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Abstract

The long-term goal of this project is to provide a causal link between the oxygen evolu-
tion reaction (OER) mechanism and the underlying physical phenomena rooted in the
electronic structure of RuO,(110). At first, RuO, is described in the context as highly-
active industrial catalyst for various chemical reactions (section 1.1). As RuO, is more-
over a benchmark catalyst for electrochemical water splitting and the production of hy-
drogen, the theoretical foundation of the oxygen evolution reaction (OER) is presented
(section 1.2). After the required fundamental electrochemical concepts are discussed
(chapter 2), a custom electrochemical cell is developed and its functionality is tested
and characterized (chapter 3). The investigated samples originate from a successful
prior pulsed laser deposition (PLD) growth program of oriented RuO,(110) thin films on
TiO,(110) substrates. These samples are categorized into morphological groups by scan-
ning electron microscopy (SEM) (section 4.1). A reliable reference value for the specific
double-layer capacitance (DLC) of RuO,(110) in 1 M H,SO, electrolyte is determined to
be (34.6 £ 0.9) puF cm 2 by electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV) and SEM - the specific capacitance of a near atomically-flat reference sam-
ple allows for the normalization of the measured current per electrochemically active
surface area (ECSA) (section 4.3). A model for the main observed surface protonation
reactions is proposed (subsection 4.5.9) utilizing a novel technique based on CV devel-
oped in this thesis (subsection 4.5.7). A reversible, time- and potential-dependent loss
of OER activity is discovered, investigated and modeled (section 5.1). The findings are
utilized to perform a Tafel analysis of the OER activity (subsection 5.4.2). In particular, a
standardized electrochemical characterization protocol is developed, which allows for
batch screening of various samples in combination with an automatized data evalua-
tion script (section 5.2). It is applied to 12 available thin film samples and yields specific
trends, which can be further correlated to the prior morphology determined by SEM
(section 5.4). Finally, possible improvements to the protocol are discussed (section 5.5)
and future pathways of this project are outlined (chapter 6). The goal of establishing a
link to surface science is approached by the derivation of an atomic-site specific model
of the potential-dependent surface terminations of RuO,(110) (subsection 4.5.9).






Zusammenfassung

Langfristig ist das Ziel dieses Projekts einen kausalen Zusammenhang zwischen dem
Mechanismus der Sauerstoffevolutionsreaktion (OER) und den zugrundeliegenden phy-
sikalischen Phianomenen, welche in der elektronischen Struktur der Oberfliche von
RuO,(110) verankert sind, zu schaffen. Zu Beginn wird RuO, im Kontext eines hochak-
tiven industriellen Katalysators fiir vielféltige chemische Reaktionen beschrieben (sec-
tion 1.1). Da RuO, iiberdies noch ein mustergititiger Katalysator fiir die elektrochemi-
sche Wasserspaltung und Wasserstoffproduktion ist, werden die theoretischen Grund-
lagen der Sauerstoffevolutionsreaktion (OER) dargestellt (section 1.2). Nachdem die be-
notigten grundlegenden elektrochemischen Konzepte beschrieben wurden (chapter 2),
wird ein speziell angefertigte elektrochemische Messzelle entwickelt und ihre Funk-
tionalitdt gepriift und charakterisiert (chapter 3). Die untersuchten Proben stammen
von einem vorherigen erfolgreichen, auf gepulster Laserdeposition (PLD) basierenden,
Wachstumsprogramm von orientierten RuO,(110) Diinnschichten auf TiO,(110) Sub-
straten. Diese Proben werden nach ihrer Morphologie gruppiert mithilfe von Raster-
elektronenmikroskopie (SEM) (section 4.1). Ein verldsslicher Referenzwert fiir die spezi-
tische Doppelschichtkapazitdat von RuO,(110) in 1 M H,SO, Elektrolyten wird bestimmt
zu (34.6 + 0.9) pF cm ™2 durch elektrochemische Impedanzspektroskopie (EIS) und zy-
klische Voltammetrie (CV) und SEM - die spezifische Kapazitit einer anndhernd ato-
mar flachen Referenzprobe erlaubt die Normalisierung des gemessenen Stroms auf die
elektrochemisch aktive Flache (ECSA) (section 4.3). Ein Modell fiir die wichtigsten be-
obachteten Oberfldchenprotonierungsreaktionen wird vorgeschlagen (subsection 4.5.9)
unter Benutzung einer neuartigen, auf zyklischer Voltammetrie (CV) basierenden Tech-
nik, welche in dieser Arbeit entwickelt wurde (subsection 4.5.7). Ein umkehrbarer, zeit-
und potentialabhdngiger Verlust der Sauerstoffevolutionsreaktionsaktivitdt wird ent-
deckt, untersucht und mathematisch beschrieben (section 5.1). Die Entdeckung wird
genutzt, um eine Tafel-Analyse der Sauerstoffevolutionsreaktionsaktivitdt durchzufiih-
ren (subsection 5.4.2). Konkret wird ein standardisiertes elektrochemisches Charakteri-
sierungsprotokoll entwickelt, welches eine Serien-Untersuchung verschiedener Proben
mit einem dazugehorigen automatisierten Auswertungsskript ermdglicht (section 5.2).
Es wird auf die 12 zur Verfiigung stehenden Diinnschichtproben angewendet und zeigt
deutliche Trends auf, welche sich wiederum zu der vorherigen, mittels Rasterelektro-
nenmikroskopie (SEM) bestimmten, Morphologie korrelieren lassen (section 5.4). Letzt-
lich werden mdogliche Verbesserungen (section 5.5) des Protokolls diskutiert und zu-
kiinftige Richtungen des Projekts beschrieben (chapter 6). Eine Anndherung an das Ziel
eine Verbindung zur Oberflachenphysik herzustellen, wird erreicht durch die Herlei-
tung eines auf den atomaren Adsorptionsplatz spezifischen Modells der potenzialab-
hédngigen Oberfldchenterminationen von RuO,(110) (subsection 4.5.9).
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1 Ruthenium Oxide: Rising
Fundamental Interest in an Industrial
Catalyst

This chapter first motivates the industrial relevance of RuO,-based catalysts and what
their direct impact of the current research could be. The focus will then shift toward
single crystalline model systems and how they are utilized to demonstrate a possible
interrelation of electronic structure and catalytic surface reactions. In the second half,
the framework of transition state theory (TST) is introduced. It connects the oxygen evo-
lution reaction (OER) — a half reaction of electrocatalytic water splitting — to microscopic
surface properties of RuO,(110).

1.1 Role of RuO, in catalysis and physics

Ruthenium oxides have long been known for their superior catalytic properties.! Exam-
ples from the field of heterogeneous catalysis, in particular, include CO, NH; and HCl
gas phase oxidation. The latter - also known as the Deacon process - offers a possibil-
ity to recycle the tremendous amounts of HCl produced by the chemical industry. Al-
though this process has been known for more than 100 years, it is still less efficient than
its electrolysis counterpart.? It now appears that RuO, coated rutile TiO, — the material
of interest in this thesis — could initiate a tipping point, since it shows unprecedented
gas phase HCl oxidation efficiency.?

Currently, the most important industrial application of ruthenium oxide is unequiv-
ocally the chlor-alkali electrolysis process. It generates chlorine and hydrogen gas as
well as aqueous sodium hydroxide from brine.? The anode material of the chlor-alkali
process is commonly referred to as a Dimensionally Stable Anode, which consists of a
Ru 5Ti 7O, coated Ti metal plate or mesh.* To put this into perspective: In 2021, the
ruthenium demand of the electrochemical industry has been 4.3 t, thus amounting to a
considerable 13 % of the total annual need.’

This, by far, not exhaustive list of applications in catalysis and electrocatalysis al-
ready illustrates that ruthenium oxide is a jack-of-all-trades. With a focus on fulfill-
ing the worlds future needs for sustainable energy production and storage, the water-
splitting capability of RuO, regains importance. It centers on a promising technology
possibly living on the edge of large scale application: The proton exchange membrane
(PEM) electrolyzer is currently experiencing increased research and development at-
tention with several running demonstration systems currently in operation. It repre-
sents one approach to utilize electrochemical water splitting for green hydrogen pro-
duction for future sustainable energy storage applications.® Furthermore some PEM-
electrolyzers offer the possibility to reverse the process and regain energy from ambient
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air oxygen and hydrogen in terms of a fuel-cell operation mode.”

The overall water splitting reaction can be separated into the oxygen evolution reac-
tion (OER) happening at the positively biased anode and the hydrogen evolution reac-
tion (HER) at the negatively biased cathode as follows:

HER (cathode) :  2H"(,q) +2€™ — Hy, (1)
OER (anode) : 2Hzo(l) - 02(g) + 4H+(aq) +4e". (2)

In Eq. 1 hydrogen H' () is the oxidized species, which is reduced to yield Hy. In the
case of a PEM-electrolyzer, the two gas evolving compartments are separated by a gas
tight membrane that offers proton conductivity, hence the name. This operating princi-
ple is depicted in Fig. 1a). In contrast to alkaline electrolyzers, PEM-electrolyzers rely
on an acidic environment.® The electrochemical standard potential of water splitting is
E° = 1.23 Vsyg®. The standard potential is reported versus the standardized reference
potential of the standard hydrogen electrode (SHE), which is defined at E° = 0Vgyg
(subsection 2.2.1). One can think of the water-splitting standard potential as the mini-
mum theoretical electrical energy needed to split a water molecule. More precisely, this
corresponds to leveling the Gibbs free energies of reactant and products of the overall
reaction: 2HyOy —= Opyq) + 2Hy(q). Furthermore, it is assumed that a thermodynamic
heat reservoir compensates for the endothermic nature of the water-splitting reaction.

In reality, one needs a surface to catalyze the complicated OER - there are four rec-
tion steps each including the transfer of a proton and an electron — as well as the more
facile to catalyze HER.? The catalytic surface provides adsorption sites that aid to over-
come the energy barriers of chemical bond formation and rupture. Active OER-catalysts
that are stable under acidic conditions are RuO, and IrO,, whereas the latter one tends to
be more corrosion resistant, but, less active.1? The HER is usually catalyzed by modified
Pt cathodes.® The HER and OER half reaction of the overall water-splitting process il-
lustrate the opportunity to directly impact the overall efficiency of the PEM electrolyzer
by either optimizing the catalytic activity and utility of the anode or cathode (Fig. 1a)).
As the more facile and less energy intense HER is readily catalyzed by Pt-based ma-
terials, the natural choice is to focus on the RuO,-anode. The goal is to make use of
fundamental insights about the OER to eventually track down key material properties
which have to be tuned to reach even higher activity and stability.

The use of RuO,-based materials for chlor-alkali electrolysis and PEM electrolyzers
demonstrates their competitive performance in the chlorine evolution reaction (CER)
and the OER, respectively. In addition, RuO, catalyzes the HER (better than other metal
oxides, but not as well as the benchmark HER catalyst Pt!1"!), the oxygen reduction reac-
tion (ORR)'?7!* and the chlorine reduction reaction (CRR)!°. Last, hydrous ruthenium
oxides are used to build supercapacitors due to their ability to store pseudocapacitive
charge in form of adsorbed (subsection 2.4.2) or bulk incorporated hydrogen atoms (sec-
tion 4.4).1617

To achieve the goal of understanding the fundamentals of the OER and eventually
improve the catalytic performance of an OER-catalyst single crystalline model system
are required. Single crystalline model systems, which offer controlled surface properties
are required the more fundamental the research efforts get, especially on the theory
side. Recent studies compared the electrocatalytic properties of different RuO, single
crystal faces. At first glance, they show similar properties, nevertheless, there are certain
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Fig. 1: a) Working principle of a proton exchange membrane (PEM) electrolyzer: water is split into hy-
drogen and oxygen using electrical energy. The anode and cathode consist of catalytically active material,
which provides adsorption sites. The PEM conducts protons and is impermeable against gas and water.
The voltage is usually applied at the outsides and the reaction takes place within porous structures (black
grid). b) Angle-resolved photoelectron spectroscopy (ARPES) band map (top left) of a RuO,(110) surface,
which exhibits a flat band surface state (FBSS) that is anchored between two Dirac crossings. RuO,(110)
surface under NO atmosphere (fop right): the FBSS disperses along the bridging ruthenium (Ruy,) chains.
Bottom: RuO,(110) surface under CO and H, atmosphere: no FBSS develops due to the removal or re-
placement of bridging oxygen atoms (Oy,). (graphics from Jovic et al. 1819)

trends regarding activity and stability, as well as in their adsorption properties.?0-2

As we have various RuO,(110) thin film samples from the prior growth optimization
study of Kessler?’ readily available, the following discussion will predominantly focus
on the (110) surface. This is the thermodynamically most stable surface termination
of RuO,, therefore, it is a reasonable choice to approximate the properties of various
polycrystalline forms of the material.

Besides its catalytic performance, RuO, also offers exciting properties from a solid-
state physics perspective. The electronic structure of RuO, — a Dirac semimetal — shows
a complex network of Dirac nodal lines (DNLs).!® These DNLs give rise to a flat-band
surface state (FBSS), which disperses along (001) oriented chains of bridging ruthenium
(Ruy,) 4d,» orbitals and is stabilized by bridging oxygen (Oy;) p,. Within a RuO,(110)
unit cell, there is a second type of site: on top oxygen (Oot) adsorbed to onefold coor-
dinatively unsaturated 1f-cus-Ru sites (Ru,,s) of the stoichiometric surface. Gases with
known adsorption and catalytic behavior such as NO, CO and H, can be utilized to ma-
nipulate the surface while observing the FBSS by angle-resolved photoelectron spectros-
copy (ARPES), which is shown in Fig. 1b). It has been observed, that the FBSS collapses,
if the Oy,-chains are disturbed, meaning the oxygen is either removed or replaced by,
e.g. by CO, as illustrated in Fig. 1b). This shows that the surface electronic structure
is affected by typical catalytic reactions. Thus, it is alluring to search for possible cor-
relations between electronic structure by ARPES and actual catalytic performance by
electrocatalysis. !

As aresult of its special electronic structure, antiferromagnetic ordering is proposed,
and possible hints of its existence have been discovered experimentally.?= Beyond
producing a non-zero anomalous Hall signature, magnetic ordering could be relevant
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Fig. 2: Predicted free energies of the oxygen evolution reaction (OER) intermediates adapted from Ross-
meisl et al.32. Four proton coupled electron transfers (PCET) are catalyzed by active surface sites (O*).

for the emerging field of spintro-catalysis. At the bottom of this field lies the intuition
that converting nonmagnetic water to magnetic triplet oxygen requires a spin transfer
mechanism, possibly mediated by the surface electronic structure. It has been proposed
by density functional theory (DFT) calculations that the RuO,(110) surface is able to
supply the required spin.3! To get to the bottom of the — potentially spin related — OER
mechanism is the long-term goal of this project.

1.2 The oxygen evolution reaction: A link to surface sci-
ence?

The water splitting standard potential E° = 1.23 Vrpg® would not suffice to actually
split water. All voltage which has to be applied on top of that to actually drive the re-
action is considered as overpotential 17. There are several contributions which add up
to the total overpotential: heat loss, ohmic drop over the electrolyte, depletion of reac-
tant concentration, evolution of gas bubbles and intrinsic catalytic activity.® Except the
latter, all other contributions are essentially self-explanatory and related to the extrinsic
experimental conditions. In consequence, we will focus on understanding the intrinsic
catalytic mechanism in more detail.

The overpotential of the overall process consists of the sum of overpotentials at the
hydrogen evolving cathode and the oxygen evolving anode. The latter one will be dis-
cussed in further detail as it is where RuO, comes into play. Fig. 2 shows a free energy
diagram of the four consecutive OER steps: starting with two water molecules and
generating gaseous oxygen in the end. Each step consists of a proton-coupled electron
transfer (PCET). O* represents an oxygen atom adsorbed to an active Ru-cus site - this
is the already mentioned on top oxygen O,;.

Considering the free energy staircase Fig. 2 and applying a bias of E = 0 Vgyg, it
is apparent that each step has a different activation barrier corresponding to its step
height. The fundamental concept of electrochemistry is the capability to tune the free
energy of all reaction steps that include electron transfer by applying an electric poten-
tial. Applying a bias of E = 1.23 Vgyg, all steps are shifted by the difference in Gibbs
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free energy AG = —neE thus leveling the initial and final state — n is the number of
already transferred electrons. Yet, not all steps are energetically favorable —i.e. "down-
stairs” — and the reaction is still blocked. At the equilibrium potential (E = 1.23 Vgyg),
the forwards and backwards rate from initial to final state cancel out each other. Only
an ideal catalyst (Fig. 2, green), which exhibits the same energetic height in each step (

If we further increase the potential, at a certain point even the formerly highest step
becomes downwards. This step is called the potential determining step (PDS). At this
stage, the whole reaction is thermodynamically favorable. The PDS offers one possibil-
ity to define the intrinsic catalytic overpotential as: the bias required to make all steps
point downwards, which causes the forward rate of the reaction to exceed the back-
wards rate. Unfortunately this value only suffices for theoretical comparisons, but can
not be determined experimentally. In an experiment, the potential-dependent reaction
rate can be measured in terms of an electric current that is caused by every transferred
electron contributing to the reaction. This current is already established before the PDS
has been leveled. This leads to the next step on the way towards a description of the
OER mechanism: The transition states, which are located in between the reaction inter-
mediates as indicated in orange in Fig. 2.

Up to this point, all reaction intermediates are discussed in terms of stable surfaces,
whose energies can be calculated by DFT.?? As depicted in Fig. 3a), a certain activation
energy G" is required to bridge every step. This leads to transition state theory (TST)
and the Butler-Volmer equation, relating properties of the transition state to the exper-
imentally observed current. Fig. 3a) shows a simple model of the one-electron redox
process:

k—

Red =—— Ox + ¢, (3)
k—
R=——=0+¢, 4)

which dynamic chemical equilibrium occurs in both directions.
The chemical rate constants in forward and backward direction k= can be expressed
by the Eyring equation:®

k_. o« exp {——(G# — 0(61])} (Eyring) )
k_ ocexp [——(G# +(1- 06)617):| . (6)

Here kg is Boltzmann’s constant, e the electron charge and T the temperature. The
overpotential # = E — E° represents the voltage E related to the electrode standard
or reversible potential E°. G is the standard Gibbs free energy of activation at the
reversible potential, when reactant and product energy levels are equal. The Eyring
equation matches the intuition that the reaction rate is exponentially suppressed with
transition energy. Remembering that applying an overpotential # shifts the energy lev-
els by AG = —ner, one can explain the terms added and subtracted in Eq. 5 and Eq. 6.
In Eq. 5, the transition state energy is lowered by a certain fraction « of the charge that
has already been transferred on the way from R to O. This can be interpreted in the
following way: The reaction starts from R with zero transferred electrons and reaches
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its final state O, where one electron is transferred — a certain fraction (0 < a < 1) of the
overall charge is transferred at the peak of the transition state. Intuitively, a fractional
charge represents a partly displaced electronic orbital between the initial and final state
of an electrochemical process. Likewise in Eq. 6, the activation energy is amplified by
(1-0).33

The final steps to the experimental current density j(#) consist in scaling the rate
constants accordingly and adding the forward and backward current. This results in

the generalized Butler-Volmer equation3:

, (Butler-Volmer)

j(n) = jo { exp {[ﬁg_?m] —exp [—(Z — ﬁRDs)eW]

ke T
S— N /
DS g
\ T Y,
= 7

PrDS = ¥ + arDs,

where the transition state exponential is now contained within the exchange current
density jo. I' is the number of active catalytic sites per area with a reactant ion present
nearby, z is the number of electrons transferred in the overall reaction. Furthermore, the
electron transfer coefficient frps = 7 + arps generalizes the (one-step) derivation to a
multi-step process like OER: employing 7 to count all electrons transferred before the
rate-determining step (RDS).

Fig. 3b) shows a two-step process with three stable surfaces and two transition states
#1 and #2 (purple and blue). More precisely A is the starting surface, B is a reaction
intermediate and C is the starting surface with the desired product, e.g., oxygen gas.
The following discussion can also be generalized to a starting and final surface with
three reaction intermediates as it would be in the case for OER. The following discussion
is based on the work of Exner ef al.3*. Assuming the desired reaction proceeds from left
to right, at zero overpotential the reaction would be in chemical equilibrium and not be
tavorable yet. However, at or above a certain overpotential, the reaction will proceed
and the second step (Fig. 3b), blue) will become rate-determining. This is the case as
long as the second transition state #2 is higher than #1. In this situation, A is in a pre-
equilibrium with B while the last step represents the bottleneck of the whole reaction by
having the slowest rate constant. Thus only the properties of the RDS are reflected in
the OER current.

As the contribution of the backwards reaction gets exponentially less important with
more positive overpotential in the forward regime, Eq. 7 simplifies to a single exponen-
tial:

j7) = /RS exp | PRS- (age) ®)
kgT
In the current case, i.e., if step #2 is rate-determining, the electron transfer coefficient

would account for the charge already transferred (¢ = 1, from A to B in Fig. 3b) ) and the
partially transferred charge ay at the peak of the transition state (Brps = v + arps =
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Fig. 3: a) Sketch of the free energy diagram of the one electron reaction R == O + e". The transition

state free energy G* depends on the applied overpotential 7. b) Sketch of the free energy diagram of
a two-electron reaction, which proceeds over transition state B. The number of transferred electrons is
shown underneath, including the fractional electron transfer coefficients « of the transition states #. c)
Surface Pourbaix diagram of RuO,(110) from Exner et al.3*. The overpotential is measured versus the
OER standard potential at pH 0.3.

1 4 ay). There is one exception to this counting rule: If the RDS is a purely chemical
one, thus no charge transfer with the catalytic surface, agpgs is always zero. An example
would be a dissociative water adsorption at the two active sites * of the RuO,(110)
surface: 2* + H,O == xOH + *H - no charge is required to balance this reaction.*
The lower potential region of the overpotential-current characteristic (see Fig. 3b)) is
determined by Eq. 8.

Further increasing the overpotential leads to the situation illustrated by dashed lines
within the energy diagram in Fig. 3b). Note that transition state #1 has now the highest
free energy and becomes rate-determining. As Eq. 8 always depends on the current
RDS, jo changes as well as  (Brps = ¥ + arps = 0 + ay1). This explains the transition
within the higher overpotential region (purple) in Fig. 3b). The linear regimes are also
known as Tafel regions, Eq. 8 is likewise called Tafel equation. As depicted in Fig. 3b),
plotting the logarithmic current versus the overpotential allows for the extraction of the
transition state free energy G from the intercept at zero overpotential 7 = 0, which
yields the exchange current density jy according to Eq. 7 and Eq. 8. The slope contains
BrDs-

It is worth noting that in a multi-step situation there is the possibility of shadowed
steps. One could imagine a situation with a third transition state with lower free energy
than #2 at zero overpotential situated to the right of it. This step would never become
rate-determining, which is synonymous to visible within the given context.

A further complication, which is proposed to occur at the RuO,(110) surface?, is a
change in the starting surface under varying starting conditions — this will be explained



8 Chapter 1. Ruthenium Oxide: Rising Fundamental Interest in an Industrial Catalyst

hereafter. This occasion will further be utilized to introduce the reader to a related con-
cept: the Pourbaix diagram. Fig. 3c) shows an example of such a diagram in terms
of thermodynamically stable (DFT-predicted 3*) surface configurations of RuO,(110) de-
pending on the applied potential and the pH value of the reaction medium. In the
present case increasing the overpotential at fixed pH leads to a phase transition: the
configuration with 0.5 protons per bridging oxygen (Oy,) transforms to the fully oxy-
genated unit cell. In the simplified model of Fig. 3b) this would correspond to increasing
the overpotential until the reaction intermediate (middle) overtakes the starting surface
energetically — this is not sketched. This situation implicates that the former reaction
intermediate takes the role of the stable starting surface, which, in fact, it is hence-
forth. Thus one catalytic cycle will start and end at this surface, therefore changing
the way transferred electrons Brps have to be counted. In the given example, the rate-
determining transition state #1 remains, but is not the first electron transfer (counting
from A) anymore. Counting from B it becomes the second electron transfer. Conse-
quently, yet another linear Tafel region would arise within the potential range where
this applies. In general, reaction intermediates can show up in surface Pourbaix dia-
grams, but it is not excluded that other adsorbates, which do not necessarily take part
in the catalytic cycle, are energetically more favorable.3*

At this point, it is noticeable that in spite of the — misleading — insinuation of the
potential-determining step (PDS), (Fig. 2) an OER current will establish before every
single reaction steps becomes downstairs — meaning that some reaction intermediates
still have higher free energy than the initial state. The reasoning behind this is that
the PDS concept only includes stable (steady-state) surface configuration energies and
draws conclusion about reaction rates based on this. In contrast, transition state the-
ory (TST) focuses on the actual chemical reaction kinetics, whose are controlled by the
higher energy (than stable reaction intermediate surfaces) transition states. TST basi-
cally completes the picture by introducing transition states into the simple staircase pic-
ture from Fig. 2. The concepts of TST underlie the interrelation of microscopic surface
processes and macroscopic quantities that are observable by electrochemical methods.
In a nutshell, the logarithmic slope of a current-potential characteristic (Tafel slope) per-
mits a direct consistency check of a proposed OER pathway within the framework of
TST by counting transferred electrons between the starting surface and contemplable
transition state. In addition, the TST offers to reconstruct the whole free energy surface
of the reaction by combining information from theory and experiment as demonstrated
in the work of Exner et al.3*. The transition state free energies are determined experi-
mentally while the stable surface reconstructions, i.e., reaction intermediates can be de-
termined by density functional theory (DFT). Another connection between microscopic
and macroscopic quantities comes from surface Pourbaix diagrams at lower potentials
where OER is not feasible yet. When a phase transition occurs, it is correlated to electron
transfer and consequently generates a measurable current. This will become the second
main concept of the present work.

Finally a connection to the chapter’s motivation part (section 1.1) can be established.
The OER mechanism with its different adsorbed reaction intermediates illustrates which
properties a good catalyst has to offer. First of all it needs an active site just as the 1f-cus
Ru which moderately binds — in this case — O, OH and OOH (Fig. 2) and is still able
to release the final product O,. Exactly this fine balance between easy adsorption and
not too demanding desorption energies of the cus-sites — not those where O, adsorb
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— causes the RuO,(110) surface to be such a benchmark catalyst.! To this end, it is em-
phasized that a single crystalline model system is required to investigate the presented
concepts. Therefore, in the scope of these considerations, RuO,(110) thin films will be
characterized and classified throughout this thesis.
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2 Fundamental Aspects of
Electrochemistry

After briefly introducing the way of thinking in terms of electrochemical standard po-
tentials and electrode reactions based on a simple lemon battery, the standard three elec-
trode setup is exemplified by cyclic voltammetry (CV) at platinum (Pt). The theoretical
basis, which is needed to also quantitatively understand the cyclic voltammogram of Pt
and all experimentally related concepts, is discussed afterwards.

2.1 The basic setup

2.1.1 The lemon battery: A typical two-electrode experiment

One of the simplest conceivable electrochemical experiments is the well-known lemon
battery. It can be easily built by sticking a copper and a zinc electrode into a lemon as
depicted in Fig. 4a). The citric acid establishes electrolytic contact, specifically ionic con-
ductivity. Because of the different locations of Cu and Zn within the galvanic series, a
voltage between the two half-cells is expected. Its approximate value can be determined
by subtracting the tabulated standard potentials® E° of the half reactions:

Copper electrode: Cu(‘ia) +2e — Cu, E¢, =034V )

2HGg +2€ — Hy), Ep, =0V (10)
Zinc electrode: Zno +2e — Zng), Eg,=—076V (11)
Lemon battery: Zng +2Hgg) — Znéa) +Hyg), Ef,—Eza=076V. (12)

Eq. 9 and Eq. 10 actually reveal two possible reactions at the copper electrode: Cu**
being reduced to Cu or the evolution of hydrogen — which we already know as HER.

These two reactions point towards a common misconception, which can be triggered
in case, e.g., a general chemistry textbook uses a lemon battery to motivate the Daniell
element (Cu-Zn-battery).3® The Daniell element corresponds to Eq. 9, i.e., copper ion
deposition. In the case of a Lemon, there are no copper ions present in the electrolyte,
but rather aqueous protons from the citric acid. Besides the HER, the Zn electrode is
dissolved into the electrolyte. 3¢

At this point, it is important to note that electrochemical standard potentials are,
by definition, reduction potentials. The arrow directions in case of Eq. 9-Eq. 11 are
chosen accordingly, which means that the arrow points towards the reduced species
of the reaction. This is important to enable an unambiguous definition of the sign of
the related standard potentials. Consequently, the negative sign relative to the HER in
the last case indicates that Zn will spontaneously be oxidized (dissolved), rather than
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Fig. 4: a) A lemon battery is built by sticking a copper coin and a zinc plated nail into a lemon, which
acts as acidic electrolyte by providing aqueous protons (H+aq). b) The electrode standard potentials are

determined by the absolute energy gain of an arbitrary redox couple versus the H"/H,-couple. In the

case of Zn**/Zn, overall, the system gains energy as the hydrogen bond formation is favored over the
lattice cohesive energy of Zn. At the same time, this (more than) compensates the combined ionization

and hydration energy that is lost during the step from H" to Zn*. The sketched (free) energy values are
not to scale but illustrate the approximate relative relationships. Data taken from Schmidt-Rohr¥”.

reduced, when connected to a hydrogen half-cell. Furthermore, standard potentials are
only valid at defined standard conditions.

The galvanic series motivates the emerging potential difference. This empirically
found motivation is simple, but not satisfactory in explaining the actual driving mech-
anism. Nevertheless, there is an intuition that offers a bit more than a simple ‘energet-
ically more favorable’. The standard potentials from the galvanic series are correlated
to the lattice cohesive energy of bulk metals, as well as to their ionization energies in
water (including the hydration energy).?” This concept of checking the energy gain or
loss of the overall system by comparing lattice cohesive (or bond formation) energy and
ionization and hydration energies is illustrated in Fig. 4b) (including the H" /H,-couple
as reference).

The lemon battery reveals an intrinsic problem of two-electrode measurements: In
contrast to probing reactions of either the copper or the zinc electrode individually, the
overall cell voltage comprises contributions of both metals. Consequently, a third elec-
trode with a stable and well defined standard potential, known as reference electrode
(RE), has to be introduced. Although in this specific case one electrode reaction appears
to be at the defined zero voltage point, it should be emphasized that the simplistic as-
sumption of standard conditions does not reflect reality. Furthermore, no complications
of externally applying a voltage and measuring a current have been considered yet.

2.1.2 The three-electrode setup illustrated with platinum

Fig. 5a) shows the next simplest electrochemical experiment, which clears the way for
quantitative measurements. Two Platinum wires (99.95%) and a RE are dipped into
1M H,SOy, electrolyte. One of these wires is the device under test, also known as the
working electrode (WE).

