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Kurzdarstellung

Seit ihrer ersten Beschreibung 1989 hat die elektrochemische Rastermikroskopie (SECM) sich zu einer der am
vielfaltig einsetzbarsten Rastersondentechniken Uberhaupt entwickelt. Neben ihrer Anwendung zur
Oberflachendarstellung, die einen direkten Vergleich von einzelnen aktiven Regionen, Punkten oder
kombinatorischen Materialbibliotheken erlaubt, ist sie besonders zur Untersuchung von Kinetiken,
Reaktionspfaden und Oberflachenadsorbaten in der Elektrochemie geeignet. Dartiber hinaus kénnen SECM-
Experimente so durchgefiihrt werden, dass die gewéhlten Bedingungen denen der eigentlichen elektrochemischen

Wandler sehr ahnlich sind.

Ziel dieser Arbeit war die Entwicklung neuartiger SECM-Experimente, die zur Charakterisierung von
Elektrodenmaterialien fir unterschiedliche elektrochemische Umwandlungsprozesse verwendet werden kdnnen.
Dazu wurde ein erweitertes spektro-elektrochemisches Setup aufgebaut, das SECM mit einer aussagekraftigen,
ortsauflosenden Spektroskopiemethode, der Raman-Mikroskopie, kombiniert ohne die SECM-Geometrie zu
verdndern. Raman-Untersuchungen kdnnen parallel zum elektrochemischen Experiment von der Rickseite einer
Transparentelektrode mittels eines inversen Mikroskops durchgefiihrt werden. In einer ersten grundlegenden
Untersuchung wird das Instrument zur Untersuchung von Nickel- und Nickel/Eisen-Elektroden verwendet, die
von besonderem Interesse flr die Sauerstoffentwicklungsreaktion (OER), dem wichtigeren Teil der
elektrochemischen Wasserspaltung, sind. Der tatsédchliche Beginn der Sauerstoffentwicklung kann mittels SECM
bestimmt werden, wahrend in situ Raman-Untersuchungen die Entwicklung der y-NiOOH Phase bei allen Proben

zeigen.

Im zweiten Teil der Arbeit ist gezeigt, wie SECM und Raman-Mikroskopie als individuelle Techniken eingesetzt
werden, um Elektroden flr das elektrochemische Antifouling durch ortsauflésende Detektion von Molekilen und

der Analyse von Komponentenverteilungen komplementér zu charakterisieren.

Die Charakterisierung Kohlenstoff-basierter Elektroden fir den Einsatz in Vanadium Redox-Flow-Batterien unter
Verwendung der SECM-Technik ist das Thema des dritten Teils dieser Arbeit. Dafir wurde eine Methode
entwickelt, die den kompetitiven SECM-Modus nutzt, und an relevanten Kohlenstoffmaterialien Uberprift.
SchlieBlich wurde diese Methode verwendet, um hoch reine Kohlenstoff-Nanorohrchen mit wohldefinierten
Mengen sauerstoffhaltiger Oberflachengruppen auf die Féhigkeit VO,* zu VO?* umzusetzen zu untersuchen. Im

Ergebnis konnte kein Einfluss der Oberflachengruppen auf die elektrochemische Reaktion gefunden werden.
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Abstract

Since its publication in 1989, Scanning Electrochemical Microscopy (SECM) has become one of the most versatile
scanning probe techniques at all. Beside its applicability for surface imaging which allows a direct comparison of
individual active areas, spots or combinatorial material libraries, it is highly suited for the study of kinetics, reaction
pathways and surface adsorbates in electrochemistry. Furthermore, SECM experiments can be designed in a way

that the chosen conditions become quite similar to those in the real electrochemical converter device.

Designing new types of SECM experiments which can be used to characterize electrode materials for different
kinds of electrochemical conversion processes was the scope of this thesis. For this purpose, an advanced
spectroelectrochemical setup was built up which combines SECM with a powerful spatially resolving
spectroscopic technique, namely Raman microscopy, without changing the SECM geometry. Raman probing is
realized in parallel to the electrochemical experiment by an inverted microscope from the backside of a transparent
electrode. In a first fundamental study this instrument is applied to nickel and nickel/iron thin film electrodes which
are of particular interest for the oxygen evolution reaction (OER), the more important part of the electrochemical
water splitting reaction. The apparent beginning of the oxygen evolution can be determined by SECM, whereas in

situ Raman probing at the same time shows the development of the y-NiOOH phase in all samples.

In the second part of the thesis, it is demonstrated how SECM and Raman microscopy can be used as individual
techniques to complementarily characterize electrodes for the electrochemical antifouling by spatially resolved

detection of active molecules and component distribution analysis.

Characterization of carbon-based electrodes to be used in all-vanadium redox flow batteries (VRFB) applying
SECM is the topic of the third part of this thesis. A method using the competitive mode of SECM was developed
and applied to relevant carbon materials. Finally, the method was used to study high-purity carbon nanotubes with
well-defined amounts of oxygen-containing surface groups on their ability to convert VO,* to VO, As a result,

no influence of the surface groups on the electrochemical reaction was found.
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1 Introduction and basic concepts

The growing global population and the increasing energy demand which are two sides of the
same coin can be considered as one of the most important challenges of the 21™ century. In
particular, electrical energy which is mainly produced from fossil resources such as coal, oil
and gas until today demands for new ways of supply. Beside the finite nature of fossil resources,
its contribution to the CO. emission and related with it the global warming is undeniable. The
results of the anthropogenic greenhouse effect can be found in various climate events all over
the world such as heavy rainfall from EI Nino in South America or extreme droughts in Africa.
To counteract this development and to limit the global warming to an acceptable level (2 °C in
2050), it is necessary to significantly reduce the overall CO2 emission by changing to renewable

energy sources which can be realized by different technological approaches.

Wind turbines, photovoltaic (PV) systems and hydro power plants turned out to be the most
promising candidates to fulfill all requirements. However, not all of them can be installed at
any place. Hydro power is strictly connected to geological requirements which can only be
found at certain regions in the world. In contrast, wind turbines and PV systems can be installed
nearly anywhere although there are some preferable places such as off-shore wind parks at sea

or solar panels on the roof of housings or integrated solutions in facades.

Germany has taken the role of a leader in the field of renewable energies with the aim of a full
turnaround in energy policy. In 2015, more than 30 % of electrical energy were renewably
generated mainly by wind and solar. But this great achievement is accompanied by new
challenges. As wind and sun cannot provide energy continuously, electricity providers have to
find ways how to ensure the supply even in a windless night. The electricity grid is a balance
between electricity input and usage where the usage can be predicted with sufficient precision.
To stabilize the electrical grid, load leveling is necessary which is typically realized by gas
turbine plants that can increase or decrease their power output relatively fast. In future, when
the amount of energy from renewable sources increases as expected for the turnaround of
energy policy in Germany in some years, new types of storage and supply systems will be

needed.

A promising way to solve this issue could be the reversible conversion of electrical to chemical
energy. This process can be realized by various types of electrochemical devices. Secondary
batteries form one group of conversion and storage devices realized via different technological

solutions. Much attention is paid to the lithium ion battery that can be used as high-density




energy storage due to the low molecular mass and the high standard potential of lithium and
has already become a state-of-the-art system for electronic devices and automotive applications.
In this system the energy is stored in the electrodes where at the negative pole lithium metal is
intercalated into a graphite structure during charging. At the positive pole a broad variety of
redox systems are possible, such as lithium cobalt(l1l) oxide or manganese dioxide. Many
researchers all over the world focus on developing new materials for electrodes, separators,
(solid) electrolytes or solvents for this battery system to improve energy and power density,
lifetime of the cells and costs of components. Another type of secondary batteries are redox
flow systems where the energy is stored in molecules converted at the electrodes of an
electrochemical cell and pumped into storage reservoirs. Redox flow batteries are discussed for
stationary storage only due to their low energy density. Nevertheless, high energy efficiency
and long lifetime make them interesting, in particular, for large storage facilities. The all-
vanadium redox flow battery is the most promising system in this field and has also been

commercialized by several companies yet.

The combination of water electrolyzers and fuel cell devices can be regarded as a further
electrochemical storage system. Here, the energy is stored in the smallest molecule we know,
hydrogen which can be compressed or liquefied and stored in tanks or transported in pipelines.
Due to the high energy density of compressed or liquefied hydrogen, it can be used for
automotive applications using fuel cells as well where many technological aspects are in
common with battery vehicles, such as the electric engine. In contrast to the above-mentioned
storage systems hydrogen as a basic chemical can also be used in various applications in
chemical industry such as ammonia synthesis or hydrogenation reactions. Furthermore, it can
be used for carbon capture by converting it together with CO to methane as in case of power-
to-gas systems. Methane, which is the main component of natural gas, is another important
storage molecule which already today possesses an important storage infrastructure of

pipelines, tanks and cavern storages as well as automotive application in combustion engines.

In conclusion, there are lots of possibilities for reversible energy storage by electrochemical
converters that all have different advantages and disadvantages. It also seems to be clear that it
will not be a single technology which will solve all future challenges. Finally, these
technologies will help to promote renewable energies and can contribute to a sustainable energy

usage in future.




1.1 State of technology in scanning electrochemical microscopy
In order to satisfy the increasing worldwide electricity demand in the next decades the necessity
to develop powerful devices for storage and conversion becomes clear. For this it is highly
important to find suitable materials which can be used as electrocatalysts in the converter
systems. These materials must be characterized with regard to three main parameters: activity,
stability and selectivity. For this purpose, meaningful characterization techniques are necessary
which analyze the materials under ex situ, operand or, in the best case, under in situ conditions.
The results can contribute to understand structure-property relations which are necessary to
optimize synthesis routs and to finally created materials with improved parameters. A deeper
understanding of structure-property relations and the related electrochemical processes, which
include adsorption/desorption steps, electron transfer and diffusion effects, can be provided by
various techniques, not only on a macroscopic but also on a sub-micrometer or even atomic

scale.

Scanning probe techniques are valuable tools that can help to enhance the understanding of
processes and structures in mater to finally create tailored materials for energy storage and
conversion purpose. This section shortly introduces the group of scanning probe techniques and
their basic principles and highlights, for which kind of scientific questions scanning
electrochemical microscopy can be employed. Furthermore, electrodes, instrumentations and
basic working modes of SECM are explained.

1.1.1 Basic principles of scanning probe techniques
Scanning probe microscopic techniques (SPM) comprise a large group of stand-alone methods
which have relevant physical principles in common. In all cases, the interaction between a probe
and a surface is used to obtain lateral-resolved information. The probe is in most cases
significantly smaller than the probed surface and its size determines the achievable resolution
which can be in the range of hundreds of micrometers down to several picometers. After
bringing the probe to an appropriate working distance or in contact with the surface, it is moved
laterally along the surface by motor or piezo actuators. The probe response is recorded in
dependence of its position and can in the following be processed to an image. In many cases,
scanning probe techniques are used as imaging technique which helps to study materials, to

understand effects but also to visualize. However, advantages and disadvantages, instrumental




realization and information provided by the individual methods are drastically diverging. The

most prominent techniques are discussed in the following.

The invention of scanning tunneling microscopy (STM) by Binnig and Rohrer in 1982 marks
the very beginning of the development of all these techniques.[!! In STM, a sharp metallic
needle with a tip of several atoms is lowered down to a conductive surface until a tunnel current
is observed. The working distance is typically < 1 nm and the height of the probe can be
controlled by the tunnel current. With this technique, a single atom resolution is achievable;
however, it is absolutely vital that the surface is conductive. This main disadvantage was
overcome by the development of the (scanning) force microscopy by Binnig, Quate, and Gerber
in 1986 which it is better known as atomic force microscopy (AFM).[? Here, the attractive and
repulsive interactions between the probe and a conductive or non-conductive surface are used
for characterization. The tip is mounted on a cantilever which works as a force sensor and can

provide resolution below a single atom.

SPM comprises numerous methods where a large variety of interactions is used to probe the
surface. When a tip with magnetic moment is used as probe, the technique is called magnetic
force microscopy (MFM) which can also be seen as a special type of AFM as magnetic forces
cause the interaction. Some of these techniques use conventional STM probes and measure the
capacitance (SCM), the electric potential (SPotM), the influence of incoming light from laser
(L-STM) or emitted radiation (STM-iP). Other tips equipped with an aperture can be used for
scanning near-field optical microscopy (SNOM), photo electron microscopy with scanning

aperture (PEMSA) or ion conductance microscopy (SICM).

Electrode surfaces and the study of electrochemical reactions also came into the focus of surface
probing and imaging. This became particular obvious when several STM ex situ studies of
electrochemically treated electrodes were published® as metallic electrodes were highly
suitable for this technique. The very first high resolution images from STM in electrolyte
solution as in situ technique was shown by Sonnenfeld and Hansma who studied the deposition
of gold on a graphite surface without removing the electrolyte.! In order to avoid unwanted
electrochemical reactions, e.g. dissolution at the STM tip or the sample surface, the
potentiostatic STM was developed by several groups which allows applying a constant potential
at tip and/or surface versus an additional reference electrode.®! This technique, called
electrochemical scanning tunneling microscopy (EC-STM), remained important especially in
the field of metal corrosion science.[®! Nevertheless, it was still the tunneling of electrons that




was used for imaging and not an electrochemical process. In parallel to the development of EC-
STM, there was the work of Engstrom and coworkers who concentrated on understanding the
processes at micrometer-sized metal electrodes and its interaction with large electrodes.!”! They
found out that the observed faradic currents which were avoided in EC-STM can be used
independently to characterize processes at a microelectrode as well as interaction with another
surface. Finally, Bard as well as Engstrom presented a scanning electrochemical microscope
(SECM) in 1989 which uses electrochemical reactions for surface probing and imaging.l®! In
contrast to the other abovementioned scanning probe techniques, SECM used relatively large
probes in the beginning. The metal diameter of the microelectrodes was magnitudes larger than
the probes used in STM or AFM. However, the preparation of these defined large probes was
highly reproducible® and its use also simplifies the instrumentation as well as the requirements
for damping and enables modeling of the observed electrochemical processes. Additionally,
know-how from electrochemistry at large electrodes could be transferred and new types of
experiments were designed. It could be shown very rapidly which broad variety of research
fields SECM technique can be applied to.1% This variety of it becomes also clear looking at the
number of electrochemical methods that were transferred from macroscopic to micrometer
sized electrodes. SECM can be considered as a true chemical microscopy, where an
electrochemical reaction at a nano- or microelectrode is used to obtain laterally resolved

information from the surface in close distance.

As mentioned in the beginning, all SPM techniques have several issues in common, thus it is
not surprising that instrumental aspects from different techniques as well as tips and preparation
methods were exchanged or combined. In the following, some technological developments of
SECM will be highlighted. One major problem of SECM was the necessity of relatively flat
samples because most experiments were performed in constant height mode with height
adjustment by an approach curve. In 2000, Hengstenberg et al. suggested a shearforce-based
system for a constant distance mode of SECM. For this purpose, the SECM tip is vibrated
resulting in a frequency spectrum with different resonance frequencies. Applying one of these
frequencies (usually the one with the highest resonance amplitude), the tip is lowered to a
substrate which damps the amplitude. This effect is caused by shearforce interactions and
allows a reproducible repositioning of the microelectrode by monitoring the amplitude without
influencing the current signal. Additionally the data from repositioning results in
complementary topographic information.[**! Another major development was the integration of
an microelectrode in an AFM cantilever by Kranz et al. This even allowed an probing of surface




topography and electrochemical information in parallel.[*? Another possibility was shown by
the combination of an electrochemical tunneling microscope (EC-STM) and a scanning
electrochemical microscope (SECM) where both data sets were obtained by the same tip in a

subsequent experiment.[*3]

In a more recent work, the group of Unwin showed that it is also possible to integrate the whole
electrochemical cell into a multichannel glass pipette equipped with reference electrodes which
serves as tip. In this case, the sample can be used as working electrode. This technique is named
as scanning electrochemical cell microcopy (SECCM)I* and can be used for high-speed

electrochemical imaging.[*®

From this broad variety of technological improvements one can understand why SECM is a
versatile technique which is applied to many research fields. Energy materials, corrosion
processes, surface modification as well as biological systems, enzymes, living cells and all
kinds of reaction kinetics were analyzed with this spatially resolving technique. The broad
applicability explains why SECM has developed into one of the most important SPM
techniques.

1.1.2 Instrumentation and electrodes
The instrumentation which is used for SECM experiments can be divided into two parts: On
the one hand the electrochemical equipment with potentiostat, reference, counter and working
electrode (microelectrode), and on the other, the positioning system which is required for the
microelectrode positioning. For electrochemical experiments, a three-electrode setup is used
containing all the mentioned electrodes. The potentiostat is an electronic device which adjusts
the potential of a working electrode relatively to a reference electrode where at the same time
the current between working and counter electrode is measured. This setup using a reference
electrode is necessary as potential and current cannot be measured independently, due to Ohm’s
law. Additionally, the reference electrode provides an exactly defined potential which allows
for comparison of different measurements. Todays potentiostats can also work in a
galvanostatic mode where the current is applied and the resulting potential measured. In SECM,
the electrochemical setup is often extended by another working electrode, which is typically
the substrate under investigation, to a four-electrode setup. In this case, a bi-potentiostat is
necessary. However, for various experiments it is sufficient to use a three-electrode setup. For

potentiometric SECM, actually a two-electrode setup is enough.




As in other SPM techniques, the preparation of the tip, in this case an (ultra)microelectrode’, is
of particular importance. Standard disk-shaped microelectrodes!® are prepared by bringing a
short metal wire into the middle of a pulled glass capillary. A capillary is molten by a heat
source and the ends are pulled outwardly. This procedure can be realized by a commercial laser
puller system. Then, the metal wire is inserted and sealed by another heating. This leads to a
homogeneous enclosing of the metal wire by the molten glass. The parameters during the
pulling procedure decide upon the features of the microelectrode. The wire can later be
contacted by a copper wire and conductive epoxy resign from the open end of the capillary. In
commercially available microelectrodes, mainly platinum and gold are used as they have a
similar expansion coefficient as glass. Not all metals can be used for the process described
above. Accordingly, there is a broad variety of different preparation methods for numerous
types of microelectrodes. An easy method is the deposition of the desired metal on a platinum
microelectrode. Another possibility is the leaching of the wire metal of a microelectrode (e.g.
via oxidation) leaving a cavity that can be filled by the material of interest. Carbon
microelectrodes are prepared from carbon nanofibres (CNF) which are coated by glass. These
conical microelectrodes are very sensitive and crashing into the surface may destroy them.
Another possibility of fabricating carbon microelectrodes can be realized by carbonization of a
gaseous carbon source (propane/butane) in a prior prepared micropipette under argon
atmosphere. By choosing the right preparation technique, nearly every material that is used for
normal sized electrodes (mm — cm) can also be used for a more or less easy microelectrode
production. Most popular microelectrodes are made from Pt (74.0 %), C (10.8 %) Au (9.5 %),
Hg (2.1 %) and Ag (1.7 %).[1¢]

To evaluate the response of a disk-shaped microelectrode, cyclic voltammetry is often used and
its electrochemical behavior strongly differs from larger electrodes. As shown in Figure 1a and
b the contributions of individual processes at micro- and bulk electrodes are different.

' The term “ultramicroelectrode” (UME) is frequently used for microelectrodes with metal diameter < 25 pm.
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Figure 1: Schemes (not true to scale) of the diffusion profile of a microelectrode (arrows indicate planar and
hemispherical diffusion) including the relevant characteristics (a) as well as a macroelectrode (b) and simulated
CVs of spherical electrodes with different diameters (0.01 mm, 4 mm), with parameters: reaction A > B + e, Eo =
0.7V, ko=10%cms?, a=0.5,[A] =2 mM, Dag = 10 cm? s (b), Figure follows the referencel'],

At sufficient large overpotentials, the microelectrode response during an electrochemical
reaction is dominated by a hemispherical diffusion profile of a redox active molecule whereas
the contribution of planar diffusion is more dominant at large electrodes. The result of simulated
cyclic voltammograms (CVs) can be found in Figure 1c. As hemispherical is more dominant
than planar diffusion which is limited by the depletion of molecules, the current density (j,
current with respect to the geometrical surface area) increases with decreasing electrode
diameter. The main characteristics of a microelectrode are also marked in Figure 1a. From the
radii of the metal and the insulating glass body, which are a result of the fabrication procedure,

the important RG value can be determined for each planar microelectrodes by equation (1).

rg lass

RG = (1)

Tmetal

In the positive potential region (E > 0.9 V in Figure 1) a steady state current at the
microelectrode (it) can be found which is only related to the diffusion limitation and which can

be approximated by equation (2)

ir=9g(RG)nFDcd (2)

with g — geometrical constant, n — number of transferred electrons, F — Faraday constant, D —
diffusion constant, ¢ — concentration of the electroactive molecule and d — diameter of the
microelectrode. According to the theory, the g(RG) value is 4 when the radius of the insulating

glass is infinite. In most cases this value is taken when rgiass is at least ten times larger than rmetar.

From the instrumental point of view, it becomes clear that the microelectrode and its preparation

are of particular importance. Also the quality of information as well as resolution is connected
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with its features. Beside disk electrodes other types of microelectrodes were suggested, such as
hemispherical,*® conicall®® or ring-disk combination.”®! Even soft polymer/carbon
microelectrodes which can work in contact mode are described.’?!! A clearly different type of
microelectrode is used in the field of potentiometric SECM. Here, micropipettes equipped with
an ion-selective membrane are applied and the potential is measured against a reference
electrode. This two-electrode setup is predominantly popular in corrosion studies and for local
pH determination.??

Understanding the electrochemical behavior of microelectrode is essential to decide which type

of SECM experiment can be applied and to interpret its results correctly.

1.1.3 Common working modes
Nearly all SECM experiments can be categorized into three main modes: the feedback, the
generation collection and the competitive mode, which will be discussed in this section. There
are some more, e.g. the direct mode which is mainly used for sample modification or
micropatterning and will be left out here. The most prominent mode is the feedback mode which
was fully described in the very beginning of the technology.?®! As already stated before, when
applying the respective potential at a microelectrode a constant current can be measured

resulting from the limited diffusion (Figure 2a).
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Figure 2: Schematic representation" of an electrochemical reaction (A — B) at the microelectrode (a) and the
occurring effects when approaching to an insulating (b) or conductive substrate (c) as well as the theoretical current
response of a 10 um microelectrode in dependence of the tip to substrate distance (d).

In Figure 2b and c the two limiting cases are displayed with the possible interactions between
the appearing reaction at the microelectrode and a substrate surface. Approaching an insulating

surface, it disturbs the hemispherical diffusion profile of the microelectrode. As a consequence,

"It should be noticed that schemes used in many works and also displayed in Figure 2 are only taken for the
purpose of explanation and do not reflect the real working distance of the microelectrode which would be in the
range of 0.5 to 2 times of the metal core diameter as it can also be concluded from Figure 2d.
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the depletion of electroactive molecules leads to a decrease of the current which theoretically
reaches zero amperes when the microelectrode is in full contact with the surface. This effect is
called a negative feedback. When approaching to a conductive surface a current increase can
be observed (positive feedback). The current increase is the result of accumulation of converted
molecules within the gap between microelectrode and substrate. As all molecules are converted
in the hemispherical diffusion area of the microelectrode, a concentration gradient between gap
and the remaining electrolyte is created. This concentration gradient is equilibrated by electron
transfer from the converted molecules to the conductive substrate which is considerably faster
than diffusion. This effect can be compared to a concentration cell experiment.[’l As a
consequence, the molecules in the gap remain available for another conversion at the
microelectrode providing a current increase which is caused by a continuous loop of the redox

reaction.

However, other factors also influence the positive feedback response at the microelectrode, e.g.
the microelectrode diameter, the conductivity of the substrate and the electron transfer rate of
the used mediator molecule.?® For example, a low electron transfer rate of the back reaction
which is necessary for the concentration equilibration can result in a positive feedback which

suddenly changes into a negative when approaching the substrate.

a): | /b) c)

B

Figure 3: Scheme of an feedback experiment on a mixed conductive/insulating surface (a) and the resulting current
with respect to the position (b) and an SECM image of 25 um gold ribbons on silicon giving different feedback
response (c).

Positive and negative feedback response can be described by theoretical approximation which
can be found for a 10 um microelectrode in Figure 2d. These theoretical curves can be used to
determine the absolute tip to sample distance if all other parameters are known. With this
constant distance, the microelectrode can be shifted to other positions along the sample (Figure
3a). At every position the feedback current will change depending on the substrate (Figure 3b)
and can be combined to lines or arrays for imaging purpose (Figure 3c). The result is an
electrochemical topography of the substrate reflecting surface reactivity or conductivity, with

the restriction that the sample has to be flat. Both effects can be found at unbiased samples as
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well as at biased ones. At non-flat samples, the SECM image can even be the result of changing
tip to sample distances. To avoid this, the constant distance mode was suggested to obtain a
surface topography.['*?®l A variant of the feedback SECM experiment is the surface
interrogation mode (SI-SECM) which was introduced by Rodriguez-Lopéz in 2008. In this
mode an adsorbate is formed at the substrate electrode by electrochemical reaction. The
microelectrode in close proximity generates a titrant which can react with the adsorbed species
resulting in a positive feedback at the microelectrode which lasts as long as adsorbate molecules
are available. In a subsequent experiment the procedure is repeated without adsorbate. The
difference of charge exchanged during the both titration experiments can be used for

quantifying the adsorbate of the first experiment at the substrate electrode.?"!

Three other prominent modes of SECM will be discussed in the following which are often used
in electrochemical research to characterize a substrate material. These modes can be found in
Figure 4 where “M” is an electroactive mediator molecule which can be either converted by
the microelectrode, the substrate or both. The electroactive mediator may be ions, molecules,
appearing intermediates or dissolved gases. Also in this case, the terms “positive” and “negative
feedback” regarding the microelectrode or substrate response can be used when the observed

current is divided by the initial current.
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Figure 4: Modes of SECM experiments where M represents an electroactive mediator in solution: sample
generation/tip collection (a) tip generation/sample collection (b) and competitive/shielding mode (c).

