nanopores are filled with the organic electrolyte solution as reported
previously3%2%7, might be doubted in case of FIB-milled arrays based on the studies
presented here. The direct characterization of ITIES within nanoporous membranes is still
challenging, and the approach presented here is highly interesting according to the
obtained results. In future studies, different analytes should be investigated by FIB/SEM
tomography, forming a solid phase directly at the interface between two liquids and
showing a sufficient contrast in SE images, such as metal ions or conductive materials. To
prevent changes of the deposition due to additional cleaning and drying steps and to avoid
artifacts due to the removal of the electrolyte solutions, cryogenic FIB/SEM tomography
might be a valuable approach for the investigations of the interface between two

liquids?®>.
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VII.

Final remarks
In this thesis, the modification of AFM tip-integrated electrodes is presented evaluating
the suitability of integrated electrochemical sensors for localized detection of H,0;
release (see chapter 4) or pH changes (see chapter 5) in close proximity to a sample
surface. The results presented within this thesis are facing the essential challenges of
integrated miniaturized sensors. The fabrication of AFM-SECM probes involves several
additional steps before being used in an AFM-SECM measurement, namely FIB/SEM
(vacuum conditions) to expose the electrode area, to reshape a sharp AFM tip and to
image the modifications, or heating and UV light exposure during mounting of AFM-SECM
probes and insulation of the electrical contact. These additional treatments might change
or influence the performance of integrated sensors. In the case of PB/NiHCF as H,0,-
active material, these additional influences were investigated showing improved stability

of the sensing layers in consecutive H,0; calibrations (see 4.3.1).

For AFM-SECM investigations, it is essential to use electrodes with fast response times in
order to observe local changes in the electrochemical signal during scans of the sample
surface. The H,0; sensors, as well as the pH sensors integrated into AFM-SECM probes,
have been tested towards their stability in long-term measurements showing stable
behavior in external calibrations. For PB/NiHCF-modified sensors, a change in morphology
was detected by consecutive SEM imaging of modified UMEs after being exposed to H.0;
(Figure 20), by AFM in the presence of relatively high H,0, concentrations of 1 mM (Figure
21), and by AFM-SECM generating H,0; at the AFM tip-integrated microelectrode (Figure
19). These morphology changes might result in some kind of distortion of the detected
signals, either by a change of the detected current correlated to the reduced amount of
H,0,-sensitive PB material or by AFM tip artifacts due to the dissolution of the sensor
material during scanning. Although, changes of electrochemically deposited PB/NiHCF can
be investigated by SEM prior and after AFM/SECM measurements, changes occurring
during ongoing measurements may remain undetected but might play a crucial limitation
of these integrated H,0: sensors. In section 4.3.2, modifications of AFM tip-integrated

microelectrodes with optimized deposition parameters for localized deposition using

-132 -



diluted solutions were presented, which showed, however, a poor reproducibility in
several consecutive calibrations. No clear correlation between the amount of PB as
indicated by the redox signal of PB in the film activation via CV in HCI/KCl and the
sensitivity in H,O; detection could be drawn. This might be also related to the separation
of parts of the PB/NiHCF film resulting in a reduced amount of active PB actually in contact
with the underlying microelectrode and, thus, being detected in electrochemical
measurements. Especially for PB/NiHCF-modified sensors, the modification of an AFM tip-
integrated electrode is challenging because the exact composition of these mixed layers
is unknown. The EDX mapping presented in Figure 18 indicates a homogeneous
distribution of PB and NiHCF, though, a laterally resolved determination of the distribution
between both salts is difficult due to the given resolution of the method and the
penetration depth of the acceleration e-beam, which is larger than the actual thickness of
the bilayers. The dissolution of the PB/NiHCF bilayers deposited on UMEs, detected either
by AFM or by consecutive SEM imaging, showed individual regions of the material being
predominantly removed under H,O; exposure. This indicates a variation in the local
composition of these mixed layers. A detailed investigation of the mixed PB/NiHCF layers
with respect to the composition of the material seems to be essential for these
miniaturized H,0; sensors, enabling a targeted optimization of deposition parameters for

the modification of AFM-SECM probes.

For the results presented in chapter 5, just a limited number of AFM-SECM probes with
integrated Sb or Ir metal layer suitable for imaging experiments have been available as
these probes have been fabricated by former co-workers of Kranz and Mizaikoff. The
presented investigations are focused on the evaluation of the most suitable material for
AFM tip-integrated pH sensors facilitating future optimization of the fabrication
procedure of these pH sensors. Thereby, Sb/SbO», AIROF, and EIROF-modified AFM-SECM
probes were investigated in terms of pH sensitivity and stability. Although the number of
available sensors was limited, the presented results reveal trends about the most
promising material for modification of AFM-SECM probes. For all investigated materials,
a broad distribution in pH sensitivity was detected ranging from 37 to 91 mV/pH for EIROF
(see 5.3.3), 31 to 54 mV/pH detected in consecutive calibrations of one individual AIROF-
modified AFM-SECM probe (see Figure 44), and 50 and 56 mV/pH for two investigated
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AFM tip-integrated Sb/SbO; sensors (see Figure 46). A significant advantage of AIROF
electrodes in comparison to Sb is the possibility of regeneration of the sensor by anodic
oxidation in H,SOa. In first AFM-SECM investigations with tip-integrated pH sensors, the
dissolution of calcite crystals was mapped resulting in a changed morphology of the
crystals with adjoining changes in pH to more alkaline pH values. However, all
investigations presented in section 5.3.2 were lacking a lateral resolution for the detected
OCP signal of the Sb/SbO> or AIROF sensors in x-direction, but a good resolution in the
scan direction (y-direction), which is also comparable to results detected by SECM-
SICM?>3. Changes in the OCP signal during measurement could be correlated to the
location of the actual calcite crystal but lacking sufficient lateral resolution. Therefore,
further investigations should focus on optimization of response times of AFM tip-

integrated pH sensors.

In chapter 6, arrays of nanopores fabricated by FIB milling in solid-state SiN membranes
were presented and investigated in terms of diffusion behavior and location of the
interface of two immiscible solutions within nanopores. AFM-SECM measurements
revealed the change in diffusional profiles with respect to the pore-to-pore separation of
individual pores in an array and showed an overlapped diffusion for closely spaced pores
and individual diffusion for pores being separated by a ratio of r¢/ra = 91 (see equation
(29)). Further investigations of the potential-driven ion transport of TPrA* at ITIES and
localized deposition of silica particles at the ITES within nanoporous arrays, addresses the
guestion of the location of the interface. In previous publications, it was postulated that
the nanopores are filled with the organic electrolyte solution, which is the case for
nanoporous arrays fabricated by e-beam lithography. The assumption that FIB-milled
nanoporous arrays show the same behavior may be questionable due to the known
implantation of positively charged Ga ions and a conical-shaped geometry of the
nanopores. Further investigations were presented in chapter 6 and FIB/SEM tomography,
used for the first time for the investigation of micro- and nanointerfaces located in solid-
state materials, is presented in section 6.3.3 and 6.3.4. The nanopores investigated
throughout this thesis are most likely filled with the aqueous phase forming some kind of
mixed phase within the nanopores during the presented electrochemical silica deposition

at the nanolTIES. It should be noted that the presented results obtained for the localized
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silica deposition at the interface between two immiscible liquids requires post-
treatments, namely rinsing and drying, prior to being investigated by 3D FIB/SEM, which
may influence the location of the interface. To circumvent this, investigations of the
liquid/liquid interface could be performed under cryogenic conditions. Cryo-FIB/SEM
tomography offers a new perspective on nanoporous materials visualizing interfaces or
the composition of mixed electrolyte solutions within nanopores and, thus, enabling

further optimization and understanding of such devices.
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IX. Appendix