As already mentioned, the RE has a known and stable (over time) potential. The gen-
eral convention is to report all electrochemical potentials versus the standard hydrogen
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electrode (SHE), a conceptual RE which will be explained later (subsection 2.2.1). For
now, it is important to realize that there are no absolute electrochemical potentials. Thus,
the zero point is defined to be at the hydrogen reduction potential: E; = 0V. To avoid

obstructing the governing reaction of a RE, ideally no current should flow through it.33

A current through the RE would trigger an electrochemical reaction, which would in
turn cause the potential to drift. If no current can flow through the RE, then one needs
an additional current collector which can make up for electrochemical reactions of the
WE. This current collector is called counter electrode (CE). There are several inert mate-
rials that can be utilized, which one is the best depends on the specific electrochemical
issue. Platinum metal (Pt) is an excellent example CE candidate for a range of electro-
chemical processes (including the OER) as it is quite inert and corrosion resistant over a
considerable potential window. The CE should have a larger surface area than the WE
to avoid restrictions of the maximum observable current density at the latter one.3

In the following text, two very instructive limiting cases of platinum experiments
will be discussed. First, a slow ’steady-state” voltage sweep with a scan rate of v =
1mVs~!, starting from low (negative) potentials, is performed. (see Fig. 5b)) Below
0 Vghg the absolute current rises exponentially due to the HER, while it behaves simi-
larly at the other potential limit due to the OER. In both cases, the evolving gases can
be observed in form of rising bubbles. This is basically the same situation as for the
PEM electrolyzer with its hydrogen evolving Pt cathode. The fact that there is already
a considerable current near the hydrogen evolution standard potential (0 Vsyg) under-
lines the efficiency of Pt in catalyzing this reaction, thus keeping the overpotential low.
At these relatively slow scan rates, the current on the way to more positive — anodic —
potentials is negligible compared to the water splitting reactions. Therefore the inter-
mediate potential range is mostly flat.

As the OER standard potential of E° = 1.23 Vgyg is surpassed, as expected, there
is no direct oxygen related current yet. Above the activation barrier, when a sufficient
overpotential is applied, the current rises. However, the required overpotential is way
higher than that of a ruthenium oxide electrode.?’ This emphasizes that, in principle,
most electrode materials are able to anodically split water, but some perform better
than others. Hence RuO, would be favored over Pt as anode OER-catalyst. In the case
of Pt, the lack of OER-activity is partly caused by the build-up of poorly conducting
oxide layers within the relevant potential region.*!#2 Their voltammetric response will
be discussed subsequently.

Fig. 5¢) shows a cyclic voltammetry (CV) experiment performed at 600 times faster
scan rate (v = 600mV s~ 1) than the linear sweep just shown. In this fast scan rate limit
the surface redox transitions are enhanced. Intuitively, if a certain charge is attributed
to a potential-dependent surface redox process, this charge has to be transferred in less
time at higher potential scan rates — the current is enhanced. The potential range is
chosen to be within the limits of the gas evolving reactions. A cyclic voltammogram
is created by alternate linear sweeps from lower to higher potentials and vice versa. If
the occurring electrochemical processes do not change over time, a stable response is
expected after a few initial cycles. The curve depicted here already reached that state.

A single cyclic voltammogram contains a lot of information, as the textbook exam-
ple Pt demonstrates. Starting at 0.3 Vsgg a mostly constant charging current establishes
until about 0.8 Vsyg. This is known as the double-layer region, to which a whole section
is dedicated, but for now it can be thought of as charge which reorganizes in front of
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Fig. 5: a) The simplest three electrode setup: Platinum (Pt) wires act as counter (CE) and working elec-
trode (WE). They are immersed into 1M H,SO, electrolyte together with a reference electrode (RE). A
controlled current is applied between CE and WE while the voltage is measured between RE and WE. b)
A slow linear sweep voltammogram of Pt starting from low potentials, which is recorded at a scan rate of
1mVs~!in 1M H,SOj electrolyte. c) A fast cyclic voltammogram of Pt, which is recorded at a scan rate of
600mV s~! in Ny-saturated 1M H,SO, electrolyte. All typical potential dependent surface reactions are
visible: hydrogen (H,;,4) and oxygen (O,;,4) underpotential deposition as well as desorption (Hges, Oges)-
Furthermore, the weak (H,,) and strong (H,) hydrogen adsorption peak pairs are indicated. Illustrations
of the Pt surface reactions are taken from: Sugawara et al.®® and Wongbua-ngam et al.*.
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the metal surface. It behaves just like a capacitor, where the charging current is propor-
tional to the potential scan rate v. The subsequent rise of the current can be attributed to
the build-up of the Pt-oxide layer, which has already been referred to in the context of
hindering the OER.3® Pt-oxides can reach from adsorbed oxygen, over a monolayer ox-
ide, up to multiple layers. Furthermore, anodic dissolution of platinum metal becomes
favorable, even though the oxides serve as a protective layer up to a certain degree.®

Reversing the potential just before the OER onset results in an oxide reduction peak
with a maximum at around 0.7 Vsyg. The charge attributed to this feature is correlated
to the time the electrode has spent at elevated potentials.*> A negative sign current is
reasonable for a reduction process as electrons are supplied by the electrode. Because
the PtO, oxide layer, as soon as it built up, behaves rather resistant towards reduction,
this process does not readily take place at the same speed by reversing the potential, but
has its maximum located at lower potentials.44 After the oxide reduction finished, just
the underlying double-layer charging current remains.

Below 0.3 Vsyg two pairs of peaks, which are symmetric with respect to the zero cur-
rent abscissa, show up. These are known as hydrogen underpotential deposition (UPD)
peaks, because they appear at potentials positive to the actual hydrogen reduction (to
gas). As the name suggests, the peaks are related to hydrogen adsorption onto the Pt
surface:

H* + e = H,g. (13)

This process is very fast relative to the potential scan rate. It can be readily reversed
by reversing the potential, thus, it is also known as a reversible process. The symmetry
(relative to the zero current axis) of the peak pairs is a characteristic feature of this type
of electrochemical reaction. It is intuitive, that this process is less complex than the ox-
ide layer buildup, as protons are readily available under acidic conditions and it only
involves a single electron transfer. In case of polycrystalline Pt, two pairs of hydrogen
adsorption peaks appear: strong adsorption at higher potentials (H) and weak adsorp-
tion at lower ones (H,,). This is related to two different types of surface adsorption sites.
Hydrogen obviously needs less extra electrical energy to adsorb at sites of stronger ad-
sorption, therefore it needs less reductive — equivalent to higher potentials — conditions
compared to the weakly adsorbing sites.*> Reversing the potential before HER sets in,
reverses the process and the corresponding desorption features appear. The charge re-
lated to a certain peak can also be utilized to estimate the electrode’s surface area by
assuming one monolayer of adsorbed hydrogen with a single electron transfer for each
site, 4546

The preceding discussion illustrates how sensitive CV is towards surface reactions
and how it can provide a plethora of exciting insights about the WE within a few sec-
onds. On top of that, more detailed studies of Pt single crystals were even able to corre-
late CV features to surface step densities and, moreover, certain types of steps stemming
from different surface orientations. %

2.1.3 Selection of the electrolyte

The first decision which has to be taken is whether to work under acidic or alkaline
conditions. As the OER mechanism differs under alkaline conditions®!? due to the
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presence of OH -ions and because of RuO,’s specialty to perform well under the acidic
conditions of a PEM-electrolyzer®, acidic conditions are of interest in this thesis.

Two electrolytes can be ruled out directly. Hydrochloric acid (HCI) contains chlo-
ride anions, which make a side reaction next to the desired OER possible: Namely the
chloride oxidation to chlorine gas (CER), already mentioned related to the chlor-alkali
electrolysis in the first chapter. !>47 Phosphoric acid H;PO, shows problems which arise
from the presence of phosphate anions. CV features of RuO, appear damped in phos-
phoric acid electrolyte®® or phosphate salt*’ containing solutions. Both studies conclude
that phosphate adsorbs to the surface and obstructs sites participating in surface reac-
tions.

Judging from the literature, perchloric acid (HCIO,4) and sulphuric acid (H,SO,) ful-

fill the requirement of providing aqueous protons (H+(aq)), while their anions do not

affect the surface reactions.?!*%->2 Therefore, sulphuric acid is chosen in this thesis.

As mentioned above, the main job of the electrolyte is to provide H+(aq) and conse-
quently protonic conductivity via the Grotthuss mechanism. A simple picture of this
mechanism can be made up of protons jumping along chains of H,O, forming H3O+(aq)
on their way - this explains why protons diffuse more rapidly than other aqueous an-
ions or cations. Even though it does not change the consequences of this mechanism, it
should be mentioned that the hydronium ion does not reflect reality and more complex
structural models of aqueous protons have been verified by now.>3

Next to offering conductivity the presence of protons raises the question of the elec-
trolytes pH. The pH depends on the (molar) concentration of aqueous protons [H'] as
follows:

pH = —log([H"]), (14)

where the molar concentration (indicated by square brackets) [H] is measured in units
of 1 moldm ™.

H,S0, is a diprotic acid, meaning it can release two protons consecutively depend-
ing on the solution pH. Which ionic species is mostly present depends on the acid dis-
sociation constant pK, of either the H,SO,/HSO, or the the HSO, / SO42_-couple. In
the case of sulphuric acid the first couple is commonly recognized as strong acid, while
the second one as weak acid. The actual pH-pKj, relationship to anionic species con-
centrations can be estimated for a monoprotic weak acid by the Henderson-Hasselbalch
equation:

H-pK,) _ AT
10(PH-PKa) — AL (15)

with AH being the protonated version of the anion A™. Intuitively, this tells that 2 pH
above the pK,, 99% of the AH/A™-couple is dissociated to A~, and, 2 pH below, just 1%
is in the deprotonated state. The pH of the mainly used 1 molar sulphuric acid solution
(IM H,SO,) — this implies a concentration of 1 mole H,SO, per liter of solution — can
be estimated®* to pH ~ 0.1. From this, the actual concentration of sulphuric acid’s ionic
species could be extracted from a pH-concentration-plot called Bjerrum plot or Hagg-
diagram. In the present case, a simple estimation will be possible and suffice.

As the acid dissociation constant of the first deprotonation is pK,; = —3, it can be
concluded from Eq. 15 that mostly HSO, is present. This is because the electrolyte’s pH
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(pH ~ 0.1) lies more than 2 pH above the pK,;-value of -3. Furthermore, it is nearly 2 pH
below the second dissociation constant of pK,, = 2, meaning that 8042_ is not formed
yet. This indicates that every sulphuric acid molecule contributes approximately one
proton to the solution. This provides a successful consistency check as a pH of zero
indicates a proton concentration of 1moldm > — just the same as the molecular acid
concentration.

2.14 Control loop of the potentiostat

Current-voltage characteristics of platinum have already been presented, while tacitly
avoiding the discussion of how they were actually measured with a three-electrode
setup. The operating principle of a potentiostat is illustrated in Fig. 6a) by a simpli-
fied equivalent circuit. A potentiostat is able to adjust the WE potential by controlling
the current through CE and WE.

To recap, the RE measures the potential drop at the WE but is not able to carry cur-
rent, while current is provided by the CE. The control amplifier is a cartoon of the dig-
ital control loop of a real potentiostat. Within this control system, the process variable
is the voltage drop between RE and WE, which is compared to an externally specified
setpoint-voltage E;. Connecting both voltages to the inverting and non-inverting in-
puts of the control amplifier results in a current output proportional to their difference.
Hence, the controlled variable is the current passing through the cell between CE and
WE. As the WE-voltage is determined by the occurring electrochemical, i.e. current in-
ducing, reactions, it can actually be regulated by this current, and the control loop closes.
To finally obtain a current-voltage characteristic, the current is measured by the shunt
resistance R, and plotted versus the setpoint, which corresponds to WE-voltage.®

2.2 Reference electrodes and the Nernst equation

2.2.1 Electrochemical equilibrium and the Nernst equation

The subsequent brief introduction to the (electro-)chemical equilibrium follows the stan-
dard reference of Compton et al.>>. Chemical equilibria are usually described by three
thermodynamic state variables, namely: temperature T, pressure p and particle num-
ber n. The thermodynamic potential which depends explicitly on these variables is the
Gibbs free energy G(T, p,n). A thermodynamic potential is constructed in such a way
that it becomes minimal, when the system of interest including its environment reaches
maximum entropy under given constraints. This is a consequence of the second law of
thermodynamics. Consequently, the Gibbs free energy is able to predict concentrations
of chemical reagents under equilibrium conditions, but contains no kinetic information.
To find out what drives a reaction, changes of the Gibbs potential AG have to be consid-
ered

AG = —SAT + VAp + ulAn (16)

with entropy S, volume V and the chemical potential u. Starting from an out of equi-
librium state — like directly after mixing two reactive compounds — a chemical reaction
will occur until AG = 0.
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Fig. 6: a) A simplified equivalent circuit of a potentiostat connected to an electrochemical cell. The current
is measured via shunt resistor Ry, and controlled by an operational amplifier. The set point voltage is
externally supplied by voltage E;. b) Sketch of a standard hydrogen electrode (SHE): All electrochemical
potentials that are measured versus this standard setup are by definition recorded against E = 0 Vgyg.
Pictures of the used commercial reference electrodes (RE) are shown in c) (Ag/AgCl) and d) (Hg/HgSO,).
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Now this concept will be further elaborated using the electrochemically important
example of the Standard Hydrogen Electrode (SHE), from which we will eventually de-
rive the Nernst equation: All electrochemical potentials are measured against a defined
reference reaction: the reduction of hydrogen

ZH(;q) +2e — HZ(g)/ EIO—IZ =0V (17)

under standard conditions. Standard conditions are defined by a pressure of 1bar, tem-
perature of 25°C and an (aqueous proton) concentration of 1 mol dm 2. An experimen-
tal realization can be achieved by a platinum wire immersed in a hydrogen gas satu-
rated and bubbled electrolyte of pH = 0 as depicted in Fig. 6b).>® All electrochemical
potentials measured against this half-cell would by definition be versus SHE (Vsyg).
Now back to answering the question of how electrochemical reactions are related
to voltages. Under fixed temperature and pressure conditions, the change of Gibbs
free energy, which determines the electrochemical equilibrium, is given by the chemical

potential i, of a reacting species
oG
= 1
= (5), 18)

with ny being the concentration of the species x. Including also electrical energy, the
electrochemical potential

fix = Ux + 2xF¢p (19)

is defined with ¢ being the applied potential, z the charge of the species and F = Npe
the Faraday constant. The Faraday constant is the charge of one mole of electrons as the
Gibbs energies are also given per mole.

From Eq. 18 combined with the equilibrium condition, it follows that the hydrogen
oxidation will proceed until the sum of all electrochemical potentials of reactants and
products are equal at constant temperature and pressure. Applying this to Eq. 17 leads
to

21y + 2fle = fiH,, (20)
further inserting Eq. 19
2(pp + Fps) + 2(pe — FPm) = pn,, (21)

where ¢s and ¢, represent the potential of the solution and the metal, respectively. As
hydrogen gas carries no charge, it is not affected by the electrical potential. A general
expression for conditions that differ to the standard conditions is required.
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The standard chemical potentials 1° are related to the ones corrected for non-standard
conditions in the following way:

c(H*

g = V(P]F + RTIn <—<HO )> , (22)
_ 0 PH,

HH, = g, + RTIn <_p0 > , (23)

where | = 1moldm > and p° = 1bar and indicate that the quantities are measured
relative to standard concentration and pressure respectively. The stated corrections to
the standard chemical potentials can be derived from statistical mechanics®’, e.g., for
Eq. 22: The starting point is the partition function of an ideal gas (or ideal solution),
taking the logarithm yields the Helmholtz free energy (connected to the Gibbs free en-
ergy by Legendre transformation), after the Stirling approximation for a large ensemble
has been applied, the chemical potential can be derived by taking the derivative of the
Gibbs free energy according to Eq. 18.

As we will need it frequently, the common chemistry convention of measuring con-
centrations relative to the standard concentration and indicating molar concentration
with square brackets [H'] = C(ﬁ{f) will be used throughout this thesis. For consistency

the pressure relative to standard concentrations is defined as py, = %.

Combining all of the latter equations Eq. 21-Eq. 23 leads to the desired expression of
the voltage drop between metal and solution

Au® RT H*
(Pm - (PS = TP[ + T ln [~1/2:| ’ (24)
H,

where Au? is the difference of standard chemical potentials corrected by pressure, tem-
perature and the proton concentration, i.e., pH. R is the universal gas constant. Both
the Faraday as well as the universal gas constant are connected to kg and e by Avo-
gadro’s constant Na: %‘3% = R. The final step in deriving the common form of the

Nernst equation consists of identifying the standard chemical potential change with the
standard electrode potential E° of the specific reaction:

o RT. [ [H]

EHZ = EH2 + T In 1/ ’ (25)
Hy

or in the generalized version with the chemical equilibrium constant K:

RT [Red]

E=E°——In(K K= . 26

nP n ( ) 4 [OX] (NernSt) ( )

n is the number of transferred electrons of a process: Ox + ne- = Red. By means of

Eq. 26, the electrode potential of every electrochemical reaction can be determined away
from standard conditions, assuming chemical equilibrium.
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Eq. 29 allows for the introduction of the reference system, which will be used from
now on. The reversible hydrogen electrode (RHE) is defined by Eq. 29 at standard pres-
sure. Consequently, this reference is pH-dependent as it accounts for the shift expected
with changing of proton concentration. Keeping in mind the goal of investigating the
OER, it represents a useful concept as the actual water-splitting electrode potential ex-
periences the same pH-dependent shift. Accordingly, the OER-overpotential can be
defined as:

In (10) RT
(BB = ERS™d — Edpe = (E?ﬁﬁmd + %p@ B (20)

~ (Egged +59mV - pH) — 123V (28)

where the latter equation is evaluated at 25 °C and the labels indicate relative to which
reference system the measured potentials E are reported. Here we used:

En, — By, = —gln(m) log (H';_Jr]) . (29)

This expression is ready to insert the definition of the pH. Note that a potential of an
electrode measured relative to the reference system increases when the RE potential
drops.

2.2.2 Reversible hydrogen electrode versus practical references

The simplified sketch of a SHE in Fig. 6b) already suggests that this is not the most
feasible realization of a RE. Hence, in most experiments, more compact solutions are
chosen. Two of them, which have been used during this work, are shown in Fig. 6¢) and
d).

Fig. 6¢c) shows a commercial silver /silver-chloride electrode (AgCl). It offers a known
and stable potential, which is determined by the following chemical reaction:

AgCl(s) +e — Ag(s) + Cl_(aq). (30)

On the timescales of an electrochemical experiment this reaction reaches its equilibrium
conditions almost instantly. Using the Nernst equation the potential versus the SHE can
be evaluated to:

. RT. .
Eagal = Epgcr — T In([CI)). (31)

In general the Nernst equation only applies for solution (or gas phase) species.®® Eq. 31
stresses the importance of the chloride ion concentration within the reference system
to maintain a stable potential. Furthermore, the solubility of AgCl is extremely low
on the relevant timescales, otherwise the potential would change when the metal-salt
dissolves.

This reaction is realized as illustrated in Fig. 6¢c). On top of the electrode, there is
an inner compartment that holds a AgCl-coated Ag wire surrounded by saturated KCl
solution. Choosing a saturated solution ensures the concentration remains stable under
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constant temperature conditions. As this RE is immersed into 1M H,SOj, (a relatively
aggressive environment in this context), the inner reference element is inserted into a
second compartment, which is separated by a ceramic frit. The frit is a microporous
glass that allows for ionic conduction, yet it prevents direct simultaneous mixing of
the solutions within each compartment. In the lower compartment, solid KCl crystals
are present within the saturated KCI solution to keep it saturated at all times. This
compartment is made of polymethylpentene (PMP) and connected to the measuring
electrolyte via a second frit. A usual alternative to PMP is a borosilicate glass body; both
materials offer remarkable corrosion resistance. A full separation from the electrolyte
can not be achieved, thus, the outer solution will become acidic and the salt will dissolve
after extended use. As a result, the outer solution has to be exchanged by fresh solution
once the nominal potential of the electrode begins to deviate (as calibrated against the
master reference electrode, discussed below).

The manufacturer provides a value of Exgc) = 198 mVsyg at a temperature of 25 °C.
The actual laboratory temperature has been around 23 °C. The experimental linear tem-
perature coefficient is about —1 ¥ in the saturated case.® This is more than expected
by Eq. 31, because the temperature-dependent concentration change of a saturated so-
lution is not included besides other real-experiment influences. All measurements in
this thesis are reported versus RHE by using the following conversion (at pH = 0.1):

o o mV In (10) RT
R = ERt + (B + (-2°0(-1 50 ) + MK 4 aner o

~ ERse™®d +205.9 mV + AR (33)

Eg‘géslured is a potential measured against the RE, while EngI is the standard potential of

the governing reaction — the value provided by the manufacturer is used here. During
the measurements, one electrode of the same type has been kept within its clean storage
solution of the filling electrolyte: saturated KCI solution. It can be assumed that this
electrode keeps its potential over an extended time period. Before and after every use of
another electrode, the offset A is determined by measuring the voltage versus the master
reference. A usually stayed within £1mV during an experiment. Having discussed
these influences on the electrode potential, a realistic systematic error of £3mV can be
realized — allowing for maximum A and 2 °C of laboratory temperature variation.

After becoming aware of the fact that leaking chloride ions interfere with the mea-
surements, another RE, which does not rely on the chloride ion, has been used. This
is the mercury/mercurous sulfate electrode (HgSO,) depicted in Fig. 6d). The chloride
ion makes the chlorine evolution reaction (CER) possible. We know from section 1.1 that
RuO, is used on the industrial scale to electrochemically produce chlorine. The HgSO,
RE is built in the same way as its AgCl counterpart, except for the governing equation
being;:

HgSOy) + 2e” = Hgy + SO (34)

As visible in Fig. 6d), the electrochemical process is realized through liquid mercury that
is in contact with (yellowish) HgSO,. Hg is contacted by a Pt wire and the saturated salt
solution is potassium sulphate (K,SO,) in this case.

Rather than trying to estimate the RE’s potential versus RHE, it is more important
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to guarantee the comparability to the AgCl reference system. To straighten this out, all
measurements of this work are comparable among themselves as they are calibrated by
means of a master reference. Comparability to literature is ensured by the estimation of
the master electrode’s potential given in Eq. 33.

Comparability to the AgCl master reference scale is established by measuring the
voltage drop J of a fresh HgSO, electrode — ensured by checking against the HgSO4 mas-
ter reference — versus a fresh AgCl electrode within the actual electrolyte (1 M H,SOy,). It
is subjected to similar systematic errors as the AgCl reference system, so the uncertainty
of the actual voltage measurement is negligible. As a result, the scale is calibrated by:

EReed = ERAS™™d + E T + 0+ AR, (35)
— Efjeasred 4+205.9mV + 495 mV + AREST. (36)

The last type of RE, which has been in application to reduce the chloride ion contam-
ination, is the gel-electrode. It is built after the AgCl-principle with the specialty that
the salt solution is solidified to a gel of e.g. agar. This gel still offers ionic conductivity,
but decreases the ion mobility, thus lowering the chloride ion leak rate.

2.2.3 Liquid junction potentials

A junction between two liquids of different concentrations results in an additional ohmic
drop, which disturbs the measurement. Ions diffuse from higher to lower concentration
at rates proportional to their transference number. This results in a potential difference
if anions and cations have different transference numbers. Imagining a liquid junction,
e.g., a glass frit, between HCI and pure water, the H* would diffuse faster through the
junction than the Cl™-ions. Already a voltage emerges between the protons, which leave
the chloride behind. As this process is partly counteracted by the attraction of the ions
among themselves, a steady-state potential will establish. Nevertheless, this steady state
would require the concentration of the second compartment to stay constant, which ob-
viously will not be the case for long.%

Reducing the liquid junction potential (LJP) induced by the RE can be achieved by
choosing salts with ions of similar transference numbers, hence less charge separation
will occur.® Potassium chloride (KCl), which is used in the AgCl electrode, is a typical
example as K" and CI” fulfill the requirement of similar transference numbers. Further-
more high concentrations are chosen to make the outwards flux as dominant as possible
compared to the inwards flux, which consists of H* and HSO; in the present case.3®

The latter discussion illustrates an intrinsic problem with salt bridges. A salt bridge
consists of an ionic solution, typically a salt solution, which is contained within two
liquid junctions and used to establish ionic conductivity between two liquids without
mixing them. These are used in the present work to allow for the use of standard AgCl-
type electrodes while addressing the problem of chloride ion leakage. Placing the RE
into an additional fritted compartment filled with saturated K,SO, reduces the chlo-
ride leakage into the electrolyte considerably. Unfortunately, using this setup, which is
shown in Fig. 7a), results in a LJP of about 30mV. A measurement in 1M H,SO, ver-
sus a non-salt bridge RE (see Fig. 7b) ) shows that the potential drops about 20 mV over
three days. After an approximate linear behavior in the beginning, a drop occurs at an
unpredictable time. Therefore, measurements utilizing a salt bridge are can work, but
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Fig. 7: a) Double junction reference electrode (RE) utilizing a K,SO, (sat.) salt bridge. b) Potential drop
of salt bridge RE (as shown in a) ) for three consecutive measurements (fresh salt solution refilled) versus
a non-bridged AgCl electrode in 1M H,SO,. c) Estimation of the electrolyte’s resistance contribution
by measuring the total series resistance by electrochemical impedance spectroscopy (EIS) at the top and
bottom of the cell. The electrolyte is well conductive. d) Cyclic voltammetry (CV) of RuO,(110) in 1M
H,SO, at 400 mV s~ ! scan rate. By adding a series resistor the total resistance is increased to Rs = (1398 +
1) Q) to enhance the effect of the compensation setting.

have to be equipped with an appropriate systematic error for quantitative comparisons
of absolute potentials. E.g., the peak width and area from a transition within a cyclic
voltammogram are basically not affected as the drop is much slower than the timescale
of a typical CV experiment (minutes). Care has to be taken with the absolute position of
a peak. However, alternative RE like the HgSO, or the AgCl-gel electrode do not exhibit
this problem.

2.2.4 Ohmic drop and its correction

In contrast to L]Ps, there are two further types of ohmic drop which can be controlled
in a rather simple manner. Fig. 7c) shows the an illustrative sketch of the electrochem-
ical cell’s series resistance component, while decreasing the WE-RE-distance from the
highest to the lowest position directly next to the WE. The resistance merely drops from
(60.5+0.1) O to (59.0 £ 0.1) Q. Hence, there is a contribution from the electrolyte, even
though it is a minor one. This is in line with the expected high conductivity of the 1M
H,SO,4 compared to more diluted electrolytes. The main contribution has to stem from
sample properties and the electric contact to the sample.

These ohmic resistances will cause a defined voltage drop proportional to the cell
current. Therefore, not all of the applied voltage will actually drop over the WE - elec-
trolyte interface. In principle there are two methods to account for this: The simplest
way would be ignoring the problem at first and correcting the apparent voltages after-
wards according to Eactyal = Eapplied — IR. This is less of a problem in slow, steady-state
measurements, but as soon as scan rates are considered, a fixed rate sweep would result
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in a slower actual scan rate the higher the cell current gets. E.g., during the measure-
ment, of a rising current the ohmic drop increases with time while the applied scan rate
stays constant.

The stated effect can be observed in Fig. 7d): The black 0%-compensation curve in
shows a cyclic voltammogram of a single crystalline RuO,(110)-surface. To pronounce
the effects of ohmic drop — which are more severe at higher resistances and currents
— a nominal 1.36 k() resistance is connected in series to the WE for this demonstration
experiment. An actual measurement revealed an uncompensated series resistance of
Rs = (1398 £ 1) Q), which includes (60 £ 1) Q) due to sample and electrolyte. Up to
about 1.3 Vryg, the expected ohmic shift is below 10mV, and therefore, barely visible.
As soon as the feature around 1.5 Vyyg is reached, the current rises and so does the
ohmic drop. Actually, the mentioned unwanted scan rate change further promotes this
effect, as the peak current of the feature also depends on the scan speed. On the reverse
scan the shift direction changes in line with the sign of the current.

There is the possibility to actively correct for ohmic drop by a software feature of
the potentiostat during the measurement. This is the compromise used throughout this
thesis. The aforementioned software based live compensation operates by a positive
feedback loop, which continuously adjusts the applied voltage by the value predicted
on the basis of the simultaneously measured current.®’ Attempting to compensate for
100% of the measured series resistance can lead to an overcompensating, and thus, os-
cillating control loop. This can be either the case if the actual cell resistance decreases
during the measurement, or, in regions of quick current variations. Usually the cell’s
series resistance stays constant or increases, which does not lead to control instabilities.
The red 100%-compensation curve in Fig. 7d) shows clear oscillations at the right pair
of peaks.

A curve recorded with an heuristically optimized compensation value of 90% is
shown in blue in Fig. 7d). For this specific system it appears to be the best value. It
can be found by decreasing stepwise from 100% until no more artifacts are present.

2.3 The electrode-electrolyte interface

2.3.1 The electrical double layer

As soon as an electrode faces an electrolyte, it will interact with it. In the following, the
three basic concepts describing the interface will be examined. Fig. 8a) guides the reader
by illustrating a positively charged electrode surrounded by an aqueous electrolyte. An-
ions and cations are surrounded by hydration shells. Starting from the left, the simplest
concept, which explains how the potential at the electrode drops to its solution value, is
the Helmholtz model. There are two planes: The inner Helmholtz plane (IHP) consists
of a monolayer of adsorbed water dipoles and the outer Helmholtz plane (OHP) holds
the larger anions. It is assumed that the whole voltage drop occurs linearly within this
double layer, hence the name. The Helmholtz layer is roughly about 6 A large, but this
strongly depends on the size and charge of the participating ions. %!

The Gouy-Chapman model adds another component, namely the diffusive layer.
This can extend up to 10nm.%! The main idea is to incorporate two counteracting forces:
Oppositely charged ions attracted by the electrode, and diffusion, which attempts to
remix the solution by thermal energy. This situation is described by the well-known
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Fig. 8: a) The electrical double layer described by the Helmholtz (left), Gouy-Chapman (mid) and Stern
model (right). The latter one sufficiently describes the situation by means of a fixed layer, consisting of
the inner (IHP) and outer Helmholtz plane (OHP), and a diffusive (Gouy-Chapman) layer. (graphics
from Eliaz et al.®!) b) Illustration of an electrochemical electrode reaction: An oxidized (Ox) or reduced
(Red) species (bulk concentration c*) approaches the electrode surface region by diffusion, mitigation or
convection. It adsorbs, exchanges charge with the electrode, and desorbs again. The distance from the
electrode surface to the part of the solution that exhibits bulk concentration is known as Nernst diffusion
layer thickness é.

Poisson-Boltzmann equation and an exponential voltage drop like it is the case in a
p-n-junction.

Stern then took the final step toward the development of a model that more accu-
rately fits the observations. He realized that both of the former mechanisms are jus-
tified and combined the ideas of a fixed Helmholtz double layer and an additional
diffusive layer. Both of these layers carry a specific capacitive charge, which can be
added up as they behave like a series circuit.®! Later, we will utilize the double-layer
capacitance to determine the electrochemically active surface area (ECSA) of RuO,(110)
(sec : sec : CDLRu0O2).