First, the sample generation/tip collection (SG/TC) mode (Figure 4a) can be used to probe a
substrate towards its activity of evolving an electroactive molecule which can be detected at the
microelectrode. This experiment leads to a positive feedback when the substrate is active.
Second, the tip generation/sample collection (TG/SC) mode (Figure 4b) is used to analyze a
substrate with regard to its activity towards consuming an electroactive molecule which is
generated at the microelectrode. In this case, a positive feedback can be found by recording the
substrate bias. Third, the competitive or shielding mode (Figure 4c) where substrate and

microelectrode compete for the very same molecule. In case of an active substrate, a negative
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feedback can be found at the microelectrode indicating the predominant consumption by the
substrate. In all cases the described feedback has to be considered with respect to position and/or

applied substrate potential.

15



1.2 Advanced spectroscopic methods coupled to SECM
Electrochemistry provides a number of dynamic or steady-state methods which allow for the
characterization of an electrode material, an electroactive molecule in solution or a redox
process. However, in most cases no information on structures or structural changes is obtained.
To validate electrochemical results, it can be useful to record data by another technique in a
subsequent or, which is more desirable, in a parallel experiment. Spectroscopic methods allow
for the in situ determination of formed of adsorbates, intermediates or active phases.
Additionally, they may provide time-resolved information which allows conclusions about

reaction kinetics and reaction pathways.

In the field of spectroelectrochemistry various in situ techniques can be found which can be
coupled to an electrochemical experiment, such as X-ray diffraction (XRD) and synchrotron

techniques, electron paramagnetic resonance (EPR), UV/Vis, IR and Raman spectroscopy.?®!

\A\®/ ~

@

Figure 5: Possibilities of introducing a spectroscopic technique (yellow arrow) to a common SECM experiment.

For SECM, the addition of another complementary technique is of particular interest because
the SECM experiment in a four-electrode setup (with biased sample) already generates two
complementary data sets which can provide relevant electrochemical information. By adding
another, preferably spatially resolved spectroscopic technique to the SECM experiment, three
types of information can be obtained in parallel which provides a more comprehensive picture
about the occurring electrochemical processes at the substrate electrode.

Coupling another technique to an SECM experiment brings in additional challenges which need
to be solved. As SECM already uses a microelectrode as probe it has to be considered how a

further substrate probing can be realized. As displayed in Figure 5a the microelectrode is
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relatively large due to its large insulating shaft. In most cases the working distance is in the
regime of metal core diameter of the microelectrode. To provide space for a parallel
spectroscopic probing of the identical position from the very same side, it would be necessary
to change the standard SECM experimental geometry. This can be realized by tilting the
electrode to one side to free some space for the spectroscopic probing (Figure 5b). In this way,
the combination of Raman microscopy and shearforce regulated SECM was shown by Etienne
et al.[®l Shearforce regulation ensures a constant distance to the sample which makes this
instrument applicable to samples with strong height deviations (> 10 um). Another possibility
of sample probing can be realized by using the backside of the sample electrode (Figure 5c).
This setup needs a (conductive) substrate sample which is transparent for the relevant
wavelength region. Wang and coworkers showed an ATR-IR SECM in situ instrument which
allowed IR probing of a polymerization process on non-conductive ATR crystal induced by
SECM feedback experiment.% In another work, ATR-IR was used to monitor the currentless
microelectrode approaching to the ATR crystal which could be correlated to the electrochemical
approaching.®Y A further possibility of coupling a spectroscopic method could be realized by
a metal-coated optical fiber as displayed in Figure 5d. This fiber-ring microelectrode was
already suggested for the determination of photoelectrochemical properties. For this purpose, a
light source was connected to the optical fiber and the metal ring was used for product
detection.l%?
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1.3 SECM in electrochemical research

1.3.1 Advantages and opportunities
Similar to other scanning probe microscopic techniques, the main advantage of SECM is the
possibility of imaging the distribution of physicochemical properties of a surface. But even
more than that, in SECM it is not a single physical effect which can be used for illustration

purpose.

Generally, a large number of molecules that are soluble in an aqueous or non-agueous
electrolyte can be used to design an experiment which characterize the reactivity of the sample
surface to be investigated. Also the reactivity towards different molecules of interest could be
studied in subsequent or parallel experiments by varying the respective potential region or in a
potential pulse experiment. This approach also allows for the quantification of the educt as well
as the product or even appearing intermediates in one experiment which may finally lead to a
large number of SECM images of the very same sample surface. By careful preparation of
samples containing more than one active spot, SECM is a suitable high-throughput technique
that is capable of screening a large number of micrometer-sized spots in parallel. The results
help to distinguish between different materials or material compositions and to identify the most

reactive ones.

This emphasizes why SECM can support the search for new materials, especially in the field of
electrochemical conversion. Beside the imaging purpose, SECM can be used to characterize the
electrochemical processes occurring at the microelectrode and/or at the sample more in detail.
Especially the feedback mode helps to determine rate constants by modeling the approach curve
current or even diffusion constants. By using a defined substrate, the surface coverage of educts
or intermediates can be quantified. All these advantages show why SECM became so popular

in electrocatalysis research in the last decades.

However, there are some challenges concerning this technique. In particular, the
electrochemical experiment has to be carefully evaluated ensuring that other effects such as
from side reactions, deactivation of the electrode or precipitation processes are excluded. It is
necessary to guarantee that only the desired electrochemical process is used for imaging
purpose. Otherwise the SECM image can be falsified by various side effects. Concerning the
enhanced resolution that is often desired, it should be clear that the microelectrode cannot be
indefinitely small because a certain number of electrons must be transferred during a redox

process to obtain an evaluable signal. As with all other electrochemical techniques which use
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half-cell characterization methods, it has also to be carefully checked if and how the SECM
results and conclusions actually can be used to understand the behavior of the targeted

application, e.g. electrolyzers, fuel cell or battery systems.

1.3.2 Oxygen reduction and evolution reaction
This section dealing with the prominent electrochemical conversion of oxygen to water and its
back reaction will briefly sum up the required systems and will show how SECM technique can
help to understand appearing processes at different active materials for the respective reactions.
The first part focuses on the oxygen reduction reaction (ORR), the second deals with the oxygen
evolution reaction (OER) and the third part shows concepts of bifunctional materials combing

activity for both electrochemical reactions.

As a vivid illustration, Figure 6 shows how both reactions are involved in a sustainable and
emission free energy storage process based on hydrogen as energy carrier. Although hydrogen
is the storage molecule, the reduction or formation of oxygen is the bottleneck of the system

which decreases the efficiency and which will be the focus of interest in the following.
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Figure 6: Scheme of a single fuel cell and electrolyzer cell operating with proton exchange (PEM), red, or alkaline
anion exchange membrane (AAEM), blue, with relevant compartments providing an elegant approach for chemical
energy storage (in form of hydrogen) and supply, BPP — bipolar plates, An — anode side, Cat — cathode side.

The oxygen reduction reaction (ORR) is probably one of the most essential reactions on earth.
Beside the great importance for biological systems this reaction can be found in relevant energy
conversion and storage systems, such as fuel cells (Figure 6, left) and metal-air batteries. In all
types of fuel cells, this reaction is taking place at the cathode side of the electrochemical cell

which is displayed in equation (3).
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cathode side: O2+4H"+4e ->2H0  ¢=1.229 Vvs. NHE (3)
anode side: Hp —>2H"+2¢ ¢ =0.000 V vs. NHE (4)

Here, oxygen is reduced to water using four protons and electrons. It acts as oxidation agent
which is necessary to convert the fuel at the anode side. This may not necessarily be hydrogen
as shown in equation (4) but can also be short-chain alcohols (methanol, ethanol) and higher
oxidized derivates, such as formic acid, ethylene glycol for low temperature fuel cells
application as well as methane in high temperature fuel cells which is internally reformed to
carbon monoxide and hydrogen before. However, the low temperature systems, such as proton
exchange membrane (PEM) and direct-methanol fuel cells (DMFC) are of particular interest
because of favorable thermodynamics and high theoretical efficiencies (~ 80 % at 100 °C).
Working at lower temperatures (typically < 100 °C) requires electroactive materials that can
catalyze each of the multistep, four electron reduction process which is necessary for obtaining
water as product. The reasons can be found in the sluggish ORR kinetics which comprises a O—
O bond cleavage and the formation of four O—H bonds. Electrochemical oxygen reduction in
aqueous solution can be described by two different electron transfer pathways. On the one hand,
the direct four-electron transfer pathway as described in equation (3) and on the other hand the
indirect (consecutive) two-electron transfer pathway with hydrogen peroxide as appearing

intermediate as summarized in equations (5) and (6) for acid solutions.3l

O2+2H"+2e — HO2 ¢ =0.67 V vs. NHE (5)
HoO2 + 2 & + 2 H* — 2 H20 ¢ =177V vs. NHE ©6)

As already stated, the slow ORR kinetic, including various reaction steps such as adsorption,
desorption, protonation, O-O bonding cleavage or electron transfer where some of them are
discussed to be the rate-determine step, require highly active materials depending on the
respective media. In acidic media as in PEM fuel cells, Pt shows high activity for ORR. Further
activity increase can be found at bimetallic alloys PtM with non-noble transition metals such as
M = Co, Fe or Ni due to Pt d-band distortion.®4 The 111 facet of PtsNi was found to exhibit
the highest ORR activity,[** however, stability issues of such materials containing non-noble
transition metals which can be leached out during electrochemical stress are still unsolved. In
basic media, a broad variety of materials can be used. Beside only-carbon electrodes which
show slight activity for ORR, the addition of heteroatoms and transition metals followed by a
temperature treatment can enhance activity. Although it seems favorable to focus on alkaline

fuel cells which can work with relatively cheap cathode materials, other disadvantages such as
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low ion conductivity of the alkaline membrane impede the application up to now. Alkaline
membranes degraded!®® and instability of various types of alkyl ammonium polymers has been
shown.®"] New approaches using Spiro-ionene polybenzimidazole mixtures may overcome ion
conductivity and stability issues.*! In future, these developments may substitute the classic

alkaline electrolyzer systems that still use 30 % KOH solution as liquid electrolyte.

Scanning electrochemical microscopy was used to study a broad variety of materials towards
their ORR activity whereby a large amount of research was contributed by the group of Bard.
In an early experiment they showed how the feedback mode can be used to determine
heterogeneous rate constants of the ORR on biased Pt substrate in alkaline solution by approach
curves and their theoretical evaluation.*! Later on, they suggested the TG/SC mode with
constant current at the microelectrode which continuously produces oxygen by means of a 9 V
battery.l*? This experimental setup was used to study ORR Kinetics in acidic medial*! and to
characterize bi-[ or tri-metallic catalystsi*¥ in combinatorial studies. In all these experiments
the substrate current, which increased when the microelectrode reaches an active spot, was used
as relevant parameter which was a main disadvantage, due to the limited signal-to-noise ratio
at large substrate samples. In 2006 the group of Schuhmann suggested the redox competition
mode (RC-SECM)X which uses the current at the microelectrode to analyze substrate activity.
Here, a pulse profile is applied at the microelectrode where in the first step oxygen is generated
which is reduced in the second step immediately afterwards. Active materials in close proximity
to the microelectrode can, depending on the applied potential, consume some of the generated
oxygen which then cannot be reduced at the microelectrode. This competitive experiments
allows conclusions about the studied materials in terms of ORR activity. In a further work, it
was also shown that formed hydrogen peroxide can be detected by the addition of another pulse
step.* As a consequence, the evaluation of the currents derived from oxygen reduction and
peroxide oxidation at the microelectrode could be used to determine the number of transferred
electrons similar to rotating ring disk electrode (RRDE) experiments. This method was used to
analyze non-noble metal electrocatalysts“®! as well as the influence of the ionomer amount at
noble metal catalysts.l*”] Hydrogen peroxide as main ORR intermediate came also into the focus
of research. The group of Wittstock showed the quantification of hydrogen peroxide during
ORR by a transient SG/TC mode of SECM and was able to model the microelectrode response
and the related rate constants of the relevant pathways for electrode materials with moderate
(PtCo alloy) or high hydrogen peroxide formation activity (Au).[*8 For the case of Pd they could

show that also morphology influences the result.[**! In contrast to the transient SG/TC mode of
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SECM, Sanchez-Sanchez showed steady-state SG/TC experiments with well-defined substrate
electrodes even at electrodes with high hydrogen peroxide formation activity (Au, Hg). By
evaluating the collector efficiency a determination of the hydrogen peroxide amount as well as
the number of transferred electrons was possible.™ In a further study, relevant electrode
materials which may act as ORR catalyst were analyzed. It was shown that Hg electrodes reduce
oxygen taking the two-electron pathway, whereas Pt and PdsoCo20 show a predominant four-
electron pathway.®! To summarize the examples mentioned above, SECM was used on the one
hand to analyze large catalyst libraries and on the other to study the mechanism of ORR
electrocatalysis at different materials which presents a helpful contribution to fuel cell catalyst

development.

As shown in Figure 6, to create a storage system where hydrogen acts as energy storage
molecule it is necessary to produce this hydrogen in a different approach than today. Instead of
steam reforming, which is still the main route for hydrogen production, powerful and efficient
water electrolysis systems are required. As in fuel cell technology also here the process can be
realized in acid or alkaline media which both have different advantages and disadvantages.®?
Both have in common that the oxygen evolution reaction (OER) is the critical part of
electrochemical water splitting which arises from different stabilities of M—O, M-OH and M-
OOH intermediates on the metal oxide surface.>3! Form the catalyst point of view, acid media
require noble metal oxide catalyst such as IrO, and RuO., whereas in alkaline media various
transition metals oxides, especially NiO, Co030s and Mn3Os show highest activity. Not
surprisingly also the oxygen evolution reaction was investigated by SECM. However, the
number of studies is far smaller compared to ORR. Also in this case, the SG/TC mode of SECM
is of particular interest because oxygen can be evolved from a substrate electrode and detected
by electrochemical reduction at the microelectrode. Snook et al. presented linear sweep
voltammetry of NiO-containing substrates while the microelectrode with constant reduction
potential was placed in close distance to the film. This allowed for the determination of the
onset potential, the apparent beginning of the OER.4 In another work, array electrodes from
mixed SnO2/IrO2 were studied by a shielding SG/TC mode towards OER activity. Shielding
was realized by a gold layer on the glass body of the microelectrode where oxygen was
permanently reduced. This was necessary to lower the effect of an overall oxygen concentration
increase over a longer period.®® In a more recent work, the same group suggested a double-
pulse method to avoid increasing background current from neighboring spots.®® Schmachtel et

al. determined proton, oxygen and hydrogen peroxide concentration at MnO catalyst during
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OER and were able to model the experimental data.®1 Naslund and coworkers showed the
effect of TiO2 doping on RuO- electrodes (DSA-type) and found a more evenly distribution of
OER activity at the doped part of the electrode as well as enhanced activity of cracks in the
film.[58 In another work the group of Schuhmann showed an approach equal to the work of
Snook for determination of the onset potential by stepwise potential increase for perovskite and
RuO: catalysts.®® In a more recent work, they studied OER activity of perovskite catalysts
using a double cavity electrode where one was always filled with RuO> catalysts as internal
reference. This setup allowed for a more precise determination of the onset potential by
decoupling interfering reactions.[®” As summarized here, SECM was used to analyze OER
catalysts with comparable approaches as in ORR catalyst research. Oxygen diffusion which can
pretend higher OER activity of an individual catalyst spot was identified as a notable problem

when catalysts spot arrays or libraries are scanned.

As it can be concluded from Figure 6, fuel cells and electrolyzers have many compartments in
common. So, it is not surprising that it was also suggested to merge both devices to one
electrochemical cell. For this device, bifunctional catalysts which exhibit high ORR and OER
activity would be necessary. This is mainly realized by mixing of active materials of the
respective reactions. Different materials were already studied towards both reactions. Typically,
ORR is probed by RC-mode of SECM, whereas for OER the SG/TC mode is used.®"]
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1.3.3 Chlorine evolution reaction
Regarding energy storage application the Cl2/CI~ redox couple was suggested to substitute the
sluggish O2/H>0 redox system at the positive side of a regenerative fuel cell-electrolyzer
system!®? as mentioned in Figure 6. In laboratory scale, this system shows high efficiencies
due to the fast electrode kinetics of the highly reversible reaction.!%®! However, some drawbacks
should be taken into consideration. In the fuel cell part, corrosion is described as a serious
disadvantage which demands for highly resistant materials as well as improvements of water
management to obtain stable operation.® So far, there is no commercial application of a
hydrogen-chlorine energy storage system which may also be attributed to the harmful chlorine

as one of the storage molecules.

Nevertheless, the Cl2/CI™ redox couple is still of particular importance concerning one of the
most important electrochemical processes in industry. The production of chlorine in Europe has
reached 12.3 million t per year in 2016.1°! So far, the produced amount is still a measure of the
countries’ economic performance although it was decided to curtail the worldwide production
in the middle of the 1990". Chlorine is one of the most important chemical commodities used
in a variety of industrial processes. It is produced by the Chlor-Alkali process where the
electrochemical cell is the main component. Up to now, there are three types of cells in use that
differ in applicable current density, educt and product grade as well as in environmental aspects.
In Europe, the membrane process has developed to the technology of choice and reached more

than 50% of the overall capacity. ]

Electrodes used for the chlorine evolution reaction (CER) taking place at the anode side of the
electrochemical cell must meet relevant criteria, such as high catalytic activity and related to
this a low overpotential, stability towards oxidation at harsh conditions as well as good
conductivity. In the beginning, anodes made out of platinum, magnetite or carbon were used
but none of them could fulfilled all the needs. Especially graphite, which was the mainly used
material over decades, had many disadvantages, such as total oxidation to CO2 or product
impurities from chlorinated hydrocarbons unavoidably generated as side products during the
oxidation process. The breakthrough came in the 1960" when Cotton and Beer discovered the
excellent features of RuO2/TiO2 coating on titanium plates towards CER. These electrodes were
named as dimensionally stable anodes (DSA® electrodes) stressing stability as their prominent
feature. Even the catalytic activity was found to be magnitudes higher than that of the materials

used before.[”] The development of DSA electrodes is considered as “one of the greatest
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technological breakthrough of the past 50 years of electrochemistry”.l% This underlines why

this material also came into the focus of SECM research.

In 2011, SECM was proposed as analytical method to study the electrocatalytic activity of a
commercial DSA for chlorine evolution by Zeradjanin et al. The SG/TC mode was applied to
visualize electrochemically active areas on an inactive support at low polarization potentials.
As shown in Figure 4a, chlorine as a mediator molecule is evolved by the DSA sample in
dependence of the applied potential and detected by a Pt microelectrode in close proximity. In
addition, it was also shown that it might be more beneficial to apply the redox competition (RC)
mode of SECM (Figure 4c) to avoid the contribution of accumulated chlorine in the solution.
In this case the consumption of chloride ions by the DSA is probed by a Pt microelectrode with
a CER potential applied which finally allows to draw conclusions about the local CER
activity.® However, in a following work again the SG/TC mode was used to study Ruo 3Sno.702
coatings towards CER activity at low polarization potentials. SECM images of these coatings
showed enhanced CER active in comparison to the commercial DSA material and the formation
of CER active areas of several tens of micrometers within the apparently homogeneous
coatings.["” In the same way, these active areas were detected by SECM at Ti-Ru-Ir mixed

metal oxides which showed enhanced CER activity and, in particular, selectivity.[’
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1.4 Basic aspects of material characterization for all-vanadium redox

flow batteries
Redox flow batteries that can reversibly convert electrical into chemical energy are considered
as one important contribution for the turnaround in energy policy in Germany. Several
approaches have been demonstrated until now using a variety of elements and molecules in
aqueous or non-aqueous solution as active mass for storage but only a limited number has
achieved lab-scale or commercialization.[?! In contrast to other secondary batteries, redox flow
systems consist of tanks containing electroactive molecules in aqueous or non-aqueous solution
that must be transported, in most cases pumped, into an electrochemical cell where the redox
reactions take place at electrodes in a membrane-separated electrochemical cell consisting of
two half-cells. By connecting the half-cells to an electrical load or an energy source and
realizing sufficient ion exchange for charge compensation through the membrane, these systems
can show high reversibility and efficiency during charge-discharge cycling. The energy and

power density is only limited by the size of the tanks which makes the system freely scalable.

Redox flow batteries can mainly be divided into two different groups based on the type of
electroactive component, organic and inorganic, whereby the importance of the inorganic
systems is considerably higher at the moment. Organic redox flow battery concepts still suffer
from problems with stability and reversibility. A promising approach in this field using soluble
organic polymers in aqueous solution was shown by Janoschka et al. in 2015.[7%1 A far greater
focus was placed on the inorganic systems where beside the chromium-iron, the zinc-brome or
the sulfur-brome, the vanadium-vanadium system caught much attention. The main advantage
of the system developed and patented by Skyllas-Kaszacos and coworkers ["*71 in the middle
of the 1980™ was the less problematic cross contamination that is occurring in all redox flow
cells using an ion selective membrane. Here, the cross contamination only results in a loss of
efficiency in the charge-discharge cycling but not in a total breakdown as it can be found in
systems with a non-homogeneous redox couple. Even the advantages of the VRFB as storage
system for fluctuating energy from wind turbines or PV systems were highlighted early.l"®
Nevertheless, it took several decades until the VRFB came into the focus again. Today many
researchers try to improve different parts of the flow battery, on the one hand to improve
efficiencies by minimizing occurring losses and on the other to understand the details of the

occurring processes.
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Figure 7: Schematic representation of an all-vanadium redox flow battery with all relevant compartments.

The setup of an all-vanadium redox flow battery (VRFB) is displayed in Figure 7. The most
important part is the electrochemical cell consisting of an ion selective membrane, electrodes
and bipolar plates (BPP) as well as current collectors (not displayed). The respective solution
containing either the sulfate compounds of V(IN/V(111) or V(IV)/V(V) is continuously pumped
into the cell while the system is charging or discharging. The reactions at the electrodes can be

summarized for the discharge process as follows:

negative pole: Vv — V¥ +e ¢° =-0.255Vvs.NHE (7)
positive pole:  VO;*+e +2H*  — VO +H,0 ¢° =+1.000Vvs.NHE (8)

During charging both half-cell reactions run in opposite direction. At the negative pole" V(I1)
is oxidized to V(I11) and at the positive pole V(V) is reduced to V(1V). As supporting electrolyte
half-concentrated sulfuric acid is used with respect to the stability and solubility of the oxo-
vanadium compounds. As shown in equation (8) at the positive pole protons are needed when
the battery is discharged which have to be additionally delivered from the other half-cell
through the ion selective membrane. Proton exchange membranes (PEM, e.g. Nafion® 117) can
be used to realize charge compensation but also anion exchanging membranes, such as a sulfate
exchanging membrane are possible. Form both half-cell potentials determined against the
normal hydrogen electrode (NHE) a currentless cell voltage (Eo) of 1.255 V can be derived.
During discharging while the load is operating E(l) < Eo and during charging E(l) > Eo. The

contributions of losses during discharging at the positive half-cell (@ioss,+), at the negative half-

'"In secondary batteries only the term “pole” should be used to avoid confusion because the frequently used terms
“cathode” and “anode” strictly depend on the direction of the respective reaction during charge or discharge.
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cell (pioss—) and additional losses, such as electrolyte, membrane and transport resistance as well

as conductivity are summarized in the following equation:
E() = Ey — Pross,+ — Pioss,— — IR 9)

All losses which are also named as overpotentials can be minimized by optimizing individual
components of the battery. The most important role is played by the electrodes where the
respective electrochemical reaction takes place including diffusion and adsorption of the educts,
charge transfer as well as desorption and diffusion of the products. Here, many researchers
focus on understanding the occurring processes and improving the electrode material by
modifying the carbon material itself, introducing heteroatoms or addition of other molecular
compounds. In contrast to other electrochemical energy converters, such as fuel cells or
electrolyzers using noble metal-based electrocatalysts, the VRFB works with carbon-based
electrodes. In the very beginning bulk graphite platest’ were used which were expeditiously
exchanged by graphite felt and chemically modified graphite felt electrodes’” providing much
higher inner surface area for high current densities. Even new carbon allotropes that were found
to be stable, such as fullerenes, carbon nanotubes or graphene were found to be promising
materials to be used in VRFB in the last decades. In the following part some of the materials

will be discussed more in detail.