IX.a. Used chemicals and materials

e 1,1’-Ferrocenedimethanole, 98 %, Acros Organics

e 1,6-Dichlorohexane, DCH, 98%, Aldrich

e 10 um (diameter) Au wire, Goodfellows

e 18.2 MQ), ELGA LabWater, Veolia Water Solutions & Technologies

e Agand Pt wire, Goodfellows

e Ag/AgCl reference electrode in saturated KCI, RE-1CP, ALS Co.

e Al;0s3 suspension, 50 nm, MasterPrep, Buehler

e Ammoniumcarbonate, (NH4),CO3, Merck KGaA

e Bis(triphenylphosphoranylidene)ammoniumchloride (BTPPA*CI) Alfa
Aesar)

e Calciumchloride, CaCl, 95 %, Carl Roth

e Connecting Pt wire, insulated with Teflon, Science Products

e Crystalbond, 509, Plano

e Cu TEM grid, Omniprobe

e Disodiumhydrogenphosphate, Na;HPO4-12H,0, NORMAPUR, VWR
Chemicals

e Dymax 9001-E-V3.1 and DYMAX 425, Dymax Europe GmbH

e Ethanol, 96 %, VWR Chemicals

e Hg/HgS04 reference electrode, sat. K2504, CH Instruments

e Hydrochloric acid, HCI, 32%, Normapure, VWR Chemicals

e Hydrogen peroxide, H,0,, 30%, EMSURE, Merck KGaA

e Insulating varnish, RS Components

e Iridium(IV) chloride, IrCls, Alfa Aesar GmbH & Co. KG

e Iron chloride, FeCls x 6 H,O, pro analysi, Merck KGaA

e Lithiumchloride, LiCl, 2 99%, Sigma Life Science

e Nickelchloride, NiCly, pro analysi, Merck KGaA

e Non-conductive silicon nitride tips, Veeco Instruments Inc.
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Non-metallized silicon nitride probes, OTR-P, Olympus

Oxalic acid, C2H20, Fluka Chemie GmbH

Potassium carbonate, KCOs3, Merck KGaA

Potassium hexacyanoferrate, K3[Fe(CN)s], Honeywell, Fluka
Potassiumchloride, KCl, pro analysi, Merck KGaA
Potassiumtetrakis(4-chlorophenyl)borate (K* TPBCI"), Alfa Aesar
Rutheniumhexaaminechloride, [Ru(NHs)s]3*Cls, 98 %, Aldrich
Sharpened NCL probe (k =48 N/m, 190 kHz, Nano World)

SiN membranes (50/100 nm), SIMPore Inc. and DuraSiN Films,
Protochips

Sodium hydroxide, NaOH, Merck KGaA
Sodium-di-hydrogenphosphate, NaH2PO4 x H20, pro analysi, Merck
KGaA

Stainless steel wire, insulated with Teflon, A-M Systems, Inc.
Sulfuric acid, H2SO4, 98 % VWR Chemicals
Tetrapropylammoniumchloride (TPrACl), Aldrich
Tris(hydroxymethyl)aminomethane (TRIS), Merck KGaA
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IX.b.

Used instruments

5500 AFM/SPM microscope, Keysight Technologies

AXIO Imager.M1m, Zeiss

Bipotentiostat, CompactStat, lvium Technologies

CHI potentiostat (CHI potentiostat 660A or bipotentiostat 660C and 842B,
CH Instrument)

Dual beam FIB/SEM FEI Helios Nanolab 600, ThermoFisher Scientific

Dual beam FIB/SEM FEI Quanta 3D FEG, ThermoFisher Scientific

Dymax UV lamp 75 Blue Wave, Dymax Corp, A= 320 - 395 nm and 9 W/cm?
EM 912 TEM, Zeiss

FE-SEM 30 kV, S-5200, Hitachi, with a STEM detector

Gas injection needle (IBID, precursor: methyl-cyclopentadienyl-trimethyl
platinum), FEI, ThermoFisher

InLab® Expert pro pH electrode, Mettler-Toledo Intl. Inc.
Micromanipulation needle, Omniprobe

Pt sputter coater: SCD 005, BAL-TEC

X-ray detector: Pheonix, EDAX

Zeiss Neon 40EsB, Carl Zeiss Nano Technology Systems
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IX.c. Table of Tables

Table1 pH response and linear pH range for some metal/metal oxides suitable as pH
Y= 1Yo £SO -7-
Table 2  Overview of the steady-state current at nano/micro-electrodes with respect to
different electrode GEOMELIIES. ... ..ciiiciiieee e e -10-
Table 3 Overview of facilitated ion transport®. ..........c.cccocoeeieieieccicicceceeeee e, -11-
Table4 Comparison of H,0; sensitivity and corresponding ratio of AFM-SECM probes
exposed to UV light in respect to the AFM-SECM probe not exposed to UV light (black),
electrode surface as determined by CV in 1,1’-ferrocenedimethanole and H,0; sensitivity
regardless of the active electrode surface of PB/NiHCF-modified AFM-SECM probes as
depicted iN FIGUIE 34, ...ttt e e e e e e et e e e e e e e e s e enntaeeeeeeeeeesnanneennes -59-
Table 5 Summary of deposition techniques with corresponding deposition parameters
used for the EIROF formation, by CV, at a constant current, and at constant or pulsed
[ To A=Y Y A | P -74 -
Table 6 Measured and calculated current for the additional current peaks as illustrated

in Figure 63. The calculations were obtained with equation (19)........ccccccveevivieenns -104 -
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IX.d.  Table of Figures