2.3.2 Chemical reaction kinetics versus mass transport

Taking a closer look at the interface motivates us to discuss the area of tension between
chemical reactions in the vicinity of the surface and mass transport within the bulk
electrolyte. Fig. 8b) represents a cartoon of an electrochemical electrode reaction: Ox +
e = Red. At first, reactants approach the surface region by diffusion, mitigation or
convection. To allow for electron transfer, reactants have to adsorb to the surface. If
the reactant molecule does not penetrate the adsorbed water monolayer located in the
IHP, it is called outer-sphere reaction. In this situation, the reaction tends to be less
influenced by the actual electrode properties. Electrons basically tunnel through the
IHP and reduce or oxidize the adsorbed molecule.5?

This is in contrast to inner-sphere reactions. These depend strongly on the elec-
trode’s properties, as they include actual adsorption or bond formation with surface
atoms. The adsorption of reaction intermediates during the OER is an important ex-
ample. As surface adsorption is a typical mechanism included in catalytic processes,
inner-sphere reactions are often called electrocatalytic reactions.®? Usually, after the re-
action, the products will desorb and mix with the bulk electrolyte again. Nevertheless,
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there is an exception called electrodeposition. In this case the product will build up or
crystallize at the electrode.

Next to diffusion, there are two other mechanisms (mitigation and convection) that
facilitate mass transport within an electrochemical cell. It is illustrative to consider the
Nernst-Planck equation®®, which accounts for all of them:

_n__poclx)  zZF 3¢ (x)
J(x) = a- D ox J{_TDC(x)—ax /—l—c(x)u('xl, (37)
diffusion mitiégtion convection

Here, D is the diffusion constant, z is the charge of an ion, ¢ is the electric potential, u the
fluid velocity and c¢(x) is the concentration dependent on the distance x to the electrode
of area A. In this equation, | is not the electric, but a particle current density, which
is indicated by the change of particles per time 7. It becomes clear that the first two
terms are driven by concentration and potential gradients respectively, i.e an electric
tield. Positive gradients transport positive particles towards the electrode, therefore the
negative sign. Convection corresponds to a movement of the electrolyte taking the ions
along.

In general, diffusion dominates mitigation as the main reactant supplier for electrode
reactions. As a result, the experimental tuning parameter is convection if increased mass
transport is favored. This can be done by introducing an electrolyte flow towards the
electrode. Mitigation can be thought of as the main transport mechanism in the bulk
solution, where concentration gradients are small, acting like a wire which connects the
electrode surface regions.33 Mitigation (i.e., actual movement of ions in an electric field)
is the only mechanism left in the bulk solution, because diffusion contributes negligibly.

Tuning mass transport experimentally becomes important when reactions such as
oxygen reduction are investigated. As soon as the kinetic current at high overpotential
is faster than the electrolyte is able to supply oxygen reactant, the reaction will become
mass transport limited.!® In simple terms: the reaction rate is so high that basically
every oxygen molecule reaching the electrode surface gets instantly reduced and keeps
the electrode waiting until fresh reactant arrives. In such a case, impinging a jet of
reactants onto the electrode surface would increase the reactant concentration in the
vicinity of the reactive surface.®* To create a distinction to natural thermal convection,
artificially increasing convective transport is named forced convection.

2.4 Principles of cyclic voltammetry

2.4.1 Digital staircase sweep and the voltage step

If no analogue ramp generator is used to produce the triangular voltage sweep for cyclic
voltammetry, a linear sweep is performed by approximating it with a digital staircase
as depicted in Fig. 9a). Every small voltage step causes a typical current response. It
consists of a fast and a slow decaying component, as it would also be the case for a
comparably large voltage step (see Fig. 9b). "'Fast’ refers to an exponential current decay
caused by charging the electrical double layer, which behaves like a capacitor.®

The slower decay is usually present in the mass transport limited case.> It can be de-
scribed by solving Fick’s second law for an infinite planar electrode with the following
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Fig. 9: a) Approximation of a linear sweep by a digital staircase. b) Typical current response to a voltage
step of a solution species electrode reaction. Charging of the electrical double layer causes the exponen-
tially decaying capacitive currents. The faradaic current exhibits a polynomial decay according to the
Cottrell equation (Eq. 38). Natural convection causes a limiting steady state current density jss. (Eq. 39)

boundary conditions:3®> At time zero, the concentration equals the the bulk concentra-
tion c* at all distances to the electrode x. In case of a mass transport limited reaction it
is reasonable to assume zero concentration at the surface x = 0 for t > 0. Furthermore,
the concentration at infinite distance equals the bulk concentration Vt. This results in
the Cottrell equation®

, . | D

j(t) = nFc — (38)
which describes the time dependent current density after a voltage step. 1 is the number
of charges transferred during the electrode reaction. At time zero, the current diverges
as the concentration near the electrode is high, as well as the reaction rate. Over time
the reactants will deplete. Therefore, the distance § between the electrode and the elec-
trolyte still exhibiting bulk concentration, as shown in Fig. 8b), increases. This region in
front of the surface is also known as Nernst diffusion layer.3

According to the Cottrell equation, the current would be expected to decay to zero

after infinite time. This situation can be imagined as extending the Nernst diffusion
layer all the way to infinity. Now the spatial concentration profile resembles a line con-
necting zero concentration at the electrode with a finite bulk value at infinity — so the
expected, concentration gradient driven, current will approach zero. Intuitively this is
not realistic: Due to natural thermal convection there will always be a finite diffusion
layer thickness determined by the experimental conditions. As a result the steady state
current can be approximated by Fick’s first law>:

C*

5 (39)

jss = nFD

The fraction reflects the linear diffusion gradient (which is the actual limiting case) con-
necting zero concentration to the bulk concentration c* at distance J.

The exponential and polynomial decay behavior of the surface and solution related

processes allows for an effective exclusion of the faster charging currents. This is done

by sampling the current, after the exponential process has mostly decayed, at the end
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of each step. In situations where the experimentalist is solely interested in the solu-
tion redox processes, this can be a valuable strategy. Furthermore, this makes sense if
fast surface reactions are not of interest, but rather the OER activity, which is (at least
expected to be) a process occurring constantly over a prolonged time.

2.4.2 Probing fast surface reactions

As already addressed in subsection 2.1.2, the flat regions of a cyclic voltammogram
correspond to charging and discharging of the electrical double layer. In addition, the
hydrogen adsorption region (H,4s) shows hydrogen adsorption and desorption peaks.
The following discussion focuses on the expected peak shape and underlying theory as
originally developed by Laviron.%-%® Hydrogen adsorption at Pt is a textbook example,
furthermore, H adsorption at RuO,(110) will be discussed within the same framework.
Surface adsorption processes are basically as fast as the double-layer charging and can
be described in terms of an additional capacitive component. This makes sense, because
H+(aq) is readily available near the electrode and can be transferred via adsorbed (in this
case not chemically bound) water. Also, just a single electron transfer is needed to create
a surface bond hydrogen. In case of the formation of only a single monolayer, mass
transport does not play a role either. Capacitive charge generated by a fast chemical —
i.e faradaic — process is known as pseudocapacitive charge (concept of a supercapacitor).

A simple, yet effective, starting point is the Langmuir adsorption isotherm. The
preceding discussion is based on the textbooks of Compton® and Eliaz®!, and on Lav-
iron’s® original work. An adsorption isotherm relates a bulk solution species concen-
tration, e.g. [H'], to a relative adsorbent coverage 6. The hydrogen adsorption on Pt
will serve as an example:

H30% g + € + Pt* = Pt—H + H,0. (40)

The Langmuir adsorption isotherm of the relative surface coverage 0 is>>

= R, K= exp| (B Eiw)|. (1)
K is the chemical equilibrium constant of Eq. 40. Note that the concentration is again
measured relative to the standard concentration of 1 moldm . There are two important
remarks, which have to be considered by writing a Langmuir isotherm this way. First,
the chemical equilibrium constant K differs from the usual definition, as it already ac-
counts for the shift of electrochemical potential due to an electrical potential E. Second,
the standard potential E_, additionally accounts for the energy gain or loss due to ad-
sorption, which differs from a reaction that solely includes aqueous species. The goal of
this derivation is to get an idea of the general potential dependent peak-shape induced
by changes of the potential rather than the pH, therefore the bulk proton concentration
will be set to standard conditions, [H'] = 1, for simplicity.

The assumptions of the Langmuir isotherm are: An instant Nernstian equilibrium,
which relates the relative coverage concentrations 10%9 to the potential E (see Eq. 26)
by predicting the change of the equilibrium constant for all potentials; A maximum
coverage of one monolayer (§ = 1); A perfectly homogeneous surface with all sites
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having equal and coverage-independent adsorption free energies; The adsorbed species
is much smaller than an active site to exclude lateral interactions.

Utilizing the adsorption isotherm enables the calculation of a potential dependent
pseudocapacitance C(E). This is of interest, because the current density at a certain
potential can be expressed by

. dg(6 do(E d0(E) oE
j(E) = % = gML d(t ) = ML a(E )E (42)
=C(E) v (43)

with the charge per unit area ¢, expressed by the fraction 6 of a full monolayer gy, and
the scan rate v.

Rearranging Eq. 41 allows the evaluation of the capacitance and therefore the current
density according to Eq. 43:

L (E—E°
J(E) = qhﬁf v o fr(F ~ Foo)| . (44)

{1 +exp[%(E - E;ds] }2

This results in the peak shape depicted in Fig. 10 for the non-interacting i.e. Langmurian
case. The adsorption peak, also known as surface redox peak, scales linearly with the
scan rate. This scaling is obvious, as always the same charge of one monolayer is trans-
ferred during the redox transition. With doubled scan rate, double the current is needed
to transfer the same charge within half the time. The FWHM of the non-interacting peak
equals 3.53% = 90'67’;“\/, with 7 being the number of transferred electrons of the redox
process.®

On this basis, Laviron further developed the theory by including a lateral interaction
parameter G. Basically one follows the same steps as before, but with a Frumkin-like

isotherm®? as starting point: 167

1-¢ P {%:(E - Eé’ds>] exp[—gf(0)], (45)

where ¢ acts as interaction parameter, which adapts the adsorption free energy as a
linear function f(6) of the fractional coverage 6.

In Laviron’s case, the isotherm® carries a few more factors, but is conceptionally
comparable. Lateral interactions are described by

G = (GO + GR) — 2€0R (46)

with e describing lateral interactions between oxidized and reduced species among
themselves, as well as interactions between both species. So the concept is already gen-
eralized compared to the simple hydrogen adsorption example discussed at the begin-
ning of the section.

The interaction parameter G and the resulting peak shapes shown in Fig. 10 can be
interpreted intuitively. They have been calculated numerically after Laviron’s model®’,
as there is no analytical solution in the interacting case. The interaction parameter com-
pares the attraction among the same species to the attraction between different species.
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Fig. 10: Comparison of the non-interacting Langmuir surface redox reaction peak shapes to the interact-
ing (Frumkin) case. A Lorentzian approximates the (numerically calculated) peak shape well for interac-
tion parameters G > 0. A Gaussian approximates the other (G < 0) case.

Assume G > 0, both species tend to be separated. a > 0 corresponds to an attraction,
and therefore, the separated case (ep + €r) outweighs the mixed phase 2epr energet-
ically. The FWHM sharpens according to the following linear approximation® of the
numerically calculated relation:

90.53mV — 5551 mV ubio:G
” .

FWHM = (47)

B0t is the maximum fractional coverage and y the number of water molecules replaced
by one surface bound molecule. The approximation holds well for u6;itG < 1. The
transition region between O and R, i.e. the peak, is narrowed to minimize the potential
range of the mixed phase. Respectively the peak broadens to maximize the mixed phase
of oxidized and reduced species in the G < 0 case.

This reveals the importance of the FWHM of a surface redox feature. To facilitate
an automatic peak fitting procedure for the interacting case, analytical approximations
to Laviron’s model are considered. Fig. 10 shows numerical solutions to the discussed
cases and approximations by Gaussians and Lorentzians with matching FWHM. As the
aim is to compare the peak shapes, all curves are normalized, otherwise they would
sharpen and broaden with constant area. It appears that a Lorentzian fits reasonably
well in the repulsive G > 0 case, and a Gaussian covers the attractive G < 0 regime.

Hydrogen adsorption at the RuO,(110) surface solely shows FWHMSs well above
90mV (G < 0), hence, assuming a one-electron (n = 1) process, a Gaussian can be used
to extract width, height and position of all observed peaks.

At this point, it is appropriate to note that lateral interactions are not the only con-
ceivable mechanism which influences the peak shape.® Nevertheless, the usual start-
ing point of proposed corrections is always the non-interacting Langmuir surface redox
peak.
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Fig. 11: Cyclic voltammograms at different scan rates of a Pt wire in 1 M H,5SO,. The hydrogen adsorption
peaks are visible as well as a peak pair caused by a contamination (S, /req)- left: Scan rate dependence of
the peak current of the weak hydrogen desorption feature (H,,). It scales linear as predicted by Eq. 43.
right: Scan rate dependence of the peak current of the solution species oxidation feature (S,,). It scales
approximately with the square root of the scan rate.

2.4.3 Surface versus solution redox processes

Fig. 11 shows a CV experiment of a platinum surface at different scan rates in sulphuric
acid. Two types of peak pairs can be easily distinguished due to their peak-to-peak sep-
aration and scan rate dependence. The scan rates range from 35mVs~! to 560 mV s~
and are doubled in every intermediate step.

The amplitude of the hydrogen adsorption region (H, 45/ 4es) O the left scales linearly
with the scan rate (I, « v) according to the presented theory of a surface redox peak
(Eq. 44). Positive and negative peaks have the same peak potential for all scan speeds,
as the reaction proceeds instantly compared to the voltage scan rate.

The right process (S, /req) differs in all mentioned aspects. The right pair’s peak
potentials are clearly separated by E,p as shown in Fig. 11. Starting at slow scan rates
the peak amplitudes are higher than the ones of the surface redox peak. With increasing
scan rate, the surface redox peak is able to overtake, therefore the peak current to scan
rate dependence is expected to have an exponent x less than one. (I, « v*) Furthermore,
the peak-to-peak separation increases with scan rate.

The latter behavior is expected for solution, or outer-shell, redox processes, where no
species are adsorbed within the IHP. At first, this results in a rising current caused by an
activation-controlled, i.e. Butler-Volmer regime, process. As the process proceeds, the
surface concentration depletes until a mass-transport limited regime is reached. After
the peak, a current which decays according to the Cottrell equation (see Eq. 38) can be
observed. For an ideal solution species process the peak current scales with the square-
root of the scan rate (I, « V)3

Feature S in Fig. 11 is possibly caused by a contamination of the electrolyte with a
metal ion. This resembles a mixed solution and adsorbed phase process, which bears
further complexity. Even though, qualitatively, it shows some typical solution phase
properties, there are clear indicators that this is not exactly true. The peak to peak sep-
aration exceeds the expected 57 mV for a pure solution phase process® in its reversible
limit, i.e., small scan rate compared to the chemical rate constant. Above a certain scan
rate, the peak separation is expected to increase with In(v)%; that is actually the case.
Therefore, it could only be a highly irreversible (slow chemical rate constant) process as
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this would cause a large enough peak separation and still explain the increasing decay-
ing diffusional tails at higher scan rates.”

Furthermore, nucleation processes can influence an adsorption process if clusters
are formed. As a result, after surpassing the energy barrier to form nucleation sites at
platinum, the reaction could drastically speed up by adsorption to nucleation clusters
instead of platinum sites. A large peak to peak separation would also be reasonable
here.”! For completeness a surface confined redox reaction similar to the hydrogen ad-
sorption is also able to reach a irreversible (large peak separation) limit.”>”> However,
such a process does not explain the decaying tails.

Following the electrodeposition interpretation, the left reduction peak would corre-
spond to metal ion deposition, while the oxidation feature on the right would indicate
stripping of the adsorbate. Nevertheless, it has to be taken into account that the sym-
metry is atypical for a stripping feature. We will see this when discussion the stripping
of silver ions at RuO, (Fig. 19¢) ) in the next chapter.

2.5 Electrochemical impedance spectroscopy

Next to direct current (DC), pulsed, or sweeped measurements, the second important
concept are alternating current (AC) voltage measurements. Sine waves of small ampli-
tude are applied to observe the frequency dependent response.

2.5.1 Impedance measurements

The complex impedance is defined as:
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Electrochemical impedance spectroscopy (EIS) excites the system with a sinusoidal wave-
form of different frequencies f = w/(2x), which in turn will respond with a frequency
dependent phase ¢ shift and current amplitude:

Z(w) =|Z(w)| e (49)

The complex impedance is commonly represented by a Nyquist plot, which is a trace in
the complex plane showing all frequency responses at once. Usually, the imaginary axis
is inverted, when describing electrochemical systems, because inductive, i.e., positive
imaginary, components are rare.”*

To gain information by EIS, an equivalent circuit model has to be conceived and
titted to the frequency dependent impedance response of the electrochemical cell. This
is done by the complex non-linear least squares fitting (CNLS) procedure of the software
provided by the manufacturer of the potentiostat. It utilizes a simplex fitting algorithm.

Prerequisites of meaningful impedance data are: linearity, stability and causality.
Linearity is ensured by choosing a small enough excitation amplitude to avoid non-
linear current responses. Basically, this is the idea of a first-order Taylor approximation
around a working point chosen from a CV curve. Caution has to be taken by optimizing
the amplitude, as the signal-to-noise ratio becomes an increasing problem the lower the
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Fig. 12: Nyquist plots of the frequency w dependent complex impedance Z: RC series, RC parallel and
Randles circuit. The Randles circuit approximates an electrochemical cell including diffusional mass
transport through the Warburg impedance Zyy.

amplitude is set. Stability demands a time-independent system that does not change
during the EIS experiment. Causality requires the Kramers-Kronig relation to hold.”*

The prerequisites can be checked by actually measuring e.g. the relative non-linear
response of a system, superimposed dc-current drifts or performing Kramers-Kronig
transformations. These tests were performed to optimize the EIS settings for a certain
system.”4

2.5.2 Randles equivalent circuit model

A common model, which fits ‘simple” electrochemical systems, is the Randles equiva-
lent circuit. All components feature an intuition. The full circuit model including its
expected Nyquist plot is shown in Fig. 12c). Combined contact and electrolyte resis-
tance are represented by the series resistance Rs. The elements that contribute to it will
be discussed in the following chapter (section 3.3).

A parallel circuit is chosen to model processes that occur simultaneously. The charge
transfer resistance Rt accounts for kinetic electrode reactions described e.g. by the
Butler-Volmer equation (see Eq. 8). For sufficiently small perturbations this results in
a linear, i.e. ohmic response. The Warburg impedance Z,, represents semi-infinite lin-
ear diffusion and belongs to the group of constant phase elements (CPE). It is defined
as:

A i
ZW = — e_lZ

A x !
Vw o VD
The corresponding Nyquist plot features a constant phase of 45°. This circuit element is
situated in series to R, because reactants of electrode reactions have to be supplied by
diffusional mass transport first. That is why the prefactor A depends on the diffusion
constant D.

Capacitive components are located in parallel. Next to chemical reactions the elec-
trical double layer is continuously charged and discharged (Cpr). In addition, pseudo-
capacitive charge (Cg,,) is stored at the surface as described in subsection 2.4.2. Both
capacitances occur parallel and presumably independent of each other. Consequently,
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they add up Ciot = Cpr + Cgar as they can be thought of as parallel capacitive compo-
nents.

Fig. 12c) shows the typical Nyquist response of a Randles circuit. In can be explained
in three simple steps. The Nyquist plot of a single capacitor is a straight on top of the
imaginary axis. The addition of a series resistor shifts the curve to positive real values
by R (Fig. 12a)). An RC-parallel circuit resembles a capacitor in the high frequency
limit and ends with pure resistive behavior at the low frequency end ((Fig. 12b))), as
the capacitor breaks the circuit in the DC limit. As a result of that, a circle with radius R
emerges in the Nyquist plot.

Combining all elements in Fig. 12c), results in a circle, shifted by Rs, passing through
a maximum at w = m and touching the real axis at Rs + R¢t. In the low
frequency limit, Warburg diffusion appears as a straight with a constant 45° angle to
the real axis. Depending on the DC polarization point of the EIS measurement different
components can appear in different markedness.
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3 Electrochemical Cell Development:
Thin Films for Catalysis

This chapter will focus on a crucial part of this project: designing and optimizing an
electrochemical cell that is capable of performing reliable measurements of thin films
grown on top of insulating substrates. The beginning will focus on the technical aspects
of the tuning process while the posterior part describes the identification and elimina-
tion of impurities, namely: dissolved oxygen, chloride ions and silver ions.

3.1 Final electrochemical setup

The final cell is shown in Fig. 13a). Two structurally identical cells were used — one at
each channel of the potentiostat — to double the characterization efficiency by means of
the developed standard protocol (section 5.2).

A gas washing bottle fulfilled two purposes: Its main purpose is to humidify the ni-
trogen gas that was constantly supplied to blanket the electrolyte surface. This is impor-
tant to counteract the electrolyte evaporation caused by dry nitrogen. The importance
of generating an inert atmosphere will be demonstrated in the next section. The actual
washing capabilities regarding dust removal are another, yet minor, advantage. The gas
inlet is controlled by a magnetic proportional valve from Biirkert, which is operated via
PC.

The red WE lead is connected to the copper contact, which contacts the sample sur-
face, at the bottom of the cell. The cell body is filled up with electrolyte. The top cap
offers four connections. A gas inlet and outlet, which can be sealed by o-rings. The
idea of the outlet port is to offer the possibility of complete gas tightness by connecting
another gas bubbler to it. Nevertheless, it appeared that the constant nitrogen outflow
condition has already been sufficient.

The other two ports are used for the Pt CE and the HgSO,4 RE. The CE is held in place
by a contact pin and the RE is fixed and sealed by an FPM o-ring. The RE is always
inserted nearly to the bottom of the cell in order to decrease the electrolyte resistance.
Its position is intentionally chosen off-center to avoid a blocking of the frit by bubbles
rising from the centered sample below.

The CE is spooled to keep it within a confined area with a certain distance to the
WE. It approximately fulfills the condition of being 'remote’, which means that a further
increase of the distance to the WE would not result in a significant change (>5 %) of the
cell’s series resistance anymore.”> A further goal is to avoid uneven current distribution
on the WE, which can be caused by unequal distances between different points at the
WE surface and the CE. Choosing symmetric configurations* and moving the CE away
from the WE counteracts that.
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Fig. 13: a) Final setup showing the electrochemical cell used for the experiments. The inset shows the
platinum counter electrode (CE). b) Cross-sectional view of the CAD model of the cell. The connection
to the sample surface, which is sealed from the electrolyte by an o-ring, is magnified. Underneath, a real
picture of the o-ring and the copper contact within the bottom part of the cell is shown. c¢) Cartoon of the
sample mounting process: The sample is placed in its indentation first and the copper contact is put on
top. Then, the sealing o-ring is inserted and the cell is ready to be assembled.

[110] [110]

Fig. 14: a) Transmission electron microscopy (TEM) image of a RuO,(110) thin film grown by pulsed laser
deposition (PLD) on a TiO,(110) substrate. The surface shows monoatomic (1/2 unit cell) steps. Areas of
blurry constant (middle of the image) are a common observation and could indicate disturbed growth.
Furthermore, clear dislocations were observed by TEM (not shown). b) Picture of the transparent TiO,
substrate and the RuO, thin film, which exhibits metallic shine.
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The cross-sectional view of the cell within the CAD model, shown in Fig. 13b), re-
veals where the gaskets sit and how they work. The cap offers the possibility to add
an o-ring around every inserted piece at all of the ports. The o-ring that seals the cap
has its own indentation. The connection between glass tube and the PTFE cell body is
realized by tightly fitting the glass into an outer sealed recess.

The interface between the cell body, the copper contact and the thin film sample
is the key part of the cell. The magnified view of Fig. 13b) offers a closer look at this
connection. The sample indentation is designed in a way that the sample sticks out
as little as possible. As a result, the copper contact, which is pressed onto the sample
by screwing the cell together, has less room to bend around the sample. This would
cause the contact to leave the mid area of the surface. Nevertheless, the whole surface
of the contact is pressed by the cell body, which keeps that effect small either way. The
compression of the o-ring is defined by the distance between the bottom of the cell body
and the top of the copper contact where the cell body is pressed onto. Therefore, the o-
ring compression can be varied by making the indentation deeper or shallower. Below
the magnified view, a real picture of the contact sitting in the bottom part of the cell is
shown.

Fig. 13c) illustrates the sample mounting process. After some tuning, the sample
indentation reached a size that just allowed the sample to fall in without extra help. The
copper contact fits with a smooth clicking sound. Then, the o-ring is placed on top of the
sample. As the indentation will help it find its exact position, this also can not be done
incorrectly. Finally, the cell body is placed on top and the screws are tightened until
a hard stop, which is reached when the PTFE parts touch each other at the short sides,
occurs. Looking very closely from the long side, an intended extremely tiny slit is visible
in the middle near the sample. This is a confirmation that the contact is actually pressed
onto the sample, otherwise, the contact would have enough space to fully disappear in
its indentation and the cell would close completely. The last picture shows the sample,
sealed by the o-ring, within the assembled cell.

3.2 General considerations: Materials and requirements

At first, the boundary conditions of the anticipated setup will be outlined. Fig. 14a)
shows a transmission electron microscopy (TEM) image of a typical good quality
RuO,(110) thin film. The surface exhibits monoatomic (1/2 unit cell) steps and larger
atomically flat areas in between. Areas of blurry constant (like in the middle of Fig. 14a) )
are a common observation and could indicate disturbed growth. Clear dislocations
were also observed by TEM (not shown). Fig. 14b) shows a TiO,(110) substrate on the
left, on top of which the about 10nm thick film is grown. The RuO, sample shown
in Fig. 14b), grown by pulsed laser deposition (PLD), is clearly distinguishable by its
metallic shine.

This raises the problem of the insulating substrate since the (only 5-5mm? large)
sample has to be electrically contacted from the top while simultaneously allowing the
acidic electrolyte to contact its surface. Therefore, the available space has to be used
most efficiently. It is stressed that the acid should not contact anything but the sam-
ple surface under measurement, as the copper contact would readily corrode. On the
other hand, the insulating substrate has advantages on the experimental side. It has
been checked that the substrate is electrochemically inert by testing it within the same
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setup used for the catalytically active RuO,(110) samples. Consequently, holes in the
tilm, whether they originate from corrosion during testing or through locally insuffi-
cient growth, do not interfere with the measurement.

The copper contact is made of Cu-DHP, as it is tendentially well moldable — in spite
of the fact that this may not be too relevant on the length scales of the contact. The cell
body is made of poly(tetrafluoroethylene) (PTFE) as it is one of the most chemically re-
sistant polymeric materials under acidic environments. Corrosion of the cell itself could
contaminate the experiment. Sometimes poly(ether ether ketone) (PEEK) is preferred
as cell material for its better machinability.”® This advantage is however compensated
by slightly less corrosion resistance. All gaskets are made of a fluoroelastomer (FPM)
o-rings, which offer the required trade-off between elasticity and corrosion resistance.
Furthermore, the cell is composed of a borosilicate glass and a poly(methyl methacry-
late) (PMMA) cap. The latter is chosen for its transparency and is not in direct contact
with the electrolyte, nonetheless, PMMA is fairly corrosion resistant.

Beyond the pure functionality of this electrochemical cell, practical aspects are also
considered. Since the setup is intended to be used for the characterization of a whole
growth diagram of samples, it is designed to offer reproducible contact conditions for
every sample, while still being as user friendly as possible.

3.3 Optimization of the thin film cell

Before summarizing the most important upgrades of the cell, four illustrative observa-
tions from the tuning process will be presented. They consider the compression of the
o-ring, the contact’s pressure on the sample, what contributes to the cell’s series resis-
tance and the influence of gas bubbles. The two key parameters are the compression of
the o-ring and the pressure exerted on the sample by the copper contact. One guarantees
leak-proof operation and the other one a small contact resistance.

To aid in empirically illustrating the effect of these parameters, a polycrystalline
platinum plate (MaTecK, 99.9%) is used as a reference sample within the thin film cell.
Fig. 15a) shows two voltammograms of the reference sample in 1 M H,SO, at a scan rate
of 100mV s~!. The red curve was recorded first and corresponds to an o-ring compres-
sion of 15% of its 1 mm cord thickness. The voltammogram is clearly asymmetric with
additional weight at the top right and bottom left compared to the clean black curve.
This indicates side reactions occurring next to the pure Pt chemistry possibly stemming
from a leak. Consequently, the electrolyte would be able to corrode the copper con-
tact. Taking a look at the sample and the contact plate after the experiment confirmed
this hint. The sample, as well as the copper contact showed clear signs of corrosion as
depicted in Fig. 15b).

This problem has been solved by increasing the o-ring compression to 25% by reduc-
ing the o-ring indentation by 0.1 mm. The black curve in Fig. 15a) shows the resulting
clean Pt signal from the same sample at the same spot. A difference to the reference
Pt curve shown in the last chapter in Fig. 5¢c) can be recognized. This is caused by the
different chloride ion concentrations”” in both cases and will get further attention later
in this chapter (subsection 3.5.2).

Additionally, Fig. 15c) shows a CV experiment of copper (99.995 %) in diluted, 0.2M
H,SO,, electrolyte. Even at slightly diluted conditions (compared to the standard 1M
H,SO,) copper is readily dissolved into the electrolyte under anodic polarization.”®7
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Fig. 15: a) Pt electrode measured at 100mVs~! in Nj-saturated 1M H,SO, within two different proto-
types of the thin film cell. At nominal 15% o-ring compression the electrolyte is able to leak out and
corrode the copper contact. This introduces additional Cu underpotential deposition (UPD) and strip-
ping currents at Pt. The resulting signs of corrosion are depicted in b). ¢) Cyclic voltammogram of a Cu
electrode recorded at 50 mV s~! showing the dissolution and redeposition of copper ions in 0.2 M H,SOj.
d) One dimensional resistance ladder model that motivates the expected current distribution on the sam-
ple (green) and contributions to the cell’s series resistance. The working electrode (WE) lead is connected
to the copper contact, which contacts the sample from the top. R, is the pure thin film resistance under-
neath the o-ring (in some cases including contact resistance to the copper contact). Rp is the thin film
resistance to the center and Rg is the total electrolyte resistance. An EIS measurement probes the voltage
drop that occurs up to the reference electrode (RE) — even though, the current flows through the counter
electrode (CE) (as discussed in subsection 2.1.4). N is the number of resistance ladder parts that is used to
approximate the infinite continuum limit. e) A cartoon of a bubble blocking the WE during high anodic
polarization over an extended time period.