Highly ordered carbon structures as they can be found in single- or multi-walled carbon
nanotubes (SW-/MWCNT) are promising because they combine both, high surface area as well
as fast electron transport along the axis of the tube. CNTs were studied as electrode material, in
particular, for the positive side of the batteryl’® and a positive effect of a chemical or
electrochemical introduction of oxygen containing surface groups was found. In some work,
however, contrary results concerning the effect of surface functionalization at MWCNTSs were
reported.[’® Battery experiments with nitrogen-doped carbon nanotubes (NCNT) on graphite
felt showed improved charge-discharge cycling in comparison to the non-treated reference
resulting in higher efficiencies.[®) Recently graphene and graphene oxideV (GO) were also
studied for the use in VRFB as another promising carbon material 821 Oxygen-containing
functional groups comparable to those in CNTs were brought into the material to verify the

influence and the already suggested reaction mechanisms were confirmed.l®? Beside

V' As graphene is a single atom layer of graphite by definition, most of the publications overuse this term and
finally utilize nanocrystalline or few layer graphite or graphite oxide. Up to now there is no successful large scale
production of “single-layered” graphene established which limits the usability for industrial application.
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introducing nitrogen atomst®! also an effect from halogens at the GO surface was found.[®!
Composite materials form GO and CNTs were also discussed.!®! Almost all studies describe a
positive impact of introducing foreign atoms into carbon materials on the efficiency of VRFB.
CNTs and graphite/graphene is often synthesized in form of a powder. Possibilities to bind them
to a support material, e.g. graphite felt or carbon non-woven, were discussed. Examples are
MWCNTs linked to carbon felt by chemical vapor deposition (CVD)®® as well as
nanocrystalline graphite at a polyacrylnitrile (PAN) fiber support.[®” Beside carbon-carbon also
carbon-polymer composites were studied giving the possibility to combine BPP and electrode
to one compartment.[® Today, carbon felt® and carbon paper electrodes® are used as state-
of-the-art material in VRFB. In addition to electrode materials based on carbon only, also
metals,®Y] metal alloys,®@ noble metals®®! and metal oxides®! were intensively studied.
Nevertheless, all these materials do not seem to form promising alternatives in terms of battery

efficiency and costs in comparison to carbon-based electrodes up to now.[®%

Battery experiments often include charge-discharge cycles for determination of the voltage,
charge and power efficiency. But by this method, the individual influence of modification of
the electrode in the respective half-cell can hardly be separated. In consequence, different
electrochemical characterization techniques are applied to quantify the influence of individual
material modifications. In many studies, cyclic voltammetry (CV) is applied as main technique
to characterize the electrochemical behavior of the V(I1)/V(111) and V(IV)/V(V) conversion in
an obviously faster and more simple way. Even the sample amount used for each experiment is
substantially lower than in a battery setup. From CV analysis a number of parameters, such as
peak potential and height, peak-to-peak distance as well as kinetic information can be extracted
from the curves in order to characterize the electrode and compare them to others. In particular,
the peak-to-peak distance (AE), i.e. the difference of the peak potentials at maximum current of
the oxidation and reduction is applied as a mean of reversibility of the respective redox reaction.
This procedure is based on a theory by Nicholson from the middle of the 1960™ showing a
relation between the kinetic parameter and the peak separation AE for planar electrodes.[®®!
However, as in other cases this approach is wrongly used in VRFB research for porous
electrodes although it is known that porosity is contributing to the results of CV measurements
as well.®1 Hence, extracted kinetic data may be falsified resulting in a variety of derived kinetic
parameters that strongly differ even at quite similar electrodes and electrolyte conditions.[*®!
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To overcome these problems and to improve the way of material characterization, steady-state
polarization curves are suggested as the most suitable way. Additionally, the dynamic of a flow
cell must be respected during the electrochemical characterization. Goulet and coworkers
showed a small-scale, microfluidic half-cell which allowed the determination of kinetic data by
applying different flow rates.’®l A half-cell setup for carbon felt electrodes in a flow-through
configuration was realized by Becker et al. who could fit the data to Butler-Volmer behavior
for states of charge (SOC) between 25 % and 75 %.12%1 Beside half-cell measurements it can
also be useful to equip the RFB with additional reference electrodes for in situ characterization
of the electrode materials and to identify individual losses. For a microfluidic cell this was
shown with integrated references electrodes in the electrolyte reservoirs.['° Aaron et al.
integrated Pt wires as direct hydrogen electrode between two Nafion membranes to obtain
kinetic information form polarization curves.l*%? With the same setup, additional information

can be gained from impedance spectroscopy.*%]

Different methods employing conditions close to the application of VRFB are necessary to
study the individual processes in more detail and to understand observed material effects.
Electrochemical experiments under steady-state conditions with defined mass transport, as also
the case in SECM experiments seems to be the more favorable methods to extract relevant data.
The development of such advanced (in situ) techniques may even be useful for other redox flow

systems in future.
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2 Scope of the thesis

The main objective of this thesis was the development of new methods for the characterization
of materials, which can be used as electrodes in prominent electrochemical converter systems.
The developed methods should help to understand electrode processes, identify relevant
structures or morphological issues as well as structural changes in detail and should finally
contribute to the search for new materials with enhanced properties towards selected
electrochemical reactions. Among a broad variety of electrochemical methods, the scanning
electrochemical microscopy (SECM) was chosen since it is the one and only technique which
allows for spatially resolved electrochemical information of an electrode. Additionally, a
complementary spectroscopic technique or a coupling to realize an in situ probing in parallel
was of particular interest in this work. Here, Raman microscopy was chosen, which yields
information on structures and structural changes and can be preferably applied to
electrochemical systems. In order to gain deeper insights into materials structures and
processes, the developed methods shall be applied to relevant electrochemical reactions and

materials which occur in electrochemical energy storage processes.

Two main issues turned out regarding the challenge of electrochemical energy storage question:
On the one hand, the oxygen evolution reaction (OER) which can be found at the anode of water
electrolyzer systems but also in metal-air batteries. This reaction is of particular importance
when hydrogen should be used as storage molecule. Here, reaction steps, pathways and
adsobates are not fully understood up to now which explains the need for advanced
characterization techniques. Especially in alkaline media, transition metal oxides are in the
focus of research because they are relatively cheap, exhibit high OER activity and can be
synthesized in various structures and morphologies. On the other hand, redox flow batteries are
discussed as an important storage system for fluctuating wind and photovoltaic energy. In this
type of electrochemical converters, the reaction at the positive pole of the accumulator is
supposed to be the limiting reaction of the system. Carbon-based electrodes with well-known
structural, morphological and electrochemical properties may solve this issue and can help to

improve the efficiency of the battery system.
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3 Summary and outlook

The development of advanced methods for a spatially resolved electrochemical technique, the
scanning electrochemical microscopy, and its application towards energy materials which may
be analyzed towards electrochemical activity, stability and selectivity was the scope of the
thesis. The results of the present work can be divided into three main parts where the first part
deals with the setup and the application of an instrument which combines SECM with Raman
microcopy as a micro-spectroelectrochemical tool. The second part shows how the combination
of complementary surface characterization techniques can help to explain macroscopic
behavior of graphite containing sol-gel electrodes for the antifouling purpose in marine
application. Finally, the third part which contains three individual studies shows the
development of a SECM procedure for the characterization of electrocatalysts towards
vanadium(IV) oxidation. Functionalized high-purity carbon nanotubes where comprehensively
characterized and studied with the prior developed SECM method.

In the first part, an instrumental coupling of SECM and Raman microscopy is shown which can
be used for in situ spectroelectrochemical studies. For this purpose, an SECM instrument was
mounted on an inverted Raman microscope which allows for SECM experiments from the top
and Raman probing from the backside of the electrochemical cell in parallel. This instrumental
arrangement requires a transparent conductive substrate electrode as for example indium-doped
tin oxide (ITO) on quartz glass. In a first study, nickel and nickel/iron thin films were analyzed
towards oxygen evolution reaction (OER) in alkaline media (pH =13). Nickel thin film
electrodes with iron contents ranging from 0 % to 30 % were prepared onto the optical
transparent electrode by electrodeposition from pure or mixed metal salt solutions. These thin
films of 20 to 50 nm in thickness were investigated by a chrono amperometric procedure with
increasing potential steps starting from 0.1 V vs. Hg|[HgO|L M KOH up to potentials in the
oxygen evolution region (> 0.55 V). During each potential step the platinum microelectrode
probes the oxygen evolution by reducing evolved oxygen (SG/TC mode) and a Raman spectrum
was recorded in parallel at the very same position. Regarding the electrochemical results, the
thin film electrodes with iron content < 22 % showed Ni(ll) to Ni(lll) oxidation which merges
inseparably with the OER. The additional microelectrode probing from SECM allows to
distinguish between both and enables to determine the OER onset potentials which reflect the
apparent beginning of the gas evolution. The lowest one was found at the 15 % iron containing
sample. The additional spectroscopic data shows that the Ni(lIl) to Ni(l1l) oxidation is connected

with the formation of a y-Ni""OOH which can be concluded from the appearance of two
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prominent bands at 475 and 557 cm™. The appearance of both bands shifts to higher potentials
with increased iron content which is in accordance to the electrochemical peak shift. The
intensity ratio (la7s/lss7) of both bands decreases with increasing iron content as a result of a
disturbed lattice by disorder introduced from iron atoms. From the complementary data it can
be concluded that y-Ni'"OOH always has to be present before the OER onset potential is
reached but its presence alone is not sufficient. Further linear sweep voltammetric experiments
(1 mV s?) obtained in the very same experimental configuration suggest that even during
NiOOH formation oxygen species might be evolved which is concluded from slight reduction

currents at the microelectrode in the respective potential region.

In the second part, SECM and Raman microcopy are used as individual techniques to
characterize the surface of graphite sol-gel composite electrodes with a possible application in
electrochemical antifouling. These electrodes were prepared by mixing a commercial sol-gel
lacquer with conductive graphite particles to form a paintable conductive coating. An optimum
composition was found in the sample with 20 wt.% graphite in the coating that offers a good
balance between sufficient conductivity, stability and surface morphology. This sample was
examined by Raman microscopy to analyze the surface structure and composition. As expected,
graphite components were identified by a weak D and a strong G band at 1352 and 1584 cm®
in the Raman spectrum. A mapping experiment shows the distribution of graphite in the coating.
The lacquer component only contributed with fluorescence signals in the respective
wavenumber region. Evaluating this mapping data, it can be concluded that the graphite forms
agglomerates ranging from a few micrometers up to several tens of micrometers in size which
is in accordance with results from light microscopy. In a subsequent experiment, the very same
region of the sample was examined by SECM using a feedback experiment with a 10 pm
platinum microelectrode and ferricyanide ions as redox mediator. The SECM image shows a
surface conductivity map with a few regions of positive feedback which can be attributed to the
conductive graphite agglomerates and many regions with negative or mixed feedback response
which is the result of the insulating lacquer. Different behavior of individual positions on the
sample were also found in approach curve experiments. Comparing the conductivity map to the
prior obtained component distribution map, it can be stated that not all regions where graphite
particles or agglomerates that were detected by the Raman mapping experiment contribute
equally to the surface conductivity. Individual particles seem to be insulated by thin lacquer
layers or exhibit a low electron transfer rate in the feedback experiment which results in a

negative feedback. To approach conditions which comes close to the later technical use of the
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electrodes, another SECM experiment of the very same region of the sample in 1 M KCI (pH =
8), which was used to mimic seawater, was carried out. In this SECM experiment (SG/TC
mode), the sample was polarized to high positive potentials where gas evolution reactions for
chlorine (CER) and oxygen (OER) can be observed. The microelectrode was scanned along the
sample with an applied potential detecting either chlorine or both, chlorine and oxygen. All
potentials were evaluated by cyclic voltammetry (CV) under identical conditions prior to the
SECM experiment. These experiments again resulted in SECM images which show the
spatially resolved evolution of the gases at the sample surface. Sharp and highly reproducible
contours in the images indicate active regions of both gas evolution reactions which can be
correlated to positions with high graphite content detected in the first set of experiments. They
also show that the gases diffuse along the surface which act as antifouling agents and may

hinder the settlement of microorganisms in technical use.

In the third part, a competitive mode of SECM was developed by applying a linear sweep
voltammetric (LSV) procedure to the microelectrode which may help to understand the
vanadium(IV)/(V) redox reaction at the positive pole of the all-vanadium redox flow battery
(VRFB). A model solution consisting of 10 mM VO?* as vanadium(IV) source and a 0.5 M
HS04 /S04 buffer (pH = 2) was used and the suggested procedure was evaluated using a glassy
carbon substrate (GC) as sample. A linear sweep between 0.8 and 1.4 V vs. Ag|JAgCI|KCls. at
the microelectrode results in an oxidative current which cannot be found in a VO?* free solution.
This procedure was chosen as detection sweep to probe VO?* ions because constant potentials
or potential pulse experiments showed strong deactivation behavior of the microelectrode
response. Conversely, the linear sweep procedure results in a constant response after several
equilibration sweeps. The microelectrode in close distance to the GC substrate can be used to
set up a competitive experiment. Increasing the potential at the substrate results in a decrease
of the current during the LSV at the microelectrode if the substrate consumes the VO?* ions by
oxidation. Using small potential steps (10 mV step™) a consumption curve of the VO?* ions by
the substrate electrode can be obtained. In this curve an onset potential, the apparent beginning
of ion conversion, becomes determinable. This method provides an alternative to other often
used methods (i.e. CV) for the comparison of different materials with respect to VO?* oxidation
activity. To demonstrate this, well-defined high-purity carbon nanotubes (CNT) were
synthesized and intensively characterized by various means of surface and bulk characterization
techniques. Different oxidation means together with a microwave-assisted treatment were used

to introduce different amounts of oxygen containing functional groups into the CNT material.
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X-ray photoelectron spectroscopy (XPS) analysis showed oxygen contents from 0.4 at.% in the
raw material up to 8.0 at.% as well as the contribution of single and double C-O bonds by
evaluating the O 1s peak which can be assigned to different types of surface groups. Surface
area determination showed an increase of the mass specific surface area with increasing oxygen
content. Electrochemical characterization by CV showed increased double layer capacity
(DLC) with increased oxygen content as well as the appearance of redox peaks from pseudo
capacities attributed to quinone-type surface groups. These well-defined CNT samples were
analyzed by the competitive SECM procedure to evaluate the contribution of oxygen-
containing surface groups towards the VO?* oxidation. Here, again the onset potential was used
as a kinetic parameter to compare all samples. From this experiment it can be concluded that
from 0.4 at% to 3.2 at.% oxygen the onset potential of the VO?* oxidation strongly shifts (~200
mV) to lower potentials which indicates an improved electrochemical reaction. From 3.2 at.%
to 8.0 at.% oxygen in the sample surface the improvement is considerably smaller (~30 mV).
In this model solution, oxygen containing surface groups obviously do not contribute to the
electrochemical VO?* oxidation. The strong effect at the low-oxygen samples seems to be more
or less a result of surface availability by wetting. A certain amount of oxygen functional groups

are necessary so that the aqueous solution can access the whole porous carbon structure.

From all these results, lots of experiments for a further continuation of this work may be
suggested. In the following, some ideas will be put forward which can be categorized into
instrumental and material aspects. The Raman-SECM instrument can be used to study a variety
of materials in terms of structural changes and related electrochemical activity. As Raman
spectroscopy may be used as surfaces sensitive technigue as in SERS, it would be necessary to
introduce samples which contain metal particles that provide high SERS enhancement (Ag,
Au). These materials can be added by dropcasting onto the transparent electrode or even by co-
deposition from mixed metal salt solutions. Electrochemically inert substrates can be achieved
by addition of Au particles with a thin insulating silica shell (SHINERS). Beside the addition
of a SERS active substrate, the enhancement of a single tip with a curved half sphere can also
be used to created surface sensitivity (TERS). Here, the instrumentation already allows the
installation of a TERS-tip instead of the microelectrode. The development of a TERS-tip which
also serves as microelectrode would create a powerful surface sensitive in situ instrument.
Indium-doped tin oxide (ITO) on quartz glass is used a transparent electrode material in a broad
variety of applications. However, graphene on glass which is still sufficiently transparent is a
possibility to avoid ITO and would extend the usability to harsher conditions. Concerning the
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material aspects, it can be stated that especially in case of OER of nickel oxide not all aspects
of structure, phases and electrochemical activity are fully understood up to now. The influence
of impurities and the introduction of structural defects needs to be studied in more detail with
further surface and bulk characterization techniques. Finally, carbon materials still offer a broad
suitability and application potential in electrochemistry. Synthesizing well-defined materials

with controlled structure and surface morphology must be a long-term goal in this field.
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4 A Raman-coupled scanning electrochemical microscope setup

The content of this part has been published as

In situ characterization of Ni and Ni/Fe thin film electrodes for oxygen evolution in

alkaline media by a Raman-coupled scanning electrochemical microscope setup

Reprinted with permission from M. Steimecke, G. Seiffarth, M. Bron, Analytical chemistry 2017,
89, 10679-10686. Copyright 2017 American Chemical Society.

DOI: 10.1021/acs.analchem.7b01060

Abstract

We present a spectroelectrochemical setup, in which Raman microscopy is combined with
scanning electrochemical microscopy (SECM) in order to provide both spectroscopic and
electrochemical information on the very same location of an electrode at the same time. The
setup is applied to a subject of high academic and practical interest, namely, the oxygen
evolution reaction at Ni and Ni/Fe electrodes. It comprises a transparent substrate electrode,
onto which Ni and Ni/Fe thin films are deposited. An ultramicroelectrode (UME) is placed
closely above the substrate to obtain electrochemical information, while a Raman microscope
probes the same sample spot from below. To obtain information on oxygen evolution activity
and structural changes, increasingly positive potentials from 0.1 up to 0.7 V vs Hg|HgO|1 M
KOH were applied to the Ni/Fe-electrodes in 0.1 M KOH solution. Evolved oxygen is detected
by reduction at a Pt UME, allowing for the determination of onset potentials, while the substrate
current, which is recorded in parallel, is due to both overlapping oxygen evolution and the
oxidation of Ni(OH)2 to NiOOH. An optimum of 15 % Fe in Ni/Fe films with respect to oxygen
evolution activity was determined. At the same time, the potential dependent formation of y-
NiOOH characterized by the Raman double band at 475 and 557 cm ™" allows for the conclusion
that a certain amount of disorder introduced by Fe atoms is necessary to obtain high oxygen

evolution reaction (OER) activity.
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4.1 Introduction
The growing need for suitable systems for energy storage has triggered substantial research and
development efforts in the field of electrochemical energy conversion and in particular in
electrocatalysis, for instance for fuel cell and electrolyzer systems. One important issue is to
develop highly active, stable and preferably cheap catalyst materials, and tremendous progress
has been achieved in this field during the last decade.®™* While practical approaches to this
subject often rely on phenomenological descriptions, more sophisticated strategies try to
establish structure-activity relationships based on a thorough spectroscopic and electrochemical
characterization of a series of materials. However, it is a well-known fact from catalysis and
electrocatalysis research that catalyst materials change during operation.>® Thus, to fully
understand the behavior of electrocatalysts, in situ studies are necessary to unravel structural
changes and concomitant changes in activity of the material under investigation to complement
the above-mentioned approaches. Indeed, a broad variety of techniques, including X-ray
diffraction,” X-ray absorption,®® X-ray photoelectron,’® infrared (IR),}! and Raman
spectroscopy,'? were successfully applied to the in situ study of electrocatalysts. Although these
techniques provide indispensable information on structure, structural changes and resulting
electrochemical performance of catalysts, it might be considered a drawback that spectroscopic
information is typically obtained from a certain location of the electrode, while the

electrochemical experiment probes the whole sample.

One important technique to obtain localized (electro)chemical information is scanning
electrochemical microscopy (SECM)*® which can be considered a true chemical microscopy.
SECM has been applied to a variety of research fields such as material science, corrosion,
biology, electrocatalysis, and fuel cells.2*1® Micrometer and sub-micrometer electrodes allow
for spatially resolved electrochemical experiments at surfaces of a broad variety of materials.
In catalysis research SECM may be used as a fast method to screen the activity of a number of
samples with different compositions while varying selected parameters such as applied
potential, electrolyte or reactants, which finally allows for an easy evaluation and comparison
of the investigated materials.)” SECM as a spatially resolving technique is typically used to
probe larger electrocatalyst surfaces towards activity distribution and may for instance unravel

“hot spots” in activity of an apparently homogeneous film.18°

In the sense, combining an in situ spectroscopic method with SECM may provide information

on material changes, intermediates or oxidation states together with local electrochemical
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performance of an electrode under operation at the same time. A broad variety of techniques
has been combined with SECM, e.g., atomic force microcopy?® 2?2 or scanning tunneling
microscopy.? Furthermore, SECM combined with attenuated total reflection-IR spectroscopy

was described®* as well as Raman microscopy with shearforce regulated SECM.?°

In this study we present a in situ Raman-SECM instrument which combines the advantages of
SECM towards localized electrochemical and electrocatalytic characterization of
microstructures with the potential of Raman microscopy to provide a simultaneous
spectroscopic characterization at the very same electrode spot. Raman spectroscopy as a non-
invasive, non-destructive technique is used in a wide range of research areas to obtain structural
information about single molecules, polymers, rocks, metal oxides, etc. In particular, it is not
impeded by water as solvent. As a result Raman spectroscopy can be used as an in situ technique
in electrochemistry research. Among the various approaches, surface enhanced Raman
spectroscopy (SERS) using the coinage metals as substrate electrodes has been used for
studying metal-molecule interactions such as adsorption/desorption processes, bonding states,
or reaction intermediates.'??® Kurouski et al. demonstrated electrochemical-tip enhanced
Raman spectroscopy (TERS), where the TERS tip providing Raman enhancement is used as

electrode in an electrochemical experiment at the same time.?’

In contrast to published setups, our approach uses a classical and well established SECM
experiment, which is however extended by an inverted Raman microscope coupled into the cell
from the backside of a transparent electrode. To highlight the performance of the developed
coupled system electrochemically deposited Ni and Ni/Fe thin film electrodes on an ITO-coated
quartz glass substrate were investigated towards their activity for oxygen evolution reaction

(OER) in alkaline media and concomitantly occurring structural changes.

Ni/Fe electrodes are known as cheap and long term stable materials with reasonable activity for
OER to be used in alkaline electrolysis.>? A wide range of methods were applied to study Ni%®
and Ni/Fe*® OER catalysts focusing on a better understanding of structural properties and
related catalytic activities. Raman spectroscopy was used for Ni®¥33 and Ni/Fe** based systems
in order to determine the active phase during the catalytic process including effects of material
aging. The appearance of NIOOH was found to be essential for high activity towards the OER
at these materials which was often attributed to its p-phase.>33 However, recent results suggests
that Fe impurities (often from the electrolyte) are the reason of enhanced OER activity of nickel
oxide/hydroxide films.3>3¢ In low iron samples (< 25%) the presence of Fe** in y-Ni1-xFexOOH
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seems to be important to obtain low overpotentials,3” operando Mdssbauer spectroscopic

studies even suggest the presence of Fe** in the active Fe-doped NiOOH.38

When studying Ni-based catalysts for their OER activity, classical electrochemical methods
such as linear sweep (LSV) or cyclic voltammetry (CV) often do not allow reliable
differentiation between the oxidation of Ni'' to Ni'"' and the apparent beginning of the OER
(commonly named as onset potential) especially at bare Ni or highly Ni-containing compounds.
Using an UME in the close distance of a catalytically active film and employing the sample
generation/tip collection mode (SG/TC) of SECM can improve the determination of this often-
used parameter.®>*° For iridium, ruthenium oxide, and perovskite based systems, this
experimental approach was successfully applied to determine the real onset potential (in the
sense mentioned above) of the catalyst films.*!42 SECM can also be used to determine the onset
potential of bifunctional catalyst for both OER and ORR in one experiment®*“3 as well as for

other important electrochemical reactions.**

This paper will show that the developed Raman-SECM instrument is capable of both resolving
the structure of the nickel oxide/hydroxide in Ni or Ni/Fe thin film electrodes by in situ Raman
spectroscopy as well as determining the apparent onset of OER using the SG/TC mode of
SECM at the same time and at the same location of the electrode. The setup however is not
restricted to this or similar problems but may in the future be extended to other relevant

challenges in electrocatalysis research.
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4.2 Experimental section

4.2.1 Chemicals and materials
Commercially available indium-doped tin oxide (ITO) coated on quartz glass with a resistance
of 20 Q cm? (PréazisionsGlas&Optik, pgo Iserlohn, Germany) was used as the optical
transparent electrode substrate (OTE) for Ni and Fe/Ni thin film preparation. Prior to use, the
OTE was cleaned with water, ethanol, and acetone and dried in air. Nickel sulfate (99.99%) and
iron sulfate (99.99%, both Carl Roth GmbH, Karlsruhe, Germany) were used as metal sources
for the electrochemical deposition. Potassium hydroxide (ROTI®METRIC, 99.98%, batch:
404218656, Carl Roth GmbH, Germany) containing < 2 ppm Fe was used to prepare 0.1 M
KOH. In addition, a nickel film electrode was also studied in 0.1 M KOH purified by a
procedure to remove any residual Fe traces as reported in the reference.®® Deionized water
(<0.055 uS cm™) supplied by a system from SGWater was used for the preparation of all

solutions and for cleaning of materials.

4.2.2 Preparation of Ni and Ni/Fe thin film electrodes and metal
analysis
After cleaning as described above, most of the conductive substrate of the OTE was covered
with transparent tape (<50 pm in thickness) and only a hole of 5 mm in diameter (0.196 cm?)
remained open. For thin film electrodeposition a chrono-potentiometric method was used as
described in the reference.?* Briefly, a 10 mM metal sulfate solution either containing Ni or
Ni/Fe in the respective composition was used and a cathodic current of 50 pA cm was applied
for a period of 1000 s to the substrate. The compositions of the respective thin films were
determined after the electrochemical experiments described later using inductively coupled
plasma with optical emission spectrometry (ICP-OES, Plasmaquant 110). For this purpose, all
samples on the OTE were dissolved in 5 mL of concentrated HNO3z (Carl Roth GmbH) by
treatment in an ultrasonification bath (Sonorex) for 30 min. The OTE made from ITO on quartz
glass and partly covered with a Ni or Ni/Fe thin film will be labeled as a thin film electrode in

the following.
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4.2.3 Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained with a Versa 3D microscope (SEI). To determine
the thickness of the films a Pt layer was deposited on top of the sample. Afterwards, the layers

were cut with a focused ion beam (FIB) and the individual layer thickness was analyzed.