Figure 1 Schemes of the time- and space-dependent potentials described by the NPP
model (A) and compared to the classical phase boundary model (B). The membrane
potential in (A) is defined as the integral over the distance between a point in the bulk
solution xp,Land a point in the internal solution xur at different times: 4 x 10% s (a), 1.64 s
(b), 13.1s(c), 26.2 s (d), 104.8 s (e), 420 s (f) and at steady-state conditions (13440 s, g).*?
Reprinted with permission from Bobacka, J., Ivaska, A. Lewenstam, A. Chem. Rev.
2008, 108, 329-351. Copyright 2019  American Chemical Society.
https://d0i.org/10.1021/crOB8L00W. .....c.cevveeiuerrierireiesteesieeeeseeeseeeeesseensesnsesseesseeneesseenes -5-
Figure 2 Scheme of different electrochemically induced processes at ITIES: electron
transfer by two redox reactions in both phases (I), ion transfer (Il) and facilitated ion
transfer in the presence of a ligand molecule in one of the phases (lll)....................... -11-
Figure 3 Scheme of three different pores with interfaces (marked in red) located at
different positions within the pores, namely inlaid and recessed for pores with parallel
pore walls, and a recessed interface for a truncated cone-shaped geometry............. -15-
Figure 4 Influence of the pore-to-pore separation ratio within a pore array. For closely
arranged pores as shown in the SEM image in A, the radial diffusion at a single pore results
in an overlaid diffusion profile for the overall array as schematically represented below.
Whereas for a large pore-to-pore separation as shown in the SEM image in B, the diffusion
profiles are not overlapping and individual hemispherical diffusion at the pores, as
indicated in the corresponding schemes, is governing the overall response. ............. -16 -
Figure 5 Scheme of an AFM probe in front and side view (A); the detection of the
deflection and friction signal in AFM contact mode with corresponding signals shown as
profile (B-D). The AFM probes in (C-D) labeled with 1-3 show the AFM probe at three
different positions representing the movement of the tip in the scan direction. ....... -18 -
Figure 6 Scheme of possible artifacts in AFM measurements. The topography image
may reflect the shape of the AFM tip, in case that the structure of the sample has smaller
dimensions than the tip (A), edges might be also imaged not correctly (B). Contaminated

AFM probes may result in double or multiple imaging of the actual sample structure (C).
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The displayed tips in A-C represents one tip at different times moving in the scan
IFECTION. ..ttt e e st st et et e et bt et e s s et ee e b senen -19-

Figure 7 Schemes of different operation modes used in SECM: The feedback mode (A)
with corresponding approach curves (B), tip generation/ substrate collection (TG/SC) and
substrate generation/ tip collection (SG/TC) mode (C) and modes related to the detection
in either constant distance or constant height (D).......ccccceeeeiieiicciee e, -21-
Figure 8 Scheme of combined SECM/SICM tips with varying geometries (A); the black
area shows the electrode material, scheme for the different imaging principles (B): the
SECM ring-electrode is detecting electrochemical processes, whereas the conductance
between two reference electrodes (indicated as green dots) is used to determine the
topography. A. Holzinger, C. Steinbach, C. Kranz, ,Chapter 4: Scanning Electrochemical
Microscopy (SECM): Fundamentals and Applications in Life Sciences”, in Electrochemical
Strategies in Detection Science (Ed. Damien W. M. Arrigan), RSC Detection Science, 2015.
Adapted from Ref. 1> with permission from the Royal Society of Chemistry.
https://doi.org/10.1039/9781782622529-00125. ....cc.eeecreeieeeriecrreereesteeereeeaee e -22-
Figure 9 Overview on different AFM-SECM probe geometries: Schemes of a hand-made
AFM-SECM probe with a conical microelectrode with a spherical apex'>? (A); batch-
fabricated AFM-SECM probe with a triangular, conductive AFM tip*>3 (E) and commercial
AFM probe modified by a conductive layer conductive BDD layer and insulated, followed
by the exposure of a recessed frame electrode by FIB-milling®>* (1). The detection principle
of the electrochemical signal is depicted in B, F and J and corresponding results of AFM-
SECM measurements are shown for the detection of Au particles in Mt/AFM-SECM®? (C),
individual recorded topography (G) and current signal (H) with a conductive AFM tip*>3
and simultaneously detected topography (K, M) and current signal (L, N) of an UME with
an AFM-SECM probe with a recessed conductive BDD electrode; magnified view of the
results (M, N) show the blocked current signal of the UME due to a diamond particle at
the UME surface . Reprint with permission from Eifert, A., Kranz, C. Anal. Chem. 2014,
86, 5190-5200. Copyright 2019 American Chemical Society.
https://d0i.org/10.1021/aC5008128. ......ooeeevieeerrieeireee et eeeee et etee e e et eeeaeeas -24 -
Figure 10 SEM images of an AFM-SECM probe during FIB-milling in two different
perspectives, either perpendicular towards the electron or ion beam, indicated on the left

side: an insulated AFM-SECM probe with mark-ups of the area, which is removed by FIB
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(A) and after FIB-milling (B). By mounting the AFM-SECM probe in 90° to the original
position and removing the marked region in (C) by FIB-milling, the electrode is exposed
with a thorn located in the center. The SEM images depicted in D-F show the Au and the
insulation layers during the single fabrication steps, 90° towards the ion beam and 52°

towards the e-beam, respectively. Acceleration voltage: 3 kV and beam current: 36 pA.

Figure 11 SEM images of the final AFM-SECM probe imaged in different perspectives as
shown in Figure 10 (A, B) and top view of the final Au frame (C); Acceleration voltage: 3
KV and beam CUrrent: 36 PA. .ottt e e e -26-
Figure 12 Scheme of a model sample and the influence of the acceleration voltage of
the primary e-beam (represented by three arrows for three different acceleration
voltages) in the detected SEM (top view): the higher the applied voltage, the more of the
inner structure of a sample is visible in the SEM image. ......ccccccvvviieeieicieee s -28-
Figure 13 FIB/SEM tomography: For 3D tomography, the sample of interest is stabilized
with a Pt/C protection-layer and a cross-section is milled by FIB. The FIB-induced SE image
in A shows the perspective of the ion beam, whereas in B the perspective of the SEM with
a tilt correction of 38° towards the ion beam is shown (the actual angle between ion and
electron beam is 52° and defined by the spatial arrangement of the e-beam and ion-beam
columns). The yellow-framed SEM images represent single slices after consecutive FIB
milling. After drift and contrast correction, the slices can be reconstructed as a 3D image
(C). The structure can be presented in different perspectives (D). A. Holzinger, G. Neusser,
B.J.J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and
C. Kranz, Faraday Discuss., 2018, 210, 113. Adapted from Ref. '®’. Distributed under the
license Creative Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),
https://creativecommons.org/licenses/by-NC/3.0/. .....cuuveeuevueeevieeeiieeeeieeeiieeeieneens -31-
Figure 14 Electrochemical deposition of PB (A) and NiHCF (B) by cyclic voltammetry: PB:
1%t (blue), 3™ (red) and 5™ (green) layer were deposited at 0.4 - 0.75 V vs. Ag/AgCl
reference electrode; scan speed: 20 mV/s. NiHCF: 2" (blue), 4™ (red) and 6% (green) layer
were deposited at 0 - 0.8 V vs. Ag/AgCl reference electrode; scan speed: 100 mV/s. - 36 -
Figure 15 H0; calibration in 0.05 M phosphate buffer of a PB/NiHCF-modified Pt UME