This is the reaction (Eq. 9) we missed at the lemon battery as there were no dissolved
copper ions present — and furthermore, no applied bias. The dissolution process is ac-
tivation controlled and unlimited reactant is available through the Cu electrode. In
contrast, the redeposition of Cu**(aq) ions shows a typical mass transport limited dif-
fusional tail”®”® after surpassing the peak current — this is described by the Cottrell
equation Eq. 38. This is caused by the diffusion-limited supply of Cu®*(aq) from the
bulk solution.

However, this is distinct from the observation at the Pt electrode. The situation
differs as the observed current in the CV experiment rather resembles a Cu UPD at
Pt.80 This is likely as they are in direct electrolytic contact through the leak. As a result
Cu2+(aq) ions are deposited and stripped below and above about 0.6 VRyg.

Therefore, the first figure of merit, which judges the o-ring compression controlled
by its indentation, is clear. The second key parameter —i.e. the copper contact-sample
pressure — is judged by the cell’s series resistance, which is measured through EIS as
previously described (see subsection 2.5.2). It depends on three influences which add
up: the electrolyte resistance, the sample conductivity and the desired sample contact
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quality. As outlined in section 5.2, the electrolyte resistance has only a minor impact in
the order of a few Ohm.

Therefore, the contact quality and the sample conductivity are left. One of the ear-
lier versions of the cell exhibited 14.9 k() series resistance. After placing two layers of
Kimtech wipes underneath the sample it dropped to 0.9k(). A different sample exhib-
ited 460 () with two layers; adding another layer further decreased it to 120 (). From this
experiment an optimized value of the sample indentation could be estimated. Testing
the same sample within the final cell, which is constructed considering the mentioned
value, confirmed the success of the optimization by showing (110 £ 1) Q) series resis-
tance.

The working hypothesis is that the remaining series resistance is caused by the ohmic
resistance of the just 10nm thin film — including a minor electrolyte contribution. The
actuality of this educated guess is estimated by measuring the resistance of the men-
tioned sample simply with two alligator clips. The distance between both clips was
roughly similar to the distance of the sample surface covered by the o-ring (i.e., its cord
thickness), which separates copper contact and electrolyte. (see Fig. 15d)) The mea-
sured (507 £ 7) Q) are larger than the (110 & 1) Q) measured within the cell. Firstly, this
indicates that it is reasonable to assume that the sample itself causes the remaining se-
ries resistance. Moreover, less resistance within the cell could be explained by more
contacted surface area all around the sample by the copper contact — instead of just the
area of the clips — on the one hand.

On the other hand, less resistance due to the electrolytic contact can be made plau-
sible with a one dimensional resistance ladder model as shown in Fig. 15d). By adding
circuit elements the overall resistance is determined by:

1
R=R,+ - . with N — oo, (51)

1/Rs +

1
1

1/Rs

R¢ +
o

where R, is the resistance below the o-ring, Ry = NRg the scaled solution resistance
and R¢ = Rg/ (N — 1) the scaled films resistance. N represents the number of horizontal
and vertical resistance pairs added, while N — oo approaches the desired continuous
description. The resistances are rescaled the following way: Dividing the film resis-
tance Ry in two equal length parts results in an equivalent situation if it is replaced by
R¢ = Rg /2. If half of the former area is contacted by the solution (in a three dimensional
rectangular picture), this results in a doubled resistance Rs = 2Rg as the specific resis-
tance stays the same. Evaluating this model with exemplary values of Rg = 5002 and
Rs = 50 leads to an overall resistance of R ~ 500} (R, = 0Q)). This proves the point
that the resistance of a partly electrically contacted sample — e.g. with alligator clips or
the cell’s copper contact — is expected to be lower, when alternatively connected to a
well conducting electrolyte (over a larger area).

As the overall resistance increases with the distance the current travels through the
film (from the outside to the inside), it makes intuitive sense that a well conducting
electrolyte allows part of the current to ‘choose the less resistive path” and already leave
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Fig. 16: Different aspects that illustrate the tuning process of the electrochemical cell. The mid row shows
characteristic features of the self-built prototypes, while the bottom row shows the final, professionally
machined version. The pictures of the contacted area, which becomes visible through signs of corro-
sion, stem from optical microscopy, photography and secondary electron (Everhart-Thornley detector)
scanning electron microscopy. From top to bottom: nickel, twice platinum and twice RuO, (different
samples). The bottom image stems from an intentionally dissolved sample (at prolonged extreme anodic
potentials up to 2.7 Vryg), otherwise, no optical microscopy contrast would be possible.

the film in its outer region near the contact. In addition, it is stressed that the one di-
mensional resistance ladder does not yet account for the radial symmetry of the contact.
This would cause an increase of the radial resistance the smaller the distance to the
center gets (as the current distributes on less circumference). Taking both effects into
account serves as a foundation to imagine the current distribution on the surface. It is
expected to concentrate to the outside of the film as sketched in green in Fig. 15d).

The fourth and last observation, which was relevant for the tuning process, is the
behavior of produced oxygen bubbles. Fig. 15e) shows a cartoon of gas bubbles blocking
the sample, which results in increasing electrolyte resistance until the circuit breaks.
These bubbles accumulate during oxygen evolution studies. With the final setup the
depicted complete blocking of the sample can only be reached by applying very high
potentials, which are not used during the typical characterization.

3.4 Evolution of the thin film cell

There were two major steps during the cell design process at the beginning and the
end. In the beginning, the trial and error process was boosted by self-building the pro-
totypes. This allowed the integration of enhancements straightaway. This strategy had
been pursued until the the first operating cell was achieved. Further improvements
were reached with the aid of the advanced machining skills of the scientific workshop
(physics department, university of Wiirzburg).
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Some characteristic first and second generation cells are compared in Fig. 16 in the
top and bottom row respectively. Starting from the left column, it becomes clear that the
overall cell concept was already around from the first prototype onwards. Apart from
that, the top cap’s most important upgrade has been the transparent material, which
allows to visibly keep track of evolving bubbles all the way down at the bottom of the
cell where the sample is located. Also, on the practicability side, the top cap became
more stable by fitting it into the glass tube by means of a FPM gasket. Furthermore,
switching from a two to a four screw holding mechanism increased the stability and
reproducibility of the cell.

The second column shows the area enclosed by the o-ring. This area becomes visi-
ble by signs of corrosion at a nickel (top), platinum (next two rows) and RuO, (lowest
two) sample. The colored images are optical microscopy images and a photo, the gray
scale image stems from the secondary electron signal of a scanning electron microscope
(SEM). These pictures show the evolution from rather oval contacted areas, created by
the self built cell, to reproducible circular shapes generated by the final cell. Because
of the smaller achievable tolerances in the cell built with the workshop machining sys-
tems, the o-ring’s inner diameter could be extended to the maximum possible amount.
A photo of the Pt reference sample in the mid row shows a good comparison as the signs
of corrosion from the older cell are still visible in its center. The upper sample shows a
clear oval shaped dark region, which reappears as thin bright circle in the lower picture
(within the larger corrosion circle from the most recent test).

The next column shows the how the indentation in which the o-ring sits developed
between the original and final cell; the image shows a top-down view into the cell.
Besides the already mentioned increased size of the hole, the texture and depth of the
indentation, more importantly, have now reached their optimum shape. Consequently,
the o-ring is compressed symmetrically.

Similar principles apply to the sample indentation, shown in the next column. In
addition, an indentation for the copper contact is now also added into the final design.
Before the indentation was introduced, the o-ring always had to be positioned manually
while looking through the opening of the cell body. The through hole visible in the top
picture solely aided the first-time positioning of the indentation.

The comparison of the self-made to the professionally machined copper contact fur-
ther illustrates the gain in practicability by means of a facile and reproducible contact
positioning.

The last column shows the PTFE cell body. Here, the whole diameter of the glass
tubed becomes usable nearly completely down to the sample. This allows for more
room to locate the RE in the vicinity of the sample.
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3.5 Excluding sources of contamination

3.5.1 Dissolved oxygen

At the beginning of section 1.1, it was pointed out that RuO, # also catalyzes the oxygen
reduction reaction®%2 (ORR):

OZ(g) + 4H+(aq) +4e — 2H20(1) (52)

This is the reverse mechanism of the OER and, therefore, it has the same standard poten-
tial of E° = 1.23 Vgyg®. In acidic electrolytes it has similarly sluggish kinetics due to the
required four consecutive proton-coupled electron transfers (PCET). An alternatively
proposed pathway takes the detour over hydrogen peroxide (H,O,) formation.5?

The ORR plays a minor, yet not completely negligible, role at the RuO, surface.*
Therefore, this chapter aims to demonstrate how background currents induced by dis-
solved oxygen can be excluded in later measurements. To investigate the amount of
dissolved oxygen, Pt is chosen as it is one of the best performing ORR catalysts®. This
further implicates that procedures that are able to sufficiently reduce background cur-
rents for Pt will be more than sufficient for RuO,. Pt is able to generate remarkably more
ORR current than RuO,. !4

The typical signature®#* of an oxygen reduction related current at polycrystalline
Pt (99.95%) in acidic environment is shown in Fig. 17a) (red). This voltammogram,
recorded at 70mVs~!, is the typical response when measuring in non-pretreated, air
saturated electrolyte. Due to the reductive nature of the process a negative current is
expected. The rise of the absolute current starts considerably below the standard poten-
tial, which is a complementary situation as in the case of the OER —i.e. sluggish kinetics
induce an overpotential. The reduction of the oxide layer starts around 1.0 Vryg, and
is located slightly before the actual ORR onset. That is also the reason why it is also
called underpotential oxygen reduction, because the oxide stripping is happening first.
The ORR onset potential can be guessed from the positive going sweep, since no su-
perimposed oxide reduction is present there (Fig. 17a), yellow circle). Furthermore, the
comparison to the clean voltammogram clearly hints where the oxide reduction is tak-
ing place simultaneously. The second maximum in the negative going sweep (after the
plateau at 0.8 Vryg) is caused by the initially high oxygen (reactant) concentration in the
vicinity of the electrode, which results in a high ORR related current. This current then
firstly decays according to the Cottrell equation (Eq. 38) until it reaches a steady state
(Eq. 39). The typical Pt surface reactions including the double-layer charging occur in
parallel.

By flushing the electrolyte with nitrogen most of the dissolved oxygen can be re-
placed. This is realized by adding a small purge tube directly above the electrolyte
surface. It is turned up until the surface clearly bends due to the impinging gas. This
results in a clean Pt voltammogram (black). Alternatively, the purge tube can be in-
serted into the electrolyte and operated in a bubbling mode. As this causes unstable CV
experiments, the other method is preferred in the present case.

For the actual RuO, experiment, the electrolyte is pre-bubbled for several minutes
before it is filled into the cell. To ensure sparse oxygen conditions during the experi-
ment, the electrolyte is continuously blanketed afterwards. The ability of this procedure
to yield satisfactory results has been checked against Pt. This experiment is presented
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Fig. 17: a) Cyclic voltammogram of platinum in 1M H,SO, under Nj-saturated (black) and ambient
air (red) conditions. The presence of dissolved oxygen from ambient air enables the oxygen reduction
reaction (ORR). The onset can be estimated from the anodic (upper part of the) scan as it is superimposed
by the oxide reduction in the cathodic sweep. b) Cyclic voltammograms of platinum in Nj-saturated
1M H,50,. The differences between the chloride-containing and chloride-free conditions are indicated
by arrows. The onset of the chlorine evolution reaction (CER) becomes visible if chloride is present. As
both measurements were taken at different scan rates (and stem from different experiments) the current
of the chloride-free case (200 mV s~') is scaled by a factor of two to match the expected slower scan-rate
(capacitive) response of the chloride-containing case (100mVs™1).

as black curve in Fig. 17b). The remaining tiny downwards bend around 0.4 Vryg could
be due to residual oxygen. It should be noted that the oxygen free conditions can only
be sustained until the first experiment that includes (i.e. sufficient positive potential to
yield) the anodic evolution of oxygen. In the case of Pt, the ORR current became vis-
ible then, in the case of RuQ, it did not. The Pt CE is usually not driven in the OER
regime, because too high negative potentials (i.e. positive potentials at CE) have not
been required at the WE.

3.5.2 Chloride ions and chlorine gas

A major problem that occurred during this thesis was contamination of the electrolyte
with chloride ions. This section discusses evidence that eventually led to this conclusion
while exploring the catalytic reduction of chlorine gas.

To build on the preceding Pt discussion, the experiment, which originally aided as
final confirmation of the contamination’s origin, is discussed first. The red curve in
Fig. 17b) shows Pt measured with a self-built AgCl RE. It is noted here that equivalent
measurements using self-built AgCl REs for CV at RuO, confirmed that the response is
equivalent to that seen from the ALS commercial AgCl electrodes. Therefore, it seems to
be an intrinsic problem of the chloride-containing electrode type if no additional modi-
tications are introduced.

Chloride-induced deviations from the typical platinum cyclic voltammogram are
well documented in the literature.””#>%7 The presence of chloride induces a shift of the
H adsorption peaks and hinders the formation of the oxide layer beyond 0.8 Vryg. The
latter peak is caused by the competitive adsorption of CI” ions and surface hydroxide
species.®”8 Furthermore, it was proposed that the rise in the chloride contaminated
case occurs at the point of the intrinsic surface hydroxide (PtOH) to surface oxide (PtO)
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transition.®” The second indication is the earlier rise of the CER current compared to
the chloride-free reference experiment. This is reasonable, as the OER is expected?!
and observed (Fig. 5b,c) ) to set in at higher potentials in the chloride-free case — which
consequently exhibits no CER.

A typical cyclic voltammogram of RuO,(110) at 200mV s~! is shown in Fig. 18a).
As these cyclic voltammograms will be discussed extensively later, the focus of this
discussion lies solely on the changes caused by the CRR:

Clyg) +2e” —= 2CI° Eg), = 1.359 Vop®. (53)

(aq)”
The three shown voltammograms illustrate the effect of successively increasing the up-
per potential limit. From black to red (1.5 Vryg) the current starts to rise due to the CER.
If just the standard potentials of the OER E° = 1.23 Vgyg 8 and CER would be compared,
one could expect the OER to occur first. Two things have to be taken into account: the
standard potentials are a fair approximation of the potential where the reaction can be
roughly expected within a pH = 0.1 solution at room temperature (nearly standard con-
ditions for at least the proton concentration and temperature), but chlorine and chloride
are far from fulfilling those conditions; furthermore, the CER is more easily catalyzed by
RuO,* than the OER as it is the more facile reaction, which results in an overall more
favorable CER when overpotentials are included.

The production of Cl, enables its reduction, which becomes visible as additional
current around 1.1 Vryg in the negative going sweep below the standard potential. In
the blue curve, the upper limit is increased 100 mV further, which triggers reasonable
chlorine evolution. Thus, the chlorine concentration near the electrode rises and the
reduction peak increases. The area of the reduction peak is proportional to the number
of reduced Cl, molecules considering the two electron process and the potential scan
rate.

The two reduction peaks (C1, C3) of the blue curve have been reported by litera-
ture. A case that very closely resembles the present situation was reported by Kuo et
al.>!. They investigated high quality MBE-grown RuO,(110) thin films (also on a TiO,
substrate) in 0.1 M H,SO, in both clean electrolyte and after addition of 0.1 M KCL. The
addition of KCI simulates the leakage of chloride ions from the used AgCl RE, which uti-
lizes saturated KCl as an outer filling solution. The feature around 1.1 Vryg (C1) shows
up at a similar potential to the work of Kuo et al.”. The group of Hepel et al.>> showed
their ability to produce nice quality —judging from a cyclic voltammogram — RuO,(110)
surfaces by means of chemical vapor transport (CVT). Basically all of their observations
from an extensive study of the CRR within 1M HCl could be reproduced.  The follow-
ing explanation of the reduction features is in line with the mentioned work.

The C1 feature behaves distinctly from C3 when we consider the anodic and ca-
thodic scan. The reduction at C1 is catalyzed by a certain stable surface present within
the potential region of the peak. This causes a rise and fall correlated to the available
catalytic sites. It rises simultaneously with the hydrogen adsorption surface redox peak
around 1.2 Vgryg visible in the clean black voltammogram. It is likely that the hydro-
gen adsorption competes with the adsorption of the mandatory O,,Cl, 4 intermediate
in this case. A Pourbaix diagram from Sumaria et al. would even predict a thermody-
namically stable Ru,, Cl,qs species within the relevant potential range.®® Beyond that,
this is not in line with prior calculations by Exner et al..”? In any case, the active surface
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can reproducibly be reactivated during the anodic sweep, which is clearly hinted by a
consistently returning reduction current within the same range.

This is in stark contrast to C3. After the reduction peak maximum, the current de-
cays in a Cottrell-like fashion while the reactants are depleted. If the scan is reversed,
this decay proceeds and is additionally kinetically limited while the applied CRR over-
potential decreases. As proposed by Hepel et al.'®, the difference to the earlier peak
could be related to a reaction mechanism proceeding over Ru,sO,; at C1 and over bare
Ru,, at C3. The already mentioned DFT-study of Sumaria et al.?® supports exactly this
mechanism. During C1, an oxygen terminated stable surface is expected to undergo
a transition to a surface including stable Ru_,Cl,45. As a result, the reaction can pro-
ceed over the on-top oxygen until it is prohibited as chloride adsorbs at the underlying
Ru,, sites, thus replacing the on-top oxygen. They actually expect the next step to be a
transition to a surface with bare Ru,,,, which should occur around 0.25 Vryg. A further
study®!, which only includes protons in its calculations, predicts the beginning of the
uncovering of Ru, sites already at 0.4 Vryyg. This would actually fit to the experimental
behavior.

Fig. 18b) shows the key experiment that finally lead to the right conclusion. It stems
from the same setup as a). Up to this point, the working hypothesis has included the
idea of a pure surface reduction process driven by the analogy to the Pt surface oxide
reduction. This could be excluded by the shown experiment, where the potential is held
for {1,2,4,8,16,32,60} s at 1.35 Vg in each consecutive cycle. The reduction peak C1,
and thus the amount of reduced chlorine decreases with increased holding time. The
holding potential is chosen as mainly capacitive double-layer and surface protonation
currents are present, while the reduction is not yet dominant. The inset confirms this:
when the scan is stopped the charging currents decay nearly instantly; during the hold-
ing period a negligible current <4 nA cm 2 establishes and further decays. Proceeding
the scan results in another jump as the charging current sets in again. If C1 would cor-
respond to the reduction of a surface oxide, it should not depend on a holding time at
potentials where it is still stable. A process that perfectly fits this behavior is the diffu-
sion of freshly produced chlorine gas from the electrode into the bulk electrolyte. The
reduced charge (proportional to C1) is therefore correlated with the diminishing avail-
ability of reactant. C3 is not as nicely in line with C1 likely due to current limitations
above a certain mass transport limit, which does not play a role at C1 yet. Further-
more, the amount of already reduced species at C1 introduces an additional parameter
(besides t01q), which determines the initial conditions for the C3 reduction.

By now, a chloride ion contamination is decisively proven: The peak attributed
to the CRR depends on the upper potential limit (Fig. 18c)) and decreases when the
freshly produced chlorine gas is allowed to leave the vicinity of the electrode by diffu-
sion (Fig. 18c) ).

The missing link is to show that KCI, which is expected to leak from the REs, causes
it. Therefore, in Fig. 18c), the influence of adding small amounts of diluted KCI so-
lution is investigated. This is the continuation of the experiment in b). We note here
that the experiment was performed after running an extended version of a characteriza-
tion protocol that included scans up to 1.7 Vryg, as discussed in detail later. It is likely
that mainly the part of the characterization at higher anodic potentials (up to 1.7 VRyg)
changed the sample due to a corrosion process. As a result of this, the reduction feature
C2 appears. It behaves in an analogous manner to C1. The features, which were already

cus
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Fig. 18: Cyclic voltammograms of the same RuO,(110) thin film in 1M H,SO, recorded at 200mV s~ !. All
measurements exhibit the cathodic chlorine reduction features C1 and C3. With increasing sample life
time (measurements at high anodic potentials over an extended period of time) the additional reduction
feature C2 develops. a) - d) are in chronological order and e) shows a comparison of the initial small range
voltammogram and the final state: Peak A increases in comparison to peak B. a) After extending the upper
potential limit high enough to trigger the chlorine evolution reaction (CER), chlorine reduction features
develop. b) Holding at a rest potential (1.35 Vryg) where mostly double-layer charging —and less faradaic
current — occurs, allows the freshly produced chlorine gas to diffuse away from the electrode surface.
Therefore, the holding time correlates with the intensity of reduction feature C1. The magnified (yellow)
graph shows the current decay during a rest period: An initial large jump is caused by the capacitive
discharge of the double layer. The remaining current serves as an estimation of remaining slow faradaic
processes. c¢) Proof that observed features stem from leakage of RE electrolyte solution: C1-C3 increase
in line with the addition of diluted KCl solution. d) Preventing the leakage by an additional salt-bridge
compartment: It needs three days of constant immersion to reach a contamination nearly comparable
to the direct immersion in a). f) Open-circuit voltage (OCV) in between consecutive CV experiments of
increasing upper potential limit analogous to a): The OCV is sensitive to the Cl,/CI™-couple.
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present in b), increased due to the ongoing leakage process. Adding additional KCl salt
solution further intensifies exactly the already observed three features (C1, C2 and C3),
which proves that these presumably chloride-related features are in fact introduced by
KCl from the reference (and not from somewhere else).

Finally, when the situation became clear, the goal was to avoid the contamination.
This was reached by adding a further salt bridge compartment, using a gel type or a
chloride-free RE as described in subsection 2.2.2 and subsection 2.2.3. The preceding
discussion also illustrates an advantage of RuO,’s high sensitivity to chloride ions, as
it can be utilized to check for contaminations by a simple CV experiment. This is done
in Fig. 18d), where a commercial AgCl electrode (ALS) is connected by a bridge con-
taining a chloride-free salt solution (1M KNOj). The black curve shows a clean CV
response directly after immersion. This was the first time the surface redox feature just
below 1.5 Vryg became visible without the superimposed CER related rise. Higher scan
rates were needed to make the feature more dominant, and therefore observable, before.
After the initial black voltammogram a typical characterization protocol ran once and
took nearly nine hours. A small contamination appears afterwards. Nevertheless, the
contamination could be significantly reduced compared to a directly immersed AgCl
electrode. The unavoidable shift to higher potentials induced by L]JPs, discussed in sub-
section 2.2.3, is also visible. The scale is deliberately not corrected to visualize this effect.

Another three days of constant immersion and partly continuous cycling between
the potential limits result in the blue curve. Here, the amount of leaked chloride is
still less compared to direct immersion, however, it becomes comparable. Next to the
reduction peaks, the earlier rise of the current caused by the CER becomes visible. If
this is the case, kinetic data represent mainly the CER at the beginning and at higher
overpotentials a non-trivial competition between both reactions.

In addition, an observation that supports the discussion of the next chapter can
be made. Namely, the increase of feature C2 is accompanied with an increase in the
amount of transferred charge associated with the smallest surface redox feature (peak
A, at 0.8 Vryg). Fig. 18e) shows the comparison of two small range — not influenced by
chloride — voltammograms taken at the time of experiment a) (black) and after the leak-
age experiment d). The ratio of the peak areas, i.e. charges, of A and B clearly changes
in a way that feature A becomes more prominent.

Lastly, it is noteworthy that there is another indicator that is sensitive to the Cl,/CI"-
couple. This is the open-circuit voltage (OCV) of the sample. The OCYV is basically de-
termined by a Nernstian equilibrium (Eq. 26) between electroactive species. It is never
obvious to determine which reaction is predominantly determining the OCV. However,
a distinct trend has been observed for all of the RuO, thin films in chloride contain-
ing solutions. Fig. 18f) shows the OCV measured between consecutive cyclic voltam-
mograms. Similarly to experiment a) the upper reversing potential is successively in-
creased. The black and red points represent the same series of measurements taken at
the beginning and end of a nine hour characterization protocol. It is the same sample as
before, however, this time the commercial electrode of experiment d) is used without a
double junction. The initial OCV starts to rise after extending the range to 1.5 Vryg and
clearly rises after the first set of cyclic voltammograms up to 1.6 Vryg as in the firstly
discussed experiment a). This illustrates that solely the presence of chloride is not suffi-
cient to affect the overall OCV. But as soon as chlorine gas is produced the value rises up
to about 1.4 Vryg, which is roughly near the standard potential of the Cl,/Cl -couple.
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Fig. 19: a) Scanning electron microscopy images of silver grains (confirmed by energy dispersive X-ray
spectroscopy) on the RuO, thin film within the catalytic area recorded with the in-column, i.e. in-lens (IL),
secondary electron detector. b) Four examples of initial RuO, voltammograms taken at 200mVs~! in 1M
H,SO,. The curves are stacked by means of a constant offset to increase the visibility of the contamination
peak. The samples were directly taken from the storage box (stored after growth) without any pretreat-
ment. Each of the samples shows an additional metal ion stripping feature in the positive going anodic
sweep. c) Clean RuO, voltammogram (black) and after addition of 10~* M AgNOj (colored). When the
range is extended below the Ag+(aq) deposition potential, a silver stripping peak develops.

The red points, which are taken at the end of the experiment, show that the OCV quickly
finds a higher value than initially due to a certain Cl,/Cl” background concentration.
The smaller additional rise after increasing the range can be attributed to the changed
chlorine/chloride ratio due to the CER and CRR, which have been triggered just before.

3.5.3 Silverions

The final observation, which calls for an explanation, relates a pair of contamination
peaks that showed up in the data of a select number of samples when they were put
into the cell for the first time. There are three hints that support a contamination by
silver ions.

Firstly, surfaces partly covered with silver conglomerates with sizes ranging from
about 100 nm to several microns have been found on two of the samples that showed
the additional features. They are easily distinguishable from the darker RuO, surface in
the SEM micrographs shown in Fig. 19a). They are recorded by a secondary electron (SE)
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detector, which is operating in a backscatter-geometry (IL) parallel to the incident elec-
tron beam. This geometry includes mainly secondary electrons that directly interacted
with the primary beam — or have at least a shorter trajectory within the sample. There-
fore, it allows for a higher lateral resolution compared to an Everhart-Thornley (ET)
SE detector located out of the beam path. The contrast could be caused by the higher
porosity of the particles, which hence increases the intensity by the edge effect. Basi-
cally more secondary electrons per projected area are able to leave the surface within
their restricted penetration depth compared to a purely flat area. To avoid a possible
confusion: the edge effect is usually superimposed with shadowing effects, which tell
that surfaces oriented normal to the detector appear the brightest. Shadows are less pro-
nounced in the IL geometry than in the ET operation mode. Furthermore, the contrast
could be induced by a different work function or charging property.

Besides the SE detector, SEM offers the capability to detect X-ray fluorescence in-
duced by the incident electron beam via an energy dispersive X-ray (EDX) measure-
ment. Several grains at several spots of the sample were identified as silver by this
method. The Ti fluorescence from the TiO, substrate was damped in line with the silver
signal, likely depending on the grain thickness. One of the investigated areas is shown
in Fig. 19a). The darker background serves as silver free reference spectrum. An image
with a larger detail view on the right shows silver grains in form of bright conglomer-
ates.

As silver paste was applied to the bottom of the substrates during growth, the pres-
ence of a silver contamination is highly probable. In addition, a trace contamination
can also be introduced through the AgCl reference electrodes.”® Hepel et al. studied
the sub-monolayer silver electrodeposition at RuO, single crystal surfaces.”** As their
cyclic voltammograms in 0.1 M H,SO, with 0.1 mM Ag" closely resembled the deposi-
tion and stripping peaks observed in Fig. 19b), the experiment was reproduced in 1M
H,SO, to confirm their findings. This experiment is shown in Fig. 19c). Likewise they
published SEM micrographs of their silver deposits, which are similar to the ones just
shown.

In Fig. 19¢), the positive oxidation current corresponding to the silver stripping peak
depends on the lower potential limit of the cyclic voltammogram. We refer to this pos-
itive peak as a stripping peak, correspondingly, at lower potentials a negative current
deposition peak is expected. Thus, no stripping is expected before the potential has
been sufficient to induce a silver electrodeposition. The superimposed deposition cur-
rents can be estimated by the comparison to the black reference voltammogram. The
deposition is fairly mass transport limited, because the deposited silver ions — in this
case stemming from dissolved silver nitrate (AgNO;) — are supplied by the bulk solu-
tion. This causes a broad feature. In contrast, stripping of the silver grains produces
a fast and sharp stripping peak as all the reactants are readily available at the elec-
trode surface. The current rises exponentially first (Butler-Volmer regime, Eq. 7) and is
harshly interrupted when the dissolution is completed. The small observable peak po-
tential (and onset potential) difference between experiment b) and c) is accounted to the
different nature of the included silver ions stemming either from silver paste or silver
nitrate solution.
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Usually, the contamination peak disappeared during the experiment. This is reason-
able if we consider the small charges accompanied with the stripping peaks. Addition-
ally, the voltammogram with a similar lower limit as in Fig. 19b) results in a consider-
ably larger deposition and stripping peak (the plot is omitted for clarity purposes). It
is likely that the contaminations are below the detection limit, after they have dissolved
into the bulk electrolyte. Therefore, after exchanging the electrolyte once, they are basi-
cally gone. This sets 0.1 mM Ag*(aq) as the upper bound of the silver ion contamination,
even though it may be orders of magnitude above the real concentration after dissolving
the present silver grains.

In addition, as the positive peak was identified as stripping process, it is reasonable
to assume that surface processes occurring at higher potentials are not obstructed either
way. This is reflected in the higher potential region Fig. 19¢), since the black and colored
curves overlap.
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4 Surface Chemistry of RuO,(110)

The aim of this chapter is to present all important observations that can be interpreted in
terms of potential-dependent surface reconstructions. Unless stated otherwise, the dis-
cussed data stems from representative good quality samples. Consequently, the conclu-
sions are claimed to be general statements about the RuO,(110) surface. A comparative
study of all available samples is presented in chapter 5.

4.1 Samples: A whole phase diagram of RuO,(110) epitax-
ial thin film growth

All samples that were electrochemically characterized stem from the successful growth
optimization program of Kessler?’. To find the best set of PLD growth parameters, sub-
strate temperatures ranging from 230 °C to 730 °C were investigated at different oxygen
partial pressures ([1072, 10~%] mbar). Therefore, a considerable amount of thin film sam-
ples, all exhibiting slightly different RuO,(110) growth modes and surface morphology,
is available. This allows to double check conclusions within a group of similar samples
and check for differences to other groups.

Most of the samples have already been characterized by low-energy electron diffrac-
tion (LEED), reflection high-energy electron diffraction (RHEED), X-ray photoelectron
spectroscopy (XPS) and some of them additionally by X-ray reflectometry (XRR), trans-
mission electron microscopy (TEM), atomic force microscopy (AFM) and scanning tun-
neling microscopy (STM). As the main figure of merit is expected to be the actual surface
morphology and homogeneity for electrocatalysis experiments, this sample characteri-
zation is completed by energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM) and AFM.

4.1.1 Structural characterization by scanning electron microscopy

Fig. 20 shows high resolution SEM images of all samples at the same magnification. All
of these images are representative for the predominantly observed surface structure;
always checked at several spots and areas of the sample. All images were recorded prior
to any electrochemical experiment and allow for a categorization into four subgroups.
All results were cross-checked by AFM (not shown).