4.2.4 Raman-SECM instrumentation
A modified scanning electrochemical microscope (Sensolytics, Bochum, Germany) consisting
of a stepper motor and a piezo cube for z positioning (position resolution 10 nm) and manual
steppers for X,y positioning is installed on top of an inverted confocal microscope DM 2500
(Leica, Wetzlar, Germany). The microscope is equipped with a X,y stage (Prior Scientific) and
a MS-10 stage controller (Renishaw) providing a position resolution of 0.5 um and connected
to an InVia Raman spectrometer (Renishaw). Laser excitation was 532 nm with a grating of
1800 I mm™. Long working distance objectives (Leica, Wetzlar, Germany) were used with a
magnification of x50. The scattered light was collected by the objective and directed to a
tuneable grating and then to a Peltier cooled charge coupled device (CCD). Prior to use, the
Raman spectrometer was calibrated to a silicon reference band and the signal adjusted to 520.4
cmL. Further details on this setup and its application can be found in the results and discussion

section.

4.2.5 Electrochemical and spectroelectrochemical experiments
Electrochemical measurements were performed using an in-house constructed cell with an
Hg|HgO|1M KOH reference electrode (RE, Forschungsinstitut Meinsberg, Germany), a Pt wire
(Goodfellow) as counter (CE), and a 25 um Pt ultramicroelectrode (UME, RG = 10,
Sensolytics) as one working electrode. The thin film electrode was electrically contacted by a
flat silver ring realizing a homogeneous conductivity over the substrate and was used as a
further working electrode (WE 1) during the experiments. The term “WE 17 refers to the
connection port of an Autolab bipotentiostat PGSTAT 128N (Metrohm) which was employed
to perform all electrochemical experiments. The UME always served as a second working
electrode.

Coupling between bipotentiostat and WIRE 3.3 Raman instrument software (Renishaw) was
realized by scripted SECM software (Sensolytics) or Nova 1.9 software (Metrohm) allowing

for stage position controlling and changing, Raman single measurement execution, and data
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saving at each potential. Combination of the single point measurement data sets to lines or

arrays would be possible as well.

The electrochemical cell was filled with 0.1 M KOH electrolyte and equipped with the thin film
electrode at the bottom as well as with the RE, CE, and UME. CVs of the UME were recorded
between -0.6 and 0.4 V vs. Hg|HgO|1L M KOH until a stable response was observed. Then a
potential of -0.6 V was applied until a constant current response resulting from the reduction of
dissolved oxygen from air was observed, which was usually the case after 10 min. With this
potential applied to the UME, an approach curve was performed towards the thin film electrode
to establish the suitable working distance, which was set as the distance where the UME current
decreases by about 25 % of its initial value. This UME approach was monitored with the
inverted microscope and absolute distances of 20 — 30 um between thin film electrode and UME

were determined.

Afterwards chrono-amperometry (CA) with discrete potential steps from 0.1 to 0.7 V vs.
Hg|HgO|1 M KOH was applied to the thin film electrode (WE 1) with 100 mV step™ between
0.1 and 0.4 and 10 mV step™* between 0.4 and 0.7 V vs. Hg|HgO|1 M KOH while the potential
of -0.6 V was still applied to the UME. Each potential was held for 30 s for equilibration and
the current at both the thin film electrode and UME were recorded simultaneously. For data
evaluation, the last current values of the equilibration time were taken. The execution of the
single Raman measurement followed while all potentials were still applied. During this time,
the current changes were negligibly small. After finishing the Raman measurement, the next
potential was applied to the thin film electrode. In some cases the experiment had to be stopped
before reaching 0.7 V because of the observed high current density at the UME and concomitant
bubble formation (presumably oxygen) at the thin film electrode that impedes the continuation
of the experiment. The obtained Raman spectra were background corrected by subtracting the
spectrum recorded at OCP at the very same position of the thin film. In a control experiment, a
bare ITO-coated quartz glass electrode was exposed to the same experimental conditions and
no changes in the obtained spectra were observed while the electrochemical procedure was

applied.

Subsequently to the described spectroelectrochemical procedure, linear sweep voltammograms
(LSV) were recorded from 0.1 to 0.7 V vs. Hg|HgO|1 M KOH with a scan rate of 1 mV s
whereby again a potential of -0.6 VV was applied to the UME. CV was further used to
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characterize the thin film electrodes between 0.0 and 0.65 V with scan rates of 5, 10, 20, and
50 mV s without recording the UME response.
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4.3 Results and discussion

4.3.1 System design
While the technical description of the novel setup was given in the experimental part, the
following section will highlight the general thoughts behind the development. As mentioned,
one important aspect is that we chose a geometry where an opposite arrangement of UME and
Raman microscopy is used to probe a sample deposited onto a transparent electrode employing
SECM and Raman microscopy. This arrangement allows keeping the typical SECM geometry
unchanged. In particular, the limited space around the UME may hinder the simultaneous
probing with a second (e.qg., spectroscopic) technique due to the geometry of the insulating glass
body around the UME and the low sample to UME distance which is in the order of the UME
metal diameter. This advantage certainly comes at the disadvantage that optically transparent
electrodes have to be used to be able to couple in the Raman laser light from below the sample.

The setup is designed in a way that the electrochemical microscope is mounted on top of an
inverted microscope (i.e., at a position which is usually used for the installation of a light
source). The inverted microscope may simply be used as an optical microscope, as shown in
our previous work.**#4 However, when coupled to a Raman spectrometer, the resulting Raman
microscope may be used to obtain spectroscopic information of the sample under investigation
(Figures 1a and 2a).

Although standard SECM measurements are possible with this setup, certainly for the
simultaneous spectroelectrochemical measurements the focus of the Raman microscope and the
position of the UME should be fixed to each other. The manual stepper screws at the SECM
allow an easy and precise positioning of the UME in x and y direction into the desired position,
which is typically above the sample spot which is in the focus of the Raman microscope. On
the other hand, the electrochemical cell is placed on the 2D-moveable stage of the Raman
microscope, allowing for position change via software control. Thus, mapping experiments
would in principle be possible; however, different to classical SECM experiments, it is not the
UME which is moved across the sample, but the substrate would be moved in x and y direction
while keeping the focus of the Raman microscope and the UME at the same position. Figure la
represents the schematic setup of the electrochemical cell with UME above the focus area of
the microscope, reference (RE) and counter (CE) as well as the working electrode (WE1), which
is the transparent thin film electrode at the bottom of the cell. Figure 1b shows a picture of the

installed system mounted onto the inverted microscope.
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UME

CE

WE1

Figure 1: Developed setup for the in situ measurements. Schematic representation with UME, ultramicroelectrode;
WE 1, working electrode (here: thin film electrode); RE, reference electrode; CE, counter electrode; and Raman
microscope from below (a) and a picture of the installed SECM instrument (b).

4.3.2 Ni and Ni/Fe thin film electrodes for the oxygen evolution
reaction (OER)

Ni and Ni/Fe thin film electrodes were prepared by electrodeposition. A constant cathodic
current of 50 pA cm was applied to the ITO-coated transparent electrodes in the respective 10
mM metal salt solutions for a defined time. Deposition curves of all samples can be found in
Figure Sla of the supporting information together with their cyclic voltammograms
(Figure S1b). The Ni/Fe ratio of the mixed thin film electrodes depends on the concentration
ratio of the used metal salts in the deposition solution. However, the exact composition of the
films differs strongly from that in solution as also reported by Louie et al.>* To determine the
composition of the deposited films ICP-OES analysis was carried out for all samples after the
spectroelectrochemical experiments. As summarized in Table S1 the amounts of Fe are 3-7
times higher than the composition of the deposition solution. The ICP-OES analyses were
carried out after all electrochemical experiments in 2 ppm Fe-containing KOH, which provides
an additional contribution to the overall Fe content in the samples. This becomes particularly
obvious for the Ni-only film in which 6% Fe was found although there was no Fe added to the
deposition solution. To study the effect of Fe, nickel electrodes with Fe contents between 0 and
30% were used for the experiments. Note that these and all following values for the Fe content
refer to the experimentally determined ones (see above). It was excluded that the OTE material
itself contributes to the amount of Fe. Further morphological characterization by scanning

electron microscopy showed film thicknesses < 50 nm for all samples (Figure S2).
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Figure 2: Scheme of the sample generation-tip collection (SG/TC) mode of SECM with additional Raman data
acquisition (a) and the potential profile where the UME is held at a constant potential (-0.6 V) while the sample
electrode (WEZL) is modulated with discrete potential steps in positive direction (b).

For the determination of oxygen evolution activity, the sample generation/tip collection
(SG/TC) mode was chosen. Here, the Pt ultramicroelectrode in working to the thin film
electrode and is polarized to a potential of -0.6 V. A constant cathodic current is observed,
which results from air/oxygen dissolved in the potassium hydroxide solution. The current at the
UME will increase as soon as additional oxygen is evolved by the thin film. The thin film
electrode potential is increased stepwise, while a Raman spectrum is recorded at every potential
together with the UME and thin film electrode current. The scheme of the experimental setup
can be found in Figure 2a while the potential profile applied to UME and thin film electrode
(WE1) is shown in Figure 2b.
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Figure 3: Current densities measured at the thin film electrodes (a) and corresponding UME response at -0.6 V for
oxygen detection (b) during chrono-amperometric experiments in 0.1 M KOH; the data represents the last value
after holding the respective substrate potential for 30 s as displayed in Figure 2a. All measurements were performed
in solutions of commercial KOH with the exception of the Ni-only thin film electrode (0% Fe) measured in purified
KOH solution; lines connecting the data points are intended as a help for the eye.

The electrochemical results obtained during spectroelectrochemical measurements are
summarized in Figure 3. In Figure 3a the currents measured at the thin film electrodes in

dependence of the applied substrate potential (Ewe1) are displayed. The corresponding currents
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measured at the UME are shown in Figure 3b. By increasing the substrate potential in the
positive direction, an anodic current between 0.53 and 0.6 V can be observed at those samples
containing a low iron amount (6 and 7% Fe). This current is lower at the 15% Fe sample and
vanishes at the 22 and 30% samples. The observed current results from the Ni(OH). to NiOOH
oxidation®>*® that is known to shift to more positive potentials with higher iron content.*”-? In
the literature, electrochemical and iodometric analysis of the NiOOH showed oxidation states
> 3.67*® which indicates a number of transferred electrons > 1 during the redox process.®* In
general, the area of the redox peaks decrease with increasing iron content, as also visible in CVs
(cf. Figure S1b). At more positive potentials the evolution of oxygen starts, indicated by a strong
increase of the current at Ewe1 > 0.57 V. Obviously both the oxygen evolution and the Ni"
oxidation overlap each other, impeding the determination of onset potentials. However, at more
positive potentials, a differentiation between the samples is possible and the samples with 7,
15, and 22% Fe showing the highest currents at 0.63 V, while the lowest current can be found
at the nickel-only electrode in iron-free KOH solution which is in accordance with the
literature.®® The results of the corresponding measurements at the microelectrode in a close
distance to the electrode thin film illustrate that the chosen setup can provide additional
information about the OER while not being affected by redox transitions at the thin film
electrode (Figure 3b). In all cases, a negative current appears depending on the applied potential
which is caused by the reduction of oxygen evolved at the thin film electrode. From these
corresponding curves the onset potentials for the OER can be determined with higher precision.
The onset potential was defined as the potential where the current density at the microelectrode
changes by more than 20% compared to the preceding quasi-linear region (< 0.59 V) and are
displayed in Table 1.

Table 1: Onset potentials from Figure 32,

sample Eonset/ V
Ni (Fe free) 0.68
6 % Fe 0.63
7% Fe 0.60
15 % Fe 0.59
22 % Fe 0.62
30 % Fe 0.63

apotentials are referred to a Hg|HgO|1 M KOH reference electrode.

Raman spectra were recorded at each potential, at which the electrochemical data displayed in

Figure 3 were obtained. Background corrected in situ Raman spectra of selected thin film
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samples (6% and 22% Fe) in dependence of the applied potential are shown in Figure 4. Spectra
of the other samples are summarized in Figure S4 in the supporting information. Reference
experiments demonstrating the negligible influence of the ITO on the current responses as well

as on the Raman spectrum can be found in Figure S3a and S5 and in the supporting information
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Figure 4: In situ Raman spectra of Ni thin film electrodes containing 6% (a) and 22% Fe (b) in dependence of the
applied potential. All spectra are background corrected by subtracting the initial spectrum at OCP, and the
determined onset potentials are highlighted.

In both series of spectra (Figure 4a and b) as well as in all other (Figure S4 in the supporting
information) two pronounced bands appear at 475 and 557 cm™* with increasing potential which
can be assigned to Ni-O vibrations in y-NiOOH#**3* and which are known to have a high cross
section.> Only for the 30% Fe sample, the band at higher wavenumbers is significantly shifted
to lower value (550 cm™). For enhanced clarity the respective Raman spectra of all samples at
0.63 V are displayed in Figure 5a. With increased Fe content the band intensity at 475 cm™
decreases stronger in comparison to the 557 cm™ band. For quantification, the ratio of the
absolute band intensities (l47s/ls57) was calculated for all samples and plotted against the applied
potential (Figure 5b). It is known that with increased Fe content the band ratio decreases which
is a result of introduced disorder by iron atoms.>**! Accordingly, the highest ratio can be found
in the Fe free sample. However, for the low Fe samples (< 7% Fe) a potential dependency of
the band ratio can even be found. After reaching a maximum (0.57 — 0.6 V), the ratio decreases
with increasing potential which might be due to structural changes during electrochemical
stress. Furthermore, the potential at which both bands indicate beginning y-NiOOH formation
is shifted to more positive values with increased Fe content (Figure 5b) which is in accordance

with the electrochemical characterization (Figure 3a and S1b).
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Figure 5: Raman spectra of all Ni and Ni/Fe samples at 0.63 V (a) and the band intensity ratio in dependence of
the applied potential (b). The onset potential of oxygen evolution determined by SECM (Figure 3) is highlighted
for each sample by a square frame in the respective color, and the arrow indicate the effect of increased Fe content
on the l475/1557 band ratio.

In order to discuss the SECM results obtained in the Raman-coupled experiment, the onset
potential as an important kinetic parameter reflecting the apparent beginning of the OER is
marked red in all spectra (Figure 4 and S4) as well as in the band ratio evaluation (square frames
in Figure 5b). In all cases y-NiOOH is present before oxygen evolution is observed. However,
introducing small amounts of Fe introduces disorder into the y-NiOOH phase as concluded
from the decrease of l475/1ss7 band ratio. Additionally, the onset potential shifts to considerably
lower values. Introducing a certain amount of disorder (15% Fe in the present case) results in
strongly enhanced OER activity, while a further increase of Fe content (> 15%) might be
unfavorable. Thus, the general conclusion may be drawn that while y-NiOOH seems to be
necessary to obtain OER activity, its presence is not sufficient and additional changes in the

structure occur which in this case is the disorder from introduced Fe atoms.

In order to verify in a dynamic voltammetric manner, the electrochemical results obtained
potentiostatically with the in situ setup and to gain further insight into the electrocatalytic
behavior of the Ni and Ni/Fe thin film electrodes, linear sweep voltammetry with low scan rates
as a quite common electrochemical method to characterize electrocatalytically active materials

towards a gas evolution reaction was performed (Figure 6a).
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Figure 6: Linear sweep voltammograms (scan rate: 1 mV s1) of the thin film electrodes; the arrow indicates the
shift of the oxidation peak with increasing Fe content (a), and the simultaneously recorded currents at the UME in
0.1 M KOH (b); the arrow indicates the region of onset potentials for the OER as determined with this method,
and the inset shows the enlarged 0.5 — 0.65 V region.

Again, the strong overlap of currents due to Ni'' oxidation with those due to oxygen evolution
is apparent, influencing a Tafel analysis of the kinetic region. Thus, in addition, the UME
currents were recorded where again the UME was held at constant potential (-0.6 V) to monitor
oxygen evolution (Figure 6b). Clearly the LSV curves of the thin film electrodes strongly
change with increasing Fe content. The well pronounced oxidation peak of Ni(OH)2 to NiOOH
at the bare nickel film vanishes with increasing iron content, and the peak position shifts from
0.56 V to ~0.63 V in the 22% Fe sample and disappears with 30% Fe. The 15% Fe sample
shows the formation of a double peak at 0.56 V and 0.6 V, which might be a result of the
formation of different structures. This redox behavior is also visible in CV experiments (Figure
S1b). The onset potentials for oxygen evolution might be determined in the same way as in the
spectroelectrochemical experiment, and although there are slight differences to the steady-state
experiments, the order of OER activity of the samples is the same. It can be concluded that the
potentiostatic approach required for the spectroelectrochemical experiments is justified since it

yields electrochemical results comparable to the classical LSV approach.

The inset of the 0.5 — 0.65 V region in Figure 6b showing the UME response provides further
information about the processes taking place during the structural changes of the Ni and Ni/Fe
thin film electrodes. Beside oxygen detection that dominates the current response of the UME
other noticeably weaker effects can be observed before reaching the OER onset. At those
potentials where the Ni'' oxidation in the LS voltammogram of the thin film electrodes (Figure
6a) appears, an increase of the cathodic current of ~5 pA cm at the UME can be found, which
was not observed during the potentiostatic experiments. This additional cathodic current can

only be found in the pure Ni thin film and in the samples with a Fe content up to 15%. With
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increased Fe content it either vanishes or merges inseparably with the OER potential region.
The observation of additional currents is in contrast to Chen et al., who found decreased UME
currents right before reaching the onset potential at a NixOy electrode;*® these differences might
be attributed to the lower LSV scan rate used in our experiment. The most likely explanation
of this unexpected feature is the release of “active” oxygen or peroxide species that evolve
during the y-NiOOH formation as suggested based on spectroscopic findings.>> Recently
amorphous NiOx films were studied by rotating ring disk electrode (RRDE) measurements to
determine the reaction pathway of the OER. A slow catalytic OER within the first anodic peak
(NiOOH formation as confirmed by our in situ spectroscopic experiments) during dynamic
voltammetric experiments was supposed which may be a result of the decomposition of
peroxide ions.> As this phenomenon could only be observed in dynamic voltammetric
experiments (CV, LSV) and not during steady-state (cf. Figure 3) this would be in accordance
to the observations in the literature. As known from ORR catalysis research, SECM may help
to identify intermediates, e.g., peroxide with higher collection efficiency than in RRDE
experiments.>*>® This collection efficiency might be the reason why the additional oxygen
formation is visible in the LSV experiments with oxygen detection at the UME. In addition, the
prepared thin film electrodes are non-porous which minimizes reabsorption of released
molecules. Our results may substantiate the suggestions by Smith and Berlinguette® on another
active center evolving oxygen, albeit slowly, at significantly lower overpotentials resulting in
the observed current response of the UME during y-NiOOH formation.
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4.4 Conclusion
In this study, we demonstrated the realization of a setup combining Raman and SECM
measurements as an advanced tool of spectroelectrochemical research bringing the benefits of
the individual techniques together while leaving the classical SECM geometry undisturbed. To
highlight the applicability of this setup, Ni and Ni/Fe thin films deposited onto transparent ITO
electrodes were studied towards the OER. The potential-depended electrochemical responses
of the respective film and the ultramicroelectrode were recorded and the onset potential as an
important kinetic parameter was determined by evaluating the microelectrode currents. The
lowest OER onset potential (~0.59 V) was found for the Ni/Fe film containing 15% Fe. From
the Raman spectra recorded simultaneously the development of a y-NiOOH phase was observed
where the band ratio of the prominent double band at 475 and 557 cm™ decreases with
increasing Fe content which is attributed to introduced disorder. Furthermore, it is demonstrated
that although the presence of the y-NiOOH phase is necessary to obtain high activity for OER,
its presence is not sufficient and other structural changes (i.e. introduced disorder by Fe atoms)
must occur. Further LSVs with oxygen detection at the UME surprisingly showed additional
very weak reductive currents before the OER onset potential is reached, especially at those thin
films with low Fe content. The currents are observed in the same potential region where the
transition of Ni(OH)2 to y-NiOOH is found electrochemically and spectroscopically and might
be a result of a weak oxygen or peroxide evolution at low overpotentials at a different
catalytically active site. In general, with the application of our novel in situ
spectroelectrochemical setup we were able to provide novel insight into structure, structural
changes and resulting activity of NiFe oxides/hydroxides, correlating a certain disorder induced
by Fe with high activity as well as the formation of y-NiOOH with the appearance of weak

oxygen/peroxide evolution activity.
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4.6 Supporting information
To demonstrate the essential features of the Raman-coupled scanning electrochemical
microscope, Ni and Ni/Fe thin film electrodes were prepared by chrono-potentiometric
electrodeposition. A cathodic current of 50 pA cm™ was applied over a period of 1000 s. The
corresponding E/t-curves are displayed in Figure S1a. The atomic ratio of the respective metal

sulfates (10 mM deposition solution) were adjusted as shown in Table S1.
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Figure S1: Chrono-potentiometric curves of the deposition in the respective metal salt solution (a) and cyclic
voltammograms of all prepared thin film electrodes in 0.1 M KOH, scan rate 5 mV s* (b).

The composition of the thin film electrodes determined via ICP-OES (Table S1) showed high
amounts of Fe in all samples which (in accordance to other work, see main text) is in all cases
higher than the relative proportion in the deposition solution. Additional Fe introduced into the
films is likely caused by the presence of Fe in the 0.1 M KOH solution.

Table S1: Composition of the deposition solutions and the ICP-OES results of the composition of the Ni and Ni/Fe
thin film electrodes determined after dissolving them in 5 ml concentrated HNO:s.

atomic ratio of the [Fe] /mg L* [Ni]/mgL? wt% Fe
deposition solution

Ni* <LOD 0.284 0

Ni** 0.032 0.496 6.1
Ni99Fel 0.036 0.503 6.7
Ni975Fe25 0.063 0.345 154
Ni95Fe5 0.121 0.433 21.8
Ni90Fel0 0.133 0.316 29.6

*used in Fe free solution, **Additionally, in this solution 1.89 mg L indium and 0.223 mg L™ tin were found
resulting in 10.6 wt% Sn in Sn/In (m/m).

To exclude an influence of the substrate on the Fe content, X-ray photoelelectron spectroscopy
(not displayed) of the bare indium-doped tin oxide (ITO) electrode was performed without
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finding any traces of Fe. The surface composition was found to be 10.3 wt% Sn in Sn/In
(evaluating the areas of In 3p®? and Sn 3pY? peaks). This value correlates to the bulk
composition of Sn/In that was additionally determined using ICP-OES (Table S1).

Figure S2: Electron microcopy image of the sample containing 30 % Fe sample after the electrochemical
characterization procedure, the thin film is visible with dark shadow-like appearance above the bright ITO layer,
the white scale bar represents 500 nm.

To get an impression of the morphology of the prepared thin films individual samples were
studied with scanning electron microscopy. As displayed in Figure S2, on top of the non-
conductive quartz substrate (dark) a bright layer of ~100 nm thickness can be found. This layer
is likely composed of ITO and the thickness is in accordance to the manufacturer information.
An additional darker region on top of the ITO with a thickness of 20 — 50 nm on the average is

attributed to the deposited thin film layer containing also larger agglomerates.

Raman spectra were corrected by subtracting the initial spectrum at OCP potential. As shown
in Figure S3a broad Raman features at ~500, 600 and 800 cm™ can be observed that are

attributed to the conductive indium-doped tin oxide layer.
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Figure S3: In situ Raman spectra of the Fe free Ni sample in 0.1 M KOH at OCP and at 0.63 V and the resulting
corrected spectrum (a) and an example of an approach curve to the ITO substrate as well as theoretical approach
data of a 25 um microelectrode (b).
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As mentioned in the experimental part, the UME was positioned by an approach curve
measurement bringing the UME to the ITO substrate while a constant reductive potential (-0.6
V) was applied. This experiment could even be controlled by the inverted microscope. An
example of such an approach curve which is representative for all other curves can be found in
Figure S3b showing the normalized current (i/io) plotted against the relative tip-to-sample
distance. Comparing the obtained curve with theoretical data of a negative feedback a sufficient

accordance can be found.

The in situ Raman spectra of the 6% and 22% Fe containing samples are displayed in the main
text (Figure 4). All the other spectra which were obtained during the coupled experiments are
shown in Figure S4. As stated in the main text, the 30% Fe sample shows a shift of the 557 cm’
! pand to lower wavenumbers (550 cm™). Additionally in this sample, a third weak band can be
found as a should of the 475 cm™ band at ~ 500 cm™.
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Figure S4: In situ Raman spectra of Ni thin film electrodes in Fe-free solution (a) and with 7 % (b), 15 % (c) and
30 % Fe content (d) in dependence of the applied potential, the onset potential detected by the UME is highlighted
for every sample; all spectra are background corrected by subtracting the initial spectrum at OCP.

To exclude any effects from the transparent conductive substrate, the bare ITO electrode was

even examined by the very same procedure as the Ni and Ni/Fe thin film electrodes. The results
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can be found in Figure S5a where the current densities of the electrode and the UME response
are plotted against the applied potential. Here, the UME response shows a starting oxygen
evolution at potentials > 0.69 V, but the current density increase of the electrode as well as the
UME response are magnitudes lower than in Figure 3. It can be concluded that the activity for
the OER of the bare ITO is significantly lower than those of the Ni and Ni/Fe films. Also the
Raman spectra are not affected by the ITO substrate which can be concluded from Figure S5b.
The substrate shows Raman bands as already mentioned at ~ 300, 600 and 800 cm™ which do
not change during potential modulation. By subtracting the initial spectrum at 0.1 V as in Figure
S3a these peaks can be removed. As a result, other raising bands are only attributed to the

structural changes in the Ni and Ni/Fe thin film electrodes.
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Figure S5: Current densities measured at the bare ITO electrode as well as the UME response (red) at -0.6 V for
oxygen detection (a) and corresponding in situ Raman spectra in 0.1 M KOH (b), please notice that the current
densities are magnified by a factor of 1000 in comparison to the results in Figure 3 showing Ni and Ni/Fe thin film
electrodes, lines connecting the data points are intended as a help for the eye.