(diameter: 25 um) with successive addition of equimolar aliquots of 10 mM H,0; (A) and
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corresponding CV in 0.1 M HCI/ 0.1 M KClI recorded prior to calibration; scan rate: 0.02
MV/S (B). oottt et et s v et s et e et ae e st eaesb e seae et s aas et ses st et s asebeneaneene -37-
Figure 16 SEM images showing the modification of AFM-SECM probes with Pt/C
composite by IBID: The exposed Au frame electrode (shown in A) is modified by IBID
(rectangular blue area), followed by circular cleaning around the AFM tip and rectangular
cleaning patterns next to the actual electrode area (marked in red) by FIB milling prior to
electrochemical modification with PB/NiHCF (B). Single fabrication steps are shown 54°
tilted, before (C) and after (D) Pt/C deposition and after FIB cleaning-(E). Acceleration
voltage: 3kV and beam current: 35.5 PA. ...ooii i -39-
Figure 17 SEM (A, C) and optical images (B, D, E) of UMEs (diameter: 25 um) before (A,
B) and after (C-E) electrochemical deposition of PB/NiHCF bilayers. ..........cccceeuveennen. -40 -
Figure 18 SEM (A, B) and EDX mapping (colored images showing the distribution of the
elements: red (Fe), green (Ni) and blue (Pt)) of an UME (diameter: 25 um) modified with
PB/NiHCF-mixed film. Acceleration voltage: 5 kV. EDX mapping represents the average
elemental distribution of in sum 512 frames (resolution: 256 x 200 pixels)................ -41 -
Figure 19 Investigation of the stability and surface changes of a modified UME while
H,0, is generated at the AFM-SECM probe, by contact AFM in liquid. During imaging the
surface depicted in A-C, no potential was applied to the AFM-SECM probe. Original size:
50 x 50 um?(A, B), 60 x 60 um? (C), scan speed: 0.6 In/s (60 um/s) (A,B), 0.8 In/s (96 um/s)
(C). The timeline (not to scale) depicted in the figure shows the times (min) when the
images were recorded during a total duration of the experiment of 7.5 h. For the small
area of the PB/NiHCF-modified UME depicted in D-F, the AFM-SECM probe was biased at
-0.5 V vs. quasi-Ag/AgCl reference electrode and H,0; was generated in close proximity
to the surface. Scan direction: down (D), up (E) and down (F),original size: 25 x 25 um?,
scan speed: 1.5 In/s (37 um/s). The AFM topography in D-F shows single scans recorded
in between the scans shown in B and C, after a duration of 198, 204 and 210 min,
(T 01T 11771 Y 2RO PP -43 -
Figure 20 SEM investigation of a PB/NiHCF-modified UME after electrochemical
deposition (A) and after exposure to different H,0, concentrations: 0.7 mM (B), 0.8 mM
(C, D) and 1 mM (E, F). Regions of the PB/NiHCF bilayers labeled by red arrows and circles
are stable in the presence of H,0,. Acceleration voltage: 5 kV; 53 pA (A,B) and 852 pA (C -
B ) ettt et et h et b e ekt ehe st h st h sea et eh sea et he ekt et et eae se s et bt ene -44 -
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Figure 21 AFM topography of a PB-modified Pt UME (diameter: 25 um) in the presence
of 1 mM H,0; in 0.05 M phosphate buffer. The depicted AFM images are recorded at 16,
84 and 153 min, respectively, of in total 2.5 h, showing the changes in the surface coverage
during this AFM investigation. Original size: 60 x 60 pm?, scan speed: 0.5 In/s.
Electrochemical deposition of PB was done with 20 cycles according to the experimental
conditions described iN 4.2, ..ot e - 45 -
Figure 22 1%t H,0; calibration in 0.05 M phosphate buffer of a PB/NiHCF-modified Pt
UME (diameter: 25 um) and corresponding CV in 0.1 M HCI/KCI (scan rate: 0.02 mV/s)
after 1%t calibration (blue) and after successive exposure to 1 mM H;0; for 25 min,
respectively (running order: red, green, yellow). SEM images after PB/NiHCF deposition
(C) and after H,0, detection (D) of in total of 3.5 mM H,0; over a period of approximately
2 h; acceleration voltage: 5kV, 7pA (C) and 8 NA (D). .ccecuvieeeiiiiiee e -46 -
Figure 23  Optical images of a PB/NiHCF-modified UME after electrochemical deposition
of PB/NiHCF bilayers (A), after the 1% H,0, calibration (B) and after 2" exposure to 1 mM
o P10 D (o T AN o 411 N () PRSP -47 -
Figure 24  Optical images of a PB/NiHCF-modified UME after electrochemical deposition
of PB/NiHCF bilayers (A), after the 15t H,0, calibration (B) and after 5t calibration, which
equals an exposure to approxX. 2 MM Hz02 (C)....uveeeeieeiieiiiiiiieeeeeeeeeeeirereee e -47 -
Figure 25 H;0; calibration of PB/NiHCF-modified Pt UMEs (diameter: 25 um) with
(dashed lines; 15 orange and 2"%: green) and without exposure to vacuum conditions
between layer deposition (solid lines; 1% blue and 2" red).......cccveeveveeveeeeieeiiereenen, -48 -
Figure 26 CV in 0.1 M HCI/ 0.1 M KCI of PB/NiHCF-modified Pt UME (diameter: 25 um,
A) and on a Pt UME (diameter: 25 um) modified with Pt/C composite prior to layer
deposition (B), scan rate: 0.02 V/s. Blue CVs were recorded after deposition of PB/NiHCF
bilayers and red CVs were recorded after H,O; calibration, respectively. After 4
consecutive calibrations (99 - 476 uM H,0; for each calibration) at the UME, where data
are shown in (A), and after 5 consecutive calibrations (99 - 476 uM H;0, for each
calibration) for the Pt/C modified UME Shown in (B).....cccceeeiviuvieiiiiieeeeecieee e -49 -
Figure 27 Optical images of UMEs (diameter: 25 um) with additional deposition of a Pt/C
composite by IBID; before (A) and after (B, C) the electrochemical deposition of PB/NiHCF
bilayers. The overspread of deposited PB/NiHCF depicted in C is reduced by additional FIB

milling prior to layer deposition (A) as depicted in (B)......ccccoveeeieeiiieeeeiiieee e, -50-
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Figure 28 Comparison of H,0; sensitivity and stability of a PB/NiHCF-modified UME at
different supporting electrode materials: Pt/C composite (blue), Pt/C composite with
additional FIB cleaning (green) and bare Pt UME with no additional treatment prior to
electrochemical deposition of PB/NiHCF (red) (A). The stability in consecutive calibrations
of PB/NiHCF-modified UMEs is compared in (B) whereas dashed lines represent the first
and solid lines the second calibration, respectively (colors are same as in (A)). ......... -51-
Figure 29 Comparison of the H;0. sensitivity for 5 successive calibrations of two
PB/NiHCF-modified UMEs with no additional treatment (green), two PB/NiHCF-modified
UMEs additionally exposed to vacuum conditions (blue) and two PB/NiHCF-modified
UMEs with Pt/C as supporting electrode material (red). .......ccccoveeviieiecieeeciee e, -52-
Figure 30 Investigation of H,0, stability after the exposure of the PB/NiHCF-modified
electrodes to UV light: consecutive H;0; calibrations in 0.05 M phosphate buffer of a
PB/NiHCF-modified UME (diameter: 25 um) with Pt/C composite as supporting electrode
material (A), colors: 1t (blue), 2" green) and 3™ (red) calibration, and corresponding CVs
in 0.1 M HCI/ 0.1 M KCI (B) after deposition (yellow), exposure to UV light (purple) and
after consecutive H,0; calibrations (running order: blue, green, red), scan rate: 0.02 mV/s.
The sensitivity of three consecutive H,O; calibrations recorded at three individual UMEs

modified with Pt/C (red) and additionally exposed to UV light (green), is compared in C.