Four samples (green) show a flat surface structure at the maximum possible mag-
nification. The first two samples of the row have already been identified as flat by the
initial RHEED characterization®” - i.e. islands tend to merge. The third sample in the
row had originally been categorized to exhibit islands?’, but, at least within the observ-
able lateral resolution, it appeared flat. The last sample exhibits small cracks but is still
mostly flat.
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The next (blue) category shows clear three-dimensional structure, which induces
considerable roughness. All of the blue category samples were grown at least 100K
above the identified ideal substrate temperature. This is also true for the yellow cat-
egory. The first sample in the blue category shows an intermediate behavior between
flat and irregular structures, and is indicated by a slightly different shade of blue. This
transition proceeds over to the next sample in the blue row, which shows flat regions
at different height levels. The last two samples exhibit a rough, grainy morphology
with pillar-like features. The pointy clusters from the green category seem to be (partly)
replaced by smaller crystals.

The yellow category turns out to be perfectly consistent with the prior RHEED ob-
servations from Kessler?”. All yellow samples are grown above the ideal temperature
and pressure — they share the same oxygen partial pressure (10~2 mbar), which has been
identified to considerably slow down the growth process.? The yellow films show hints
of the substrate’s terraces. The TiO,(110) substrates were observed to exhibit a terrace
width of about 100nm by AFM shown in the master’s thesis of Kessler?”. In the SEM
picture three full terraces exhibit about the size of the depicted 300 nm scale bar. Visi-
ble terraces are not necessarily a sign of too thin or bad quality films, even though in
this case such an interpretation would be consistent with the prior RHEED characteri-
zation.?”” Large completely uncovered regions were also identified by SEM on the last
two samples in the yellow row.

Two samples of preliminary growth studies, grown far from the ideal parameter
space, were also available. They exhibit a large amount of holes and trenches and be-
long to the red category of perforated films. The actual presence of Ru (and O) on the
substrate was confirmed via EDX (not shown). Their broad featureless voltammograms,
shown in Fig. 20 next to the red samples, already hint that CV is sensitive to the surface
quality.

4.1.2 Investigation of typical surface defects by X-ray fluorescence spec-
troscopy and electron backscattering

The first type of surface defect, which is present at several spots at different samples, is
shown in Fig. 21a). It also represents the perfect occasion to briefly explain the differ-
ent detection modes of SEM that are utilized to investigate the film’s surfaces through-
out this thesis. The image shows a Ca-containing crystal recorded with three differ-
ent imaging detectors. Starting from the left, secondary electrons are collected by an
Everhart-Thornley (ET) detector. The combined shadowing and edge effect becomes
visible around the protruding crystal. Predominantly the increased number of escaping
electrons per projected area highlights the edges that are oriented near parallel to the
primary electron beam — they appear brighter. Superimposed, some shadows are vis-
ible. Utilizing the analogy of the electron beam being the observer (here: located over
the sample at normal incidence), and the detector’s position representing the illumina-
tion source, the shadows can be easily identified with the additional knowledge that
the ET detector is located at the top direction of the image. This analogy is based on
the fact that electrons escaping toward the detector are more efficiently collected by the
collection bias (brighter contrast) as electrons escaping in the opposite direction — they
are shadowed by ridges of the sample.
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Fig. 20: Results of the morphological characterization by scanning electron microscopy (SEM): All images
are recorded with the in-lens (IL) detector and show the same magnification according to the scale bar.
Four groups can be identified: flat samples with pointy clusters (green), samples exhibiting rough struc-
tures and crystallites (light blue), presumably extra thin samples with faint signs of substrate terraces
or delaminated areas (yellow) and perforated films (red) with respective cyclic voltammograms next to
them. The leftest light blue sample represents a transition between rough and flat surfaces, which is in-
dicated by a slightly different shade of blue. The middle yellow samples shows no clear signs of terraces
but larger delaminated areas in lower magnifications.
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Fig. 21: Scanning electron microscopy (SEM) images recorded with the Everhart-Thornley (ET), in-lens
(IL) and energy-selective backscattered (ESB) - detectors. The elemental contrast of the ESB detector is
confirmed by local X-ray fluorescence spectroscopy (taken at colored circles in SEM images) — spectra
shown in d). Different types of typical surface defects at the RuO,(110) surface: a) Ca-containing crystals,
which induce circular disturbed growth, shown in b), around them. b) Holes in the flat film. c) Larger Ru-
containing crystal. el) Cross-sectional transmission electron microscopy (TEM) image and SEM image,
e2), of a smaller Ru-containing cluster.

The middle part of Fig. 21a) shows the corresponding IL detector signal. This detec-
tor eliminates the shadows as it is positioned in normal position to the sample, which
is analogous to illumination from the top. A clear example is observable at the upper
edge of the crystal. Furthermore, due to the special positioning of the detector, mainly
electrons that have directly interacted with the incident beam are collected. This results
in an increased lateral resolution as the average path electrons travel through the sam-
ple (especially in lateral direction) is shortened, thus, the interaction volume decreases.
The image becomes sharper.

The right part of of the Fig. 21a) shows the energy-selective backscattered (ESB) de-
tector. This detector is located behind a negatively biased filter grid, which sits behind
the IL detector. The electrons that arrive at the IL detector are the lower energy half
of the overall released electrons collected within the lens system. Mostly backscattered
primary electrons are collected. These electrons interact with the sample via Rutherford
scattering (orbiting the positive nuclei) and carry information about the local atomic
mass. As the scattering cross section is proportional to the atomic number, this detec-
tor’s contrast is correlated to the atomic composition. It reveals that some RuO, (heav-
ier) is deposited on top of the crystal while the blank TiO, (lighter) substrate is visible
around it. All of the IL images at the bottom of Fig. 21b) are backed up by composi-
tional contrast (ESB) at the top. The common observation (at several samples) was that
every area containing several of those crystals is surrounded by an even larger region
of disturbed growth as shown in Fig. 21b1), dark area.

The last detection mode, already utilized to identify the silver contamination, shown
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in Fig. 19a), is X-ray fluorescence spectroscopy (EDX). Representative spectra, recorded
locally at certain defects (highlighted with colored circles), are shown in Fig. 21d). As
the interaction volume of the SEM is larger than the 10nm thickness of the sample’s
RuO, layer, and X-ray photons escape from deep below this layer, the main fluorescence
signal originates from the TiO, substrate. The Ca Ka transition (blue) reveals the calcium
content of the crystal. This signal has already been found at bare substrates prior to the
growth.

The EDX spectra in Fig. 21d) are normalized to the background caused by Brems-
strahlung and recorded at 10kV electron acceleration voltage (EHT). The low energy
shoulder of the large O Ka peak is likely associated with the Ti L signal as it scales
in line with the Ti Ka intensity. The probable Ru M signal is identified by the same
thought. Likely it is superimposed by C Ka, which is expected at approximately 40 eV
higher energy.

At the edge of the areas of disturbed growth (Fig. 21b2) ), a transition from a flat to a
perforated films is visible. What is hinted by the elemental contrast of the ESB detector
is confirmed by the EDX spectra. When moving from the closed film (black) to a hole
(red), the decrease of the Ru signal is accompanied by an increasing Ti signal. That
there is at least some Ru present even within the (rectangular) holes, is visible in the
high magnification image in Fig. 21b3).

The most frequent feature, which is also visible in the EDX spectrum (and indicated
in green), is a small pointy ruthenium - likely ruthenium oxide — cluster (Fig. 21el)
and e2) ). Fig. 21el) shows a cross-sectional TEM and e2) three IL images. These clusters
exhibit the largest Ru intensity of the presented spectra. Usually they are surrounded by
rectangular plateaus as they are probably deposited first and induce additional growth
in the surrounding area thereafter. It is important to note that they randomly appear all
over the film and always show similar EDX behavior. The discussed (green) spectrum
also shows additional Ca signal, as it was taken in a disturbed growth region. This was
the only available spectrum of a cluster at this specific sample; it was chosen to enable
the comparison of all spectra. In the general case the Ru-clusters show no Ca signal.

In some samples, RuO, crystals with clearly identifiable faces grew. One of the
larger examples is shown in the ET image in Fig. 21c). The shadow effect produces
a clear three-dimensional impression while the ESB signal shows the similarity to the
surrounding film (EDX shows a dominant Ru signal). Smaller versions of these crystals
are visible in two of the blue and yellow category SEM images in Fig. 20.

This sets the stage for all of the following discussions and directly allows to utilize
the SEM detection modes to determine the area contacted by the electrolyte in the next
section. (section 4.3).

4.2 Potential dependent impedance spectroscopy

Before focusing on a variety of CV experiments, three representative examples of impe-
dance spectroscopy at RuO, will be evaluated. EIS served as a crucial complementary
tool that supported every CV measurement. It provides the capacitance C, the combined
solution-sample resistance Rs and the charge-transfer resistance R. In subsection 2.5.2
the Warburg impedance that models the diffusion limit of charge-transfer reactions has
been discussed. This has never been observed in the present case of RuO,-thin films,
and is therefore omitted in the equivalent circuit model depicted in Fig. 22a).
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Now, the statement that different circuit elements are more pronounced at different
potentials from the theoretical section will be filled with life. The following impedance
spectra were recorded in a frequency range from 200 kHz to 10 Hz with a sinusoidal
excitation amplitude of 15mV. A constant voltage is superimposed to this AC signal.
Usually, each spectrum is recorded after a 10 s pre-polarization period to allow the sys-
tem to approach a steady state. This condition is fulfilled except under OER conditions.
The three representative polarization points that will be investigated are marked by
stars in the cyclic voltammogram in Fig. 22d1). It represents a map that helps to orient
where in the potential range which electrochemical reaction can be expected.

The black star in Fig. 22d1) marks the flat double-layer region where nothing but the
capacitive charging of the Stern layer is expected. The respective Nyquist plot (Fig. 22a),
black) basically resembles a RC-series circuit: a vertical line shifted by R on the real axis.
A CNLS fit (as discussed in subsection 2.5.1) yields the capacitance and Rs presented in
the table next to the plots. About 80 k() parallel resistance indicate that approximately
no parallel processes occur.

There is the option to fit the impedance with a constant phase element (CPE) instead
of an ideal capacitor that is often preferred in the context of electrochemical cells.®"”
The non-ideality is represented by an additional CPE parameter oy which changes the
ideal —7/2 phase to lower (absolute) values.

1
1
Ze=5-5 (55)

As a result, the vertical line becomes sloped. In fact, introducing this additional param-
eter provides a better fit. However, to aid the comparability of different samples and
measurements, as well as the robustness of the fit, the ideal capacitor is chosen. This is
turther justified as fitting a CPE usually yields near ideal (in this case: ¢ = 0.97 = 1)
CPE parameters, which proves the ideal capacitor as a sufficient approximation.

The next polarization point (Fig. 22a), red) is on top of surface redox peak B (red star
in Fig. 22d1)). As expected, the capacitance increases in line with this feature as alter-
natingly adsorbed and desorbed hydrogen contributes charge per potential according
to Eq. 43.

Up to this point, no indication of a parallel resistor has shown up. At the highest
potential (blue star in Fig. 22d1) ), considerable OER currents set in and the typical im-
pedance circle of an RC parallel circuit shows up (Fig. 22a), blue) — this is caused by
the decrease of the parallel charge-transfer resistor Rt shown in the equivalent circuit
in Fig. 22a). The charge-transfer resistance dropped by an order of magnitude, thus, the
surface gets DC conductive due to the electrochemical reaction.
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Fig. 22: a) Complex impedance (Nyquist) plot of a RuO,(110) thin film at different polarization poten-
tials depicted in black, red and blue. The respective polarization potentials are indicated by stars within
the cyclic voltammogram in d1). A frequency range of [200k, 10] Hz is probed. Complex non-linear
least squares (CNLS) fits are performed according to the shown equivalent circuit and the results are
summarized in a table (fit uncertainty below the given precision). b) Representative scanning tunneling
microscopy (STM) image?” of a film grown at the same temperature as one of the samples, which utilized
to determine the specific double layer capacitance. c1) Determination of the area contacted by the elec-
trolyte by scanning electron microscopy (SEM). c2) Signatures of bubbles adsorbed to the sample within
the cell (after the determination of the specific capacitance) can be recognized in the in-lens (IL) image.
dl) Cyclic voltammogram of one of the utilized samples: The double-layer region is indicated red, the
redox features A, B, C and R are labeled as well as the potentials of the EIS measurements in a). d2) Cyclic
voltammetry in the double layer region: The rectangular shape indicates approximate capacitive behav-
ior. At higher scan rates the potentiostatic control cycle gets prone to oscillations. The charging currents
are read out in the gray area by averaging the included points. d3) Fitting of the scan rate dependent
charging currents that yield the double-layer capacitance (DLC). The error bar indicate the (oscillatory)
noise seen in d2).
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4.3 Establishment of a reliable reference value for the spe-
cific capacitance

If a sample is not atomically flat, its real surface area deviates from its geometric (i.e.
surface projected) area. In the electrocatalysis community, the real surface area is com-
monly called the electrochemically active surface area (ECSA). A widespread method to
determine the ECSA is the derivation utilizing the double-layer capacitance (DLC) Cpr,
of the sample. This allows an evaluation by simply dividing by the capacitance per unit
area:

ECSA — DL (56)
Cs
where C; is the specific capacitance of the sample. The aim of this section is to determine
a reliable reference value of the specific capacitance (Cs) utilizing the near atomically-flat
model samples investigated throughout this thesis.

This technique has been used since several decades to estimate the ECSA of metal
oxides by now.”® As in most cases the actual specific capacitance of the investigated ma-
terial is not known, it thus became common practice to assume the existence of a more
or less general value, which is then cited from “popular” literature.*”!% This is done,
even though, it is not novel to point out that this value strongly depends on the sample
properties and participating electrolyte.’®-1%0 When judging the activity of various cata-
lysts by the current density they deliver, all efforts are condemned to fail if the assumed
real surface area does not reflect reality.

Before intensifying this discussion, it makes sense to precisely state what contributes
to the DLC and what this means for an interpretation. The DLC consists of the added up
contributions of the fixed inner and outer Helmholtz planes as well as of the diffusive
Gouy-Chapman layer as described in section 2.3. It is intuitive that the adsorbed wa-
ter monolayer mostly depends on the sample’s surface properties, while the diffusive
layer is governed by the electrolyte’s properties. The outer Helmholtz plane consists of
adsorbed ions, therefore, it is an intermediate situation. While describing properties of
aqueous electrolytes it is needless to mention that non-aqueous ones are not considered.

This leads back to the original discussion. It illustrated that a generalized value for
several electrolytes (including different concentrations) can not exist. Nevertheless, the
same material within the same electrolyte of the same concentration can be compared
well. In addition, we have shown that the DLC method offers reasons that could prove
it more valuable than atomic force microscopy (AFM) within the given context.

The diffusive part of the double layer has a size within the range of a typical AFM tip
(around 10nm), however, in the general picture the contribution to the total charge is
higher the closer you are to the material’s surface. As the Helmholtz planes are as thin as
a water molecule and an ion monolayer in the order of some Angstroms, they become
sensitive to even smaller pits in the surface that contribute to the overall roughness.
Furthermore, the electrolyte reaches overhangs and deep pores. As a result, within the
context of a most accurate value to normalize a measured electrocatalytic activity cur-
rent, it seems to be the perfect method as the relevant medium of the process itself — the
electrolyte — can be utilized to supply the information with how much of the sample’s
surface it actually interacts.
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Currently the best guess value of the specific capacitance, which is used in several®
studies %102 amounts to C; = (35 4 14) pFcm 2. It has been published by McCrory
et al.'% in a report that attempts to develop a standard protocol for the evaluation of
activity and stability in OER catalysis. The whole preceding discussion is reflected in
their method to determine this value: a few (ten) reported literature values of differ-
ent metals within different concentrations of sulphuric acid electrolytes were averaged.
While this might suffice as a rough estimation, the standard deviation of their sample
(about 28 uF cm2) is nearly as large as the value itself.

In consequence, the establishment of reliable reference values of typically investi-
gated materials (as e.g., RuO,) would offer large benefits regarding the comparison
of different materials’ intrinsic activities. This requires experimental values of fairly
atomically-flat surfaces like the ones used in this thesis. By now, the only value that has
been specifically reported for the RuO,(110) surface amounts to Cs = 14 pFem 2104 It
was measured by EIS in 1 mM KF salt solution, on crystals that were grown by chemical
vapor transport (CVT).

In the following, the determination of the specific capacitance that has been used
to normalize the current densities within this thesis will be presented. It is notewor-
thy that, regardless of the actual accuracy of this value, all investigated samples of this
study stay intrinsically comparable among themselves. This is because the capacitances
are determined for the same material within the same electrolyte; and, all currents are
normalized by the same specific capacitance value. Solely the comparability to the gen-
eral literature depends on this value.

From the subset of measurements that is free of artifacts due to initial contamina-
tions (subsection 3.5.3) or chloride (subsection 3.5.3), two samples could be identified as
sufficiently flat (green category in Fig. 20) to provide a reliable reference value. This is
judged by SEM, which is in line with AFM. A representative STM image from a sample
grown at the same growth temperature as one of the two utilized samples is shown in
Fig. 22b). So one of the samples has been grown at optimal temperature — as indicated by
the growth program of Kessler?” — and the other one at 100K too low temperatures. As
this definition of optimal parameters includes more considerations than the pure flat-
ness of the sample, this does not disqualify the lower temperature sample as possible
specific capacitance reference sample.

The most important parameter is the actual contacted surface area. The samples are
assumed to be a sufficient approximation of a perfectly flat surface. SEM proved as a
valuable tool to identify and measure the area contacted by the electrolyte. Fig. 22c1)
shows two overlaid secondary electron images (IL and ET). The area enclosed by the
red circles is identified as the electrolytically contacted area. The precision is estimated
by aligning a reasonable minimal and a maximal diameter circle. The samples were
measured in different, but equivalently built cells. However, the SEM reveals that each
produces its own radius. This is further confirmed visibly by the comparison of pictures
of the samples within each of the cells as one is exemplary shown in Fig. 22¢2). The ad-
sorbed bubbles stem from oxygen evolution studies while the specific capacitance is
determined before any bubbles were present as these would shadow the surface area.
Nevertheless, here they aid the clear identification of the contacted area as they indicate
the inner margin of the o-ring. The IL detector shows another dark region, due to sur-
face changes induced by the sealing o-ring, which could be distracting. Nevertheless,
a fine dark line matches exactly with the circular shape also observed by the ET signal.
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So, both samples are normalized by their according reference image. The diameters of
the contacted circles are: d; = (2.93 £ 0.04) mm and d, = (3.18 £ 0.03) mm.

Now we need to determine the capacitance relating to this area. We already iden-
tified the double-layer region of a polycrystalline platinum electrode. It is localized in
the flat region of a cyclic voltammogram, where no faradaic processes occur besides. In
Fig. 17, where adsorbed chloride hinders the surface reactions, it is very pronounced in
the middle of the voltammogram. Fig. 22d1) shows the voltammogram of the high qual-
ity reference sample. The thinnest and flattest part of this voltammogram (Fig. 22d1),
red rectangle) is located between surface redox peak A and the restructuring region R
(details will be discussed). Next to the presented method of extracting the capacitance
from an impedance spectrum taken at this polarization point (Fig. 22d1), black star), the
capacitance can be cross checked by scan rate-dependent CV in this region (Fig. 22d2) ).

The principle in this instance is simple as the equivalent circuit of the cell reduces
to an RC series circuit without a parallel resistor, because no other electrochemical pro-
cesses happen. After some time T = RsCpy, has passed, a steady state charging current
will establish:

Q=CU (57)
I=Q=CU=Cv (58)

Q is the charge of the capacitor with capacitance C at voltage U. The time derivative
of the voltage can be expressed by the scan rate v. The capacitance can now simply
be extracted by measuring the charging current for several scan rates and fitting a line.
This is shown in Fig. 22d3). The CV scan parameters have been optimized with the aid
of an extensive manual by Morales et al.'%.

The potentiostat’s control cycle tends to oscillate at higher scan rates which limits
the precision of this method. (Fig. 22d2)) The current for each scan rate is determined
near 0.5 Vryg by averaging the current in a 50 mV potential window around the read-
out point. The standard deviation of the noise within this range aids as estimation of
the precision of each point. According to Eq. 58 the DLC is determined by a linear fit as
shown in Fig. 22d3). Anodic and cathodic values from the positive and negative scan
are then averaged.

DLCs determined by EIS consistently showed CEf/cSy = (92.5 £ 1.5) % of the CV
capacitance as checked with 26 measurements of 13 different samples. Therefore, the
mean of both capacitances is used to determine the reference value of Cs. Its accuracy
is estimated by the difference of both results. The mean value of both selected samples’
capacitances Cs; = (34 £ 1) pFem =2 and Cgp = (37 & 2) uFem 2 yields the final result:

Cs = (346 +0.9) uFem ™2

Coincidentally, this matches the literature value of McCrory et al.!%:
Cs = (354 14)uFem 2. But as discussed earlier, this just confirms the right order
of magnitude of this value.
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Fig. 23: a) Cyclic voltammetry at 5mV s~ ! exhibits a proton incorporation feature below R and an asym-
metric redox feature A. The asymmetry is attributed to the proton removal feature, which is shown in b).
b) Cyclic voltammetry at 10mV s~! in a small range (black) compared to a larger range, which extended
to lower potentials (red), shows the additional proton removal current in the positive sweep. Holding
the current at the lower limit (0.1 Vgryg for 8 min increases the additional current above feature A. A blue
arrow indicates a possible Ag stripping peak (subsection 3.5.3). c) The current decays initially and seems
to approach a non-zero proton implantation current during the rest of the period.

4.4 Cathodic proton incorporation

Before discussing the actual process behind the main surface redox transitions A, B and
C in detail, the considerably different reconstruction feature R will be examined. We
will show that it is related to a comparably slow proton incorporation process into the
bulk crystal structure in this section — that also a faster surface adsorption process is
superimposed, will be shown in a later section (subsection 4.5.2). Fig. 23a) shows a
comparably slow scan rate voltammogram (5mV s~!), which exhibits two pronounced
features both correlated to the reconstruction process. The first one is the negative rise
of the current at the lower potential limit, which is not caused by the HER as this reac-
tion sets in at least 150 mV more negative. The second observation is a clear asymmetry
of redox peak pair A between the forward and backward sweep. The fact that this incor-
poration feature (Fig. 23a), below R) is more dominant (relative amplitude compared to
A and the rest of the voltammogram) at slower scan rates points towards a slow electro-
chemical process relative to the surface redox reactions. This can already be seen when
comparing the proton incorporation feature of the 5mV s~! experiment in Fig. 23a) to
the 10mVs~! voltammogram in Fig. 23b). Further evidence will be presented when
discussing the scan rate dependence of the whole voltammogram later (Fig. 24d) ).

Two cases were found in the literature that describe a similar behavior at the lower
potential limit; one performed at RuO,(110) thin films*® grown by CVT, the other one
at nanoparticulate ! RuO,. Both explain their observations by proton intercalation into
the bulk electrode material. There is also a theoretical study that describes proton diffu-
sion into bulk RuO, and proposes a most stable structure for the HRuO, composite.!”
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The experiment shown in Fig. 23b) offers a strong intuition that perfectly fits a slug-
gish proton incorporation process, which becomes favorable below a certain voltage
threshold. The black small range (lower limit: 0.3 Vryg) voltammogram (Fig. 23b))
serves as a reference. Extending the range down to 0.1 Vryg (red curve) results in addi-
tional current in the positive sweep. This is a result of the incorporated protons, which
are removed again. All curves are recorded at 10mVs~!. The amount of intercalated
protons depends on the potential as well as the time spent below the threshold. This is
demonstrated by the blue voltammogram, which is recorded with the same settings but
with an additional 8 min waiting period at the lower reverse potential. Plotting the cur-
rent versus time in Fig. 23c) reveals a decaying current at this potential (0.1 Vryg). The
area underneath this curve corresponds to the charge of inserted protons and the cur-
rent seems to approach a steady-state non-zero insertion current. Proceeding the sweep
back to more positive potentials clearly shows that the additional current increased even
more in the blue scan.

This is consistent with the assumption of an invertible proton insertion. It is inten-
tionally not called 'reversible” as this term is mostly connected to 'readily reversible’,
fast processes in the general literature. Using the typical nomenclature this would be
an ‘irreversible” process due to its sluggish kinetics, i.e., relatively slow chemical rate
constant. The seemingly asymmetric behavior at higher potentials to B is caused by the
OER onset. In addition, there is a small pre-peak at 0.55 Vryg indicated by a blue arrow
in Fig. 23b). The position would be in line with the silver ion stripping peak that has
been described in subsection 3.5.3. A very low concentration present in the solution
would be indicated, as eight minutes were required to deposit the observed amount.

The discussed experiment of Fig. 23b) is similar to one performed by Lister et al.%®
(CVT crystals), which inspired this experiment. The aim was to reproduce their find-
ings at one of the investigated samples — this was successful. As observed, the proton
removal current increases in accordance with the amount of time spent at the lower
limit. (Fig. 23b))

To conclude, two features could be attributed to proton incorporation into the bulk
RuO, crystal lattice: the first is below R, i.e. in the negative sweep, and the other is
above A, i.e. in the positive sweep. They were identified through the time-dependence
of the proton removal feature (above A) on the proton incorporation feature (below R) —
both occur on a reasonably long time scale (slower than pure surface redox processes).

4.5 Surface reconstructions probed by cyclic voltammetry

4.5.1 Different growth methods from the literature

This section represents a brief overview of efforts toward CV at RuO, reported in the
literature. It puts the investigated good-quality samples of this thesis into perspective
and illustrates that they compare well to single crystal films from the literature, which
have been used for CV experiments.

Before getting to the benchmark single crystalline films, the voltammogram of a na-
noparticulate electrode shown in Fig. 24a) will be discussed. This specific sample has
been used for rotating disk electrode (RDE) measurements, which will aid the reasoning
in the next chapter (subsection 5.1.2). The counterparts of the features B and C (which
will also be discussed for single crystals afterward) are labeled in Fig. 24a). The feature
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located at lower potentials to the position where peak A would be expected (A), is not
strictly reversible. This is concluded from a visible peak-to-peak separation (see dashed
line in Fig. 24a)). Features B and C appear quite shallow compared to (110) crystals.
The voltammogram of Fig. 24a) matches a CV experiment from the literature of nano-
particulate RuO, conducted at the same scan rate in 0.5M H,50,.'% Sugimoto et al. 1%
also investigated the cathodic proton incorporation, which was discussed in the preced-
ing section, at these polycrystalline samples. A general observation, which is also true
for other types of RuO, electrodes as e.g. hydrous ones, is a much broader featureless
voltammogram. Interestingly, there is also a case of single crystalline films that exhibits
a broad cyclic voltammogram: the (101) surface. The (101) surface has been reported
twice to show a comparably flat CV response.?6?>23 However, the general CV literature
of oriented RuO, films is scarce and partly inconsistent.48°2104,106,107

Fig. 24b) shows cyclic voltammograms of four RuO,(110) crystals grown by the com-
monly used techniques, namely: PLD (present work), CVT2, molecular beam epitaxy
(MBE)>! and the oxidation of Ru(0001) single crystals*’. CV of a PLD-grown sample at
MgO substrate was also reported.?® Unfortunately, the published data are from an alka-
line environment. Therefore, a direct comparison is not possible as the voltammogram
differs to the acidic one.”® As the other three techniques allow for a direct comparison
with the data in this thesis, their cyclic voltammograms are overlaid in Fig. 24b). While
the potential could be reproduced as reported by the literature, the current had to be
scaled manually (to mostly match peak B as well as C). This is caused by different cur-
rent normalizations and reported scan rates.

The best overlap of our high quality sample is reached with the data from the MBE
sample and the oxidized single crystal. While the latter technique’s voltammogram
(oxidized crystal) basically overlaps our data, the MBE sample shows a shoulder below
tfeature B (1.0 Vryg) and no trace of peak A at all. The CVT sample exhibits additional
current between the features and different peak ratios.

4.5.2 Scan rate dependence

To learn more about the nature of the surface redox reactions, a range of different scan
rates for the CV data is investigated. Fig. 24d) shows a capacitance plot (C = I/v) of a
good quality sample for scan rates v ranging from 5mVs~! to 500mVs~!. The mea-
sured currents are divided by their respective scan rate and normalized by means of
ECSA according to Eq. 56. As a result, pure capacitive currents are expected to overlap
independent of the scan rate as they scale linearly with the scan rate.

While the center region exhibits a reasonable overlap, scan rate dependencies show
up at the high and low potential limit. The preceding discussion of the cathodic pro-
ton incorporation explained especially the slow scan rate behavior below 100mVs~!.
Above this scan rate of 100mV s~ the plot indicates less deviation from a capacitive
scaling. This is a possible hint for a second superimposed process that rather has the
properties of a surface adsorption. Hepel et al.>? observed a reversible and symmetric
peak pair, which they interpreted as H adsorption features, in the relevant potential re-
gion. Nevertheless, a symmetric pair of peaks has never been observed throughout this
thesis.

Two possible explanations of the surface adsorption part of feature R, which appears
stable toward higher scan rates in the capacitance plot (Fig. 24d) ), would be in line with
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Fig. 24: a) Cyclic voltammogram at 200 mV s~ ! of a RuO, powder electrode demobilized at glassy carbon
(GC) by a nafion solution. b) Comparison of a good quality PLD-grown sample of the present work to
common methods of the literature: molecular beam expitaxy (MBE)®!, chemical vapor transport (CVT)?!
and oxidizing a Ru(0001) single crystal#’. c) Test of the pH dependence of the voltammogram by titration
of 1M H,50, to yield approximate values of pH 0.1 (black), pH 1.0 (red) and pH 1.9 (blue).>* The redox
features shift toward lower potentials on the standard hydrogen (SHE) scale. d) Scan rate dependence
of the redox features R, A, B and C investigated by a capacitance (C = I/v) plot. Non-capacitive features
like R and the OER can be identified in the non-overlapping regions of the voltammogram. e) Exemplary
fit of a non-capacitive-background corrected voltammogram (negative scan subtracted from the positive
scan). The double-layer charging current offset is fixed by a read-out in the double-layer region. Three
Gaussians with unconstrained position, amplitude and width are fitted.

the observed chlorine reduction reaction (CRR) rise below 0.5 Vryg (subsection 3.5.2)
assuming it proceeds over Ru,,,. The first one is the adsorption of hydrogen at exposed
Ru,,s. This would however require the deoxygenation of Ru first, which represents
the second possible reaction. Therefore, I propose that this removal of the O species
is the likeliest mechanism to explain the surface redox contribution. This could further
motivate a more feasible proton diffusion into the bulk lattice via the more exposed
surface at lower potentials. Nevertheless, this requires the assumption that the energy
barrier for proton insertion is lower if O is not present. By now, this is no more than
an educated guess.