Thus, indium-doped tin oxide on quartz glass can be used as adequate transparent and

conductive material, which can be applied as electrode in such in situ experiments.
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5 Raman microscopy and SECM as complementary techniques

The content of this part has been published as

A complementary Raman and SECM study on electrically conductive coatings based on

graphite sol-gel composite electrodes for the electrochemical antifouling

Reprinted from S. Ackermann, M. Steimecke, C. Morig, U., M. Bron, Journal of the
Electroanalytical Chemistry 2017, 795, 68-74 with permission from Elsevier, Copyright
© 2017.

DOI: 10.1016/j.jelechem.2017.04.029

Abstract

The surface of electrically conductive coatings based on a sol-gel lacquer with graphite as
conductive additive that were developed for the use in marine antifouling technology was
examined with two powerful surface characterization technigues, namely Raman microscopy
and scanning electrochemical microscopy (SECM). These two methods provide information
about the distribution of compounds as well as conductivity. A correlation of these two
techniques reveals that not all conductive material contributes equally to the overall
conductivity. Furthermore, the coating was examined with respect to its spatially resolved
electrocatalytic activity towards the evolution of chlorine and oxygen which are the main active
molecules generated during electrochemical stress. The comparison of the very same area
showed electrocatalytically active hot spots with higher rate of generation of these species
compared to the value averaged over the electrode area, and the results could be correlated to

conductivity and graphite particle distribution.

component surface electrochemical
distribution conductivity reactivity
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5.1 Introduction

In the presence of water, biofouling, which is the undesired growth and adhesion of micro- and
other small organisms, is ubiquitously occurring on all surfaces. The process of biofouling is
known as the adsorption of biopolymers followed by the adhesion and growth of micro- or
multicellular organisms on a surface. Caused by nutrient deficiency and inflow,
microorganisms such as bacteria or algae form a strongly pronounced extracellular matrix that
can adsorb irreversibly at a surface [1-3]. Biofouling is a cost-intensive problem providing the
basis of a billion dollar industry producing chemicals for biocides, cleaners and antifouling
materials [4].

In seawater, simultaneously to this process, multicellular marine organisms such as macro
algae, fungi, barnacles and mussels start growing inhomogeneously into the water phase [3,5,6].
Thereby the surface roughness and in consequence the flow properties of the respective
compartment change unfavorably. For example, on underwater ship hulls this phenomenon can
increase the hydrodynamic drag causing an increase of more than 80 % of fuel consumption at
a pre-adjusted velocity of the ship. The blocking of cooling water pipes and ballast tanks are
other unwanted consequences. Up to now, no universally acting antifouling coating is known
and should not be expected, since the conditions and the biotopes dependent on the marine
nutrients, their different composition and concentration, temperature and salt concentration.
Therefore, there is great demand for a long-term stable and universally operating surface
modification to prevent biofouling. The state of the art is determined by continuously improved
antifouling paints grouped in two categories: biocide containing coatings consisting of copper
containing [6] and copper-free polymeric lacquers, and fouling release coatings, which are
slippery or have impenetrable glassy surfaces such that fouling organisms have an extremely
weak grip on it [7]. Electrically conductive coatings for the electrochemical removal of biofilms
are a promising alternative in this field but require cheap and easily processible conductive
coating materials. Conductive coatings based on carbon as conductive additive [8], modified
carbon [9] as well as metals, e.g. titanium [10], steel [11] or semiconductors [12] have already
been studied for the electrochemical removal of biofilms in various applications and can be
possibly applied as electrode material at the hull or other relevant parts such as heat exchanger
and pipes of a ship and prevent them from marine biofouling. Cathodic [13,14] or anodic
currents [8,10] as well as alternating currents [15] can be applied to the conductive coatings
working as electrodes in a way that the applied voltages are higher than the decomposition

voltage of water which finally creates a pH stress in a thin water layer around [16].
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Thus, actively controllable antifouling surfaces could be an alternative approach in the near
future. Sandrock and Scharf proposed the application of electrochemically generated pH stress
by alternating adjustment of alkaline and acid pH values at the surface of electrically conductive
surfaces [17,18]. Spohn et al. [19,20] developed large area and paintable electrodes consisting
of a highly conductive paint layer over coated by an outer, electrochemically stable layer with
much lower conductivity to achieve a homogenous distribution of electrolysis current density.
These electrodes are based on inexpensive and easily processable conducting paints and were
deposited onto steel plates by roller coating. Seawater was electrolyzed by those alternatingly
polarized large area electrodes to achieve a controlled electrochemical antifouling at the
electrode surfaces. Up to now, the marine application of such electrochemical antifouling
systems is limited by the electrochemical stability of the outer coating layer [20].

However, this principle is inherently combined with the electrochemical oxidation and

reduction of seawater according to the following reactions:

At the anode:

2CI—-2Cl-+2¢ (1)
2 Cl- — Clp (2)
Cl; +H,0 »OCI+Cl+2H*  (3)
20H > 2-0H+2¢ (4)
2 -OH — H202 (5)
H202 > 02+ 2H +2¢ (6)
and at the cathode:

H*+e — H- (7)
H- +H0 + & — Hot + OH (8)
O2+2H"+2e — H02 (9)
H202 + 2 H" +2e"— 2 H20 (10)

Thus, the electrochemically generated pH stress is inherently combined with a redoxchemical
stress [16,21]. The generation of the highly reactive species, the oxidative -Cl and -OH, and the
reductive H- is assumed to be limiting for the electrochemical stability of the electrodes
consisting of graphite particles embedded in a polymer matrix. If the -OH radicals do not
recombine fast enough, they will attack the graphite, likely starting at edges with hydroxylation
followed by formation of carboxylate groups, ring opening and release of carbon dioxide.

Similarly, the highly reactive chlorine atoms will attack the electrode surface, preferably the
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polymer matrix. The H- radical is a highly reactive reductant, which can donate electrons to
aromatic systems inducing the addition of protons and resulting in a hydrogenation. At least in
highly acidic electrolytes hydrogen atoms can be intercalate and hydrogenate graphite
destabilizing it [22].

In this contribution it is shown how the application of complimentary surface characterization
techniques can improve our understanding of structural features and electrochemical processes
at the surface of polymer graphite composites and how they are connected. Raman microscopy
as a non-contacting, non-destructive and non-invasive technique can provide spatially resolved
information about components, their chemical structure and distribution on a surface (Raman
mapping). In surface and corrosion science the method is, for example, used for product
determination and distribution in corrosion experiments of metals [23] or protection agents [24],
as well as locally introduced stress in materials [25]. The evaluation of all obtained Raman
spectra at the respective position leads to a distribution (often displayed in form of a topography
map) of single or multiple components. Hence, in the presented study this technique allows to
differentiate between conductive and isolating zones formed by graphite and the polymeric
lacquer matrix, respectively, on a micrometer scale based on the D and G Raman bands of
graphite.

Scanning electrochemical microscopy (SECM) [26,27] is a laterally highly resolving method
to determine the distribution of (electro)chemical processes occurring on a substrate, typically
an electrode. Beside many other research fields, this technique is applicable to investigations
of corrosion processes [28-30]. In all cases of SECM imaging, an ultramicroelectrode (UME)
is moved stepwise in a short distance over the sample surface. After each step, an
electrochemical experiment is carried out at the UME to provide information about the
underlying substrate or (electro)chemical properties at the respective location. Thus, SECM can
be named a true “chemical microscopy”. In this work two different modes of SECM are used
for surface characterization. As the most straightforward mode the feedback mode, where an
oxidation or reduction reaction at the UME is enhanced or diminished, provides information
about the electrical conductivity or inertness of the sample surface at the location of the UME.
As a result a map showing insulating and conductive regions can be created. The second mode
used here is the sample generation-tip collection (SG/TC) mode, during which electroactive
molecules, e.g. oxygen and/or chlorine are formed at the sample surface which can be detected

by the UME in close distance above the sample. This mode results in maps of the intensity and
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distribution of electrode reactions. The SG/TC has already been used for the visualization of
the chlorine evolution reaction (CER) [31,32] as well as the oxygen evolution reaction (OER)
[33,34]. Both Raman microscopy and SECM provide complimentary information about the
surface structure and the electrochemical behavior of the surface as already demonstrated before
[35,36]. An instrument combining Raman microscopy and shearforce regulated SECM was

reported as well [37].

The correlated information may also help to understand electrode processes in more detail and
furthermore might help to improve the fabrication and properties of electrochemical antifouling
coatings. More generally, it is shown how the combination of the used powerful surface
characterization tools may help to gain insight into the structure and localized electrochemical

properties of heterogeneous surfaces.
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5.2 Experimental

5.2.1 Preparation of the conductive coating samples

Electrically conductive polymer graphite composites were deposited on planar and rectangular
copper samples resulting in a precisely defined electrode area of 30 x 50 mm2. First the hybrid
sol-gel components A: NTC 2K Et-Sil 110 Marine and B: NTC curing agent Et-Sil (both Nano
Tech Coatings GmbH, Tholey) were mixed for 5 min in a double centrifuge (Speedmixer DAC
150 SP, Hauschild, Hamm) in a mass ratio of 3:1. Between 0 and 35 wt.% graphite flakes (cat.
no. 282863, particle size < 20 um, Sigma-Aldrich) were added as second constituent to the
premixed lacquer followed by mixing for additional five minutes. The coating layers were
applied to the substrate via a foam roll resulting in an average coating thickness between 100
to 300 um determined by scanning electron microscopy (not displayed). After 48 hours of
drying at air the samples were sandblasted and polished with a polishing machine (Saphir 320
instrument with SiC wet grinding paper 200/2400, both ATM GmbH, Mammelzen) to obtain a
smooth surface. The roughness of the prepared electrode surface was determined by a
profilometer (Dektak XT, Bruker) to Ra = 0.17 pm and a maximum height deviation of R; =
1.01 pum. The samples were named after the lacquer supplier followed by the content of
graphite, i.e. NTC-G20 is a coating sample containing 20 wt.% graphite. The rectangular
sample area for probing was defined by fixing stripes of an adhesive tape (Tesa®, 50 pum
thickness) enabling the relocation of the investigated area by Raman microscopy as well as by
SECM. This finally allows for a comparison of the corresponding images.

5.2.2 Determination of conductivity

To directly determine the specific conductivity of polymer lacquer coatings the four point
method of Valdes [38] was used in combination with a measurement of the coating layer
thickness. To exclude the effect of the copper substrate the samples were prepared analogously
as described above but on a plastic carrier. A measuring probe with four identical and spring-
loaded gold contacts with ball shaped tips were connected to a source of a precisely defined
current of 100 mA, the Source Measurement Unit SMU 236 and a 2010 multimeter (both from
Keithley, Tektronix GmbH, Germering, Germany). The voltage drop was measured between
the inner contact tips. The specific resistivity was calculated from the recorded voltage current
line, the layer thickness and the equidistance of 10 mm between the contact points taking into
consideration the geometric parameters according to Miccoli et al. [39], Valdes [38] and Lu et
al. [40].
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5.2.3 Scanning electrochemical microscopy
An SECM instrument (Sensolytics GmbH, Bochum, Germany) consisting of stepper motors for
positioning in X, y and z direction with an Autolab bipotentiostat (PGSTAT128N, Metrohm)
was used to perform SECM experiments. A four electrodes setup was employed with a 10 um
platinum ultramicroelectrode (Sensolytics GmbH) as working electrode (UME), the sample as
second working electrode (WE), a platinum mesh as counter electrode (CE) and a
Ag|AgCI|KClsat, (SE 21, Forschungsinstitut Meinsberg, Germany) as reference electrode (RE).
An electrochemical cell (Sensolytics GmbH) was mounted on a selected sample (see below)
where an O ring as gasket prevents leaking of the redox mediator solution containing 2 mM
Ks[Fe(CN)e] in 100 mM KCI (both salts from Carl Roth, Karlsruhe, Germany) at pH = 7. All
experiments were performed potentiostatically. For the feedback experiments a potential of
Eume = -0.15 V vs. Ag|AgCI|KClsa. was applied to the UME resulting in a constant feedback
current while the sample (WE) was at open circuit potential (OCP). For height positioning, the
ultramicroelectrode was approached to the sample until the current changed by 25 % from the
current in bulk solution, irrespective of whether a positive or a negative feedback was observed.
Approach curves were recorded at various positions of the sample. Prior to each experiment,
the ultramicroelectrode was polished with 0.3 um polishing paper (Sensolytics) followed by
rinsing several times with water and ethanol. To investigate the quality of the
ultramicroelectrode several cyclic voltammograms in the potential range of 0.5 to -0.2 V vs.
Ag|AgCI|KClss with scan rates of 50 and 100 mV st were recorded in the bulk mediator solution
until a stable response was observed. Typical SECM images were collected by moving the
UME in a comb-like mode along the sample. Further parameters of the SECM images are given

in the result section. For data visualization the open source software Gwyddion 2.31 was used.

For the determination of electrochemical activity of the sample surface towards oxygen and
chlorine evolution a slightly basic 1 M KCI solution (pH = 8 via KOH addition) was used to
roughly mimic sea water conditions. The SG/TC mode was chosen, in which evolved oxygen
and/or chlorine at the substrate electrode were detected at the UME. To establish these SECM
experiments, UME voltammograms were recorded to identify a suitable potential, at which
chlorine can selectively be detected in the presence of oxygen, and the potential range, in which
the sum of both can be determined. To do so, an electrolysis was carried out by applying 1.6 V
vs. Ag|AgCI|KClsat. for 10 min to the substrate. A strong chlorine smell could be noticed after
a while indicating a successful electrolysis process. In subsequent CV experiments at the UME

in the bulk the relevant potential for chlorine reduction was identified and separated from those
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for oxygen reduction, resulting in the following conditions for SECM measurements: At the
substrate (WE) potentials (Es) of 1.2 V and 1.3 V vs. Ag|AgCI|KClss. are applied to generate a
potential-dependent oxygen and/or chlorine evolution. Both potentials were derived from
substrate CVs between 0.0 and 1.5 V with 50 mV s in the 1 M KCI solution. At the UME
(Eume) 0.4 V and -0.3 V vs. Ag|AgCI|KClsa. were applied for the reduction of the evolved
chlorine and oxygen molecules. It should be noted that for the subsequent SECM measurements

a fresh substrate was used, since the strong electrolysis might have altered its properties.

Measurements in SG/TC mode where directly carried out after the feedback experiment in
Ks[Fe(CN)s]/KCl mediator solution without a second approximation of the UME to the
substrate. Instead, the mediator solution was carefully exchanged three times by deionized
water and then by 1 M KCI (pH = 8) solution keeping the UME position or height unchanged.

During the experiments the solution was continuously saturated with Na.

5.2.4 Raman spectroscopy
A Raman microscope consisting of an InVVia Raman spectrometer (Renishaw) with 1800 | mm’
! grating, a 532 nm laser (Cobolt CW DPSS, 100 mW, Renishaw) and a light microscope
(DMI2000, Leica, Wetzlar) with a x20 objective was used to perform Raman mappings.
Mapping recordings were realized by means of the Streamline™ imagine mode (Renishaw)
with a tunable stage (Prior) and a stage controller (Renishaw) allowing a position resolution of
100 nm. During these measurements more than 40 positions on the sample were measured in
parallel. With an illumination time of 30 s for each position around 6000 spectra were recorded
within 75 min resulting in a lateral resolution of 2.7 um per single spectrum. Data evaluation

of the mapping was performed with the WIRE 3.3 software (Renishaw).

71



5.3 Results and discussion

5.3.1 Specific conductivity and local conductivity
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Figure 1: Logarithmic plot of the specific conductivity of the cured sol-gel layer in dependence of the graphite
content Mgraphiee 2dded to the mixture of the laqueur components including a fit to determine the percolation
threshold (black line) as well as the obtained specific conductivity of all samples (red).

Figure 1 shows the logarithmic plot of specific conductivity of the coatings as a function of the
graphite content. Starting at a graphite content of 15 wt.% graphite the conductivity is
exponentially increasing to values > 0.1 S m™, which we assume as a critical value for using
0.1 mm thick layers of graphite-sol-gel composites as electrodes for water electrolysis on a
substrate with high conductivity, e.g. copper. A percolation threshold of 10 wt.% graphite can
be derived (black line). The graphite content in the sol-gel coating may be increased to 30 wt.%
achieving specific conductivities > 7' S m™ but this is accompanied with a too high roughness
which leads to improved settlement of microorganisms at the surface [20]. Therefore, and
because of a near optimum value of specific conductivity between 0.5 und 1 S m™ the NTC-
G20 lacquer with 20 wt.% graphite (0.6 S m™) was chosen for further investigations as a

compromise between conductivity, mechanical stability and roughness.
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Figure 2: Approach curves performed at four different positions on the NTC-G20 sample. All currents are
normalized to their values in bulk solution (Eume = -0.15 V vs. Ag|AgCI|KCls, in 2 mM [Fe(CN)g]*, 100 mM
KCI) as well as theoretical approach curves of a 10 um UME to a conductive (red) and an insulating surface (blue).
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In contrast to the specific conductivity measurements which probe the whole sample, SECM in
feedback mode was used to gain insight into basic properties of the coating and in particular
about the locally resolved electrochemistry and surface reactivity. Prior to this, it was necessary
to analyze the UME response when approaching to the substrate surface of the NTC-G20
sample. In Figure 2 approach curves to different positions of the substrate are displayed together
with the feedback responses of a microelectrode of 10 um in diameter as expected from theory
[41-43]. Atindividual positions of the substrate, positive (curve 1) as well as negative feedback
approach curves (curve 4) are obtained which closely fit to the theoretical ones. Such results
are to be expected from a substrate which consists of conductive (graphite) and insulating (sol-
gel lacquer) components and the curves can be associated with the respective pure components
determining the UME feedback. At a conductive part of the surface, [Fe(CN)s]* produced at
the microelectrode is oxidized back to [Fe(CN)s]*. Since electron transfer (ET) is considerably
faster than diffusion into the bulk, the concentration of [Fe(CN)e]*" is restored rapidly in the gap
between substrate and UME upon approaching the surface which results in a positive current
feedback. Approaching of the UME to insulating surface segments, a negative feedback is
observed since hindered diffusion leads to a depletion of [Fe(CN)s]* in the vicinity of the UME.
However, the portion of curves showing a positive feedback was relatively small reflecting the
low amount of graphite (20 wt.%) in the sample. Some of the obtained approach curves showed
a behavior comparable to curves 2 and 3 in Figure 2. While approaching from the bulk, the
curve represents the behavior above a conductive substrate and a slight current increase is
found. At a certain distance, the current turns into a negative feedback response. This behavior
is common for conductive additives in an insulating matrix where heterogeneous Kkinetics is
limited [43]. Here, the slow electron transfer (ET) rate of [Fe(CN)s]* at the graphite substrate
together with the hindered diffusion into the gap leads to a turnaround in the current response
when the UME is approaching the substrate. In addition, the used conductive additive may
expose different surfaces structures (edge-plane and basal-plane sides of graphite). Considering
the random distribution of micrometer graphite particles in the sol-gel matrix, it can be expected
that graphite edge-plane sites are exposed to the surface which provide high electrochemical
activity [44-46], also for the [Fe(CN)s]*/[Fe(CN)s]* redox couple [47]. The individual
composition of the lacquer at the position where the UME is approached decides which is the
apparent heterogeneous rate constant (kesr) and as a consequence which feedback responses is
obtained [43].

73



Summarizing the above, SECM images of the NTC-G20 substrate should provide both negative
and positive feedback. Given the low graphite content in the lacquer, negative feedback regions
should dominate and would represent surfaces exposing insulating sol-gel lacquer containing
no or very low amounts of graphite. Positive feedback regions will be observed at positions
where mainly graphite particles are exposed to the surface realizing high conductivity at the

respective positions.

However, the resulting SECM images are certainly strongly influenced by the resolution
achieved with the experiment, which in turn is influenced by several factors. The most
important one is the metal electrode diameter of the UME which limits the maximum achievable
resolution [26]. Closely related to this, the tip to sample distance is strongly influencing the

resolution as well as the distance and size of active spots or particles.

5.3.2 Comparison of the electrochemical topography and Raman

microscopy
SECM imaging was used to visualize the local reactivity distribution that is caused by the
conductive graphite in the lacquer. The distribution of graphite in the NTC-G20 sample can
also be observed by light microscopy (Figure 3a) showing graphite particles with higher light
reflection, however the partly transparent sol-gel matrix prohibits distinction between parts that
are actually electrochemically available and those which are fully sealed by lacquer, but still
visible. Thus, to correlate composition with electrochemical reactivity Raman microscopy was
used to distingue between the respective components at the surface. The spectroscopic response
of the lacquer matrix shows only weak peaks and fluorescence in the studied wavenumber
region (not shown). As a result, the Raman microscopy focuses on the conductive additive,
which provides strong spectroscopic features as shown in Figure 3b. The strong G-band at 1584
cm™ and the very week D-band at 1352 cm™ are typical for the sp? hybridization of graphite.
Additionally, the D’-band can be found at 1625 cm™. It can be assumed that the lacquer
synthesis process may not harm the graphite material, however the abrasive polishing process
could introduce some defects at the surface. Using this spectrum as a reference, information
about the distribution of this component can be generated. At each position several Raman
spectra were recorded in parallel to analyze the distribution of graphite. From the obtained data
surface maps of the components were generated. As described in section 2.1, the sample was

carefully defined to get a fitting overlay of Raman and electrochemical images. This allowed
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to combine two independently obtained analytical results to improve the allocation, assignment

and also the quantification of chemical components.

intensity / a.u.

Figure 3: The surface of a NTC-G20 sample investigated by light microscopy (a), the Raman spectrum of graphite
between 1200 and 1700 cm™* using 532 nm excitation (b), SECM image in feedback mode with 3 um tip to sample
distance with Eume = -0.15 V vs. Ag|AgCI|KClsy. in 2 mM [Fe(CN)g]*, 100 mM KCI (parameters: x-/y-increment:
10 pm, max. speed: 10 pm s, waiting time: 20 ms; red colors display high feedback currents and thus high
conductivity) (c) and Raman microscopy image consisting of ca. 6000 evaluated single spectra showing the
distribution of the spectrum shown in (b) where the red colored areas correlate > 90%, the white arrow indicates
the position of a 20 x 20 um graphite particle (d).

Comparing the SECM image at 3 um tip to sample distance with the Raman image (Figures 3c
and d), significant differences between the graphite particles shape and distribution and the
mapping of the feedback current are visible. Not all graphite particles identified by Raman
microscopy correspond to reactive areas indicated by the UME feedback current. It is assumed
that some carbon particles or only parts of them are covered by a thin isolating layer of lacquer
or are not linked to the conductive network in the lacquer matrix. It may also be that the amount
of carbon at the position probed by the UME is too low. All these effects would result in a
negative feedback. As discussed above, in case the probed position consists of graphite particles
only, a pure positive feedback would be obtained, indicating high conductivity and fast electron
transfer kinetics. As an example, a single ~20 x 20 pum electrochemically available graphite
particle or agglomerate is indicated in Figure 3d (white arrow) showing enhanced reactivity in
the SECM feedback experiment, which can be clearly identified by Raman microscopy. From

the obtained complementary results, it can be concluded that graphite particles are
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homogeneously distributed within the insulating sol-gel matrix. Individual parts are exposed to

the surface and can act as electrochemically reactive spots.

5.3.3 Correlating surface conductivity and electrocatalytic activity
To correlate distribution of active material and reactivity with electrochemical activity for
antifouling purpose, laterally resolved SG/TC experiments were performed. Besides activity
we were focusing also on the selectivity with respect to the anodic oxidation of water in the
presence and in the absence of chloride (equations 1 and 2 and 4-6), since this selectivity and
may have strong consequences for the technical application of the layers in electrochemical
antifouling. Therefore, it was necessary to evaluate the UME response towards the respective
reaction products (chlorine, oxygen) produced at the graphite-containing lacquer. Cyclic
voltammograms were recorded at the UME in the absence and in the presence of chlorine and

oxygen.

—N, saturated

— air saturated 10.10 £
— after electrolysis 5

—— NTC-G20 substrate ] -

L/_/f/—/ 40.00

iUME / nA

& " A b
A S

0.4 -02 00 02 0.4 06 0.8 1.0 1.2 1.4
E/V vs. AglAgCIKCI_,

Figure 4. CVs obtained at a 10 um Pt UME in a 1 M KCI solution (pH = 8) purged with nitrogen (black) or air
(red). The blue curve was obtained after 10 min of electrolytic chlorine evolution by polarizing the substrate to 1.6
V vs. Ag|AgCI|KClsat, the grey curve in the lower-right-hand corner shows a CV of the NTC-G20 substrate in the
same solution. The potentials applied to the substrate in the following SG/TC experiments of SECM are marked
with dashed lines. The scan rate was 50 mV st in all cases.

Figure 4 shows cyclic voltammograms recorded in 1 M KCI (pH = 8) with the respective gas
dissolved. The black curve shows the UME response in the solution purged with inert gas
(nitrogen) and only double layer features can be found. After saturating the solution with air,
reductive currents at potentials < 0.2 V are observed (red line). These reductive currents are
attributed to the oxygen reduction reaction. In the absence of oxygen (purging with nitrogen)
and after 10 min of polarizing the sample electrode to 1.6 V vs. Ag|AgCI|KClss. for chlorine
production, a voltammograms (blue line) was recorded at the Pt UME. Here, the cathodic

reduction starts at a potential around 0.9 V indicating the presence of chlorine. A maximum of
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the reductive current can be found at 0.4 V. Thus, the potential to detect chlorine was set to 0.4
V, which is still far away from the beginning oxygen reduction. Furthermore, the sum of oxygen
and chlorine was detected at -0.3 V.