Figure 31 SEM image of a PB/NiHCF-modified, tip-integrated: top view (A) and side view
(B) of the pyramidal AFM tip. Linearity and H,O:; sensitivity of 5 successive calibrations (C;
running order: blue, red, green, orange, purple). Because of the huge overspread of the
PB/NiHCF bilayers, the electrode area was not taken into account and the absolute current
signal is correlated to the H20; concentration (C).......cccccvveeeiriiieeieiiieee e -55-
Figure 32  SEM images of PB/NiHCF-modified, tip-integrated electrodes, with 4 mM
FeCls/Ks[Fe(CN)s] and 1 mM NiCl/ 0.5 mM Ks[Fe(CN)s] concentrations for the
electrochemical deposition of 3 PB/NiHCF bilayers (A) and reduced concentrations of the
used solutions of 1.33 mM FeCls/Ks[Fe(CN)s] and 0.33 mM NiClz/ 0.17 mM Ks[Fe(CN)e])
during electrochemical deposition of 2 PB/NiHCF bilayers (B-D); without (C) and with (D)
additional FIB cleaning after IBID of the Pt/C composite. Acceleration voltage: 5 kV (A) and
3 kV (B-D)/ 24 pA (A), 43 pA (B) and 86 pA (C, D). The SEM images in (B — D) are recorded

IN e IMMEISION MO .. iieieiieieee e et e et e s et et e s e taaaesetanneesesanaesesanns -56 -



Figure 33 Comparison of the H,0; sensitivity for 5 successive calibrations of a PB/NiHCF-
modified tip-integrated electrode (blue) to PB/NiHCF-modified UMEs modified with Pt/C
(light @and dark red). .....eeeeeciiee e e e e e e e e e e e e e e ennes -57-
Figure 34 Comparison of H,0; sensitivity and linearity of PB/NiHCF-modified AFM-
SECM probes with UV exposure (purple, blue, red) and without (black) UV exposure during
electrochemical layer deposition (A). CV in 0.1 M HCI/ 0.1 M KCI of PB/NiHCF-modified
AFM-SECM probes (B) recorded prior to calibrations depicted in (A), scan rate: 0.02 V/s.
Corresponding data are of the Same ColOr. .......ooiiciieiecciiie e -58-
Figure 35 H,0; sensitivities for two consecutive calibrations of the PB/NiHCF-modified
AFM-SECM probes. The colors are in accordance with the modified AFM-SECM probes
SUMMANIZEd IN TABI@ 4. oot -61-
Figure 36 Comparison of H,0; sensitivity and linearity of one PB/NiHCF-modified AFM-
SECM probe with UV exposure during electrochemical layer deposition (A): 15 (blue) and
2" (red) H,0; calibration after 1%t electrochemical layer deposition and H20; calibration
(green) after 2" electrochemical layer deposition. CV in 0.1 M HCI/ 0.1 M KCI of the
PB/NiHCF-modified AFM-SECM probe (B) recorded after 1t (blue) and 2" (green)
electrochemical layer deposition and prior to calibrations depicted in (A), scan rate: 0.02
VS ettt ettt bbbt bt h ettt b e bt bt h e a et et b nae e ne e -62 -
Figure 37 AFM-SECM images recorded at an UME with a PB/NiHCF-modified AFM-SECM
probe; setup according to the schemes depicted in (A) and (B): topography (C, D) and
corresponding tip current (E, F) recorded at the AFM-SECM probe with a sample bias of 0
V (E) and — 0.5V (F) vs. Ag/AgCl quasi-reference electrode, respectively, and a tip bias at
0 V vs. Ag/AgCl quasi-reference electrode in both measurements. Original size: 54 x 54
M2, scan rate: 0.2 IN/5 (10.9 IM/S). weivuiiouiiieciieeeecee ettt sttt e sas e - 64 -
Figure 38 3D representation of the results shown in Figure 37. The current signal of H,0;
reduction detected at a PB/NiHCF-modified AFM-SECM probe (A) and AFM topography
(B wveeeresrer e sttt e et e et h et n e e e r e e r e e e r e e nneenre e neeenneennees - 65 -
Figure 39 AFM-SECM image of an UME recorded with an unmodified AFM-SECM probe;
set-up according to the scheme depicted in (A): Topography (B) and corresponding tip
current (C) recorded at an unmodified AFM-SECM probe with the sample biased at — 0.5

V vs. Ag/AgCl quasi-reference electrode and with an AFM-SECM probe bias of 0 V vs.
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Ag/AgCl quasi-reference electrode. Original size: 46 x 46 um?, scan rate: 0.25 In/s (11.4
U007 43 TSP - 66 -
Figure 40 CV (A) in 0.5 M H3SOs vs. Hg/HgSO4 reference electrode, showing the 1t
(black) and the last (blue) CV of in sum 500 cycles. Scan rate: 1 V/s. OCP measurement (B)
in 0.05 M TRIS buffer with corresponding pH values determined by a pH glass electrode at
room temperature after addition of HCl and NaOH, respectively. .......ccccceeeevrveeennnee. -71-
Figure 41 Influence of the pH glass electrode towards the OCP signal of an Ir/IrOx —
modified AFM probe. OCP measurement in 0.05 M TRIS buffer at pH 2.5. The pH glass
electrode was kept within the liquid cell in the Faraday cage and was turned on/off as
labeled Within the Braph. ... -72-
Figure 42 SEM of Ir (A, C) and Sb (B, D) modified AFM probes. The whole AFM tip shown
in (A) was cut by FIB milling to expose all components of the Ir — modified AFM tip (labeled
in C). The electrode area of an insulated Sb — modified AFM probe (B) was also exposed
by FIB milling. The Sb layer deposited on Au is labeled in (D). Acceleration voltage: 3 kV,10
PA (IF)/ 20 PA (SD). ettt et et re e e b e naaas -73 -
Figure 43 OCP vs. Ag/AgCl reference electrode of an AIROF-modified AFM probe in 0.05
M TRIS buffer detecting pH changes by addition of either 5 M HCl or 0.5 M NaOH,
respectively. The table summarizes the sensitivity and linearity of the whole calibration
experiment and the buffered region shown in the zoomed extract.........cc.c.ceuuuneee. -76 -
Figure 44  Calibration of an AIROF-modified AFM-SECM probe: Linear regressions of 4
consecutive pH calibrations with sensitivity and linearity given in the implemented table
labeled by the respective colors. The 3™ calibration is not shown due to insufficient
stability (SE€ @ISO FIGUIE 45). ..ociiieeieeeiee ettt e et e e e et e e e e eabae e e e enraeaeeans -77 -
Figure 45 Regeneration of AIROF electrodes: OCP vs. Ag/AgCl reference electrode in
0.05 M TRIS buffer detecting pH changes by addition of either 5 M HCl or 0.5 M NaOH,
respectively, before (A) and after (B) cycling in 0.5 M HSO4. The linear regression of the
results shown in (B) is depicted in Figure 44 as calibration 4 (red).....ccc.ccccoeevvvvveennnen. -78 -
Figure 46 OCP vs. Ag/AgCl reference electrode in 0.05 M TRIS buffer detecting pH
changes by addition of either 5 M HCl or 0.5 M NaOH, respectively. The change in short