As the OER related current is not expected to scale with the scan rate, feature C
gets easily distorted when the capacitive currents only contribute a small fraction to the
overall current. This is the case at slower scan rates.
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4.5.3 pH dependence

The pH dependence was checked with a sample of the blue (i.e. medium quality) cat-
egory sample. Fig. 24c) shows voltammograms recorded at 200mVs~! in 1M (black),
0.1M (red), 0.01 M (blue) H,SO,. This corresponds to approximate pH values** of 0.1,
1.0 and 1.9, respectively. The electrolyte concentrations are clearly reflected in the EIS-
determined series resistances of Rg = {(91+1) (), (200+1) ), (880 + 1) QOO }.
Hydrogen related redox processes are expected to shift by 59 g‘—l\{/. As the RHE scale

already accounts for such a shift (Eq. 28), here, the SHE scale is preferred to highlight the
pH-dependent shift. Qualitatively, the spectrum behaves as expected. A quantitative
comparison is omitted as these early measurements still had an uncontrolled amount of
chloride (subsection 3.5.2) present. It is visible that the curve at pH 1.9 (blue, Fig. 24c))
exhibits a disproportional shift compared the red one. This shift would be expected to
be about as large as the shift from black to red (59 1;1_1\{/) in Fig. 24c). This is attributed to
the not yet ideal (chloride-containing) experimental conditions.

The second observation is the earlier rise of the OER, which is expected as the over-
potential, measured on a pH independent scale, is also lowered by 59 g‘—g (Eq. 28). In

this (chloride-containing) case, the visible effect is partly accompanied by the CER.

4.5.4 Fitting procedure

Up to this point, most statements could be sufficiently supported by rather qualitative
observations. To take a step toward the extraction of reliable quantitative data from a
CV experiment, the fitting procedure, which is described now, was developed.

Earlier, Fig. 10 justified the assumption of a Gaussian peak shape for peaks exhibit-
ing a FWHM greater than about 90 mV assuming a one electron transfer process near
room temperature. The scan rate dependent capacitance plots just demonstrated that
a distortion of feature C can be counteracted by choosing higher scan rates. Unfortu-
nately, there are limitations to the maximum usable scan rate. On the one hand, the
potentiostat reaches its stability limits and oscillating currents get more dominant. On
the other hand, as the capacitive current is directly proportional to the scan rate, ohmic
drop increases accordingly and produces distorted voltammograms again. Live com-
pensation of ohmic drop also stops to be feasible due to the fact that the potentiostat is
already prone to control loop oscillations. One example of a voltammogram distorted
by insufficient series resistance compensation was shown in Fig. 7d). The maximum
scan rate that still seemed to deliver reasonable results is 3V s~!. Though it was possi-
ble to record highly distorted scans up to 400 Vs~

Thus, to further optimize a scan taken at a reasonable scan rate the positive and
negative scans are subtracted (and divided by two). This suppresses the OER current
and extracts the capacitive currents associated with the redox features A, B and C. The
information about the OER is contained in the averaged scans. This method utilizes
the symmetry of a positive and negative peak with respect to the zero current axis. In
addition, the OER current is assumed to be equal at the same potentials for the for-
ward and backward sweep (no hysteresis). The next chapter will show that, in fact, a
small hysteresis occurs. Fortunately, it is negligible as long as the capacitive currents are
predominant. The upper limit is set by this condition.
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Fig. 25: a) The (110) surface of the rutile RuO, crystal structure. The unit cell dimensions are indicated
by b = 6.35A and ¢ = 3.11 A.1%, (graphics from Jovic et al.') The on-top oxygen (O,,) adsorbs to the
Ru,¢-sites. b) Simplified sketch of two neighboring O, and Oy, pairs. A fully oxygen terminated surface
is indicated by an empty orange rectangle, b1l). Only differences to this state are indicated, b2).

To avoid distortions due to Cl, trace contamination induced CRR currents in the
backwards sweep, usually, scans utilized for fitting have been recorded below the CER
onset — thus, no chlorine gas is introduced. Later, when chloride could be completely
excluded, this has not been required anymore.

Finally, the fit can be performed as shown in Fig. 24e). The black points are all in-
cluded experimental data recorded at a scan rate of 200mV s~! — the difference of the
positive and negative scan divided by two. As described, the higher potential points
are excluded as oxygen evolution currents become too dominant and unpredictable to
correct for them. The current that is attributed to the double-layer charging at the lower
limit is used to fix the offset. Consequently, the double-layer charging is assumed to be
potential-independent. In addition to the fixed constant offset, three Gaussians with un-
constrained FWHM, amplitude and position are fitted. A set of initial parameters was
identified that yielded converging fits for all investigated samples. Whenever peak po-
sitions, widths or areas, i.e. charges (subsection 2.4.2), are mentioned in the following,
they have been determined this way.

4.5.5 The RuO,(110) surface

RuO, crystallizes in a rutile structure — its (110) surface is depicted in Fig. 25a). Com-
mon surface species are labeled. Bridging oxygen (O,,) atoms are considered as always
present during this thesis. That is because they are more stable, i.e., stronger bound than
on-top oxygen (O,;), which is adsorbed at onefold coordinatively unsaturated ruthe-
nium sites (Rug,).! This nomenclature just expresses that they have five instead of six
surrounding oxygen atoms; six are expected in the bulk case.

Alternating rows of on-top and bridging oxygen point toward the (001)-direction.
Rows of the same type have a distance of b = 6.35 A and neighboring ruthenium atoms
within a row are ¢ = 3.11 A apart.'% This results in a rectangular surface unit cell,

To aid the following discussion, a comic of each two neighboring surface unit cells
is introduced as depicted in Fig. 25b). This means that each depicted rectangle contains
two O, and two Oy, sites. A fully oxygenated surface, bl), is chosen as reference point
and only differences to this situation will be indicated. The empty orange rectangle
represents the fully oxygenated situation of the black rectangle next to it. Fig. 25b2)
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Fig. 26: Proposed theoretical models of stable surface configurations of RuO,(110). It is always depicted
what a certain model proposes within the potential region between two redox transitions as this is where
the stable surfaces are expected to appear by the experiment. They stem from the following literature:
Rao et al.?!, Exner et al.3*1%, Kuo et al.*?, Sumaria et al.®, Creazzo et al.''° and Liang et al.”'.

shows an example with adsorbed hydrogen at O,, and O, while one O, is removed

and reveals a blank Ru,,; underneath.

4.5.6 Proposed models from literature

In the very beginning of this thesis, surface Pourbaix diagrams have already been uti-
lized to motivate a change of the OER mechanism, which is induced by a potential
dependent transition to a different stable surface configuration. As hinted at the end
of the introductory chapter, these redox transitions are also observable by CV. This is
because they are accompanied by a defined amount of transferred charge. As described
in subsection 2.4.2, a reversible peak pair occurs around the transition potential.

The theoretical description of the RuO,(110) surface utilizing Pourbaix diagrams
started in 2010. 190 This time it was mainly focused on the CER driven by its industrial
relevance. While DFT calculations have already been around to describe the OER reac-
tion intermediates®>!12, Pourbaix diagrams were still restricted to bulk RuO,%, in con-
trast to surface adsorbates (explicitly excluding chloride). From the year 2017 onward
several groups approached stable surfaces and surface transitions under OER condi-
tions by means of DFT calculations. 234498911091

The findings that have been reported in the literature up to now are summarized in
Fig. 26. The recently introduced sketch of the two minimal unit cells, where the O (at
Ru,,) is on the left and the bridging oxygen Oy, is on the right, is used to make all mod-
els comparable. As all calculations are reported a bit differently — sometimes including
more transitions and surfaces — always the structure that fits best within the potential
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range in between two transitions is shown. Since the aim is to find the most reason-
able explanation of the actually observed experimental voltammogram, non-observable
transitions are not considered. The stable surface configurations are always located in
between two peaks — peaks are transitions from one surface to another.

Even a quick look at Fig. 26 reveals the largest problem of all approaches: the results
depend strongly on the assumptions. Some examples of typical assumptions are men-
tioned here. The earliest study111 (not shown) did not include solvent effects and basi-
cally assumed a gas phase environment. It was found by Exner et al.?® that this makes
a difference to the potentials attributed to certain configurations — and the determined
configurations in general. Comparing two studies of IrO,(110) reveals a further impact;
taking the step from ’just accounting for solvent effects’ to actual ab initio molecular dy-
namics (AIMD) again changes the proposed surfaces.!!311* The most recent example”?,
probably quite relevant for RuO,, accounts for magnetic interactions (non-magnetic and
antiferromagnetic cases) via DFT+U. This demonstrates that the theory is still far from
reaching a consensus.

The first two rows, Rao et al.?! and Kuo et al.*, combine experimental and theo-
retical efforts. The latter study offers theoretical possibilities for transition B and C, by
identifying the energetically most favorable sequence of configurations and attributes
them to the CV transitions.

Rao et al.?! uses in situ surface X-ray scattering while having the sample biased
within a 0.1 M HCIOy electrolyte. At four potentials in the voltammogram, they fit
crystal truncation rod data and claim to determine the bond lengths (surface normal
distances) of Ru,-O,; and Ruy,,-Oy, separately. By identifying possible surface con-
figurations theoretically and then selecting the ones which fit their experimental bond
lengths best, they propose the depicted model. The specialty of their model is that they
predict an adsorbed oxygen (O,4s) species that is stabilized by a neighboring adsorbed
hydrogen via a hydrogen bond at high potentials (above peak C in Fig. 26). In spite
of the fact that their DFT calculations also proposed the fully oxygen covered surface
at higher potentials to peak C, they preferred the hydrogen bond-stabilized structure
as it is the only one consistent with their experimental data. Although this is the most
sophisticated approach to combine theory and experiment so far, this study is criticized
by Over?, who raises the point that the data may be overanalyzed. The main differ-
ence to Exner’s® model is that in both preceding cases (Rao et al.?! and Kuo et al.*%)
the bridging oxygen sites are expected to lose a proton first, in Exner’s case Oy, is first
deprotonated.

Liang’s study®! introduces larger unit cells that consequently indicate more interme-
diate (fractional) coverages near the expected transitions. Nevertheless, full coverages
have been predicted within the regions of interest. Next to Sumaria et al.® they are the
only ones which predict surfaces for the lower potential region, where a surface redox
transition has been proposed to happen in parallel to the cathodic proton incorporation
(section 4.4). Sumaria conducted their calculations in the context of the CER including
chloride, however, it seems reasonable to assume that this surface does not exclusively
rely on the presence of chlorine (as it includes no Cl_44 species).

DFT-molecular dynamics (DFT-MD) has been used in the study of Creazzo et al.'1°.
As they utilized MD simulations of a slab of water molecules above a (444) supercell of
(110) oriented RuO,, without considering bias or pH, their result is placed near a typical
open circuit voltage (OCV).
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4.5.7 Surface redox transitions B and C

The rest of this chapter aims to combine all evidence gathered by the morphological
surface characterization (section 4.1) and CV to propose a model that fits these observa-
tions best. The considered possible surface configurations are inspired by the presented
literature.

All samples exhibited a decaying current at OER-relevant potentials (above 1.6 Vryg),
which will become a main topic in the beginning of the following chapter (subsec-
tion 5.1.2). Here, the decay will be utilized to investigate the surface redox transitions
associated with peaks B and C. A representative flat sample (green category of the SEM
characterization in subsection 4.1.1) is analyzed under continuous cycling at 500 mV s !
scan rate.

Fig. 27a) shows every fifth cycle of the total of 400 cycles. This experiment is con-
ducted between 1.1 Vryg and 1.7 Vryg. The amplitudes of the peaks (B and C), along
with that of the OER current, are extracted for every cycle by averaging a small po-
tential window (about 20mV) around peak B and C and at the upper potential limit,
respectively. Offsets are excluded by subtracting the negative from the positive peaks
(same procedure as in subsection 4.5.4) and correcting by the double-layer charging
current (Fig. 27a), green shaded area), which has been measured beforehand. Averag-
ing directly before and after the high potential limit of the voltammogram effectively
excludes the capacitive current in the OER region. The resulting amplitudes relative to
their initial values (extracted from the first recorded cycle in the fresh state) are plotted
versus the logarithm of the cycle number in the inset. Further background could possi-
bly arise from the right tail of peak B; as it can be judged by the fitted voltammogram
shown in Fig. 24e) this contribution is minor.

We already know that the peak area — and therefore the amplitude at constant width
— is directly proportional to the charge transferred in the surface transition. (subsec-
tion 2.4.2) The easiest explanation for the decaying amplitude would be the shadowing
of surface area by evolving bubbles during the OER. This can be excluded as it would
scale the whole voltammetric current by the same proportion. Fig. 27b), which shows
the ratio of peak B and C, indicates that this is clearly not the case.

For the following interpretation of the observed behavior we presume that the ac-
tive sites of the OER are the Ru,,,, surface atoms, which is consistently confirmed by the
literature.?! In addition, we make a key assumption — that the observed OER current
decay is correlated to a loss of these OER-active Ru, sites. Evidence that supports this
assumption will be presented in the following chapter (subsection 5.1.2): As a conse-
quence of a supposed deactivation process, the OER current decreases in line with the
loss or blocking of available Ru,, sites. Since the O adsorbes to the Ru, site, a loss
of Ru is always correlated to a loss of O,,. This already excludes the Exner341% mo-
del as he proposes that solely Oy, participate in B and C (Fig. 26), which should not be
affected by a loss of O;. Similar accounts for the model of Kuo et al.* as they propose
solely Oy, to participate in B. Furthermore, they propose solely O to participate in C,
whose validity will be checked in the next paragraph.

Therefore, what fractions of Ru., (Where O adsorbs) or O, relate to the peaks
B and C? To probe this question, the next simplest assumption is: 100 % of the sites
participating in C are O,;. In this case C should be directly proportional to the number of
O, Furthermore, a fraction of B should be contributed by unaffected bridge sites. This
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would be in line with the qualitative observation that transition B suffers less decrease
than transition C, as well absolute as relative.

Rao?! and Liang”! propose a model where the sites participating in B are half on-top
and half bridge. (Fig. 26) Therefore, these models can be checked as this would relate
peak B and C in the following way:

B 1 C 1

where the the fractions represent the relative peak amplitudes measured against their
initial values (By,Cp). The formula expresses the stated models, as half of the sites
(Oyt o C%) are affected by the decay while the other half, Oy, is unaffected. Testing
this model yields insufficient results (about 7 % deviation). The test was performed by
the application of Eq. 59 to the experimental data of C% and comparing the result to the

experimental data of B%.

Consequently, the strategy pursued now is to extract the best guess model, which is
hidden in the proportional scaling of peak B, C and the OER decay. We still presume
that the active OER site is the Ru,, !, where O, adsorbs.!?! In addition, we weaken
the prior assumption that 100 % of the sites participating in C are O,;. Now following
assumption is taken: All available O sites contribute to the OER and to transition C, but
this does not necessarily imply that no different type of species (the O,,) can additionally
participate in C.

In Fig. 27c) the relative peak amplitudes C% and C% are plotted versus the relative

OER current %}50. The relative currents are also normalized by their initial values. The

anticipated quantities are extracted from Fig. 27c) by linear fits. They are the fractions of
unaffected Oy, -sites, which remain after extrapolating to the fully deactivated state (at
0% O,y), contributing to peak B and peak C. So the initial state of all quantities is one,
which corresponds to the first recorded cycle. Each consecutive cycle yields another
data point.

The linear relationship is expected if peak C is proportional to the OER-active sites.
The linear scaling region of peak C allows for an interpretation of the extrapolated linear
fit. In line with the assumption that all active O sites are included within C, extrap-
olating to the indicated 100 % in Fig. 27¢) yields the expected OER current for full O,
availability in case of a purely linear scaling relationship (as expected in the high active
site density regime when excluding the interactions). The linear region can also be ex-
trapolated to the point where all sites are expected to be deactivated — this is indicated
by a yellow circle in Fig. 27¢c) at 0 % O,;. Interestingly this value is not zero, which fur-
thermore explains why the facile previously tested model according to Eq. 59 yielded
deviations. This facile model assumed that 100 % of C are affected O, sites, which
would lead to a full deactivation when extrapolating to 0% O;. In contrast, even if all
O, are deactivated, peak C is expected to have 25 % of its amplitude, i.e. contributing
sites, left after the extrapolation. This can be explained by a O, contribution to peak C
of 25 %, while the part affected by the deactivation makes up 75 % O;.

After an initial non-linear region during the first cycles, peak C scales linearly with
the OER current. The initial rise could possibly be related to interactions between reac-
tion intermediates enabled by the high densities of still active sites, which are expected
within this region. These interactions would in turn boost the OER activity by lowering
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Fig. 27: a) 400 consecutive cyclic voltammograms recorded at 500mV s~!: The redox B (orange) and C
(green) decay in line with the oxygen evolution reaction (OER) current (blue). The double layer charging
current is indicated by a green shaded area. Only every fifth recorded cycle is depicted. The inset shows
a double-logarithmic plot of the peak amplitudes normalized to their initial (first cycle) value. b) The
ratio of peak current B divided by C changes during cycling. This excludes bubble-induced surface shad-
owing as this would leave the ratio constant. c) Correlation between the normalized OER current and
the normalized peak currents of B and C: The linear scaling region can be explained by the OER current
being directly proportional to the available O-sites. Extrapolating to 0% O, yields the fraction of the
unaffected Oy,-sites, which are left after all O, have been deactivated. The respective fractions of Oy,
are shown on the right. The disproportional scaling region could be caused by an interaction-induced
increased OER activity (at high active site densities). d2) Sketch of the ideal (110) surface indicating Oy,
in blue and O in red. d1) Proposed model based on the observed linear scaling behavior. The gray
shaded area increases with time and indicates deactivated O-sites. Redox feature C (green box) consists
of 3/4 Oy-sites and redox feature B (orange box) consists of 1/3 O-sites. The extrapolated values of c)
(yellow circle) indicate that 1/4 and 2/3 of the site (Oy,), participating in B and C respectively, are left at
full deactivation (gray area filled up to the top).

a crucial transition state energy. There are examples that propose the stabilization of
OER intermediates via neighboring sites?!. This stabilization of next neighbors is in-
duced via a hydrogen bond between two adsorbed species: O,O,4s and O, H, where
the intra-solid H-bond connects the hydrogen adsorbed to O, to the O,y surface atom.
In addition, the literature proposes that the OER proceeds via a water dissociation step
that is aided by a neighboring site3*115. On top of that, an exponential coverage-current
relationship has been proposed for IrO,. 114

The extrapolated contribution of 25 % Oy, to peak C can be visualized in the sketch
shown in Fig. 27d1). The colored boxes have areas proportional to the number of sites
participating in the related transitions. A sketch of the unit cell, which indicates the col-
ors of O, and Oy, used in d1), is presented in Fig. 27d2). In d1), the OER is represented
by a black box and and covers all red O sites. Within this box, the deactivation pro-
cess is illustrated by the gray area which fills up over time. The linear plot in Fig. 27c)
is extrapolated to infinite time: By this time, all (red) O,; would be deactivated. As a
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result, 3/4 of peak C (green box) are inactive and 1/4 stays active in the form of bridge
site related transitions (blue area).

Back to the extrapolation in Fig. 27c): The relative amplitude of peak B exhibits a
shorter linear region than peak A. In addition, a jump that is also visible in the cyclic
voltammograms occurs (data afterward marked gray and excluded from the fit). Re-
membering how much less peak B is affected relative to C (20 % instead of 50 % relative
decay), the linear region still seems reasonable. In this case, about 2/3 of peak B are
expected to be left after the extrapolation. This information completes the sketch in
Fig. 27d1) and adds the orange box, which represents feature B.

Now let us think of possible surface redox transitions within the surface unit cell,
which cause the charge we observe in the discussed peaks. All O sites already con-
tributed one electron transfer (i.e. surface redox process) to feature C, which is indi-
cated by the green box including all O sites (the red area). Now it was found out that
the transition of feature B (green box) also includes 1/3 of O sites; the only possibility
to fit this in the sketch is to include a part of the red area that already contributed to
C. Consequently, a fraction of the O, sites is deprotonated twice subsequently — once
during B and once again during C. The proportions of the sketch depending on the per-
centage of active sites do now reflect the experimentally observed situation, which can
be summarized by the relations:

B 2 1

By 3 fo,. T3 fou
c 1 3

¢, ~ 1 Jout g Jfou (60)

fo,, & C())ELRO , in the linear regime, and fo, = 1.
f indicates the fractions of active surface species and the bridge sites are assumed to be
unaffected fo, = 1. Oy, is unaffected, since the literature confirms that the Ru, 1,21
(and therefore, the O,) is the OER-active site (as presumed earlier).

The determined extrapolated values are rounded to the nearest, low denominator
fraction. As only whole numbers of electrons can be transferred, the resulting few unit
cell model becomes less realistic the larger it needs to be to match the determined frac-
tions. If the representative few unit cell model becomes too large, a longer range inter-
action would have to be justified, which does not seem realistic in the present case of
hydrogen bond-induced interactions. It is stressed that the uncertainties of the extrapo-
lated value, given in the table in Fig. 27c), only represent the accuracy of the extrapola-
tion. Itis determined by starting both extrapolations 30 cycles, i.e. data points, earlier or
later and estimating the maximum speak of the extrapolation of this. The error reflects
the higher linearity of C compared to B.

The initial peak ratio of the sample, which had been used for the deactivation study,
was determined by CV experiments twice at two different scan rates before the dis-
cussed experiment. This yields an experimental charge ratio of transition B relative to
C of (77 £ 2) %. Within the uncertainty, this matches the sketched best guess model
(Fig. 27d) of transition B having 3/4 of peak C’s area.

A further hint is given by Kuo et al*, as they observe a damping of feature C in
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phosphate containing electrolytes. They propose that feature B stays unaffected, be-
cause phosphate adsorbs in line with hydrogen and, therefore, stabilizes both O,qH
species.? Since these adsorbates are now stabilized by the adsorbed phosphate, feature
C is effectively suppressed.*’ Extending their claim, a further possible interpretation of
this behavior would be preferential adsorption of H,PO, (dominant in their pH 2.8 so-
lution) at O H sites. In their case feature C has also about 1/4 of its former amplitude
left, which is in line with the proposed model of one of four participating sites (Oy,) still
being active.

Lister et al.*® did a similar experiment in basic phosphate-containing solutions. In
their case the damping of the peak is stronger at lower pH. The peak has the smallest
amplitude at pH 11.4, where H,PO/™ is dominant. Unfortunately, as the transitions
generally differ (at least in their voltammetric response) under acidic and alkaline con-
ditions, a quantitative comparison of the peak amplitude is not possible.

Both the FWHM of B and C exceed the about 90 mV expected for an non-interacting
one electron process (subsection 2.4.2). Relative to C the FWHM of B is about twice
as large. Kuo et al.®? supposes that the flexibility of H,O,, to transfer a proton to a
neighboring bridge site (similar DFT surface energy) during transition B causes its in-
creased width through the increased number of competing microstates. The same group
did a follow up study of the temperature dependent adsorption behavior probed by
CV.!1¢ They claim to have disentangled entropic and enthalpic adsorbate interactions
and stress the participation of the surface solvating water layer (IHP). As their results
are valid for the basic environment (0.1 M KOH) similar studies in acid could be promis-
ing.

Nevertheless, an interpretation of the peak widths of B and C based on Laviron’s
Frumkin isotherm interaction model (subsection 2.4.2) will be provided — based on
the proposed model, which is illustrated in Fig. 29. Comparing transition B and C,
their relative peak widths would suggest that peak B rather favors a mixture of its ini-
tial and final surfaces as the transition state is extended over a large potential range.
(FWHMjg = (280 +20) mV, from Tab. 1 in subsection 5.4.3) Laviron’s model (subsec-
tion 2.4.2) compares the interaction, which causes energetic gain or loss of certain sur-
face configurations, of the separate initial and final state compared to a state where both
initial and final species of the redox transition are present at the same time. The mostly
H covered surfaces during transition B would be reasonable candidates for such a be-
havior as they are basically both composed of adsorbed hydrogen. Transition C on the
other hand is restricted to a smaller potential window. (FWHM¢ = (110 &+ 10) mV,
subsection 5.4.3) This means that either the initial or the final surface is preferred. The
low H coverage phase in between seems to be avoided, which supports some kind of
stabilization mechanism among neighboring H atoms?! — maybe further assisted or me-
diated by the surface solvating water monolayer (in the IHP).

In summary, I propose that 2/3 O, and 1/3 O, contribute to transition B and 1/4 O,
and 3/14 O, contribute to transition C. This is based on the observed OER-current decay
presented in Fig. 27 and on the fact that the Ru,,, surface atom is consistently proposed
to be the OER-active site. %!
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Fig. 28: a) Cyclic voltammograms at 2 Vs~ !: The black curve serves as a reference of the fully active sur-
face. The red curve shows consecutive cycles with increasing waiting periods of 1, 3, 10 min at the higher
limit (1.7 Vryg) within the OER region. While the surface redox transitions including OER-active O sites
are affected by the decay, feature A is does not loose amplitude. b) Cyclic voltammetry (200mV s~ 1) at
less quality (light blue and yellow) samples is compared to a flat good quality sample (green). (Fig. 20)
All features depend on the surface quality. Feature A is more dominant at the less quality samples.

4.5.8 Surface redox transition A

Rao et al.?1?? interpret feature A as related to a deprotonation of adsorbed water (H,O,;
at Ru.,), while an earlier study attributed feature A to the surface defects and, therefore,
to the sample quality.*® They compared voltammograms of films exhibiting different
roughness (checked by STM).

First of all, Rao’s?! model (Fig. 26) proposes that the deprotonation of H,O,, makes
up half of the transition’s transferred charge, consequently, the peak is expected to be
diminished by this fraction (1/2) of contributing O, species. Fig. 28a) shows the experi-
ment of the preceding section carried to the extremes. This is reached by maximizing the
peak signal by means of a scan rate of 2 Vs~! and waiting for {1,3,10} min at the high
potential limit (1.7 Vryg) in consecutive cycles to also maximize the deactivated fraction
of O; sites. With increasing hold time the deactivation proceeds: While feature B and
C are affected in line with the observations in Fig. 27, no significant decrease is visible
at feature A. This is a strong hint against Rao’s interpretation of transition A including
adsorption at O; sites. A (conceivable) reactivation of the deactivated sites during the
negative sweep (after the holding period at 1.7 Vryg), which is in fact described in the
next chapter (Fig. 31b2) ), can be excluded because the positive going sweep still shows
(the main fraction) of the induced decay at transition C. Thus, the time spent at lower
potentials is not sufficient to reactive the sites during a single sweep. However, as O, is
not affected by the deactivation, a transition including solely Oy, could still be a possi-
ble explanation. Nevertheless, none of the theoretical models predicts such a transition
near A. (autoreffig:ModelsLiterature)

In addition to literature evidence that contradicts a reaction including sites Oy, and
O, sites of the ideal surface model (Fig. 25), the CV experiments performed at 200 mV s~
shown in Fig. 28b) support Lister’s interpretation*® regarding surface defects, which
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are not included in the ideal surface model. Representative voltammograms of one flat
good quality (green) and two intrinsically rough (light blue and yellow) samples are
shown. They stem from the green, the yellow and the blue category (Fig. 20) respec-
tively, as identified by SEM in subsection 4.1.1 earlier. The charge attributed to the ideal
surface model transitions B and C (including O, and O,) is less compared to the good
quality samples. However, more charge contributes to transition A; this would be ex-
pected for a higher fraction of defect sites.

One could also raise the question how growing good quality RuO,(110) films, which
do not exhibit feature A, could even be possible if its an intrinsically expected transi-
tion for an ideal surface. One of the best investigated samples of this study (regarding
minimal feature A) is shown in Fig. 28b) (green) and it only exhibits a very faint peak
A. The MBE-grown films®! shown at the beginning of this section (Fig. 24b) ) even seem
to exhibit no transition A at all. These observations are supported by the most recent
DFT model of Liang et al.”! (which accounts for magnetic ordering), since it predicts no
transition within the potential region of peak A at all.

A possible implication could be: either defect sites are not affected because they do
not contribute to the OER, or they contribute but are not deactivated as it is the case for
O, As contributions of defect-like sites are proposed by theory 17 (steps and kinks), but
lack experimental evidence?, this would be an interesting implication. Unfortunately,
no conclusion can be drawn at this point. Experiments that search for correlations be-
tween the number of defect sites and the decaying OER current could possibly provide
further evidence.

Lister et al.*® observed a damped feature A in phosphoric acid (H;PO,) compared
to sulphuric acid (B unaffected). This hints the adsorption of H,PO, at defect sites and
possibly suggests that reactions A and B do not share the same sites.

Chlorine reduction feature C2 developed with increasing sample history (Fig. 18),
which can be attributed to corrosion (evidence in Fig. 38a) and Fig. 36), which would in
turn identify the CRR as effective method to probe transition A and imply that defect
sites take part in this reaction.

4.5.9 Proposed model based on the presented evidence

Finally, we can draw a conclusion and propose a model that is in line with all observa-
tions of this chapter. The final sequence of redox reactions utilizing a three unit cell mo-
del of O and Oy, pairs is depicted in Fig. 29. Three unit cells are the minimum needed
to match the fractions identified in subsection 4.5.7 and shown in Eq. 60. The model
will be described starting from the OER at the higher potential limit. Transferring the
attributed site contributions sketched in Fig. 27d1) and described by Eq. 60 to the model,
three of four hydrogen adsorption reactions of transition C occur at O, (left column),
while one occurs at Oy, (right column). Transition B has 2/3 O, and 1/3 O; contribu-
tion. As it has been assumed that all O contributed at least once (Fig. 27d1) ), overlap
within the O, area) so far, likely an adsorbed water (H,O,,) is formed. The reversible
process accompanying the slower proton incorporation in the reconstruction region R is
expected to be the desorption of adsorbed water, exposing a blank Ru,,,. An adsorbed
water molecule seems to be a reasonable precursor state for this reaction. Furthermore,
it would be reasonable that the transformation from HO_, into H,O,; continues. Feature
A is interpreted as simple hydrogen adsorption at a certain type of predominant defect
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Fig. 29: Proposed model of the surface adsorption reactions R, A, B and C, which are experimentally
observed at RuO,(110). It is based on the experimental observation of the oxygen evolution reaction
(OER) current decay, which is in line with the decrease of feature B and C (Fig. 27) as all three processes
rely on the O species. As feature A depends on the sample quality it is attributed to a defect-site related
transition. The general conceived surface structures are based on the literature (Fig. 26). The transition of
R is proposed #! and in line with the observation of chlorine reduction feature C3 (Fig. 18).

site (step, kink, vacancy etc.) that seems to commonly appear at rougher (110) surfaces.
It seems to behave independent of the ideal unit cell reactions.

The intuitive interpretation from the literature?! that C provides active sites for the
OER, which in consequence starts to rise during this transition, is in line with this model
and fits the observed current density. The transition during R to a surface containing
blank Ru,, would be consistent with the models of Sumaria® and Liang”! shown in
Fig. 26. Moreover, this is in line with the interpretation of the chlorine reduction feature
C3 proceeding over a Ru,, site as discussed in subsection 3.5.2.