Suitable substrate potentials for the SG/TC experiments were chosen based on a substrate CV
recorded between 0 and 1.5 V in the very same solution (Figure 4, grey curve). A strong anodic
current dominates the CV beginning at potentials of 1.1 V beside double layer charging and
features attributed to surface functional groups (~0.6 V). From this CV, 1.2 V and 1.3 V where
chosen for the SG/TC experiments to study the beginning gas evolution and in particular to
avoid gas bubble formation which would occur at higher potentials (~1.5 V).
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Figure 5: SECM measurements in SG/TC mode with 3 um tip to sample distance (parameters: X-/Y-increment:
10 um, max. speed: 10 pm s, waiting time: 20 ms), Eume/Es: 0.4 V/1.2 V (a); -0.3 V/1.2 V (b); 0.4 V/1.3 V (c); -
0.3 V/1.3 V (d) all potentials vs. Ag|AgCI|KClsy. reference electrode, the solution was saturated with N2 during
the experiment and the white arrow in (a) shows the very same position as in Figure 3d. Please note the different
tip current scales, which were chosen to clearly demonstrate distribution of activity.

SECM images of the SG/TC measurements with tip and substrate polarized to the above-
mentioned potentials are shown in Figure 5. These measurements were carried out at exactly
the same area as those shown in Figure 3. As described in the experimental part, the feedback
mediator solution was carefully removed, the cell cleaned with water several times and again
filled with 1 M KCI (pH = 8) whereby the UME remains at the same position and the same tip
to sample distance as in Figure 3. In Figures 5a and b the substrate electrode potential (Es) was
adjusted to 1.2 VV and in 5¢ and d to 1.3 V, with the left figures (a and c) indicating chlorine
formation at the substrate (UME polarized to 0.4 V), while the right figures indicate both

chlorine and oxygen formation (UME polarized to -0.3 V). The much higher tip currents of
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Figure 5b compared to Figure 5a as well as of 5d compared to 5¢ (please note the different
current scales used in Figure) allows the conclusion that at -0.3 V both chlorine and oxygen are
detected by the UME. Furthermore, the strong increase of the UME current is in accordance
with the exponential increase of the substrate current (cf. Figure 4, grey curve) in this potential
region. Since dissolve oxygen from air was eliminated by constant nitrogen flushing, the fact
that the image representing chlorine evolution displays lower currents than that indicating both
chlorine and oxygen evolution demonstrates that oxygen and chlorine were simultaneously
generated both at 1.2 and 1.3 V at individual lateral positions at the sample electrode.
Furthermore, the images show an inhomogeneous distributions of the UME currents (and
conversely oxygen and chlorine generation) over the sample area with sharp contours. The
contours of active spots seem to be reproducible even after changing the potential. For the sake
of completeness, SECM images at OCP (~0.6 V) were obtained at both UME potentials (not
displayed) and no structures or contours as in Figure 5 were found but rather a homogeneous
surface with noise in the range of a few pA. In Figure 3a a single graphite particle or
agglomerate (20 x 20 um) is indicated (white arrow) which was identified as large graphite
particle by Raman spectroscopy and which already showed high conductivity during the SECM
feedback experiment. The position of the particle at the surface is also shown in the SG/TC
experiment (Figure 5a) where in comparison to the surrounding area increased chlorine
evolution can be found. Obviously, at the chosen potential the apparent beginning of the
chlorine/oxygen evolution reaction can be observed. Increasing the potential, the UME current
increases and the sharp contours start to fade due to diffusion of the chlorine molecules into the
solution. Comparing Figure 5 with Figure 3c, the identified particle can be considered as an
electrochemical active domain or “hot-spot” that is creating chlorine and oxygen and

concomitantly a pH level change.

As reported elsewhere, the same graphite sol-gel lacquer was successfully applied in long-term
seawater tests of an electrochemical antifouling procedure to prevent the growth of barnacles
and mussels [48]. From this results and those of the present study, we can conclude that active
domains in the size of several tens of micrometers providing combined redox and pH stress are

obviously sufficient to avoid the settlement of marine organisms at the relevant areas.

5.4 Conclusion
This work demonstrates that scanning electrochemical microscopy can resolve the

electrochemical activity and conductivity distribution of conductive particles in a non-
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conductive matrix at the micrometer range. The conductive areas of the coating attributed to
incorporated graphite particles correlate well with the component distribution found by Raman
mapping and the chlorine/oxygen formation detected at various substrate potentials in the
SG/TC mode. It can be assumed that these several micrometers large, electrocatalytically active
hot spots, which are formed in the insulating matrix, constitute the electrodes where various
electrochemical processes can hinder the settlement of organisms. However, to perform the
electrochemical and spectroscopic correlation, a careful sample preparation is necessary to

investigate the very same area.

From a more general point of view, this combination of Raman microscopy and scanning
electrochemical microscopy is demonstrated to be a powerful tool in the investigation of
heterogeneous electrode surfaces which might find further application e.g. in the investigation
of chlorine electrolysis, oxygen reduction, and oxygen evolution electrodes, where a detailed
knowledge of component, activity and conductivity distribution might help to improve the

manufacturing processes of such electrodes.
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6 SECM for the characterization of carbon materials

The content of this part has been published as

A linear sweep voltammetric procedure applied to scanning electrochemical microscopy

for the characterization of carbon materials towards the vanadium(IV)/(V) redox system

Reproduced from M. Steimecke, S. RUmmler, M. Kihhirt, M. Bron, ChemElectroChem 20186, 3,
318-322 with permission from John Wiley and Sons, Copyright © 2016.

DOI: 10.1002/celc.201500386

Abstract

A linear sweep voltammetric procedure applied to scanning electrochemical microscopy is
presented to investigate carbon materials towards their activity for vanadium redox reactions of
relevance for redox flow batteries. A linear sweep voltammetric experiment is performed at an
ultramicroelectrode (UME) in close distance to an electrocatalytically active material,
triggering a competition situation where both the UME and the material compete for the same
molecule (VO?"). Depending on the redox activity of the catalytic material at the applied
potential and thus the consumption of VO?*, a decreased current in the detection sweep at the
UME is observed. After evaluating relevant experimental parameters using a glassy carbon
electrode as substrate, the mode is applied to a commercial carbon material where its redox
behavior was examined and compared with results from cyclic voltammetry. Finally, it is shown
that the presented linear sweep voltammetry—scanning electrochemical microscopy (LSV-

SECM) method can be used as a mean of visualizing catalytic activity.
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6.1 Introduction
With the aim of achieving the turnaround in energy policy renewable energies such as wind
energy or photovoltaics received much attention over the last years. In Germany the share of
renewable energies has increased up to 27.8 % of the overall power generation in 2014.1
However, their fluctuating availability calls for efficient energy storage methods beside
transportation and energy saving approaches. Redox flow batteries are a promising part of the
solution for efficient energy storage because of their relatively low cost, large capacity and
scalability.” In particular, the all vanadium redox flow battery (VRFB) working with the
VZ*/\/** redox pair at the negative electrode and the VO*/VO?* redox pair at the positive
electrode received much attention over the last years. Low cross contamination due to the
presence of the same element at both sides, low cost, long lifetime and high energy efficiency!®!
are the major advantages of these systems. In contrast to other electrocatalytic reactions, which
require noble-metal catalysts, carbon-based electrode materials such as felts, fleeces, non-
wovens or other three-dimensionally linked conductive carbon fibers can be used as comparably
cheap catalytic electrodes at both electrode sides of the VRFB, realizing a wide operation
potential range with minimal hydrogen and oxygen evolution.[ A variety of carbon materials,
including surface-modified carbons that could be used in combination with these electrodes,
have been investigated towards their ability for the electrochemical conversion of the V'V/vV
redox couple, such as hydroxylated carbon fibers,[® nitrogen-doped graphene!® as well as

precious metal catalysts.["]

Scanning electrochemical microscopy (SECM) has developed into a state-of-the-art method in
electrocatalysis research where beside other topics much of academic research is done on the
fuel cell technology.[® For example, the oxygen reduction reaction (ORR) has been examined
via redox-competition SECM over noblel® and non-noble metal catalysts[‘% to determine their

activities as well as to monitor intermediates, that is, hydrogen peroxide.

In this study, we present a voltammetric procedure operating in a competition mode which is
designed for the characterization of carbon-based electrode materials towards the V'V/VV redox
couple, which is known to be slower and more difficult to understand than the redox reaction
at the negative electrode.[***1 SECM tip voltammetry over conductive substrates has previously
been used to study processes occurring at interfaces*? and can provide information about
products, reactants and kinetics.[**l Voltammetric procedures in combination with SECM have

furthermore been used for studying fast changes in concentration profiles™* or as an imaging
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technique.!*® Similar to these methods we use a voltammetric experiment at the microelectrode
to characterize the substrate electrode decorated with a catalyst film. To evaluate the suggested
method, experiments were carried out with a bare glassy carbon (GC) electrode as proof of
principle and to determine the influence of the scan rate. Afterwards, a porous carbon was
examined for its potential dependent ability of oxidizing V'V to VVV. Finally, it is shown that the
suggested procedure applied to SECM can be used for visualizing the activity of a catalyst spot
on a non-carbon electrode material as well.
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6.2 Results and discussion
In order to enable characterization of carbon materials towards their ability of oxidizing VO?*
using SECM a number of experiments with different methods and conditions, such as constant
potentials or pulse profiles, pH values, UME materials and so forth, were carried out by us. All
of them resulted in unreliable or unreproducible results. In particular, applying a constant
potential leads to a fast decay of the current at the UME. It turned out, however, that a
voltammetric method is well-suited to investigate the catalytic activity of carbon electrodes and

films.

To monitor the behavior of the UME and to determine a suitable potential range for the SECM
investigations, cyclic voltammograms were recorded with and without the addition of VOSO4
(Figure 1). In contrast to technical applications the concentration of the redox active molecule
VOSO; was reduced to 10 mM due to the use of an UME and a HSO4/SO4% buffer (pH 2) was

used to avoid pH changes during the LSV experiments.

—— 0.5 M HSO,-/SO,” buffer (pH = 2)
+10 mM VOSO,

j/ mA cm?

™ 0, reduction

H, evolution

03 00 03 06 09 12 15
E/V vs. Ag|AgCIKCI_

Figure 1. Cyclic voltammograms between -0.25 and 1.4 V vs. Ag|AgCI|KCls,. at 10 mV st of the 25 um Pt UME
in buffer solution (pH = 2) and after adding 10 mM VOSO.

In both CVs the reduction of oxygen from air (< 0.5 V vs. Ag|AgCI|KClsat), which displays a
well-pronounced diffusion limitation below ca. -0.1 V vs. Ag|AgCI|KClsa. and which could be
used to perform approach curves, as well as the evolution of hydrogen in the acid solution at
the Pt UME (< -0.25 V vs. Ag|AgCI|KClsst.), can be observed. An additional increasing
oxidation current is observed at potentials > 0.9 V vs. Ag|AgCI|KClsa. in the solution containing
10 mM VOSOs, which corresponds with prior studies at bulk Pt electrodes.!*® However, a
diffusion limitation of this current, which would be quite typical for an UME response, cannot
be observed even at more positive potentials and might be due to the oxygen evolution that is
happening in competition to the V'V oxidation at the Pt UME at Eume> 1.3 V or due to formed
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adsorbates consisting of SO4?" and HSO4-coordinated V' and V¥ molecules.[*®! Obviously, it

is possible to detect V'V species at the UME in solution using a potentiodynamic approach.

With the information from Figure 1 a competition experiment based on a linear sweep
voltammeric (LSV) procedure at the UME was devised to characterize carbon electrode
materials for their ability to oxidize V'V to VV in an indirect way. A single sweep from 0.8 to
1.4 V vs. Ag|AgCI|KClsy. was applied to the 25 um Pt UME as VO?* detection sweep. Such
linear sweep voltammograms were performed with different scan rates while the UME was
placed 20 um above a GC plate electrode as substrate. To invoke the competition situation,
different discrete values of constant potentials were applied to this GC electrode. It should be
noted that between 75 — 100 LSVs (pretreatment) under the same conditions are necessary to
be performed at the start of the experiment in order to create a reproducible response of the
UME. During the pretreatment procedure (not shown) the linear sweeps are quite similar to
those displayed later with the only difference of a decay in the maximum oxidation current with
increasing sweep number. A strong decrease during the first 10 sweeps finally approaching a
constant, stationary response is observed. In general, a pretreatment of the UME is always

beneficial to equilibrate the electrode surface and to stabilize appearing adsorbates.!
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Figure 2. a) Linear sweeps voltammograms with different scan rates (10, 100 and 200 mV s*) in 10 mM VOSOs-
buffer solution (pH = 2) performed at the UME, which was placed in 20 um distance above a GC electrode that
was polarized to different potentials Esu, and b) the normalized current densities obtained at the last data point of
the LSV (1.4 V vs. Ag|AgCI|KClsa) at different scan rates for all applied substrate potentials Esup.

Afterwards the potential at the GC electrode is changed stepwise in positive direction while one
detection sweep at the UME is performed for each substrate potential. The LSVs with scan rates
of 10, 100 and 200 mV s at the UME while the substrate GC electrode is polarized to Esup =
0.8 and 1.5 V vs. Ag|AgCI|KClsat. are shown in Figure 2a.
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The higher potential at the GC electrode results in lower oxidation currents during the LSV at
the UME, which is attributed to the decreased concentration of V'V in the UME diffusion field
due to the consumption by the GC plate electrode. Based on Figure 2a the UME current at E =
1.4 V was used for further evaluation as shown for different potentials of the GC electrode
between Esup = 0.8 and 1.5 V in Figure 2b where the current densities were normalized to the
value at 0.8 V (jo) for comparison. For the scan rates used (10 — 200 mV s™) at the UME the
detection efficiency is scan-rate-independent. In summary, it is possible to use LSV
experiments at the UME with constant potential at the substrate to invoke a competition suitable
to investigate redox activity of the substrate for V'V oxidation. All following experiments were
performed with LSV scan rates of 200 mV s to speed up the measurements. As mentioned
above and shown in Figure 2 the GC itself seems to be active for the oxidation of V'V, as during
the detection sweep at the UME the current decreases with increasing potential applied to the
GC electrode, resulting in a decrease of the concentration of V!V in the diffusion field of the
UME. The curve in Figure 2b seems to form a broad transition region with slow increase in
catalytic activity with an ill-defined onset and V' still being detectable at 1.5 V. Nevertheless,

an onset potential about 1.1 V can be determined for the GC electrode.

The thus established experimental procedure is applied in the following to a commercially
available carbon material (HG3, see experimental section), and the results compared with those
of cyclic voltammetry. Figure 3a shows the CVs of the bare cylindrical GC electrode (black)
and the HG3 carbon in 0.1 M VOSO4/3 M H>SO4 (blue), which is close to the technical
requirements and in the 10 mM VOSOs-buffer (pH 2) solution (red dashed), as used for the
SECM experiments. The V'V/VV redox couple at the HG3 carbon film can be found at 0.98 for
the oxidation and 0.90 for the reduction, which leads to a reversible potential of 0.94 V vs.
Ag|AgCI|KClsy. at pH ~ 0. The mechanism of the conversion of V'V/VVV at carbon-based
electrodes can be explained with covalent bond formation of the vanadium ions with surface
groups, such as carboxyl groups, and a subsequent electron transfer.l!”] Different contributions
of the carbon structures as edges and basal plains are discussed.*]
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Figure 3. a) CVs of bare GC and HG3 carbon on a GC electrode in 0.1 M VOSO4/3 M H,SO4 (pH ~ 0) and in 10
mM VOSO4-buffer solution (pH = 2) solution, scan rate 50 mV s and b) current densities of the UME at 1.4 V
vs. AQ|AgCI|KClsy. obtained via LSV above the HG3 sample on an ITO electrode (Esw: 0.8 — 1.3 V vs.
AQ|AQCI|KClsy, increment 10 mV); inset: logarithmic normalized current densities of the transition region
between 0.9 and 1.05 V.

The peak difference of 80 mV is an indicator of a good reversibility of the redox reaction
catalyzed by the carbon material. In contrast, in the buffer solution (pH 2) only the oxidation of
V"V could be observed whereas the reduction peak is nearly absent. The peak potential of the
oxidation could be determined as 1.14 V vs. Ag|AgCI|KClsat., which is much higher than the
expected change to more negative potentials. It can be concluded that under the chosen
experimental conditions the redox behavior is deteriorated considerably when changing the pH

to higher values as already described for pH > 1.4

To compare the results with the devised LSV-SECM procedure it was decided that, due to its
own catalytic activity towards the V'V/VVV redox reaction, GC electrodes should be avoided as
substrate material for the LSV-SECM characterization of carbon materials towards this
reaction. Another well-known electrode material, indium-doped tin oxide (ITO) on quartz glass,
was therefore chosen as substrate to investigate the redox activity of the deposited carbon
material. For an easier examination of the HG3 catalyst film and for positioning of the UME
the electrochemical cell with the transparent electrode was mounted on an inverted microscope

equipped with an SECM.

Figure 3b shows the current values from the linear sweeps at the UME (last data point at 1.4 V
from LSV, similar to Figure 2) obtained at various potentials of the HG3 sample prepared on
an ITO substrate (Esus). An S-shaped and nearly symmetric course with comparably well-
pronounced onset and end are observed in contrast to the GC electrode experiments. In the

beginning the current at the UME is only slightly decreasing until a certain onset potential

88



(Esub~0.91 V vs. Ag|AgCI|KClsat) is reached. Thereafter the current rapidly decreases as caused
by the increasingly positive potential applied to the HG3 catalyst spot in 20 um distance of the
UME and the resulting consumption of VO?* ions. In the inset of Figure 3b a logarithmic plot
of the normalized absolute current densities (initial current density at the UME jo of 0.8 V vs.
Ag|AgCI|KClsat, was subtracted from all data) can be found for the transition region of the
obtained data. The resulting plot shows linear behavior in the range of 0.9 — 1.05 V vs.
Ag|AgCI|KClsa. and the slop could be determined as 120 mV dec™®. This value may be used as
a kinetic parameter that reflects the relative consumption of V'V at the carbon-based material
determined in an indirect way. Hence, the parameter provided by this method supplies a
comparative value that can be used for analyzing and comparing different catalyst material.
This method thus complements CV measurements, which, although providing valuable
information about the system, suffer from the difficulty to determine the onset potential due to
overlap with the capacitive currents. Furthermore, when going to practical catalysts investigated
in thin-film configurations, peak separation in CV, which is often used as a parameter, in our
experience strongly depends on film quality and thickness and thus might lead to erroneous

results

The linear sweep voltammetric procedure applied to SECM allows a comparably simple way
to determine the onset potential, which has been previously described for other catalytic
reactions such as the oxygen evolution reaction (OER).[*°) Furthermore it is demonstrated that
the HG3 sample, which has been designed for electrochemical purposes, is a catalyst material

with excellent features to be used as positive electrode in VRFB.

As demonstrated above, the suggested procedure combined with SECM may be used to
characterize electrocatalysts towards their activity in the VO?* redox reaction. However,
certainly one strength of SECM is the possibility to perform spatially resolved experiments, for
example, to investigate and visualize active site distribution over a planar electrode. As a proof
of principle, the evaluated method was used as an imaging technique to visualize the activity of
a spot of HG3 carbon deposited on an ITO electrode. After the pretreatment procedure, line
scans of 1000 um with a step size of 25 um were performed and are displayed in Figure 4. In
the regime of 0.8 — 1.10 V vs. Ag|AgCI|KClss. a good contrast between the catalyst film and the
electrode material is visible as well as the increasing activity of the carbon spot. By approaching
the UME to the catalyst spot the current decreases even before reaching the spot which is a
result of already occurring conversation at the catalyst film and a hindered diffusion to the
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center of the UME. The curve at 0.8 V even shows only minor contribution of the topography
of the catalyst thin film (< 1 um). The current above the blank ITO electrode also decreases in
the chosen potential range, possibly attributed to the consumption of VO?* at the neighboring
catalyst spot or the ITO electrode itself. In future studies this imaging method will allow to
analyze and compare several catalyst spots or even arrays very quickly for their ability of
oxidizing VO?* to VO,*. Other applications might include monitoring activity distribution and

degradation behavior over carbon-based electrodes.
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Figure 4. LSV-SECM line scans of a 500 um HG3 sample spot on ITO electrode at the very same position with
different substrate potentials applied, Esuw: 0.80, 0.95, 1.00, 1.05 and 1.10 V vs. Ag|AgCI|KCls, the region
highlighted in yellow represents the position of the catalyst spot determined from the optical image of the
microscope, the arrow in the left corner indicates the scan direction.

6.3 Conclusion
The described LSV-SECM method expands the possibilities of characterizing materials for the
VVIVV redox reaction by using model experimental conditions. It allows analyzing catalytic
activity and on-set potentials as well as activity distribution of catalyst spots by performing a
LSV experiment at an ultramicroelectrode positioned close to the active materials. Initial data
on Kinetic parameters may also be obtained, although this method has to be evaluated further.
The presented method is useful for imaging purposes and may finally help to identify materials
which may be utilized as electrode in VRFB and to understand the redox process in more detail.
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6.4 Experimental Section

6.4.1 Preparation of catalyst suspension
For thin film electrode preparation, 20 mg of Porocarb HG3 carbon (Hereaus AG, Germany)
and 10 pL Nafion 119 solution (5 % in lower aliphatic alcohols, DuPont, USA) were mixed
with 2 mL acetone (Roth GmbH, Germany) and suspended in an ultrasonification bath for 4 h
to create an ink. In case of the CV measurements in 0.1 M VOSO4/3 M H2SO4 (see below) a
similar ink but with 5 pl Nafion was used.

6.4.2 Electrochemical experiments
A cylindrical GC electrode (4 mm diameter embedded in a PTFE cylinder) was used as
substrate to investigate the porous carbon in a thin film configuration with cyclic voltammetry.
Prior to thin film deposition it was cleaned with alumina oxide paste (1.0 and 0.3 um) and water
on a polishing cloth until a mirror finish was obtained. A 5 ul aliquot of the catalyst ink was
pipetted onto the GC electrode and slowly dried in an acetone atmosphere. Cyclic voltammetry
of the carbon sample deposited onto the cylindrical GC electrode was performed with a
Gamrypotentiostat PGI4 controlled by the Gamry Framework 2.67 software in a one
compartment glass cell employing the catalyst-coated GC electrode as working electrode (WE),
a Pt wire as counter electrode (CE) and an Ag|AgCI|KClsa reference electrode. Cyclic
voltammograms (CV) were obtained in 0.1 M VOSO4/3 M H2S0O4 solution between 0.4 and 1.2
V vs Ag|AgCI|KClss. and in 10 mM VOS04/0.5 M HSO4 /S04 buffer between 0.40 and 1.55
V vs. Ag|AgCI|KCls. with scan rates of 100 mV st. All electrochemical and SECM

experiments were carried out at room temperature.

6.4.3 Scanning electrochemical microscopy
All SECM experiments were performed in a 0.5 M HSO4/SO4* buffer prepared with a 1:1
molar mixture of the potassium salt solutions creating a pH of 2. As vanadium(IV) source
VOSO;s (Roth GmbH, Germany) was added to give a concentration of 10 mM. All solutions
were handled in air and prepared with MilliQ water (< 0.055 pS cm™).

For SECM measurements, two different materials were used as substrate electrodes: a glassy
carbon plate (GC, Sigradur G, 1x1 cm, HTW Hochtemperatur Werkstoffe, Thierhaupten,
Germany) and ITO on quartz glass (indium-doped tin oxide, 2x2 cm, pgo GmbH, Iserlohn,

Germany). The GC was polished with 1 pum and 0.3 pm alumina paste and afterwards with
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distilled water. The ITO electrode was pretreated with acetone, ethanol and water in an
ultrasonification bath for several minutes and dried in air afterwards. For the preparation of
catalyst spots on the ITO electrode 0.4 pL of the catalyst ink was pipetted with a HPLC syringe
into a perforated household tape (Tesa® with stamped hole ~500 um in diameter) which was
glued on the ITO electrode prepared earlier. After drying of the catalyst film the tape was

carefully removed.

A scanning electrochemical microscope with software (Sensolytics GmbH, Bochum, Germany)
and an Autolab bipotentiostat (Metronm B. V., Netherlands) controlled by the Nova 1.9
software were used to perform the experiments employing the GC plate electrode as substrate.
For investigation of the ITO electrode decorated with HG3 carbon a modified SECM instrument
(Sensolytics GmbH, Bochum, Germany) mounted on an inverted optical microscope (DM
2500, Leica, Wetzlar, Germany) with a 3D-stage (Prior, UK, 0.5 um position resolution) and
software control for x, y positioning was used, similar to a setup described by Oyamatsu.?% A
self-written script was realizing the execution of each LSV experiment, exporting and saving
the data and the position change of the microelectrode in the imaging experiment. In all
experiments a 25 pm Pt ultramicroelectrode (UME, RG=10, Sensolytics GmbH, Bochum,
Germany) was used as working (WE 1), a miniaturized Ag|AgCI|KClsa: (Metrohm, B. V.,
Netherlands) as reference and a coiled Pt wire as counter electrode. Either the GC electrode or
the ITO electrode decorated with HG3 carbon was connected as second working electrode (WE
2). For all experiments, the UME was lowered to touch the electrode surface and then lifted up
20 pm. In case of the ITO electrode the positioning of the UME above the HG3 sample could
be easily controlled via the inverted microscope, however UME positioning was carried out in
the same way before moving above the sample spot. Unless otherwise specified, LSV
experiments at the UME were performed between 0.8 and 1.4 V vs. Ag|AgCI|KClss with 200
mV s after a 5 s quiet time while discrete values of substrate potentials (Esu,) were applied to
the GC plate or the catalyst coated ITO electrode and modulated in positive potential direction
with either 100 mV step? (GC) or 10 mV step® (HG3 on ITO). To equilibrate the UME
response 75-100 LSVs were carried out before the experiment started and again a resting time
of 5 s was applied before each LSV. Line scans with a step size of 25 um where performed at

different substrate potentials.
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7 Microwave-assisted functionalization of high-purity carbon nanotubes

The content of this part has been published as

The effect of rapid functionalization on the structural and electrochemical properties of

high-purity carbon nanotubes

Reprinted from M. Steimecke, S. Rimmler, M. Bron, Electrochimica Acta 2015, 163, 1-8 with
permission from Elsevier, Copyright © 2015.