time scales (A) and stability within long time measurements (B) were investigated. . - 79 -
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Figure 47 SEM images of a Sb-modified AFM-SECM probe before (A) and after (B)
calibration. The zoomed region (C) shows the removal of the Sb layer. Acceleration
voltage: 5 kV, 27 PA (A) /47 PA (B, C). cveeeeeeeeeeeeeeeee ettt e seaae e s enaee e -80-
Figure 48 AFM-SECM measurement of the dissolution of calcite using an AFM tip-
integrated Sb electrode: SEM images of the used AFM-SECM probe in side view (A) and
52° tilted (B), with a zoomed view to the actual electrode area with an edge length of 189
nm (C). Acceleration voltage: 3 kV, 43 pA. AFM deflection (D) and topography (E) recorded
in AFM contact mode and correlating potential changes detected by OCP vs. Ag/AgCl

quasi-reference electrode (F). Original size: 80 x 80 um?, scan rate: 0.1 In/s (16 um/s).

Figure 49 AFM-SECM imaging of the calcite dissolution with a tip-integrated AIROF
electrode: SEM image of the used AFM-SECM probe with a ring electrode with an inner
diameter of 2.97 um (outer diameter = 3.64 um, A). Acceleration voltage: 3 kV, 10 pA.
AFM deflection (B) and topography (C) detected in AFM contact mode with correlating
potential changes detected by OCP vs. Ag/AgCl quasi-reference electrode (D). The actual,
exposed calcite crystal is marked by a white dotted circle in (B) embedded in crystal bond.
The profiles of the topography and OCP at the marked region in (C) and (D), respectively,
are given below. Original size: 90 x 79 um?, scan rate: 0.14 In/s (25 um/s). ....ccue....... -83-
Figure 50 Response time of the OCP signal correlated to the location of the calcite
crystal: Single height profiles as labeled by white dashed lines in the AFM topography (A)
for the first (1) and the last (2) extracted profiles are compared to corresponding changes
of the OCP at same positions (B). The scan direction (y-direction) is labeled by a black
dashed arrow (in A and B) and the location of the crystal is indicated by an arrow in (B).
Data correspond to the results shown in Figure 49. .......cccccveeeeveiiiiineeeeieeeeeiccirreeeeeenn -84 -
Figure 51 Evaluation of the response time in AFM scan direction (y-direction): Extracted
profiles at the location marked by a dashed white line in the OCP signal (A) showing the
potential changes in scan direction (indicated by a black, dashed arrow). The height profile
(B) with the location of the actual calcite crystal marked by an arrow is compared to the
OCP signal vs. time detected by the external bipotentiostat (C) and the OCP change vs.
distance (D) as extracted from the OCP image in (A). Data correspond to the results shown

LT =W I L R -85-
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Figure 52 EIROF deposition on Au UMEs (diameter: 10 um) modified with a 150 nm thin
Pt/C composite by IBID: AFM topography of the modified UME (A) and corresponding
height profiles (B) of the bare Au UME (blue), after modification via IBID (green) and after
EIROF deposition by 100 pulse cycles (red), recorded in AFM contact mode. Original size:
17 X 17 um?, scan SPEEA: 0.34 IN/S. weviruriiiriecieecteeeee ettt ettt et ae e aeeree -87 -
Figure 53  Sensitivity (A) and linearity (B) of pH calibrations for 8 EIROF-modified UMEs
(diameter: 10 um): The graphs represent results obtained with Au and Pt/C - modified
UMEs by EIROF deposition via CV (squares in A and solid bars in B) and via MP (crosses in
A and dashed bars in B) with varying numbers of cycles or pulses. The dashed bar in (A)
shows the sensitivity range reported by Wipf et al.?>7, the dashed line in (B) marks linearity
of 90 %. Corresponding data is depicted in the same colors. .....cccecveeieviciereiiiieeennne -89 -
Figure 54  Calibration of EIROF-modified Au UMEs (diameter: 10 um), electrochemically
deposited by CV (A) or by multiple potential pulses (B): Linear regressions of 4 consecutive
pH calibrations with sensitivity and linearity summarized in the tables below labeled in
(olo] g =X oo o [1a¥ = olo] o] 5T SRR -90 -
Figure 55 Calibration of EIROF-modified AFM-SECM probes, electrochemically
deposited by multiple pulses (MP) or CV on Au or Pt/C - modified Au AFM-SECM probes:
Linear regressions of 4 pH calibration graphs with sensitivity and linearity given in the
table in respect to electrochemical deposition and substrate, are labeled in corresponding
(070 ] (o] - TP PR PSPPI -91-
Figure 56 Scheme of the used SiN membranes with corresponding dimensions; top view
(A) N SIAE VIEW (B). «evurrieeieeeiiieiiiiieeeee ettt e e e e e e e rrr e e e e e e e e e s nanrreeeeeaens -95-
Figure 57 Scheme of front (left) and back (right) side FIB-milled nanopores and the
varying pore diameters at one side of the membrane marked in red and green........ - 96 -
Figure 58 SEM images of the used AFM-SECM probe with a conductive Pt/C tip: the Au
electrode frame (approximately 600 nm in diameter) was exposed by FIB milling (30 kV,
A), Pt/C composite was deposited by IBID on top of the Au frame (square-shaped pattern
with an edge length of 1 um and an approximate height of 466 nm, B) and reshaped by
FIB milling resulting in a curvature radii of 20-25 nm (C). Adapted with permission from Y.
Liu, A. Holzinger, P. Knittel, L. Poltorak, A. Gamero-Quijano, W. D.A Rickard, A. Walcarius,