Overall, the preceding sections allowed to exclude several theoretical models pro-
posed in the literature: Exner et al.3* as they propose solely bridge transitions during B
and C, Kuo et al.* as they propose bridge only and on-top only. Rao et al.?! and Liang et
al.?! propose half bridge, half on-top, at B, which yielded an insufficient fit (Eq. 59) but
approximates the observed situation — still, both models predict C wrong. But, utilizing
the knowledge from the literature about the variety of surface transitions that would be
in principle possible, a own model could be proposed based on a novel application of
CV that enabled this study (Fig. 27). The important conclusions are the confirmation
of Lister’s* claim that A is related to defect sites and the identification of the specific
fractions of O, and Oy, contributing to B and C. This type of study, which utilizes the
deactivation of O during the OER to draw conclusions about the surface redox tran-
sitions, is ready to be applied to freshly grown thin films to investigate their surface
reactions.
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5 Characterization by Standard Protocol

The following chapter aims to identify trends in the electrocatalytic properties among
the available samples by means of a standardized characterization protocol. The proto-
col is utilized to probe the peak charges and widths associated with the surface redox
transitions, which were identified in the preceding chapter. The OER activity is de-
termined by the Tafel parameters from a logarithmic current-voltage characteristic as
discussed in section 1.2. To enable a reliable Tafel analysis, the observed deactivation
of OER-active sites (Fig. 27) is investigated and modeled first. The Tafel parameters
are found to depend on the sample’s corrosion history. Furthermore, it is possible to
distinguish the flat samples from the less quality samples in line with the prior SEM
categorization from Fig. 20.

5.1 Validity of linear sweep voltammetry for Tafel analy-
sis

5.1.1 Observation of hysteresis in the oxygen evolution polarization
curve

As discussed at the very beginning of section 1.2, the key figure of merit to investigate
the OER mechanism is the Tafel slope of a logarithmic (linearized) current-overpotential
plot. The second parameter of interest is the intersect of the Tafel line with the cur-
rent axis at the water splitting standard potential (E° = 1.23 Vgyg®): This yields the
exchange current density, which contains the free energy of the transition state of the
current rate-determining step (RDS) (section 1.2). This is common practice in the elec-
trocatalysis community. In addition, Tafel plots are used to determine the overpotential
(at a fixed current density) to judge the sample’s activity. While this method may be
quite pragmatic to judge the actual catalytic current a sample can provide, and even
be quite useful from an applied point of view, it washes out all information about the
reaction mechanism. When Tafel plots in general (including activity and slopes) are of
interest, the usual recommendation found in the literature is to perform linear potential
sweeps as slow as possible; sometimes with the additional note to increase the potential
step size (i.e. staircase voltammetry). 93118119 While this may yield sufficient results in
most cases, there are strong hints that the usual procedure is not applicable to RuO,,
which will be presented in the following section.

If one looks closely at the CV data of RuO,, it becomes evident that a more sophisti-
cated approach to determining Tafel parameters is required: Fig. 30a) shows represen-
tative measurements in contamination- and chloride-free 1 M H,SO, electrolyte. Qual-
itatively equivalent observations have been made for all of the investigated thin films,
therefore, the following discussion of the observed activity decay claims to be a general
feature of RuO,(110) thin films. Fig. 30a) shows a CV experiment at a comparably slow
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Fig. 30: a) Cyclic voltammogram recorded at 1mV s~!, which exhibits a considerable hysteresis in the
oxygen evolution reaction (OER) region. The surface redox transitions appear suppressed due to the
slow scan rate. b) Staircase voltammetry (SV) performed at 1mV s~! with a step size of 10mV. After
each voltage step the current decays by different amounts until the end of a step. A trend reversal is
observable in the reverse scan. The decaying current is interpreted as a loss of OER-active sites. c1) A
chronoamperometric pulse of 90s at 1.74 Vryg is applied after holding at a rest potential of 1.30 Vryg.
c2) The same current as in cl) is plotted double logarithmically. A linear region pointing towards a
polynomial decay law can be observed from 10 s onward.

scan rate of 1 mV s~! within the potential range of the OER (and below). The magnified
inset shows the surface redox features A and B; since their peak current scales linearly
with the scan rate, the associated currents are accordingly small. As the onset of peak C
overlaps with the OER onset, this feature only exhibits a shoulder at the rising current.
This is a continuation of the trend that has already been observed in Fig. 24d) while
discussing the scan rate dependence of the RuO, cyclic voltammogram.

The striking observation is a considerable hysteresis in the anticipated steady-state
sweep. While the small hysteresis in the lower potential region is caused by a combi-
nation of surface redox transitions and double-layer charging, the OER region does not
follow the expected exponential behavior according to the generalized Butler-Volmer
equation (Eq. 7). Consequently, the system knows about its history and the observed
behavior has to be implemented into the model (and understood) to allow for a sensible
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interpretation within the transition state theory (TST) framework. The preceding chap-
ter showed that a time-dependent deactivation of O, sites, which catalyze the OER, is
in line with the expected decay of peak C. Since this is, by far, not the only conceiv-
able mechanism that could cause such a decaying current, the next section will discuss
in detail what leads to this conclusion. But firstly, the experimental observations are
presented.

As mentioned earlier (Fig. 9a) ), a linear sweep is approximated by a digital staircase
of the potentiostat. In Fig. 30a) the current is averaged over the intrinsic step size of
100 nV. Subsequently, ten current steps are averaged to yield an apparent 1mV reso-
lution. To visualize the intrinsic current decay, which happens after each step, the step
size is increased to 10 mV and the whole time dependent current is plotted in Fig. 30b)
starting from the OER onset (=~ 1.35 Vryg) up to 1.64 Vryg. Each step is held for a pe-
riod of 10s. Firstly, the absolute and the relative current decay after each step varies
during the positive going sweep. Secondly, on the reverse sweep, this trend reverses
until even a small rise of current upon decrease of the voltage becomes visible back at
lower potentials. The described decaying behavior of Fig. 30b) shows the same hys-
teresis as observed in Fig. 30a). Furthermore, a current-potential plot would strongly
depend on the way the current associated with a certain potential step is chosen, i.e.
after which time the current is read or which range is averaged. This outlines an im-
portant problem for the Tafel analysis: The current overpotential plot depends on the
chosen readout time and the scan rate. These observations imply that the speed of the
decay mechanism (more precisely quantified in subsection 5.1.3 as a polynomial decay
constant) increases with increasing applied potential on the one hand, and decreases
with the absolute time spent at elevated potentials on the other, since it decays when
the potential is held constant during a step. The dependence of the decay constant to
the applied potential explains the increasing current slopes in the forward scan.

As a result, Tafel plots obtained by linear sweeps strongly depend on the chosen
scan rate since each point includes the historic response of the preceding points. Fur-
thermore, the amount of expected decay depends on the time spent at each specific
potential, because it does not follow the same behavior over the whole range. To enable
for a less qualitative description of the observed deactivation process, the complexity
of the experiment has to be reduced. Therefore, Fig. 30c) shows the current response
to a voltage step from a rest potential (1.29 Vryg), up to 1.73 Vryg where a reasonable
OER related current establishes. At the rest potential of 1.29 Vryg, less electrochemical
processes are expected as it is located to lower potentials of the OER and in between
redox transitions B and C.

Observing currents at constant potentials is commonly called chronoamperometry
(CA). At first glance, it seems as the current would approach a steady state value. This
has been extensively tested by extending the time period of a single staircase voltamme-
try (SV) voltage step up to an hour, which lead to experiments lasting 60 h. In addition,
a single step has been held for up to 6h; and the current never exhibited a saturating
behavior. This behavior is in line with a polynomial decay, which is confirmed by the
double logarithmic current-time plot shown in Fig. 30c). Within the first 10's, the current
does not decay according to a simple relationship. This perfectly fits the observation
from the preceding chapter regarding the proportionality of redox feature C to the (de-
caying) OER current, which is shown Fig. 27c). The conclusion was that a high active
site coverage boosts the OER activity via nearest neighbor interactions. After this initial
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phase, the OER current is expected to be proportional to the contributing active sites.
This depletion proceeds in a polynomial manner; and therefore, enables us to correct for
the observed current decay. The full quantitative description over the whole potential
range is based on this observation and will be presented in subsection 5.1.3.

5.1.2 Reversible deactivation of active sites: Possible mechanisms and
experimental evidence

On our path to deriving the Tafel parameters, we will try to understand what mecha-
nism causes the loss of OER activity and how it can be controlled. This will eventually
lead to an empirically motivated quantitative description of the decaying OER current.

Fig. 31a) shows the current response to 19 consecutive potential steps from a neutral
rest potential of 1.35 Vryg (below the OER) to 1.70 Vryg (in the OER region); the lower
rest potential as well as the OER pulse are each applied for 5s. The initial state of the
tirst hold at the lower potential of 1.35 VR is a partly inactive surface, which is reached
by a preconditioning at the higher OER potential of 1.70 Vrgg for 180s. The overlapping
data set of a) is taken from the first set of measurements in Fig. 31c) (dark green). The
19 shown curves nearly overlap, which proves that even on the time scale of 5s at the
lower recovery potential and 5s in the OER region, the mechanism is reproducible and
readily reversible. The formation and spontaneous dissolution of large (observable)
bubbles that would be capable of blocking about half of the surface to cause the activity
decay from above 400 pA cm~2 to below 200 nA cm~2 would take a longer period of
time and are incompatible with the observation. Bubbles of this size were observed to
stay adsorbed over days and not noticeably dissolve into the electrolyte.

An intuition that can be checked is the following: If the process can be reversed at
a recovery potential near the OER onset (1.35 Vryg), the restoring of active sites could
be even more efficient for lower recovery potentials. The experiment shown in Fig. 31b)
is similar to the one discussed in the last chapter, where feature C was used to estimate
the fraction of sites left active while observing the simultaneous OER current decay.
This time, the scan is performed at 100mV s~! and the potential window is set so that
a sufficient amount of peak C is included to enable an estimation of its peak current.
Initially, the surface is deactivated by prolonged CV between 1.70 Vrug and a lower
potential near peak B at 1.1 Vryg; the last cycle of this series is depicted. The current
decay during potential cycling was already utilized in the preceding chapter in Fig. 27.
After reaching the deactivated state through cycling in the OER region, most of the OER
region is excluded (from peak C) to avoid triggering the activation process again. We
remember that the peak current of C is correlated to the OER active sites. Therefore, it
can be utilized to probe the deactivation. Then, the restore potential is lowered stepwise
every 3 consecutive cycles to {1.10,0.90,0.70,0.50,0.30} Vryg. The dominant parameter
that instantly shows a clear regain of active sites is the chosen recovery potential, which
represents the lower limit of the voltammogram. This is highlighted by the increase of
peak C in the magnified view of Fig. 31b2).

Fig. 31c) further investigates the influence of the restore potential under more con-
trolled, less dynamic, conditions. Cyclic step chronoamperometry (CSCA) is utilized by
periodically switching from a high OER potential (1.70 Vryg) to different restore poten-
tials ({1.35,0.90,0.50,0.20,0.50,0.90, 1.35} Vryg) every 5s. Consequently, 5s are spent
at the higher and 5s are spent at the lower potential alternatingly. The initial state is
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reached after holding 180 s at the high OER potential (1.70 Vryg) and each set of lower
potentials is repeated 19 times — the lowest one 37 times. The depicted experiment illus-
trates two points: At first, it further confirms the conclusion about the reproducibility
from Fig. 31a) as for all tested recovery potentials the current seems to quickly approach
a defined steady state decay curve. More precisely, after some initial 5+5s periods the
overlap of the consecutive 5s OER pulses would increase when plotted versus the time
after the pulse as illustrated in Fig. 31a). Secondly, the readily recovered fractions of the
surface become larger the lower the restore potential is. This can be judged by the first
(and highest) point in the OER pulse after a recovery phase (Fig. 31b)). This confirms
the observation of the CV experiment in Fig. 31b), which also suggests more reactivated
surface at lower recovery potentials. Here, the fraction of the active surface is assumed
to be positively correlated with the OER current. This assumption is justified by the
preceding chapter (Fig. 27c) ).

Reversing the sequence of recovery potentials by choosing more positive lower po-
tentials inverts the trend. This time, it becomes evident that the decay at high potentials
is happening more slowly relative to the decay seen before reversing the sequence of
recovery potentials —i.e. the inverted experiment shows that the decay seems to reach
its steady state value more slowly. Furthermore, the last decay series (highest lower
potential, 1.35 Vryg) does not decay down to the same current that was reached by the
first sequence (at the same recovery potential).

A further similar experiment (not shown) revealed that changing the CSCA duty
cycle also affected the amount of the restored current as well as the time to reach the
steady state. Spending 5s on the high potential and 10's at the lower potential (instead
of 55 as in the earlier experiment) results in overlapping chronoamperograms, basically
from the first cycle onward after an initially decayed state. The amount of restored cur-
rent also slightly increased with a smaller duty cycle (meaning longer recovery periods),
but, probably less than lowering the restore potential by about 0.2 V would yield. Even
when choosing the recovery period as low as 0.1 s before applying an OER pulse of 5s is
sufficient to yield qualitatively the same behavior — yet the amount of restored current
decreases.

Up to this point, we have discovered the deactivation process of OER-active sites to
be reversible. The fraction of recovered surface depends on the time spent at a lower
recovery potential that can be located anywhere below the OER region (about 1.5 Vryg).
Furthermore, the recovery of the surface seem to be more efficient, i.e. more sites are
restored, for lower recovery potentials.

An objection at this point would be that the largest potential step includes more
capacitive charging of the double layer as well as all three (or four, including the re-
construction feature R) redox transitions. An estimation of the upper limit of the decay
constant accompanied with these processes is possible by assuming an RC series circuit.
The series resistance was determined to be (59 & 1) Q) (EIS) and the overall capacitance
of all transitions plus the double-layer capacitance (DLC) amounts to (12 4+ 1) uF (CV
and EIS averaged; calculated by C = Q/u with the whole transferred charge Q divided
by the potential width U covering redox features A, B and C; DLC added). The resulting
time constant of T = RC = (0.72 4 0.06) ms implicates that the charging currents should
not play a significant role anymore from the second data point — at an acquisition rate
of 100ms. Therefore, the observed high currents at the lowest recovery potential are
interpreted as actual increased OER activity.
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Fig. 31: a) Consecutive 5s chronoamperometric holds at a recovery potential of 1.35 Vryg and an 55
OER pulse at 1.70 Vryg. The decay curves overlap well. bl) Recovery from initially decayed state

(black) probed by cyclic voltammetry at 100mVs~!. The magnified view in b2) highlights that lower
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potential limits result in more regained active sites as judged by the increase of peak C. c) Cyclic step
chronoamperometry (CSCA) after 180s of preconditioning at the OER potential of 1.70 Vryg. The col-
ored points show 5s OER pulses at 1.70 Vryg with 5s holds in between at different recovery potentials
({1.35,0.90,0.50, 0.20,0.50,0.90,1.35} Vrpg). The amplitude of the decay current depends on the recovery
potential. The downward step carries historic response compared to the upward step at the beginning.
d) The same measurement as in c), but instead of holding at a recovery potential the circuit is opened
for {10,20,40} s and the open-circuit voltage (OCV) is measured (not shown). The longer the circuit is
opened the more OER activity is regained.

Fig. 31d) also investigates different active-restore duty cycles (5/10s, 5/20s, 5/40s), but
in this case the high potential is interrupted by opening the circuit and measuring the
OCV. The remarkable observation here is that the recovery of the surface also proceeds
spontaneously during the OCV drop, as well as the consecutive chronoamperograms,
and is very reproducible. The OCV of this sample always approached 0.8 Vryg directly
after immersion or after waiting for a steady state following experiments (in cases where
no chloride is involved). This is a possible hint that the surface that is stable around
this potential will spontaneously recover, since it would be expected to be energetically
most favorable in an acidic environment of 1 M H,50,. A possible candidate would be
the hydrogen saturated surface with a fractional coverage of adsorbed water as shown
in Fig. 29 between transition R and B. This implies that whatever deactivates the active
Ru,,s would also be reversed. Therefore, applying an additional (negative) bias to speed
up the spontaneous recovery process is sensible.

By now, the most important experimental observations of the OER current decay that
generate an intuition are outlined and we can proceed to exclude conceivable mecha-
nisms based on this evidence. The first thing that is checked relates to the discussion of
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the current response to a potential step from subsection 2.4.1. As exponential capacitive
currents have already been excluded, the inverse square root decay (over time) from the
Cottrell equation (Eq. 38) seems promising. This decay is expected for a diffusion lim-
ited solution species process at semi-infinite planar boundary conditions. Therefore, the
depletion of available reactant in the vicinity of the electrode limits the kinetic current.
Since this limiting current Ij;,, only impacts the overall current I in case the kinetic cur-
rent [y exceeds it, there will be a transition between a kinetically and diffusion controlled
regime depending on the applied potential. This is described by the Koutecky-Levich
equation?0:

11 1
I(n)  L(n)  Lim’

where 7 is the applied overpotential of a Butler-Volmer like process. The equation is
analogous to the connection of two conductances in series — because the conductance
is the quantity that is proportional to the currents predetermined by the chemical pro-
cesses. Assuming Ij;,, o 1/ enables to plot 1/1(y,t) against V/t for each n and check for
this behavior. The intercept at v/t = 0 would directly yield 1/1(y) for each overpotential,
which would in turn lead to the desired Tafel plot. This procedure was tested on all of
the characterized samples. Assuming the predicted t~'/? clearly does not linearize the
data, we attempted to optimize the exponent for best linearity (around t~'/*), but still, it
was not possible to fit the whole potential range and the resulting Tafel plots appeared
to depend strongly on the assumed exponent. Consequently, the Koutecky-Levich like
behavior in general can be excluded.

To get more confidence in excluding a mass transport limited current, a rotating disk
electrode (RDE) experiment was designed in cooperation with the Institute of Geolo-
gical and Nuclear Science (Wellington, New Zealand). The availability of this setup in
New Zealand allowed to cross-check the observed decaying current at polycrystalline
RuO, samples. In brief, the WE is rotated to induce an electrolyte flow toward the
electrode. This counts among the commonly called forced convection techniques. The
limiting current is influenced by adding a further convective component to the formerly
diffusion controlled mass transport. It is common practice to investigate diffusion lim-
ited solution species processes at various rotation rates w and extract the kinetic current
by plotting Eq. 61 against L, o« 1/w.12

Here, we compare a normal pulse voltammetry (NPV) experiment recorded in a
quiescent 1 M H,SO, electrolyte to another one recorded at a rotation rate of 1600 rpm.
The WE material is a polycrystalline RuO, powder, which is demobilized at a glassy
carbon (GC) disc by a 5wt % Nafion solution (which offers protonic conductivity and
acts as an inert glue) — essentially the material of the proton-exchange membrane of the
PEM fuel cell discussed in chapter 1. The plots presented in Fig. 32a) are taken from the
typical characterization protocol (discussed in 5.2). Since these samples are more prone
to corrosion than the single crystalline films (judged by changes of the CV response and
OER activity before and after the protocol), the rotated and quiescent data are taken
from two consecutive runs of equally prepared electrodes. Fig. 32b) shows the initial
CV response of both utilized electrodes at 200mV s~!. The electrode material is the
same nanoparticulate RuO, that was already shown in Fig. 24a). The voltammograms
of both investigated samples nearly overlap without normalizing, which indicates a
similar ECSA and also proves their chemical comparability.

(61)
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NPV will become the most important technique that aids in investigating the OER
kinetics by means of a Tafel plot. Its main advantage compared to SV (or linear sweeps
in general) is that it eliminates all historic responses, which are introduced via the decay process,
by switching to a recovery potential before each potential step into the OER region.
The scan parameters of this and all NPV experiments discussed in the following are
10mV step size, a pulse time of 90s, an active/restore-duty cycle of 1/2 and a current
acquisition rate of 1 Hz. By plotting the experiment against the time the activity and the
decay can be judged simultaneously.

The two experiments in Fig. 32a) show very similar activity and decay behavior
independent of the rotation rate. While this firstly hints at the observed deactivation to
be not restricted to the single crystalline thin films, it moreover excludes all diffusion
related processes — as the rotation drastically varies the mass transport conditions.

This is, as expected, in line with the oxygen evolution process as it basically involves
water as reactant — which is omnipresent. A diffusion limit would be therefore hardly
imaginable. In addition, there is a RDE study at polycrystalline Pt, which shows that
there is no mass transport induced current limitation within the OER region in acidic
electrolyte.'?! This study!?! furthermore investigates the diffusional current limitation
of the HER, where H"(aq) ions serve as reactants. This was only possible within a highly
diluted electrolyte (pH 2.55) as they did not observe a current limitation at pH 1. As a
result, increased local acidity due to an insufficient proton removal, which would also
cause the OER current to decrease, is not expected. Since the RDE experiment at RuO,
should also influence a possibly limited H"(aq) removal, the expectation is confirmed.

Following the exclusion principle, the next candidate for the observed current decay
in line would be the produced oxygen. A study by Garcia et al.1?? at polycrystalline plat-
inum confirmed that under rotated conditions (1600 rpm) there is no difference in the
OER activity comparing O,-free and O,-saturated acidic or alkaline electrolyte. Nev-
ertheless, they observed a difference without rotation, which they attributed to the in-
sufficient removal of adsorbed oxygen bubbles in this case. This leads from dissolved
oxygen to oxygen bubbles as a possible candidate to explain the current decay.

While the final conclusion is approached, it is important to note that there is a recent
scientific dispute about the mechanism behind a similar behavior, which is observed in
IrO,. The two contradictory mechanism are: deactivation of active sites and blocking
of the active surface by oxygen bubbles. The discussed material system is also referred
to as hydrous iridium oxide as it contains a certain amount of hydrogen. One way to
obtain these materials is to electrochemically oxidize Ir nanoparticles or discs at posi-
tive anodic potentials. Nevertheless, the observations made at these materials closely
resemble the described situation of RuO,. Even a polynomial decay (t~'/*) has been re-
ported once by Tang-Kong et al.'?®>. The CSCA measurements performed in this thesis
Fig. 31 are inspired by this publication!?® and can qualitatively confirm all trends which
were previously reported for IrO,. Tang-Kong et al.'?>!2* and another group'?® both
claim to observe a progressive loss of active sites, which is reversible in a comparable
manner as in the case of RuO,. They basically propose a transformation of hydrous IrO,
toward less active dry IrO, (meaning less hydroxide species), which is accompanied by
a change of the active Ir-site’s oxidation state. That this effect is in fact still observed at
the presumably least active RuO, phase, provides evidence that demands for a slightly
different mechanistic plausibility check.

Later, Hartig-Weiss et al. 1 directly addressed both mentioned interpretations 12312°
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Fig. 32: a) Normal pulse voltammetry experiment ranging from 1.36 Vryg to 1.71 Vryg in 10mV steps
with 5s OER pulses and 55 at a recovery potential of 1.36 Vryg. Both polycrystalline RuO, electrodes
were prepared equally and their comparability is proven by cyclic voltammetry (CV) at 200mV s~! in b).
The experiment is performed utilizing a rotating disc electrode (RDE) at quiescent conditions as well as
at a rotation rate of 1600 rpm. The decaying current behaves similar in both situations and is not affected
by the varied mass transport conditions.

and claimed to have provided solid evidence for the predominant decay mechanism
being adsorbed microbubbles. In fact, their experiment utilizing an oxidized polycrys-
talline Ir RDE is quite convincing. They observe the decaying current even at rotations
rates of 2500 rpm, where all larger bubbles should usually be cleaned of by the induced
convection. As a result, microbubbles are proposed, but not defined in greater detail.
Therefore, they introduce an ultrasonication horn to their experiment, which is able to
eliminate the decay (and introduces additional noise in the measured current). This is
attributed to the ability of ultrasonication to destabilize even the bubbles that can not
be removed solely by rotation. As traces of microscopic bubbles (many below 1pm of
diameter) are even observed via SEM in the present case (see Fig. 37b) ).

While this mechanism could explain the qualitative behavior up to a certain degree
it does not yet deliver a reasonable explanation for the reported '2*> and observed poten-
tial dependence of the surface reactivation. On the one hand, bubbles would be in line
with the observation of an OCV period being able to restore the activity (Fig. 31d)). On
the other hand, more complex processes would be needed to explain the influence of
the restoring potential. ORR driven bubble removal can be excluded as this would not
occur spontaneously, and even does not proceed at a reasonable current through an ap-
plied overpotential at RuO,.* A further guess would be a surface termination induced
change in the hydrophilicity, which would in turn utilize the bubble-surrounding water
to clean them off through the increased attraction.

The preceding discussion underlined that microbubbles as well as surface deacti-
vation are both mechanisms which could reasonably be used to explain the observed
current decay. The possibly final pieces of evidence against a surface shadowing ef-
fect induced by any size bubbles are presented in Fig. 27a,b) and Fig. 28a). These ex-
periments, which probed both the OER activity decay and the surface redox features
including the underlying double-layer charging current, clearly showed that the cyclic
voltammogram is affected disproportionally. Blocking a certain fraction of the surface
by a bubble would rescale the current by the same fraction equally for each potential
(this point was also brought up in section 4.5 in relation to Fig. 27a,b) and Fig. 28a) )
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As we have shown in the preceding discussing, it has been possible to exclude a va-
riety of alternative explanations for the current decay, namely: charging currents by an
estimation of their time constant, a Cottrell-like mass transport limit by RDE measure-
ments, checking for the Koutecky-Levich equation and evidence from the literature,
local acidity (a proton diffusion mass transport limit) is consequently also excluded,
oxygen saturation by the literature, large adsorbed bubbles by RDE and microscopic
(referring to Hartig-Weisset al.'2%) bubbles by an experiment that showed a dispropor-
tional current decrease within the voltammogram. The final conclusion is that the trans-
formation of OER-active Ru-sites into OER- and surface redox- inactive sites causes
the observed reversible current decay.

Only guesses about the actual nature of these deactivated sites can be made. A recent
theoretical study %’ proposed an interplay of the OER and RuO,(110) surface corrosion.
They identified the corrosion process to proceed via an adsorbed (and temporarily sta-
ble) RuO,OHO,, species by an ab initio molecular dynamics (AIMD)-based approach.
This species originates from a formerly active Ru,¢-site and exposes a fresh Ruy,-site
underneath. As this study assumes an ideal RuO,(110) surface care has to be taken
while interpreting these results. Nevertheless, it motivates that at least a process of this
type could exist and could probably also be generalized to explain the observations at
the polycrystalline RuO, electrode. Since the timescale of the activity decay is clearly
longer than the typical timescale of a potential dependent surface restructuring by a
PCET or adsorption of an O,,OH,4-species (as proposed by Exner et al.3* at elevated
potentials; also see Fig. 26), a more complex process including a surface corrosion in-
termediate seems to be most reasonable. Restoring the surface could either happen by
desorbing the intermediates and exposing fresh surface or reincorporation into the crys-
tal lattice.

5.1.3 Empirically motivated quantitative description

By now, all observations can be rationally explained in a qualitative manner: The cur-
rent decay is present in the OER region, the surface can be recovered more effectively
at lower potentials and the deactivation process is reversed spontaneous at the OCV.
The mechanism that causes the OER current decay is likely correlated to a loss of active
O,y sites (subsection 4.5.7). Utilizing NPV experiments it seems also possible to (at least
partly) disentangle the deactivation process and the actual oxygen evolution reaction
(OER), the latter of which is important to isolate for the desired Tafel analysis.

A quantitative description is based on the observed linear decay behavior within
the double logarithmic current-time plot at a fixed overpotential shown in Fig. 30c). As
previously described, the OER current starts to become proportional to the fraction of
sites left active after an initial phase of about 10s. The disproportional decay before 10s
seems to be a reproducible, yet unpredictable, process that follows no simple exponen-
tial or polynomial behavior. Since the aim of this comparative study is to find a robust
metric, which can be applied to a variety of slightly different thin films, the linear re-
gion will be utilized for this purpose; as it is observed for all samples and behaves in
an identical polynomial manner. This additionally allows for choosing a readout time
with the decay — the decay exponent d of the current decay depends on the potential. to
each potential — has happened for a defined period of time. Otherwise, during the fast
initial decay, which seems to follow no general law, the choice of a readout time would
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Fig. 33: a) Current decay curves extracted from a normal pulse voltammetry (NPV) experiment. The log-
log plot reveals a polynomial law with potential-dependent decay exponents according to Eq. 63. Lines
are fitted to extract slope and the intercept 1s after the OER pulse. b) The resulting parameters from a) for
the decay exponent d and the Tafel plot created from the current intercepts of the linear fits after 1s(red)
as well as 45s(green) are plotted versus the potential. All raw data of the NPV experiment are shown
colored after the time after which they were read from black to blue. Decay exponents resulting from
unstable measurements are indicated gray — this also influences the resulting Tafel plot. The strong rise
of the current near 1.4 Vryg is caused by a preceding zero transition of the current.

be rather arbitrary taking into account that there is no evidence that all samples behave
equally. In contrast, the linear region of the double logarithmic plot always contains the
key parameters of the deactivation process within its slope and the key parameters of
the activity within its offset. This is demonstrated now.

Based on the observations, the overall current density j can be approximated by an
activity factor A, which is diminished proportional to the current fraction of active sites
['(t) at time ¢t. I propose the following model:

jlp,t) =T(t) - An)

t d(1) RDS
() e
0

The activity factor A is expected to behave according to the Tafel equation (Eq. 8) at
sufficiently high overpotentials, with exchange current density jy, electron transfer co-
efficient 3, electron charge e, Boltzmann’s constant k, temperature T, which depends on
the overpotential 77 measured relative to the reversible water splitting standard poten-
tial 7 = Emsasured _ po o — Emeasured _ 1 23V, The 'RDS’ label indicates properties of
the rate determining step at the investigated overpotential. The decay I'(¢) is modeled
by a polynomial overpotential-dependent decay exponent d < 0 and the divergence at
zero time is removed by introducing a relative time scale via t.

The whole NPV experiment consists of a series of 90s voltage pulses ranging from
1.366 Vryg to 1.706 Vryg applied in steps of 10 mV. Before each OER-pulse the potential
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is held at a recovery potential (1.366 Vryg) for 90s. One representative experiment of
a fresh (first electrochemical measurement run), good quality (green category SEM of
subsection 4.1.1, which is consistent with prior RHEED categorization 27) RuO,(110) thin
film in 1 M H,50, is shown in Fig. 33. The double logarithmic representation of Eq. 62
yields:

log [(n,t)] = d(y) - log [ﬂ b I,f;sen +log [ngS} (63)

The experimental data can be fit by lines of slope d(77) from about 10s onward as shown
in Fig. 33a). Before relevant OER currents establish, the current-voltage characteristic
usually shows a zero transition before it clearly rises — only the positive currents are
shown in the logarithmic current plot in Fig. 33b) ) This causes a divergence of the log-
arithmic current and sets limits to the range of valid data points. The Tafel equation
predicts an exponentially rising current at sufficient overpotentials. In addition, since
there is always a small background current before the onset, data points are invalid (for
Tafel analysis) before the OER current gets predominant either way. A further prob-
lem of the measurement are spontaneous instabilities of the potentiostatic control cycle,
which can be identified as widely spread points in Fig. 33a). These are not caused by the
ohmic drop compensation or the automatic current range setting. No sources of external
noise could be identified. Decay curves showing control cycle instabilities are excluded
from the Tafel analysis. Eq. 63 illustrates that the applied overpotential offsets the lines,
which all exhibit a slope of the decay constant d. The discussed trend toward higher
(than linear extrapolated) initial currents within the first 10s develops with increasing
potential. It can be observed near the early points (<10s) of Fig. 33a) as they lie below
their fit lines in the lower potential region.