DOI: 10.1016/j.electacta.2015.02.142

Abstract

In this study the microwave-assisted functionalization of high purity carbon nanotubes
(BayTubes®) with well-known oxidation agents such as 5 and 10 M nitric acid, 10 % hydrogen
peroxide solution, a mixture of both, or 0.2 M potassium permanganate, is investigated and
compared to CNTSs treated by conventional oil bath heating. The obtained CNT materials are
characterized with a variety of bulk and surface characterization techniques (XPS, Raman,
TGA, TEM) and the obtained results could be correlated successfully with the severity of the
treatment and the electrochemical properties of the CNTs. Depending on the oxidation agent
oxygen containing functional groups are introduced into the CNTs where the chemical
constitution of the functional groups in a hydrogen peroxide treated sample is significantly
different from those by all other treatments. As a result the electrochemical behavior is strongly
influenced which is clearly demonstrated by the absence of the quinone-type redox couple in
this sample, which is found in all other samples. Finally, the time dependence of a nitric acid
treatment is investigated and the obtained results allow setting up tailored procedures for
functionalization of high purity carbon nanotubes resulting in materials with a controlled
amount of oxygen containing functional groups that can be used for a variety of further

synthesis steps.
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7.1 Introduction
Commercially available carbon nanotubes like BayTubes®, which are characterized by small
diameters and diameter distributions, a highly ordered structure and high purity (for BayTubes®
>95 %) [1] have been studied in several fields of research and application such as (bio)polymer
science [2,3] as conducting adhesive, energy storage materials [4] and catalyst supports [5].
Due to their high conductivity and improved stability resulting from the highly extended
graphitic planes, high purity CNTs like BayTubes® are also of interest in electrocatalysis as
support for precious [6] or as non-precious metal catalysts [7], e.g. for the oxygen reduction
reaction in PEM fuel cells. However, when used as catalysts or catalyst supports the inert
surface of CNTs is an obstacle and surface functionalization has to be carried out to introduce
functional surface groups.
Modification of high surface area carbon materials has been studied over the last years [8,9]
with the aim of creating in a controlled way surface functional groups. Oxidation in liquid phase
with agents such as nitric acid, hydrogen peroxide, sulfuric acid, potassium permanganate and
mixtures of them is the most common way of functionalizing carbon materials and leads to
oxygen containing surface groups like alcohols/phenols, ketones, carboxylic acids and their
derivatives [10]. These groups may serve as reactive sites for further synthesis steps (e.g.
“grafting” of diamines [11,12]), however may also help in stabilizing active metal nanoparticles
deposited onto the surface of these carbon materials. The thus prepared carbon supported metal
particles may then serve as catalysts in a variety of catalytic applications, e.g. in proton
exchange membrane (PEM) or direct methanol fuel cells (DMFC) [13] where they demonstrate
enhanced activity and stability [14-16].
Beside functionalization, reactants such as nitric acid, hydrochloric acid or others are also often
used in lower concentration as a mean of purifying the carbon nanotube synthesized via a CVD
process. This treatment is often necessary to remove transition metals (Fe, Co, Ni) as well as
support residuals (MgO, Al203), which result from the catalyst used in the CVD process
[17,18]. By choosing a high purity CNT material this purification is no longer necessary. As it
is our aim to introduce functional groups to the CNT material, non-oxidizing agents such as
diluted hydrochloric acid are not considered in this work.
Typically, the above mentioned oxygen functionalization steps are carried out in liquid phase
at elevated temperatures (e.g. under reflux) using conventional oil bath heating. The aim of the
present contribution is to investigate microwave-assisted functionalization as a fast

functionalization method for carbon nanotubes [19] with well-known oxidation agents and to
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compare the results with the conventional method employing various characterization
techniques such as thermogravimetric analysis for the amount of oxygen containing groups,
XPS and BET for surface composition and morphology, Raman spectroscopy for defect
analysis of the carbon structure, TEM for morphological information and finally
electrochemical investigations. Of particular interest is the connection between the amount and
type of introduced surface groups and their contribution to electrochemical and

electrocatalytical behavior.
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7.2 Experimental
7.2.1 CNT functionalization

Carbon nanotubes (BayTubes® C 150 P, Bayer Material Science AG, Leverkusen) were
pretreated at 800 °C in Ar atmosphere for 30 min to obtain homogeneous starting material
labeled CNT_800. Afterwards, 500 mg CNT_800 were suspended in 200 ml aqueous solutions
of either nitric acid (“NA”), hydrogen peroxide (“HP”), mixtures of both (“NAHP”) or
potassium permanganate (“PP”), respectively. The suspensions were placed in an
ultrasonification bath for 15 min and finally treated under reflux (100 - 110 °C) either in a
microwave oven (“Start”, MLS GmbH, Leutkirch) at a continuous irradiation power of 800 W
(“MW?) or under conventional heating (“CH”) in an oil bath. After cooling down all prepared
samples were washed with distilled water until pH = 7 using a centrifuge (5804, Eppendorf) for
separation and dried at 100 °C in an oven in air, the sample treated with potassium
permanganate was additionally treated with concentrated hydrochloric acid several times to
remove remaining manganese oxides. Sample names reflecting the oxidizing agent and its
concentration (e.g. “NA” — nitric acid, ”5” — 5 M), the treatment procedure and the resulting
mass loss caused by treatment procedure and washing can be found in Table 1. In addition,
treatments with nitric acid (5 and 10 M) were performed with different exposure times ranging
from 15 to 120 min. The time in minutes is added to the sample name, e.g. samples NA 5 15
and NA 10 60 have been treated in 5 M nitric acid under microwave irradiation for 15 min or

in 10 M nitric acid under microwave irradiation for 60 min, respectively.

7.2.2 Physical characterization
Thermogravimetric analysis (TGA)
Thermogravimetric analysis was carried out in an alumina crucible with a Netzsch STA449 F1
Jupiter® thermobalance. The heating chamber containing the sample was evacuated and flushed
with Argon (Air Liquide, 99.999 %) several times to remove oxygen impurities. The
measurements were performed under Argon flow (50 ml mint) from room temperature to 1000

°C with a heating rate of 10 K min™.

X-ray photoelectron spectroscopy (XPS)
Surface elemental analysis of all CNT samples was performed by XPS using a Kratos AXIS
Ultra instrument with Al K, line (15 kV) as the X-ray source. The pass energy was 160 eV for

survey spectra and 5 eV for spectra of selected binding energy regions. Photoelectron spectra
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were recorded for the Cls, Ols states and additionally Mn 2p3j, for the PP_02 sample. The
quantification of the detected elements and the fitting of the oxygen species was performed
using the Casa XPS software.

Surface area determination

Surface area measurements by nitrogen adsorption were performed for selected CNT samples
with a Sorptomatic 1990 (ThermoFinnigan). Prior to analysis the samples were heated under
vacuum (10 mbar) to 120 °C for 24 h. Adsorption and desorption isotherms were measured at
77 K with N2 as adsorbate at relative pressures P/Po of 0.05 to 0.3. The adsorption data was
analyzed with the Brunauer—-Emmett—Teller (BET) theory.

Electrochemical characterization

Electrochemical measurements were carried out employing thin film electrodes. Electrode
fabrication was done using CNT inks that were prepared by mixing 2.5 mg of CNTs with 150
ul of distilled water and 150 pl of isopropanol (Roth) containing Nafion® 117 solution (5 wt.%
in lower aliphatic alcohols, Aldrich) (48:2, Visopropanol:VNafion sol.). These mixtures were placed
in a thermostated (20 °C) ultrasonic bath (Sonorex) for 1 h. During this time the samples were
shaken manually several times to avoid aggregation of solid material at the bottom of the vessel.
Afterwards a 5 pl aliquot of the ink was piped on a glassy carbon (GC) tip electrode (4 mm
diameter embedded in a PTFE cylinder) resulting in a loading of 330 pg cm™. Prior to use the
GC tip was cleaned with alumina oxide polishing paste (1.0 and 0.3 um) and water on a

polishing cloth until a mirror finish was obtained.

Electrochemical measurements were performed with a Gamry potentiostat PG14 controlled by
the Gamry Framework 2.67 software in an one compartment glass cell employing the glassy
carbon (GC) tip electrode coated with the sample (see above) as working electrode (WE), a Pt
wire as counter electrode (CE) and a reversible hydrogen electrode (RHE) as reference
electrode (RE). Cyclic voltammograms (CV) were obtained in N2 flushed 0.1 M HCIO4
between 0.0 and 1.1 V vs. RHE. Linear sweep voltammetry with rotating disk electrode (RDE,
OrigaTrod, France) was performed in O saturated 0.1 M HCIO4 at room temperature. Prior to
this, linear sweep voltammetry/RDE experiments were carried out in N2 flushed 0.1 M HCIO4
and subtracted from those obtained in O for double layer correction. Before recording CV and
RDE curves, 50 cycles between 0.0 and 1.1 V vs. RHE were performed with 200 mV s to

obtain stable voltammograms.
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Raman spectroscopy

An InVia Raman spectrometer setup (Renishaw) with a microscope, a Cobolt CW DPSS Laser
(532 nm excitation wavelength), a 1800 | mm™ grating and a CCD camera detecting the Raman
scattering was used for Raman spectroscopy. A thin layer of the samples was deposited on a
glass slide and spectra were recorded with a x100 objective creating a laser spot size of ~1 um

on the sample surface.

Transmission electron microscopy

A LEO 912 OMEGA microscope operating at 120 kV was used for Transmission Electron
Microscopy (TEM). A spatula tip's worth of sample was suspended in ~1 ml isopropanol and
placed in an ultrasonic bath for a few minutes. Afterwards a drop of the solution was deposited

on a 3.05 mm copper grid (300 mesh).
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7.3 Results and discussion

7.3.1 Comparison of different oxidation agents

The mass loss of the differently functionalized CNTs during functionalization was determined
by weighing the samples before and after in order to estimate to which extent oxidative
decomposition of the samples occurs. Table 1 shows that the samples treated under the different
procedures show comparably small mass losses between 2.6 and 5.2% of the initial CNT
amount after the functionalization and washing process, suggesting that the major part of the
commercial CNTSs is stable against total oxidation in these media. Weight loss might probably
be attributed to total oxidation of amorphous carbon and to sample handling, which may be
partially compensated by a weight increase due to the introduction of functional groups (see
below). An exception is the sample treated in 0.2 M potassium permanganate (PP_02) with a
mass loss of 42%. Since the additional washing with concentrated hydrochloric acid that was
performed in this case in order to remove manganese oxide residuals cannot be the reason for
this high loss, likely the total oxidation of larger parts of the CNT carbon to CO/CO; occurs
besides surface functionalization with oxygen containing groups.

Table 1. Sample names with corresponding treatment agent and resulting mass losses.

sample name*  treatment procedure** time/h mass loss/ %
NA_5 MW, 5M HNO3 1 5.2

NA_10 MW, 10 M HNOS 1 4.2
NAHP_10 MW, 10 M HNOS +10% HZO2 1 4.8

HP_10 MW, 10% HZO2 1 2.6

PP 02 MW, 0.2 M KMnO4 1 42.0

Ref 5 CH, oil bath,5 M HNO3 6 4.0

* NA — nitric acid, HP — hydrogen peroxide, PP — potassium permanganate, the number added to the sample hame
is dedicated to the concentration of the respective agent.
** MW — microwave oven, CH — conventional heating (oil bath).

Thermogravimetric analysis (TGA)

In order to estimate the amount of surface functional groups introduced by the oxidizing
treatment TGA analysis was performed for all samples in inert gas up to 1000 °C. Under such
high temperatures, oxygen containing functional groups decompose according to the following

(or similar) equations:

RCOOH — RH + CO, (1)
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RCOH - RH+CO (2)
RCOOR — RR + CO, (3)

Thus, the mass loss during TGA refers to the amount of oxygen containing groups and the TGA
curve provides hints about the process of decomposition. Figure 1 shows decomposition curves
of samples treated with different oxidation agents during TGA measurement from room
temperature to 1000 °C. In all cases several decomposition steps of the surface functionalized
carbon nanotubes are found, albeit poorly resolved, indicating different kinds of oxygen
containing groups on the surface. However, for the sample treated with 10 % H>O, only
(HP_10), the individual decomposition steps are significantly less pronounced. In the literature,
the mass loss in the region from room temperature up to 150 °C is described as the release of
physisorbed water [20]. XPS investigations of CNT materials treated at different temperatures
were reported, showing that the decomposition of carboxylic acids and the dehydration of
phenolic groups can be observed in the range from 150 to 300 °C followed by the decomposition
of aldehydes, anhydrides and esters up to 600 °C and finally ethers and quinones [10]. Further
mass loss can be attributed to the decomposition of carbonyl groups observed at temperatures
higher 700 °C, however the determination of decomposition products is more difficult at higher

temperatures [21].
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Figure 1. Decomposition curves of all samples, explanation of all names can be found in Table 1.

All residual masses after TGA measurement are summarized in Table 2. The CNTs pretreated
at 800 °C, but not oxidized (CNT_800) show only little mass loss (~1 %), indicating that there
is a small amount of functional groups which either cannot be removed by the pretreatment
step, or which form after the pretreatment during sample handling in air. The mass losses of the
samples increase depending on the oxidizing agent beginning from 2.3 % in the HP_10 sample

(10% hydrogen peroxide) up to 10.7 % in the PP_02 sample (0.2 M potassium permanganate).
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This clearly demonstrates that the various oxidizing treatments lead to different degrees of

surface modification.

Table 2. Mass loss during TGA measurements up to 1000 °C and mass specific surface area (SSA) from BET
analysis for all samples.

sample TGA BET
Am/% SSA/m? gt
CNT_800 0.9 169
HP_10 2.3 169
NA_5 5.1 188
NA 10 5.8 207
NAHP 10 6.3 227
PP 02 10.7 194
Ref 5 4.4 183

Surface characterization (XPS, BET)

Surface characterization of the materials of this study was carried out with X-ray photoelectron
spectroscopy (XPS), providing quantitative information on the surface composition of the
samples.

Table 3. Surface atomic composition of the CNTs derived from XPS for characteristic binding energies of C 1 s

(284 eV) and O 15 (532 eV) (columns 2 and 3) and the contributing functional groups of the O 1s region (columns
4 and 5).

sample XPS C-O* C=0**
Cls(at%) O1ls(at%) (532.8-533.8eV) (531.5-532.5eV)
CNT_800 99.6 0.4 - 0.4
HP_10 98.4 1.6 11 0.5
NA_5 96.8 3.2 1.2 2.0
NA_10 95.8 4.2 1.6 2.6
NAHP_10 95.9 4.1 1.4 2.7
PP_02 93.3 6.7 1.9 4.8
Ref 5 97.2 2.8 1.1 1.7

*(alcohols, ether), **(ketones, aldehydes, carboxylic acids and their derivatives)

The XPS analysis results in Table 3 (3" column) clearly show an incorporation of oxygen into
the carbon material, whereby also in the pretreated sample (CNT_800) some oxygen can be
found, in agreement with TG measurements. The amount of oxygen strictly depends on the
oxidation agent and its concentration, and correlates very well with the order derived from

results of TGA analysis (Figure 1). The lowest amount of oxygen can be found in the HP_10
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and the highest in the PP_02 sample. In the latter, no further manganese signal was observed.
In order to analyze the nature and composition of the surface oxygen functional groups, the O
1s region (531.5 — 533.8 eV) was studied in more detail (Figure 2). All functionalized samples
contain singly and doubly bound oxygen contributed by the different functional groups
(Table 3, columns 4 and 5). The sample pretreated at 800 °C in Ar (CNT_800) shows functional
groups with doubly bound oxygen, e.g. ketones (Figure 2a) indicating their high stability [10],

however their formation during handling in air cannot be excluded.
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Figure 2. XPS O 1 s region scans of the CNT_800 (a) and PP_02 sample where the fit contributing areas are given
in % (b), both spectra are baseline corrected.

In contrast to all other functionalized samples the O 1 s region of HP_10 sample (10% hydrogen
peroxide) is dominated by C-O single bonds (532.8 — 533.8 eV) which are due to the presence
of alcohols and/or ethers at the surface of the CNT material. This would be in agreement with
TG results, where the weight loss was more pronounced at lower temperatures. The amount of
C=0-functionalities in HP_10 is not higher than in CNT_800 (heat treated staring material),
suggesting that the hydrogen peroxide treatment does not lead to the introduction of further
C=0-functional groups. In all other samples amount doubly bound oxygen (531.5 — 532.5 eV),
as it can be found in aldehydes, ketons, carboxylic acids and their derivatives, is dominating
the O 1 s region from 60.7% in Ref 5 (5 M nitric acid, 6 h conventional heating) up to 71.2%
in PP_02 (Figure 2b), in agreement with the observed mass loss of these samples at higher
temperature [10]. The amount of C-O single bonds is also increased in these samples however,

much less pronounced than the C=0 double bonds.

The results of BET analysis show an increasing surface area depending on the oxidation agent
and its concentration evoked by the oxidation process, which has also been described for other
carbon materials [22]. The surface area (Table 2) correlates with the amount of oxygen

functional groups from TGA and XPS with one important exception: the PP_02 sample shows
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lower surface area although the oxygen amount is higher than in all the other samples which
could be due to the presence of groups containing more oxygen (e.g. carboxyl groups) [23] or
remaining manganese compounds increasing the sample weight and thus suggesting lower

SSA. However, this manganese could not be detected with the XPS measurements.

Morphological characterization

To evaluate the influence of the comparably harsh treatments used in this study onto the
morphology and tubular structure, TEM images and Raman spectra were recorded. The Raman
spectra of all samples display very similar scattering patterns showing characteristic carbon
features such as the D (~1340 cm™) that is due to the presence of disorder in the C—C lattice
and the G band (~1585 cm™) that is strictly connected to sp? hybridized carbon, as well as
second order bands at higher wavenumbers [24]. Comparing the CNT_800 and PP_02 samples
in the region from 1000 to 3000 cm™ (Figure 3) evident differences can be found in the
decreased G band with an associated increase of the Ip/lg ratio from 1.20 to 1.31, which can be
taken as evidence for graphitic layer destruction. It can be concluded that even in the starting
material the number of defects is already high and further incorporation of functional groups
does not influence the spectra that much. Anyhow, the possibility to quantify structural defects
on multi-walled CNTs is limited [25]. It can be assumed that most of the D and G band-
intensities observed in the Raman spectra of the functionalized samples is contributed by the
unchanged CNT structure of the inner layers of the multi-walled CNTSs, which are possibly not

affected by any of the treatment processes.
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Figure 3. Raman spectra of CNT_800 and PP_02 sample obtained by 532 nm laser excitation (for an improved
clarity an offset was applied to the PP_02 sample curve).

TEM images were recorded in order to characterize the CNT structure after the different

treatment processes. In the pretreated sample (CNT_800) multi-wall carbon nanotubes with
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outer diameters between 5 and 30 nm can be found (Figure 4a). Depending on the oxidation
agent, in all functionalized samples homogeneously distributed layers of amorphous
carbon [26] or carbonaceous coating [27] can be observed surrounding the hollow nanotube
(Figure 4b and c¢) and sometimes also in the gaps between several nanotubes (Figure 4d). The
material accumulated between the nanotubes might be similar to graphene oxide, which is
usually prepared form graphite using potassium permanganate, and results from the oxidative
destruction and exfoliation of the CNT structure. In all samples the tubular carbon nanotube
structure is still present, in agreement with the Raman measurements (Figure 3). However, it
can be concluded that due to the formation of amorphous material an oxidative treatment under

the studied conditions cannot be used as purification step as described in other cases [28,29].

Figure 4. TEM images of CNT_800 (a), NA_10 (b), NAHP_10 (c) and PP_02 (d) samples, scale bars represent 50
nm (a, ¢, d) and 20 nm (b).

Electrochemical characterization (CV, RDE)

Electrochemical characterization of the samples was carried out in order to gain insight into the
surface properties and the electrochemical behavior of the CNTs. CVs of all samples except for
the untreated (CNT_800) and 10 % hydrogen peroxide treated (HP_10) CNTs show an
oxidation and reduction peak pair attributed to the presents of oxygen containing functional
groups (quinone-type proposed) [30] between 0.5 and 0.7 V vs. RHE (Figure 5a), indicating
successful functionalization. These peaks are considerably broad, indicating a multitude of
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chemical surface states with different redox potentials. Additional redox peaks in the lower
potential region can be found in the PP_02 sample resulting from remaining manganese ions
which obviously are present despite washing with concentrated hydrochloric acid [31]. XPS
analysis did not show manganese signal, indicating that the amount of manganese species is
very low or manganese is incorporated into the porous material but still electrochemically

available.
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Figure 5. CVs of the differently modified CNTs in N; flushed 0.1 M HCIO,4 at 100 mV s (a) and double layer
corrected RDE polarization curves of all samples in O, sat. 0.1 M HCIO,4 at 1600 RPM and 5 mV s (b).

The electrochemical results from Figure 5 shall now be correlated with the XPS data of Table 3.
The latter suggests that the chemical nature of the surface functional groups formed by
treatment with H>O: is different to those of the HNO3 and KMnOs treatment. In agreement with
this, the absence of the redox pair peaks in the HP_10 sample indicates that this sample does
not contain any quinone-type functional groups. On the other hand, this sample as well as the
heat treated sample CNT_800 contain small amounts of C=0 double bonds, which do obviously
not contribute to surface redox processes. However, the presence of a significant number of
C=0 double bonds as in all other samples leads to redox behavior to the carbon nanotube
material as visible in the CVs of Figure 5a. Importantly, the intensity of the redox peak strongly

correlates to amount of C=0 double bonds as displayed in Table 4.

Thus, a clear correlation between XPS results and electrochemical behavior can be drawn. A
quantification of this correlation however appears difficult, since the separation of the intensity
of the redox peaks from the enhanced double layer capacity (DLC) is difficult due to difficulties

in baseline determination (see also below).
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Table 4. Maximum peak current densities extracted from the positive-going sweep of CV, the onset potentials at
specific current density of all samples and the results of the bonding evaluation of the O 1 s region scan taken from
Table 3 (n.d. — not determined).

sample CV (positive-going sweep) RDE Cc=0
maximum peak current onset potential (531.5-532.5 eV)/at%
density/mA cm (at 1 mA cm?)/V

CNT_800 n.d. n. d. 0.4

HP_10 only increased DLC n. d. 0.5

NA_5 1.03 0.13 2.0

NA_10 1.24 0.15 2.6

NAHP_10 1.60 0.17 2.7

PP_02 2.19 0.21 4.8

Ref 5 1.01 0.13 1.7

Beside the intensity of the quinone-pair redox peaks, the current associated to the charging of
the electrical double layer, the so-called double layer capacity (DLC) also strongly depends on
the means of functionalization, as most clearly visible in the potential region around 1.0 V vs.
RHE in Figure 5a. This double layer capacity, although strongly depending on surface chemical
composition, for samples of similar chemical nature can be taken as a measure of surface area.
The double layer capacities at 1.0 V vs. RHE for all samples are at least one magnitude higher
than the untreated CNT_800 sample (Figure 5a). For all other samples a connection between
DLC and surface area can be drawn, as displayed in Figure 6 (empty triangles), with the
exception of the sample PP_02, which is attributed to possible disturbance in SSA
determination (see above). A similar correlation can be found for the amount of oxygen (in
functional groups) derived from XPS analysis and the DLC (Figure 6, black squares).
Obviously, the higher the amount of functional groups the higher is the electrochemical DLC.
We assume that that functional groups like —OH and —C=0 significantly contribute to double
layer capacitance. It is important to note that a strong correlation between nitrogen

functionalization and DLC have even be reported for nitrogen-containing CNTs [32].
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Figure 6. Relative intensity of the O 1 s peak from XPS results (black squares) and mass specific surface areas
(empty triangles) of all modified samples plotted against the double layer capacity (DLC) taken at 1.0 V vs. RHE;
the circled triangle was excluded from the linearization.

Equal values for the surface area can be observed in the CNT_800 and HP_10 sample (Table 2)
which is due to the obviously non-destructive treatment conditions: the introduction of singly
bound oxygen requires the change from sp? to sp® hybridized carbon which is, although
introducing some strain, not harming the C—C lattice that much. The surface area of all other
samples increases in dependence of oxidation agent and/or concentration which can be
explained by further C-C bonding cleavage during the functionalization process that is
necessary for C=0 double bond formation. This process harms the C—C ring structure and may
finally lead to the total oxidation or the cleavage of CNTs under formation of graphene oxide-
like sheets (see morphological characterization). The introduced defects in the outer walls of

the CNTs will contribute to the increasing surface area.

Beside CVs, the oxygen reduction reaction (ORR) activity of the materials has been determined
by rotating disk electrode experiments (Figure 5b) using linear sweep voltammetry (LSV). The
aim of this study is to gain additional insight into the surface properties and the behavior of the
materials in electrochemical systems. We are however not aiming at high activity since it is
well known that oxygen-functionalized CNTs do not provide exceptional activity in acid
solutions [30], but rather in alkaline media [33]. Double layer capacity, amount of oxygen
functional groups and ORR activity (Figure 5b) are obviously related to each other and depend
on the oxidation agent. The increase of oxygen containing functional groups leads to more
reactive sites in the carbon material improving the ORR activity whereby the HP_10 (10%
hydrogen peroxide) samples is again markedly different. It can be assumed that the presents of
functional groups with double bonded oxygen are much more active towards the ORR in acid
solution than others. Comparing NA_5, NA 10 (5and 10 M nitric acid) and NAHP_10 (mixture

of 10 M nitric acid and 10% hydrogen peroxide) also some contribution of the increasing
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surface area (Table 2) can be assumed. The onset potential in the ORR polarization curves shifts

to higher values (Table 4).