G. Herzog, C. Kranz, and D.W.M. Arrigan. Visualization of diffusion within nanoarrays.
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Anal. Chem. 88, 6689-6695 (2016). Copyright 2019 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513. .........ccoeeevvveeeveeecreeenen. -98 -
Figure 59 Scheme of the AFM-SECM setup used for detection of different diffusion
behavior at nanoporous arrays within SiN membranes (A), with the upper reservoir filled
with 0.1 M KClI (light blue) and the lower reservoir beneath the membrane filled with 20
mM Ru(NHs)sCls / 0.1 M KClI (grey-blue). CV of the conductive AFM tip recorded in 5 mM
Ru(NH3)eCls / 0.1 M KCl, scan rate: 0.1 V/s (B). Adapted with permission from Y. Liu, A.
Holzinger, P. Knittel, L. Poltorak, A. Gamero-Quijano, W. D.A Rickard, A. Walcarius, G.
Herzog, C. Kranz, and D.W.M. Arrigan. Visualization of diffusion within nanoarrays. Anal.
Chem. 88, 6689-6695 (2016). Copyright 2019 American Chemical Society.
https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513. ..........ccoeeeevveeeveeecrreeennen. -99 -
Figure 60 SEM images (5 kV/ 8 6pA) of the preparation steps for FIB/SEM tomography:
A single silica deposit (A) was covered with a Pt/C protection layer by IBID (30kV, 48pA)
(B) and the sample was exposed by a cross-section to localize the SiN membrane below
the silica deposit (C). A different number of slices (80 — 400) with thicknesses of 5 and 10
nm, respectively, was recorded during ‘Slice and View’. The slices showing the pore were
then used to generate 3D projections of the sample (SEM in 2D and corresponding 3D
representation are given in the lower panel of the figure). A. Holzinger, G. Neusser, B. J. J.
Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C.
Kranz, Faraday Discuss., 2018, 210, 113. Adapted from Ref. 8. Distributed under the
license Creative Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),
https://creativecommons.org/licenses/by-NC/3.0/. .....ccccoueuvveeevieeevieeeeiieeeeieeeeennnns -101 -
Figure 61 Overview of the preparation of TEM lamella: approx. 1 um (in thickness)
lamella is isolated from the membrane containing the silica-modified nanopore by FIB
milling steps. The lamella is then attached via IBID (30 kV) to a micromanipulator needle
(Omniprobe) (A), removed from the sample and transferred onto a Cu TEM grid
(Omniprobe) (B, blue square marks the micromanipulation needle with the TEM sample)
and fixed via IBID to the grid (C). Afterward, the micromanipulation needle is removed (D)
and the lamella is thinned by FIB to a thickness of approximately 150 - 200 nm (E). A.
Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A.
Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Adapted from Ref. 1&’.
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Distributed under the license Creative Commons Attribution-NonCommercial 3.0 Unported
(CC-BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/ ............cceeeeuvr.. -102 -
Figure 62 AFM-SECM images of a nanoporous array with 21 times separation of the
individual pores in a hexagonal arrangement. Contact mode AFM topography (A) and GC
mode SECM current signal (B) due to the diffusion of [Ru(NH3s)g]3* through the nanopores
is depicted showing an overlapped diffusion. The corresponding height and current
profiles are shown below according to the marked line in (A) and (B). Original size: 35 x 35
um?, scan speed: 32.0 um/s (0.5 In/s), scan angle: - 14.4°. Adapted with permission from
Y. Liu, A. Holzinger, P. Knittel, L. Poltorak, A. Gamero-Quijano, W. D.A Rickard, A.
Walcarius, G. Herzog, C. Kranz, and D.W.M. Arrigan. Visualization of diffusion within
nanoarrays. Anal. Chem. 88, 6689—6695 (2016). Copyright 2019 American Chemical
Society. https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513.......................... -103 -
Figure 63 Current response (A) according to the AFM-SECM images shown in Figure 62
and scheme of the AFM tip penetrating a single nanopore (B). The height h and radius a,
used for calculation of the theoretical current values for the observed current peak as
shown in the overlaid current response (red curve), are labeled in white and yellow,
T 01Tt Y7 Y U - 105 -
Figure 64 AFM-SECM images of a nanoporous array with 91 times separation of the
individual pores in a hexagonal arrangement. Contact mode AFM topography (A) and GC
mode SECM current signal (B) due to the diffusion of [Ru(NH3)e]3* through the nanopores
is depicted showing individual diffusion profiles at the pores. The corresponding height
and current profiles are shown beneath according to the marked line in (A) and (B).
Original size: 25.3 x 25.3 um?, scan speed: 47.9 um/s (1.0 In/s), scan angle: - 34.9°. Adapted
with permission from Y. Liu, A. Holzinger, P. Knittel, L. Poltorak, A. Gamero-Quijano, W.
D.A Rickard, A. Walcarius, G. Herzog, C. Kranz, and D.W.M. Arrigan. Visualization of
diffusion within nanoarrays. Anal. Chem. 88, 6689—6695 (2016). Copyright 2019 American
Chemical Society. https://pubs.acs.org/doi/10.1021/acs.analchem.6b00513. ....... -107 -
Figure 65 AFM-SECM images of a nanoporous array with 21 times separation of the
individual pores in a hexagonal arrangement. Contact mode AFM topography (A) and GC
mode SECM current signal (B) due to the diffusion of [Ru(NHs)e]3* through the nanopores
is depicted. Some of the pores are blocked and no diffusion is detectable in (B)

represented by dark region above the nanopore array. The corresponding height and
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current profiles are shown beneath according to the marked line in (A) and (B). Original
size: 40 x 40 pm?, scan speed: 47.7 um/s (0.6 In/S). .cceevrereeiieiieeieceee e -108 -
Figure 66 CV recorded at ITIES (A): black curve represents the background and colored
curves represent the CV after consecutive addition of TPrACI to the aqueous phase. The
current response after background subtraction is depicted in (B). Colors: 20 uM (purple),
40 uM (yellow), 60 uM (green), 80 uM (blue) and 100 uM (brown) TPrACl. Scan speed: 5
(001772 -109 -
Figure 67 Dynamic mode AFM topography (A, original size: 2.75 x 2.75 um?) of a
nanopore array with height profile (B) according to the marked line in A. The results shown
in Figure 66 and depicted as black points in the calibration curve in C are compared to
theoretical calculations for an inlaid geometry of the interface (black line, at h=0 nm) and
a recessed interface at different locations within the nanopore as marked in the depth
profile in (B). The diameters used for calculations of the theoretical currents are
SUMMATIZEA IN (D). eiieiiiiiiiiiieiie e e e e seeab e e e e e e s sesasbbarereeeseesnnsssaeens -110-
Figure 68 Schemes (A) showing the assumptions used for theoretical calculations
according to an overlapped diffusion compared to the calibration curve (B, black points)
of the results in Figure 66. The red and blue lines in B correspond to the theoretical
assumption of one UME with the same size as the active area (red) or an UME of the same
size as the whole array (blue). The green line in B corresponds to the theoretical
assumption of a recessed interface located towards the organic electrolyte. .......... -112 -
Figure 69 Comparison of front and back side milled pores: the scheme in (A) represents
the orientation of the truncated cone-shaped pores towards the aqueous and organic
phase, respectively, depending on the orientation of the membrane during FIB milling.
AFM topography recorded in dynamic mode (B) of a front side (left) and back side (right)
milled pore with corresponding height profiles as marked in (B) and depicted in (D). A
high-aspect-ratio AFM tip is represented in the SEM image in (C) obtained by FIB milling.
AFM parameters: 152 kHz (left)/ 169 kHz (right), scan speed: 1 In/s (6 um/s), original size:
3 x 3 um?. A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W.
M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Adapted
from Ref. *®’. Distributed under the license Creative Commons Attribution-NonCommercial

3.0 Unported (CC-BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/. ..-113 -
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Figure 70 Current response after background subtraction (A) of consecutive addition of
TPrAClI at a back side milled nanopore array. Colors: 20 uM (purple), 40 uM (yellow), 60
UM (green), 80 uM (blue) and 100 uM (brown) TPrACI. Scan speed: 5 mV/s. The calibration
curve (B) compares the results of A (red data) with the data obtained at ITIES at a front
side milled nanopore array (black data) and the theoretical assumption (green line) of an
inlaid interface facing the aqueous electrolyte. .......cccccouveeiiciiiie e -114 -
Figure 71 SEM images of the silica depositions at front (A, left) and back (A, right) side
milled pore arrays, respectively. The size distribution of the arrays in A is given in B. yellow:
front side, blue: back side approach. The electrochemical deposition was done at 0 V for
90 s (aqueous phase: pH 9). A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano,
G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss.,
2018, 210, 113. Reproduced from Ref. *¥’. Distributed under the license Creative Commons
Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),
https://creativecommons.org/licenses/by-nC/3.0/. ......cccouuucveeeiieeeeiieeeeieeeeireeeennen -117 -
Figure 72 Differences in silica morphology: Cross-sections of silica deposits are
compared for large (> 9 um in diameter) and small (< 5 um in diameter) deposits. The FIB-
induced SE image in A shows the silica deposit partially covered with a Pt/C protection
layer, whereas the SE images in B-E show the deposits in a 38° tilted perspective. The SE
images shown in C and E represent a zoomed view of the samples shown in B and D,
respectively, during consecutive FIB sectioning. The blue arrows in E point out an inner
radial region showing different density of the deposited silica. A. Holzinger, G. Neusser, B.
J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and
C. Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref. *¥’. Distributed under the
license Creative Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),
https://creativecommons.org/licenses/by-NC/3.0/. ......cccouuuvveeevieeevieeeereeeiieeeeennns -118-
Figure 73 Processed SEM images showing a nanopore (marked area in (A)) within a
series of images (A-1) with 10 nm distance between single SE images. SEM: 5 kV/ 86 pA,
FIB: 30 kV/ 48 pA, 10 nm/ slice. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano,
G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss.,
2018, 210, 113. Based on Ref. '®. Distributed under the license Creative Commons
Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),

https://creativecommons.org/licenses/by-NC/3.0/. ......ccoueucveeevvueeeiieeeeieeeeireenennens -120-
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Figure 74  Processed SEM image sequence of a back side milled nanopore after silica
deposition with a large residue structure located at the nanopore facing the organic
electrolyte (A, I-1V). The distance between single slices is 30 nm. 3 D reconstruction of the
slices and view stack is shown in B. SEM: 5 kV/ 86 pA, TLD at 38° (corrected tilt), FIB: 30
kV/ 48 pA, 10 nm/slice; in total 80 slices are imaged. A. Holzinger, G. Neusser, B. J. J.
Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C.
Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref. '®. Distributed under the
license Creative Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),
https://creativecommons.org/licenses/by-NC/3.0/. .......ccouuucveeevieeevieeeeiieeeeireeeennens -122 -
Figure 75 TEM image of a nanopore with a diameter of 80 nm (A) with a zoomed view
of the pore (B) and SEM image of the same location, but vertically flipped by 180°. EDX
mapping of this area is given on the right side marked by false color images according to
the elemental composition given in the single images. Acceleration voltage: 10 kV. A.
Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A.
Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Adapted from Ref. 1%’.
Distributed under the license Creative Commons Attribution-NonCommercial 3.0 Unported
(CC-BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/...........ccceeeuuve.. -123-
Figure 76 Scheme of two TEM lamellas with varying pore diameters, insufficient (left)
and sufficient (right) for investigation of the content within the nanopores. A. Holzinger,
G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P.
Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref. %,
Distributed under the license Creative Commons Attribution-NonCommercial 3.0 Unported
(CC-BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/ ............cceeeeuuu... -124 -
Figure 77 SEM images of different silica deposits with varying deposition parameters:
array with 9 (A, B) and 4 (C) pores and silica deposits (D-F) corresponding to the arrays
above. Parameters: applied potential: - 0.1 V for all arrays; for 60 s at pH 9 (A, D), for 5 s
at pH 9 (B,E), for 10 s (3 times) at pH 3 (C,F). The pH value corresponds to the aqueous
phase. 5 kV, 86 pA, tilt: 0° (A-C) and 52° (D-F). Adapted from Ref. *¥’. Distributed under the
license Creative Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),
https://creativecommons.org/licenses/by-NC/3.0/. .......cccovuucveeeviueeeiieeeeieeeiireeeennens -125 -
Figure 78 Influence of the pH in the aqueous phase on silica formation: A processed SEM

image of a silica deposit formed at pH 9 shown at two different magnifications (A, B) and
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no silica formation at pH 3 (C), 38° tilted view. The residue formed at large nanopores is
shown in detail in the 3D representation (D, according to the nanopore shown in A, B)
with: SiN membrane (blue), single particles (green), holes (black) and the diffuse residue
(yellow). SEM: 5 kV/ 86 pA, TLD at 38° (corrected tilt), FIB: 30 kV/ 48 pA, 5 nm/slice and in
sum 300 slices. A. Holzinger, G. Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D.
W. M. Arrigan, A. Ziegler, P. Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113.
Reproduced from Ref. ‘8. Distributed under the license Creative Commons Attribution-
NonCommercial 3.0 Unported (CC-BY-NC 3.0), https://creativecommons.org/licenses/by-
Lo 20 R -127 -
Figure 79 SE images of nanopores after electrochemical investigations with no silica
deposits due to pH 3 insufficient for the silica formation at the ITIES (A - C). SE image after
cross-sectioning of a nanopore filled with a bright particle (B) and SE image during the
preparation of a TEM lamella by FIB milling with additional Pt/C as a protection layer (C)
and STEM image of a TEM lamella (D). EDX spectra represent the marked regions in (D) in
corresponding colors. SEM (A-C): 5 kV/ 86 pA, 38° tilted, STEM (D): 30 kV. A. Holzinger, G.
Neusser, B. J. J. Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P.
Walther, and C. Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref. %’
Distributed under the license Creative Commons Attribution-NonCommercial 3.0 Unported
(CC-BY-NC 3.0), https://creativecommons.org/licenses/by-nc/3.0/............ccceeeuuue.. -128-
Figure 80 Differences in the residue: silica formation at nanoporous arrays with small
nanopores (72 nm £ 12 nm, A, B) with particles within the residue for large (A) and small
(B) silica deposits, compared to silica formation and the characteristic residue at the
organic electrolyte facing side of the membrane at nanopores with large pore diameters
(322 nm = 84 nm, C). SEM: 5 kV / 86 pA, 38° tilted view. A. Holzinger, G. Neusser, B. J. J.
Austen, A. Gamero-Quijano, G. Herzog, D. W. M. Arrigan, A. Ziegler, P. Walther, and C.
Kranz, Faraday Discuss., 2018, 210, 113. Reproduced from Ref. '®’. Distributed under the
license Creative Commons Attribution-NonCommercial 3.0 Unported (CC-BY-NC 3.0),

https://creativecommons.org/licenses/by-NC/3.0/. ......ccouueuvveeevieeevieeeeieeeireeeeennnns -129-
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