The highest one can be found again in the PP_02 (0.2 M potassium permanganate) sample.
Obviously the oxidation process forms catalytically active surface sites whose number increases
with increasing oxygen content. This is in contrast to observations at non-high purity carbon
nanotubes, where the onset potential shifts to more negative values after nitric acid treatment
[30]. These differences are clearly attributed to the different starting materials and show again
the influence of the quality of the used starting material. To evaluate on the necessity of
purification steps in the CNTs used by us a CNT sample was pretreated in 5 M hydrochloric
acid in the microwave oven for one hour as a reference which showed the same ORR activity
as the pretreated CNT_800 sample (data not shown). This additional experiment emphasizes
again the high quality of the used starting material as it is known that the ORR activity is easily
influenced by transition metal traces or other impurities. However, the complete removal of
metal impurities (< 5%) from carbon materials is difficult and limited even with “super
washing” methods [34]. Thus, our applied conditions of the electrochemical experiments were
chosen deliberately to minimize the possible influence of introduced Mn impurities because it
is known that electrocatalytic activity for oxygen reduction reaction is not enhanced by
manganese oxide-based catalysts at pH = 1, opposite in alkaline solutions [35,36]. As a result
it is assumed that the observed ORR activity of the PP_02 sample is mainly caused by the

introduced functional groups.

7.3.2 Time and concentration dependence of nitric acid treatment
The above studies demonstrated that the microwave-assisted functionalization is a fast and
straightforward tool to functionalize the surface of CNTs. By choosing different agents various
degrees of functionalization, i.e. oxygen surface content can be induced, which relates to
different electrochemical properties. However, similar to the results in literature a too strong
oxidation of the CNTs surface leads to the destruction of the outer CNT layers and formation
of amorphous layers. To further explore the possibilities of tuning the degree of surface
functionalization, time dependence of nitric acid treatment, which is one of the most common
methods for carbon modification and purification [37] has been investigated using microwave-

assisted heat treatment.

109



Thermogravimetric analysis

In addition to the one hour 5 and 10 M nitric acid treatment with microwave (NA_5, NA 10),
the treatment time has been varied between 15 and 120 min. Decomposition curves of selected
samples after 30 and 120 min treatment time and the Ref 5 sample (5 M nitric acid, 6 h
conventional oil bath heating) are displayed in Figure 7 where particularly the 120 min treated
samples (NA_5 120, NA_10_120) show typical two step decomposition as described for the
different oxidation agents before.
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Figure 7. Selected decomposition curves of functionalized CNT samples; treatment time is added to the sample
name “NA”, e.g. the NA 5 30 sample is treated with 5 M nitric acid for 30 min.

The time dependence of the corresponding mass loss can be found in Figure 8. With higher acid
concentration and longer treatment time the amount of oxygen containing groups which can
decompose during temperature treatment increases. The difference between 5 and 10 M nitric
acid increases with longer treatment time and no plateau is reached for the sample treated with
10 M treated even after two hours of treatment. It can be noticed that 30 min microwave

treatment lead to the same results as 6 h of conventional oil bath heating.
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Figure 8. Residual masses after TGA measurement in argon of all CNT samples treated with 5 and 10 M HNO3
depending on treatment time.
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Electrochemical characterization

Electrochemical characterization shows differences between 5 and 10 M acid treatment as
already seen in the first part of this paper, where different oxidation agents have been used.
Double layer capacity as well as the quinone-type redox peak maximum increase with longer
treatment time and both are slightly higher in the 10 M samples (Figure 9). Redox peaks can
already be observed after only 15 min treatment. The peak current density increases more
strongly than the DLC indicating an increasing amount of introduced functional groups with
treatment time. In the positive sweep of the CV the peak potential maximum slightly shifts with
longer treatment time to lower potentials (~50 mV) indicating redox contribution of different
functional groups and/or changing chemical surface composition. RDE curves (not displayed)
show a similar dependency on treatment time, the longer the time the higher the maximum
current density, which results from the increasing formation of active site introduced by the
nitric acid. Samples of 90 and 120 min of 10 M nitric acid show the highest current densities,

whereas in all samples the onset potential is hardly affected.
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Figure 9. Current densities extracted from the positive sweep of CV for the DLC and the redox peak maximum in
dependence of the time for 5 and 10 M nitric acid treatment.
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7.4 Conclusion

High purity carbon nanotubes (BayTubes® C 150 P) were treated with different oxidation agents
and procedures in a microwave oven where in all cases surface modification of the CNTs could
be observed. The amount of surface functional groups introduced by microwave assisted
functionalization and characterized by means of TGA, XPS analysis correlates with the
electrochemical and electrocatalytic results however the number of oxygen containing surface
groups on the carbon material is obviously limited due to the process of total combustion. The
introduction of oxygen containing functional groups can be controlled by varying concentration
of the agent and/or the microwave treatment time resulting in tailored procedures for predictable
oxygen content. The results of Raman and TEM measurements showed that the nanotube
structure itself can still be observed even after strong functionalization, while depending on the
conditions used surrounding amorphous layers or even graphene oxide like sheets could be
observed. Oxidation efficiency for one hour microwave treatment can be described as:

0.2 M KMnO4>> 10 M HNO3/H202 ~ 10 M HNO3 >5 M HNO3z > 10 % H-0: .

It can be highlighted here that the functionalization process using hydrogen peroxide is
obviously different from all other means resulting in a domination of singly bound oxygen and
related with it a different electrochemical behavior. Finally, microwave assisted
functionalization in acidic media was at least ten times faster than functionalization under

conventional heating and led to similar results.

It is assumed that these methods and their results can be adapted to other high purity carbon

nanotube materials or even other carbons.
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8 SECM investigation of carbon nanotubes for the application in redox flow

batteries

The content of this part has been published as

A comparative study of functionalized high-purity carbon nanotubes towards the
V(IV)/V(V) redox reaction using cyclic voltammetry and scanning electrochemical

microscopy

Reproduced from M. Steimecke, S. Rummler, N.-F. Schuhmacher, T. Lindenberg, M. Hartmann,
M. Bron, Electroanalysis 2017, 29, 1056-1061 with permission of John Wiley and Sons,
Copyright © 2017.

DOI: 10.1002/elan.201600614

Abstract

Functionalized high purity carbon nanotubes (CNTs) with various amounts of oxygen
containing surface groups were investigated towards the relevant redox reactions of the all-
vanadium redox flow battery. The quinone/hydroquinone redox peaks between 0.0 and 0.7 V
vs. Ag|AgCI|KClsat. were used to quantifying the degree of functionalization and correlated to
XPS results. Cyclic voltammetry in vanadyl sulfate-containing 3 M H2SO4 as a common
supporting electrolyte showed no influence of the amount of surface groups on the V(IV)/V (V)
redox system. In contrast, the reactions occurring at the negative electrode (V(11)/V(l1l) and
V(ID/NV(IV)) are strongly affected by oxygen surface groups. However, under modified
experimental conditions, SECM experiments detecting the consumption of VO molecules by
CNT thin films in pH = 2 solution show improved onset potentials with increased surface
oxygen content up to ~ 3 at%. The dissimilar results under different experimental conditions
are rationalized by suggesting that oxygen functional groups do not form the active site for the

V(IV)/V (V) reaction but wetting of the catalyst layer is of high importance.
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8.1 Introduction
Carbon-based materials widely used as cheap electrode components in all-vanadium redox flow
batteries (VRFB) were studied intensely over the last years to gain information about structural
properties as well as the related electrocatalytic activity towards vanadium redox reactions. In
most cases an improved catalytic activity towards the V(1V)/V(V) redox system, which is often
considered as the more crucial of the two half-cell reactions, was found after carbon surface
modification [1] including carbon nanotubes [2,3]. However controversial to these results, for
CNTs it was also reported that functionalization does not lead to enhanced activity [4]. The
mechanism of how the surface groups in graphite and the vanadium molecules at the respective
electrode of the battery may interact was suggested some time ago [5,6] and was newly
proposed for other materials, i.e. graphene [7]. Beside functionalization defects like edges in

the graphite structure are reported to enhance the kinetics of both reactions [8].

Cyclic voltammetry (CV) as one of the most common electrochemical characterization
technique is widely used for basic investigations of carbon materials to obtain information about
their electrochemical properties and in particular activity. However, from literature as well as
from the experience of our own lab it becomes obvious that the results from CV, i.e. peak
position and peak separation of different catalysts, are not straightforward to study kinetics [9]
or to identify and characterize changes within materials [10] even in case of vanadium redox
reactions, which is mainly a result of the strong influence of porosity [11]. Beside porosity, CV
results are demonstrated to be influenced by the surface oxygen content not only in terms of the
studied redox reaction but also due to secondary effects like electrode wetting [10]. Punckt et
al. studied the porosity of carbon films with different oxygen content using an electrochemical
method and concluded that increased hydrophobicity affects the dispersion stability and in

consequence the electrochemical results [12].

As an alternative to the common CV analysis, we recently proposed an advanced method of
characterizing carbon materials towards the V(IV)/V(V) reaction using scanning
electrochemical microscopy (SECM) [13]. In this method, an ultramicroelectrode (UME) is
positioned in close distance to the catalyst film that is stepwise polarized to more positive
potentials and thus consumes VO?*. During continuous potential sweeps at the UME VO?*
species remaining in the gap between catalyst film and UME are detected. As a result, a curve
showing consumption of VO?* by the film can be derived and the onset potential as one of the

important parameters can be obtained and compared for different materials.
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In this work, the influence of surface oxygen functional groups (0.4 — 8.0 at%) in high-purity
carbon nanotubes on the performance towards the V(IV)/V(V) redox system under different
experimental conditions is studied using CV and SECM.
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8.2 Experimental

8.2.1 Sample preparation

High-purity carbon nanotubes (Baytubes® C 150P) [14] were functionalized using a microwave
oven and different oxidation reagents, such as nitric acid (NA), hydrogen peroxide (HP),
mixtures of both (NAHP), mixture of nitric and sulfuric acid (NASA) and potassium
permanganate solution (PP), respectively. Except for the NASA sample, the detailed
preparation procedures can be found in a previous work [15]. The NASA sample was prepared
analogously to the other samples using a mixture containing 5.1 M nitric and 9 M sulfuric acid
applied for one hour of continuous microwave heating (800 W) and the same washing and
drying procedures as described previously. Before functionalization, the starting material was
even pretreated at 800 °C in Ar atmosphere (CNT-800).

8.2.2 X-ray photoelectron spectroscopy (XPS)
For X-ray photoelectron spectroscopy an Omicron DAR 400 X-ray source with Al Ka line (15
kV) and an EA 125X Hemispherical Energy Analyser (Omicron) were used. Overview scans
were performed with a pass energy of 100 eV and detail scans of the O 1 s region with 30 eV.
Elemental compositions as well as bond characteristics were obtained by data evaluation using
the Casa XPS software.

8.2.3 Electrochemical characterization (CV, SECM)

To investigate the samples in a thin film configuration with cyclic voltammetry a glassy carbon
electrode (GC, 4 mm in diameter embedded in a PTFE cylinder) was employed as substrate.
Prior to use, the bare electrode was cleaned with alumina paste (1.0 and 0.3 um) and water on
a polishing cloth until a mirror finish was obtained. For thin film electrode fabrication, an ink
was prepared by mixing 10 mg of the respective sample and 2.5 pL Nafion® 119 solution (5%
in lower aliphatic alcohols, DuPont, USA) with 1 mL acetone (Roth GmbH, Germany).
Afterwards, the sample was suspended in an ultrasonification bath for 2 h until a homogeneous
ink was obtained. 10 pL of the respective sample ink was drop coated onto the cleaned GC
electrode resulting a loading of 51 pg cm2and dried in air. Acetone was chosen since it proved
a suitable solvent for fast and homogenous film formation. Cyclic voltammetry (CV) of the
carbon nanotube samples was performed with a Gamry potentiostat PGI4 and the Gamry
Framework 2.67 software in a one compartment glass cell where the catalyst-coated GC
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electrode was used as working electrode (WE), a Pt wire as counter (CE) and an Ag|AgCI|KClsat.
system as reference electrode (RE). All CV ex-periments were performed in a solution
containing 0.1 M VOSO04/3 M H,SO4 between -0.55 and 1.2 V vs. Ag|AgCI|KClsa. with scan
rates of 50 mV s as well as in 10 mM VOSOa/buffer solution between 0.0 and 1.2 V vs.
Ag|AgCI|KClsat.

SECM instrumentation, UME positioning, sample preparation and the experimental procedure
were previously described [13]. Briefly, 10 mM VOSO4 (Roth GmbH, Germany) were
dissolved in a 0.5 M HSO4/SO4* buffer solution (1:1 molar mixture of the potassium salt
solutions creating a pH of ~2). As substrate material ITO on quartz glass (indium-doped tin
oxide, 2x2 cm, pgo GmbH, Iserlohn, Germany) was cleaned with acetone, ethanol and water in
an ultrasonification bath for several minutes and dried in air. For the preparation of all sample
spots on the ITO electrode 0.4 uL of the catalyst ink (see above) was pipetted using an HPLC
syringe pump into a perforated tape (Tesa®with a stamped hole of ~500 pum in diameter) which
was glued onto the ITO electrode before. After drying the tape was carefully removed. For
SECM experiments, a 25 pum Pt ultramicroelectrode (UME, RG=10, Sensolytics GmbH,
Bochum, Germany) was used as working (UME), the respective catalyst spot on the ITO
electrode as second working (WE), a miniaturized Ag|AgCIl|KClss. (Metrohm, B. V.,
Netherlands) as reference and a coiled Pt wire as counter electrode. The positioning of the UME
was realized by lowering it to touch the 1TO surface next to the spot and then lifting up for 20
pm and manually positioning above the spot using an optical microscope. Linear sweep
voltammetric (LSV) experiments at the UME were performed between 0.8 and 1.4 V vs.
Ag|AgCI|KClss. with 200 mV s after a 5 s quiet time while discrete potentials were applied to
the catalyst spots at the ITO electrode and modulated in positive potential direction with 10 mV
step? (staircase voltammetry). A LSV scan is performed at each individual potential applied to
the ITO electrode and the UME current value at 1.4 V is used to create the consumption curve.
To create a reproducible UME response 75 — 100 LSV scans were carried out before the
respective experiment started. Again a quiet time of 5 s was applied before each LSV. In all
experiments solutions were handled in air and prepared with MilliQ water (< 0.055 puS cm™).

Experiments were carried out at room temperature.
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8.3 Results and discussion

XPS analysis of carbon nanotubes functionalized with different oxidation agents showed the
incorporation of oxygen containing functional groups, such as alcohol, keton, carboxylic acid
and ester groups ranging from 0.4 at% in the starting material (CNT-800) up to 8.0 at% oxygen
in the nitric acid/sulfuric acid treated sample (NASA). The details of the oxidative treatment
procedures as well as further morphological and electrochemical characterization can be found
in the reference [15]. XPS results of all samples are summarized in Table 1.

Table 1. Sample names and surface atomic composition derived from XPS for characteristic binding energies of

0O1s (532 eV) (columns 2 and 3) and the contributing functional groups of the O 1 s region (col. 4 and 5), except
for the NASA sample all data is taken from reference [15] and even discussed there more in detail.

sample O1s (at%) C-O[a] C=0[b]
CNT_800 [c] 0.4 - 0.4
HP_10 1.6 1.1 0.5
NA_5 3.2 1.2 2.0
NA_10 4.2 1.6 2.6
NAHP_10 4.1 1.4 2.7
PP_02 6.7 1.9 4.8
NASA 8.0 3.9 4.1

[a] 532.8-533.8 eV, [b] 531.5-532.5 eV, [c] This sample was used as starting material for the preparation of all
other samples.

Figure 1a displays cyclic voltammograms of all samples in 0.1 M VOSO4/3 M H2SO4. Between
0.0 V and 0.7 V samples with higher oxygen content (i.e. NASA, PP_02) show broad, ill-
defined redox peaks which are attributed to a pseudocapacity caused by quinone-type functional
groups [16]. These features get less pronounced with decreasing oxygen content until they
vanish in the HP_10 and CNT_800 samples, which is in accordance to prior CV measurements
of the same samples in 0.1 M HCIO4 [15]. This quinone-type redox peak is a good measure of
the degree of functionalization and may be used for quantification as displayed in Figure 1b,
black squares. Here, a correlation between the amount of surface functional groups found by

XPS and the transferred charge is clearly visible.

In CV (Figure 1a), at more positive potentials the V(IV)/V(V) redox pair between 0.7 and 1.1 V
vs. Ag|AQCI|KClsat, can be found. Current maxima of the oxidation peak are located between
0.95 and 0.99 V as well as between 0.83 and 0.88 V for the reduction peak, with the detailed
peak positions summarized in Table 2. There is obviously no dependence on the amount of
oxygen functional groups. The same holds true for peak currents, and it is assumed that these

slight changes are rather an effect of different film quality. In contrast to these results on CNTs,
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prior studies on electrodes made from pyrolitic graphite showed that quinone-type
pseudocapacity decreases when V(IV)/V(V) redox reaction appears [17]. However, the positive
impact on the V(IV)/V(V) redox pair as previously described for functionalized multi-walled
CNTs [3] cannot be verified. These differences may be attributed to the quality of the used CNT
material [18]. Friedl et al. [4] studied high-purity CNTs using impedance spectroscopy without

finding any positive impact.

From the above results one may get the impression that it is rather straightforward to investigate
carbon materials towards the V(IV)/V (V) redox pair using CV. However, as there is an overlap
between quinone-type redox peaks and the V(IV)/V(V) redox pair, the determination of further
Kinetic data (e.g., onset potentials, Tafel slopes) is impeded. Furthermore, it has been claimed
that peak separation in CVs is a poor indicator to conclude on reversibility of a system in the

particular case of redox reactions at porous electrodes [11].
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Fig. 1. Cyclic voltammograms of all functionalized carbon nanotube samples in 0.1 M VOSQO4/3 M H,SO,, scan
rate: 50 mV s*,with an assignment of all observed features (a) and the transferred charge Q (black squares) derived
from the integrated area of the positive going sweep of the CV between 0.0 and 0.66 V vs. Ag|AgCI|KCls,. as well
as the maximum current densities at -0.35 V in the negative going sweep (grey triangles) plotted against the surface
concentration of oxygen found in the XPS analysis (b).

Anyhow, although quantitative data may not be obtained, a qualitative investigation of changes
introduced by functionalization seems to be still possible. Going to potentials negative of the
quinone-hydroquinone pairs in Figure 1a, a strong influence of the surface oxygen content on
the V(IV) to V(II1) reduction between -0.1 and -0.4 V Ag|AgCI|KClsy. can be found. The
reduction current is clearly enhanced with increasing oxygen content. This reduction peak is
followed by the reduction of V(II1) to V(II) at potentials < -0.4 V that is in the same way
enhanced by oxygen containing surface groups as the previous reduction peak. This
enhancement has been attributed to the presence of phenolic groups [6] in graphite or to
carboxylic groups as in graphene material [7]. We excluded that the enhancement in V(I11) to
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V(I1) reduction is an effect of enhanced availability of V/(111) by repeating the measurements in
0.1 M V(I)/V(IV) solution, which resulted in identical CVs (not displayed). Plotting the
maximum current density at -0.35 V against the surface oxygen amount a clear correlation can
be found (Figure 1b, grey triangles). At even more negative potentials in the CV (not displayed),
hydrogen evolution can be observed, which is suppressed with increasing oxygen content,
probably due to a competition between V(I11) reduction and hydrogen evolution.

Table 2. Peak potentials of the oxidation (Eox) and reduction (Ereq) from CV measurement in Figure 1a in 0.1 M
VOSO04/3 M H3SO4 (columns 2 and 3), onset potentials as well as kinetic parameter derived from LSV-SECM

analysis of all samples in 0.5 M HSO*/SO.* buffer solution (columns 4 and 5), all potentials are referred to a
Ag|AgCI|KClgy reference electrode.

sample Eo/V Erea IV Eonset/V k/mV dec?
HG3 [a] 0.98 0.9 0.91 120
CNT_800 0.95 0.88 0.79 187

HP_10 0.96 0.88 0.66 158

NA 5 0.99 0.83 0.61 99

NA 10 0.96 0.88 0.6 94
NAHP_10 0.96 0.87 0.6 89

PP_02 0.96 0.86 0.59 79

NASA 0.96 0.88 0.58 96

[a] Data is taken from the reference [13].

As already stated, cyclic voltammetry seems not to be a suitable method for a quantitative
characterization of carbon materials towards the V(IV)/V (V) redox reaction. In diluted solution
(10 mM VO?) this is even more the case because capacitive currents from the double layer are
relatively stronger compare to the Faradaic ones (Figure 2a). Reducing the CV scan rate
attenuates this disadvantage but may enhance uncertainties due to diffusion in porous structures.
Thus, the linear sweep voltammetric procedure applied to scanning electrochemical microscopy
(LSV-SECM) is used to characterize the samples in more detail by creating a consumption
curve of VO?* in an indirect way using an ultramicroelectrode providing the onset potential and

an additional kinetic parameter.

Cyclic voltammograms of selected samples, namely CNT-800 (0.4 at% O) and PP_02 (6.7 at%
O) are displayed in Figure 2a and compared to the results of a carbon material of different
nature, (HG3, a graphitic mesoporous carbon [19]). It is obvious that based on CV analysis
(Figure 2a, grey background) it is almost impossible to compare the different materials because

of the significant differences in background currents originating from different double layer
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charging, quinone-type surface groups and the electrochemically available surface. Even the
comparison of the two modified CNTs appears to be difficult. However, applying LSV-SECM,
a clear differentiation of the materials is possible. The resulting consumption curves (Figure 2a)

allow to characterize and to compare the very different materials.
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Fig. 2. Cyclic voltammograms of HG3, CNT-800 and PP_02 carbon samples (grey) in 0.5 M HSO*/SO4* buffer
solution, scan rate 50 mV s and the normalized current densities derived from LSV-SECM measurements in the
same solution, 25 um Pt UME, 10 mV step™ (a) and the onset potential (black circles) and kinetic parameter (grey
triangles) plotted against the oxygen content derived from XPS (b), data of the HG3 sample is taken from the
reference [13].

As already reported [13], the HG3 sample (from CV analysis the V(IV)/V(V) redox peak
potentials, Eox =0.98 V and Ereqd = 0.90 V vs. Ag|AgCI|KClsat, in 0.1 M VOSO4/3 M H2SO; are
quiet similar to the CNT samples, cf. Table 2) showed inferior properties at higher pH with a
positive shift in oxidation peak potential and the disappearance of the reduction peak. The onset
potential of the conversion of V(IV) was found at 0.91 V and a kinetic parameter of 120 mV
dec (from the slop of the linear part of the logarithmic plot of the respective curves in Figure
2a) could be determined. The non-treated CNT sample (CNT-800) showed an improved onset
potential at 0.79 V but a decreased kinetic parameter (187 mV dec™). The best performance
among all functionalized CNT samples can be found for the NASA sample. Here, the onset
potential (0.58 V) as well as the kinetic parameter (96 mV dec™) have drastically improved.
However, as displayed in Figure 2b, the most significant change in both values can be found by
increasing the surface oxygen content from ca. 0.4 to ca. 3.2 at% followed by a moderate
improvement of the onset potential (~ 30 mV) between 3.2 and 8.0 at% O. In the same region

the Kinetic parameter seems to be more or less constant.

Obviously only a certain amount of oxygen is necessary to improve the VO?* conversion in this
experimental setup. This leads to the conclusion that oxygen surface functional groups are not

the active sites in this case and other influences might be at work here. It was reported, that the
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stability of a colloidal suspension of CNTSs is an easy way to prove oxygen functionalization
where in most cases 3 — 5 at% O are necessary to achieve stability in polar solvents [20]. In this
regard, we suggest that the wetting of the sample and connected to it the electrochemically
available surface area, which is enhanced by introducing polar surface groups seems to be of
high importance for the electrochemical activity in the V(IV)/V (V) system as recently described
for carbon paper [10]. Thus, a connection between available surface functional groups and the
activity towards V(IV) oxidation cannot be found when a certain amount (~ 3 at% in our case)
of functional groups is already present. The missing dependency on the degree of oxygen
functionalization for CV analysis in 0.1 M VOSO4/3 M H>SO4 (Figure 1a) might thus be a
consequence of a better wetting behavior in this strong acid compared to a pH = 2 buffer

solution.
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8.4 Conclusion

Cyclic voltammetry and scanning electrochemical microscopy were used to characterize high-
purity carbon nanotubes with different amounts of surface oxygen groups (0.4 to 8.0 at%) and
no positive effect on the V(IV)/V (V) redox behavior could be found. CVs in strong acid solution
as a common electrolyte in VRFB showed slight differences resulting from the film quality of
the prepared thin film electrodes. Under modified experimental conditions, the LSV-SECM
method that was applied to analyze the V(IV)/V(V) conversion at higher pH level (pH 2)
resulted in a strong shift of the onset potential (180 mV), but only until a certain limit was
reached (~3.2 at% surface oxygen). Further increase up to 8.0 at% results in minor improvement
(30 mV). We assume that a certain amount of oxygen is necessary to render the carbon surface
electrochemically available which might result from improved wetting and which may not be
necessary in strong acid solution. Thus, as a general conclusion for the V(I1V)/V(V) conversion
the positive influence of oxygen functional groups is rather an effect of improved wetting and
those groups do not form the active sites.

On the other hand, a significant impact on the V(I1V) to V(l11) and the V(I11) to V/(I1) reduction
with increased surface oxygen could be found. It thus might be favorable to use highly
functionalized CNTSs in the negative half cell of VRFBs; also for removing V(IV) ions from
cross contamination. In general, it can be concluded that both half cell reactions in VRFB
respond differently to oxygen functionalization, which should be taken into account for future

studies.
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