The offsets, which contain the kinetic information of the OER, resulting from the de-
picted linear fits are presented as a logarithmic current-voltage characteristic in Fig. 33b).
We will refer to this type of graph as Tafel plot from now on. The top part of Fig. 33b)
shows the potential dependence of the decay exponent d(#). The decay seems to be-
come more dominant with increasing potentials as the absolute value of d increases.
The points determined from oscillatory curves are indicated in gray. The induced noise
is also visible in the Tafel plot underneath. It is possible to create a Tafel plot by read-
ing the current always at the same time after the anodic pulse is applied. These lines
are shown for each point in time from Fig. 33a) and are colored from black to blue in
Fig. 33b). This gives a good estimate of how much the final Tafel plot depends on the
chosen readout time. As this is an intrinsic feature of the data is is not able to completely
circumvent making a choice here.

Remembering the aim to compare several different samples, the most important ad-
vantage is the consistency of the polynomial behavior after an initial period. A readout
time of 1s (red) is chosen for all investigated samples, which is analogous to setting
to = 11in Eq. 63. The resulting Tafel plot arising from this choice is compared to another
arbitrary choice of 45s (green) in Fig. 33b). The lower value is preferred as is closer
to the (anticipated) original, non-deactivated, case excluding all unpredictable effects
happen in the first 10s. Although a completely unbiased choice is not possible, it is a
pragmatic choice in the given situation and certainly more reliable than the actual data
points before the linear region.
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5.2 Development of a standard characterization protocol

We will now describe the standard protocol developed for systematic electrochemical
studies — this protocol enabled a comparative study among all available RuO,(110) thin
films. The protocol was optimized at a few test samples of different growth qualities be-
forehand. By the time the presented version of the protocol was designed, the decaying
current behavior had already been identified as the main bottleneck of a reproducible,
as well as reliable Tafel analysis. The possible improvements to the current protocol,
which will be outlined at the end of this section, are mainly determined by the knowl-
edge gained in the preceding section.

The most important parameters and techniques of the protocol are summarized in
the top half of Fig. 34. The lower half shows (a selection of) the most important plots
that were generated for every sample by means of an automatized and optimized data
evaluation script. The typical work flow during the batch characterization included a
preparation phase, the actual experiment and a cleaning procedure before the next run.
At the beginning, the sulphuric acid electrolyte was pre-bubbled in a clean beaker by
nitrogen gas supplied by a corrosion resistant poly(ethene-co-tetrafluoroethene) (ETFE)
tube. This was usually done during the sample mounting process. Sometimes air bub-
bles got trapped on top of the sample when filling the electrolyte into the cell. If this
was the case, they were removed with a pipette. During the experiment, the electrolyte
that was already pre-conditioned with inert gas was continuously blanketed with N,.
Actually bubbling gas results in increased noise in the current response; thus, we used
laminar flow over the surface. Then, the measurement protocol can be started and a
whole run takes about 9h. After the protocol finished, the cell is opened and usually
some oxygen bubbles adsorbed to the sample were created. A photograph is taken each
time. Clean experiments were possible by rinsing all cell parts thoroughly with deion-
ized water. There were no hints that would indicate a need for more advanced cleaning
procedures. Finally, all cell parts where blown dry by pressurized air and the cycle
could start from the beginning.

The measurement protocol itself can be categorized into three blocks as shown in
Fig. 34. The protocol starts and ends with a set of techniques that probe mainly the sur-
face redox transitions. The center piece is the kinetic measurements in the OER regime,
since the original main goal of this project was a characterization by means of the Tafel
slope. Before and after the kinetic measurements the electrochemically active surface
area (ECSA) is determined by CV and EIS as described in section 4.3 and section 4.2.

The live ohmic drop compensation, which was described in , was always active at
85 % and the series resistance was remeasured at the beginning of each block, by means
of a four consecutive averaged high frequency EIS measurements at f = 100kHz, to
account for changes during the characterization. The OCV is checked in between most
of the techniques while there is also a longer 5min period at the beginning of each
green initial and final state block. Next, six sets of CV experiments are conducted — each
three at 200mV s~! and at 3000mV s~!. For each scan rate three different upper limits
are chosen: 1.4,1.5,1.6 Vryg. The symmetrized spectra taken in an intermediate range
(1.5 Vryg) are shown in Fig. 34al) and a2) (subsection 4.5.4). Fig. 34b1) shows one set
of three voltammograms taken at stepwise increasing range (as utilized to discuss the
chloride-induced CER). In this case, the largest range nearly overlaps with the smallest
at the end of the protocol. In the magnified view (b1)), the difference between smaller
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(blue, orange) and largest (green) range becomes visible and indicates a tiny chloride
leakage after the 9 h protocol, which was still left after counteracting this problem (sub-
section 3.5.2). When the HgSO, RE eventually arrived, this problem could be eliminated
completely, resulting in CV data which perfectly overlapped. Each set of voltammo-
grams consists of up to 15 consecutive cycles, which usually approach a steady-state
(overlapping consecutive scans) response. Always the stable last cycle is presented.

The remaining two techniques performed within the protocol are shown in Fig. 34a3)
and Fig. 34a4). The fast square-wave voltammetry (SWV) in a4) serves as backup to
double check trends observed in the SPEIS and CV measurements. Short 10 ms voltage
pulses of 50mV step height are applied alternately in positive and negative direction.
To each step, a small offset of 0.5 mV is added each period like a staircase. This is done
across the whole scanned potential range and the current measured during the neg-
ative pulse is subtracted from the positive one, therefore, enhancing the signal of the
redox features. This relies on the same principle as for the fitting procedure, which also
subtracts the cathodic from the anodic sweep beforehand. As this is a reasonably fast
method there is no real time benefit from omitting it. However, it lacks of qualitative in-
terpretability due to the highly dynamic conditions. Consequently, this method turned
out to yield no additional insights. The last technique of the green block is staircase po-
tentiostatic EIS or SPEIS, which was described in section 4.2. Here, an EIS spectrum is
taken each 50mV over the whole relevant potential range. Each point is pre-polarized
for 10s. By fitting an equivalent circuit model, as previously described (section 4.2), to
each spectrum the potential dependent cell series resistance, charge-transfer resistance
and cell capacitance can be extracted. In this case, the potential dependent capacitance,
which is depicted in Fig. 34a3), is of interest as it clearly shows the capacitance caused
by the surface redox features. While the other techniques are cut before the underlying
OER disturbs the CV too much, the DLC can also be probed deeply into the OER region
without (at least visual) obstruction.

The ECSA determination by means of increasing scan rate voltammograms in the
double-layer region of the blue part was described is section 4.3 and is depicted in
Fig. 34b3). Before the measurement is performed, the sample is pre-polarized for 10 min
at the center potential to allow occurring background currents to the decay. The ob-
tained capacitance value is backed up by two EIS measurements at the center potential
both before and after the CV.

The Tafel measurements are performed by three different techniques. Since a Tafel
plot is expected to include generally no historical responses, all techniques should yield
similar results under steady state conditions. The preceding chapter and the sections
within the present chapter clearly proved that this is not true, therefore, these different
techniques mainly aided in building an intuition about the current decay and enables
us to review different trends in the Tafel plot from different perspectives. The current
responses to the slow SWV, NPV and SV scans are plotted over the time of the current
orange characterization block in Fig. 34c) respectively. The magnified view shows a
typical part of the current response to the applied voltage signals underneath. In this
case, the SWV is intended to trigger an accelerated decay in the first larger upwards
voltage step (20mV) to possibly reach a more steady state when stepping back down
10mV. This partly works out, but still the current decays a bit faster at elevated poten-
tials in the backwards step than in the lower potential region. The NPV experiment is
the most promising technique, as outlined earlier. SV resembles a slow CV experiment
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Preparation: Sample status:

Pre-bubble electrolyte with N,
Remove bubbles at the sample
Blanket electrolyte with N,

OCV: 5 min

CV with stepwise increasing upper limit at 200 mV/s and 3000 mV/s, Full range
includes all redox features, Fixed current ranges

Fast SWV: Range includes redox features, Pulse width 10 ms

SPEIS: Range includes redox all features, 50 mV steps,

Initial state Frequency range = [200k, 10] Hz, 15 mV sine amplitude

ECSA determination:
CA at center of double-layer region between feature R and A for 10 min
CV: 200 mV window centered around double-layer region,
OER kinetics scan rates = [20, 5120] mV/s, Valid data until about 1 V/s, Readout at center
PEIS: Twice before and after CV, Pre-polarized for 1 min and measured at the
Final ECSA center of the double-layer region, f=[200k, 200m] Hz, 15 mV sine amplitude

Initial ECSA

Final state Tafel measurements:
Slow SWV: 90 s per step
NPV: 90 s per step —rest at 1.36 Vgyg
Cleaning: SV: 90 s per step
Open cell and check for OER- SPEIS: f = [200k, 10] Hz
induced bubbles at the sample All techniques: range [1.36, 1.71] Vryg, 10 mV steps
Rinse all cell parts including the PEIS: Twice before and after every technique, Pre-polarized for 5 min and
sample with deionized water measured at the center of the double-layer region,
Dry everything with pressurized air Frequency range = [200k, 200m] Hz, 15 mV sine amplitude
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Fig. 34: The standard measurement protocol divided into three subgroups: The sample status judged by the surface redox transi-
tions, determination of the electrochemically active surface area (ECSA) and Tafel measurements of the OER kinetics. a) The main
redox features are probed by cyclic voltammetry (CV) at 200 mV s~ (al))and 3Vs~! (a2)), staircase potentiostatic electrochemical
impedance spectroscopy (SPEIS, a3) ) and square-wave voltammetry (SWV, a4) ) The initial (red) and final (green) state is shown in-
cluding the respective Gaussian fits (dashed and solid). b1) Increasing the upper limit of the cyclic voltammogram stepwise reveals
a chloride trace contamination through the chlorine reduction (CRR) current, which establishes after surpassing the kinetic barrier
for chlorine evolution (CER). b2) Comparing the initial and final state voltammogram shows a proportional decrease of the current
that can be attributed to adsorbed bubbles. This is confirmed by the decrease of the double-layer capacitance (DLC) determined by
scan rate-dependent CV in the double layer region in b3). c) Measurements of the OER current by three different techniques (voltage
profile sketched underneath): Each potential step of 10mV is held for 90s. d1) Evolution of the series resistance and capacitance
during the protocol measured by EIS. The trend is caused by evolving oxygen bubbles, which block parts of the surface, d2) Tafel
plot extracted from the NPV experiment as described in subsection 5.1.3.
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with larger voltage steps. As 10mV are scanned every 90s, this scan is performed at
about v = 0.11 mV s~ L. Fig. 34d2) shows the final Tafel plot, which is extracted from the
NPV experiment as described.

The original aim of the blue surface area characterization blocks was to observe pos-
sible sample corrosion by surface roughening, and, therefore increased DLC. It turned
out that the main effect that determines the DLC is the adsorption of larger bubbles,
which develop slowly during the protocol and decrease the DLC. This explains the dif-
ference usually observed in the initial and final ECSA measurement (Fig. 34b3) ). This
is also in line with the decreased (non-normalized) current after the protocol observable
in Fig. 34a) and b2). Normalizing the current by the measured DLC allows us to correct
for all bubble-induced surface shadowing effects. Measurements of the series resistance
and the DLC determined by EIS before, after and in between the kinetic measurements
are shown in Fig. 34d1). As just stated, the DLC decreases in a stepwise manner. These
DLCs are used to normalize the kinetic currents measured in the subsequent experi-
ments to correct for adsorbed bubbles. Again, as outlined before, the formation of bub-
bles is not able to explain the decaying OER current as it happens on a totally different
time scale (about 2 h per OER technique). The series resistance increases, which makes
sense as the volume of electrolyte above the sample decreases — therefore, less conduc-
tor (electrolyte) per area remains available to carry the current. Within a future setup,
bubbles could be counteracted by impinging a jet of electrolyte onto the surface, which
is pressurized by a peristaltic pump.

To conclude, the general structure of the protocol worked out very well up to now.
In an optimized protocol, the fast SWV can be omitted as it lacks quantitative use. The
SPEIS, which was actually intended as a fourth kinetic experiment, turned out to have
too much cross-talk between the charge-transfer resistance (which should contain the
information about the kinetic current) and the capacitance of the redox feature — this
disqualifies it for a Tafel analysis.

The main focus of a further optimized future protocol should be directed at the NPV
technique. The protocol yielded evidence that the current decay can be consistently
fitted from about 10s onward in an NPV experiment. Going forward, this would rea-
sonably allow us to shorten the pulse period from 90s to about 20s. If the linear region
is expected to start after 10s, measuring at least another 10s of the valid data points
could be a reasonable lower bound. This would in turn allow for several repetitions of
the NPV experiment within the same amount of time. Repetitions lead to the next point:
direct reproducibility. As some dependence on the sample history is observed between
one and a following protocol run, there should be more focus on tracking these changes
to get a better estimate of their nature and actual influence. Lastly, the observed depen-
dence of the surface recovery on the restore potential opens up a whole new parameter
space to optimize this experiment and thus to check how it influences the Tafel plot.
Overall, it turned out that there is no standard procedure to perform Tafel analysis at
RuO,(110) thin films, however, it seem that this is possible through further optimization
of the experiment.
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Fig. 35: Cyclic voltammetry (CV) at 100 mV s~! up to high anodic potentials of 2.6 Vryg where the sample
corrodes. The inset shows the typical surface redox features in the recovered state; additional features de-
velop during the high anodic potentials. The recovered state is reached by decreasing the upper potential
limit. After prolonged high potentials the film dissolved into the electrolyte. The transparent substrate
becomes visible with the optical microscope.

5.3 Sample changes induced by the electrocatalytical char-
acterization

During electrochemical characterization, the samples are exposed to a harsh low pH
environment. Especially during the OER studies at elevated anodic potentials the single
crystal samples are expected to suffer corrosion.??128129101 From the Pourbaix diagram
of RuQO,, a transition to RuO, can be identified as possible corrosion mechanism:

RuOy(q) + 4H (g + 4€” — RuOy) + 2H,0, ERuo, = 1.39 Vg (64)
This is a claim usually found in the literature?1%!, where it is commonly supported by
studies that identified RuO,4(aq) as the corrosion product of Ru metal under OER condi-
tions in acidic electrolyte3%!31. Although Ru electrodes are oxidized prior to corrosion,
these oxides consist of hydrous ruthenium oxides (RuO,H,) and are therefore barely

comparable to RuO, crystals.'? A more recent study calculated a Pourbaix diagram that
suggests a transition from RuO,(s) to H,RuOs(aq) at the relevant potentials during OER.
Furthermore, just below the experimental pH 0.1 conditions, a H,RuO,**(aq) species is
predicted to be stable at potentials below the transition potential to H,RuOs(aq). 133 This
illustrates that the actual corrosion mechanism of crystalline RuO, is still unknown and
demands for further experimental studies.

The following discussion will focus on the extent of corrosion rather than the ac-
tual mechanism. It is stressed here that the findings regarding the surface deactivation
(subsection 5.1.2) were also ascribed to a corrosion intermediate, which could be a hint
toward a related mechanism. Further experiments are needed to confirm the supposed
correlation of OER current decay and surface corrosion.
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Fig. 36: a) In-lens scanning electron microscopy (SEM) image before and after prolonged oxygen evo-
lution: Increased surface roughness is observed afterward. b) Atomic force microscopy (AFM) at the
sample in the corroded state: A measurement outside of the catalytic area represents the fresh state. The
measurement within the catalytic area (corroded) shows similar increased roughness as hinted by SEM
in a) on the right. c) CV at a blue category (Fig. 20), less quality film before and after running the charac-
terization protocol (Fig. 34. The behavior is identified as removal of contaminations by electropolishing.
The SEM images are taken before and after the CV experiments and show no major structural mutation.

One flat, good quality sample was subjected to several hours of high anodic poten-
tials during NPV, SWV and SV experiments with extreme periods of 1 h per step. To give
an estimation of the severeness of these studies: From an overall experiment duration
of 171 h, the time spent between 1.50 Vryg and 1.64 Vryg (OER occurs) amounted about
57h. The time spent at elevated potentials was roughly equally distributed among the
potentials in the given range. The resulting corrosion can be identified by SEM and
AFM in Fig. 36a,b). Fig. 36a) shows in-lens (IL) SEM micrographs of the same mag-
nification before the first electrochemical experiment (left) and after the described pro-
longed oxygen evolution (right). A transition from a slightly (horizontally) striped to
a rough surface is observable. This was observed at several spots in both cases. Most
likely the contrast of the SEM image on the right is caused by the edge effect around
protruding features. The corrosion looks homogeneous, and is in contrast to pitting cor-
rosion which produces distinct holes. Pitting corrosion occurs when the corroded parts
of a surface are less stable than the unaffected parts of the surface.

Since SEM images offer no real height contrast, the findings are backed up by AFM
in Fig. 36b). The AFM image taken at the sample’s corner (Fig. 36b), left) is assumed to
represent the initial state and is compared to the corroded state on the right. Some of
the already known Ru clusters, which are surrounded by rectangular plateaus, can be
identified in both images. Since a roughening of the predominant flat part is of interest,
these are excluded from the following average surface roughness estimation. The flat
parts are of interest as SEM suggests a homogeneous corrosion (Fig. 36a), after) rather
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than larger pits. All excluded areas above a certain height threshold are colored white.
Besides, the images are corrected for scars and the horizontal rows are vertically aligned
by a median subtraction of each row. The RMS roughness of the presented AFM mea-
surements (excluding clusters) is (130 & 20) pm initially and increases to (160 & 10) pm
after the corrosion study within the catalytic area. As the definition of where the bulk
film ends and where a cluster always comes with a subjective choice, the error of the
surface roughness is estimated as follows: A patch of (already filtered) data mostly
including grains is utilized to estimate the upper error margin and an area with no
clusters (and of similar size) determines the lower bound of the RMS surface rough-
ness. This study proves that the investigated samples are reasonably stable under the
measurement conditions and far from being dissolved. Goryachev et al. reported SEM
pictures that show signs of corrosion at RuO,(110) thin film electrodes. Distinct holes
on the length scale of about 0.5 pm show up after just one hour of anodic polarization
at 1.50 Vryg. This indicates a drastic stability difference, which can be ascribed to the
different growth method. The thin films of Goryachev et al. originate from oxidized
Ru(0001) single crystals, which seem to be less stable than the PLD-grown samples of
the present work.

To test the stability limit of the thin films another sample has been subjected to a
stress test, which was able to eventually dissolve the oxide layer. This became visible
by eye as the reflectivity clearly decreased and the transparent TiO, substrate became
visible underneath. An optical microscopy image is shown in Fig. 35, which exhibits a
(circular) bright area where the sample suffered corrosion. This could only be achieved
through prolonged polarization up to a maximum tested potential of 2.7 Vryyg. Before
the sample was dissolved, the surface redox region had been observed by cyclic voltam-
metry through scanning over a large potential range, which includes the high anodic
potentials as well as the lower potential region as shown in Fig. 35. Additional fea-
tures near peak B and above C appeared (Fig. 35, red arrows) during the large range
cycles, starting from an upper limit of 1.8 Vryg and getting more prominent the higher
the scan is extended. These features disappeared again, when the upper potential limit
was decreased back to 1.6 Vryg. A voltammogram recorded at 100 mV s~1 exhibiting
the features (red) and one in the recovered state (black) is shown in Fig. 35. The strong
current rise above 1.8 Vryg is likely caused by the actual corrosion of the sample and
accompanied with visible bubble evolution — the current gets instable at its peak. The
simultaneously observed features in the surface redox region could be a possible route
toward the identification of corrosion products or byproducts.

Besides corrosion there is a process called electropolishing. This can, e.g., be uti-
lized to clean a contaminated Pt CE before an experiment. It relies on the anodic dis-
solution of contaminations and the upper layers of the platinum surface, which in turn
leaves behind a clean, yet rough, surface. In this regard, this type of electropolishing is
identified in Fig. 36¢). It shows CV at a bad quality sample (light blue SEM category,
subsection 4.1.1) at the beginning and at the end of the first run of the characterization
protocol (section 5.2). All surface redox features appear much sharper after the sam-
ple was exposed to OER potentials. One could suppose that the observed transition
within the cyclic voltammograms is accompanied with an observable structural transi-
tion. SEM images taken directly before and after the presented voltammograms show
that the same rough structure is still present. (left and right to Fig. 36¢c) ) The IL image of
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Fig. 37: a) Identification of features related to adsorbed oxygen bubbles at the surface by SEM (in-lens).
The insets show the bubbles as well as the adsorption behavior of water after experiment. Magnified
view of the margin of bubble, d), and within the bubble b). c,e) Features from b) and d) magnified and
recorded with three different detectors. Feature b) solely shows contrast in the in-lens (IL) image, while
e) is also visible with compositional contrast (ESB).

the final state on the right of Fig. 36¢) is backed up by the ET secondary electron detec-
tor. The structures appear a bit wider as it offers less lateral resolution. The difference
in the contrast before and after electropolishing could indicate slight corrosion induced
surface smoothing or could just be related to the slightly different measurement param-
eters (electron beam acceleration voltage of 3kV instead of 2kV). Similar experiments
at flat samples (green SEM category, subsection 4.1.1) showed no visible sign of corro-
sion after a single run of the protocol, yet they exhibited an analogous behavior in the
initial and final CV scans. This leads to the conclusion that actual surface contamina-
tions are cleaned off by this process, rather than severe structural mutations like during
a corrosion process.

The last interesting feature that is induced by the electrochemical measurements is
IL SEM contrast on the exposed surface, which can be attributed to adsorbed oxygen
bubbles. All of the following observations were confirmed at several samples from all
different categories. Fig. 37a) shows a low magnification IL image of the whole sample
and a photo of the sample taken just before within the electrochemical cell in the bottom
left inset. The cell is already filled up with electrolyte and three large and some smaller
oxygen bubbles, which were produced during the characterization are visible. Since the
photo is taken in the same orientation as the SEM image the features can be directly
correlated to each other. The inset on the right shows another frequent observation: Af-
ter taking the sample out of deionized water (cleaning step) after the measurement, a
water droplet got trapped in the exact center of the surface. This water droplet had to
be cleaned of with pressurized air as it would not just fall off by shaking. Two conclu-
sions are possible: Either parts of the sealing FPM o-ring stick to the sample and create
a hydrophobic ring around the catalytic area, or a surface termination with increased
hydrophilicity, originating from the electrochemical tests, is still present after rinsing
the sample.

The large areas of darker contrast, which were attributed to oxygen bubbles, consist
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of several smaller bright circular spots on top of a dark background. These are illus-
trated in a magnified view in Fig. 37b), which also shows IL contrast. Further magnify-
ing a boundary of one of the smaller circles reveals an interesting property. The whole
area shown in Fig. 37c) is taken at the same spot, where the boundary is observable.
Comparing the IL image to the ET and material contrast ESB detector signal shows that
the contrast vanishes. This leads to the conclusion that the observed features are neither
related to a different material nor they are connected to morphological effects, which the
ET detector should also be able to detect. As the IL detector is in principle also sensitive
to slight variations of the sample work function, it maybe indicates a different oxidation
state at the termination of the surface. At the boundaries of the large bubble-induced
features observed in Fig. 37a), chains of dark points can be observed with the IL detector
as shown magnified in Fig. 37d). Like before, a magnified view showing three detection
modes is presented in Fig. 37e). In this case, only the ET detector shows no contrast.
The ESB detector reveals also a dark contrast at the position of the dots. This indicates
that there is actually some material of lower atomic number than the surrounding de-
posited material. The IL image on the left also shows a bright spot within a dark point
which could indicate a larger conglomerate (this is the only spot, which also shows ET
contrast).

All of these observations have to be taken into account when trying to interpret the
CV and kinetic data, as it is not obvious why these features appear that locally. If this in-
dicates an unequal current distribution during the kinetic measurements it would have
severe implications for normalizing the current. Nevertheless, the working hypothesis
is that the whole area is utilized and only regions where bubbles actually stay adsorbed
exhibit the presented features.

5.4 Results of the protocol

5.4.1 Sample categorization by cyclic voltammetry and Tafel plot

All samples can be divided into three subgroups depending on their response to the
standard protocol. These groups can be further correlated to the prior SEM characteri-
zation (subsection 4.1.1). Distinct behavior is observed for fresh flat good quality films
(green category), aged, and therefore likely corroded good quality films and intrinsi-
cally rougher films from the light blue and yellow category (subsection 4.1.1). The two
key figures of merit are presented in Fig. 38, namely CV and the Tafel plot.

For each of the three mentioned groups of samples, Fig. 38a) shows two representa-
tive voltammograms recorded at a scan rate of 200mVs~! in 1M H,SO,. All voltam-
mograms are taken after the first run of the protocol, and therefore show the electropol-
ished state. Furthermore, the voltammograms are normalized to the ECSA as described
in section 4.3. This comparison provides further evidence for the interpretation of A as
a feature originating from surface defects. Interestingly, former good quality samples,
which suffered corrosion after prolonged OER potentials, seem to approach the state of
the intrinsically rough and defect rich surfaces. Nevertheless, feature B and C still show
different amplitudes. Further studies, which focus on the CV responses during a more
controlled sample aging could shed some more light on the electrochemically induced
structural transitions.
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Fig. 38: The groups identified by the surface redox features, a), and Tafel analysis, b), match the SEM
categorization (Fig. 20). a) Cyclic voltammetry (CV) is performed at 200mV s~!. The green flat samples
show the smallest current at feature A and the most pronounced features B and C. b) In the Tafel plot,
aged and fresh good quality separate into two subgroups by their slope and intersect with the water-
splitting standard potential.

For the actual Tafel analysis, the method described in subsection 5.1.3 is applied.
Only the flat good quality samples showed a reasonably linear region in the Tafel plot.
All of the other growth modes showed an initial plateau (or peak) in the first kinetic
SWV experiment (Fig. 39a,b), blue). Moreover, this trend continues to various extents
during the following NPV (orange) and SV (green) experiments. It can likely be at-
tributed to an electrochemical side reaction, which is connected to the identified elec-
tropolishing behavior. The resulting Tafel plots exhibited a round non-linear behavior,
which sometimes included plateaus. The difference to real electropolishing at flat sam-
ples (stripping mainly surface contaminations) is ascribed to less sample stability in the
rough case, which would result in actual structural (corrosion-like) changes. As shown
in Fig. 36¢), at least with the lateral resolution of the SEM, no significant morpholog-
ical differences were observed before and after running the characterization protocol.
In general, the non-simple Tafel plots and observed plateaus indicate that the OER is
probably not the only occurring process during the first protocol run at the less quality
samples. Consequently, only samples that exhibit a clear Tafel region will be discussed
by means of a Tafel analysis.

Fig. 38b) shows two representative Tafel lines (fresh and aged) for the two remain-
ing subgroups of flat samples. These exhibit a different Tafel slope depending on their
corrosion history. Also, the extrapolated intercepts with the water splitting standard
potential separate into two subgroups. The regions exhibiting approximate linear be-
havior are not located within the same potential windows and were identified manually.
It was tried to automatize the identification of the linear potential window to make it
more objective, but the Tafel lines (of all tested samples) appeared to be too variable to
yield consistent results without introducing too much constraints. This is a clear weak
point, which needs further attention in future efforts.
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Fig. 39: a,b) Qualitative comparison of two bad quality (Fig. 20) samples by all three techniques applied
for the determination of the Tafel plot. A peak or plateau shows up in different extends in all three
techniques. This points towards an electrochemical process occurring besides the OER making — this
prevents a reliable determination of the Tafel slopes.

5.4.2 Tafel analysis
The average Tafel slope of the fresh good quality samples yields b = (59 +4) 2. Ex-

dec”

trapolating the Tafel lines to the water splitting standard potential (E° = 1.23 Vryg?)
yields the exchange current density jp according to TST as motivated in section 1.2. The
average exchange current densities are directly converted to transition state free ener-
gies G*, according to Eq. 7, assuming a density of active sites of T = 5nm~2 (ideal
(110) surface unit cell) and a total number of z = 4 electrons for the OER. This yields
G* = (0.97 £ 0.02) eV The uncertainties are roughly approximated by the maximum
spread of the small sample of data, where no statistical methods are applicable. The
samples, which already suffered corrosion exhibit a slope of b = (83 +-4) ?—QC/ and transi-
tion state free energy of G* = (0.86 & 0.02) eV. This stresses the dependence of the Tafel
plot on the sample history as significant differences are observed. Assuming actual Tafe-
lian behavior would lead to the interpretation that corrosion causes a lowered transition
free state energy, which in turn would explain the overall higher activity among this
group. Effects of increased surface area by corrosion-induced roughening are already
corrected via normalization to the ECSA (determined by the DLC). If this correction,
contrarily to the common assumption, does not account sufficiently for all increased
area effects, this could also increase the apparent activity. The corrosion induced in-
crease of surface roughness determined by AFM (section 5.3) also can not justify the
trend.

The transition state free energy does not match the reported value of G* = 1.06eV
(in the lower Tafel region) from Exner et al. 34 The literature about OER Tafel slopes of
RuO,(110) single crystals or thin films in acidic electrolyte is scarce. Rao et al.?® report
a value "around 60 g%é’ for (110), (100) as well as (101) oriented films between 1.5 Vryg
and 1.6 Vrye. They used averaged CV experiments at 10mVs~! and took a few po-
tentiostatic CA measurements. A supplementary figure?® shows the discussed current
decay, which they interpret as a stabilization toward a stable value. It is stressed that
their current also seems to never actually stabilize. Apart from that, their (only approxi-
mately reported) Tafel slope is confirmed. Kuo et al.*’ report around 80 g‘—e\é at pH 1.0 for
their MBE-grown thin films on TiO, substrate. Even though, this value matches the cor-
roded group of samples it is unlikely that this is the reason in their case as none of their
published voltammograms exhibits a redox feature A (Fig. 24b) ), which is attributed to
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corrosion (subsection 4.5.9).

The theoretical work of Exner ef al.>*, which motivated the Tafel analysis, relies on
a publication from 1986 of Castelli et al.'3*. They report 59 gl—e\cl in the lower and 118 ?—QC/
in the higher Tafel region. Their CV experiments show additional features, which are
commonly not reported for RuO,(110) in more recent literature. Furthermore, judging
from the published voltammograms, their films suffered significant corrosion during
the Tafel experiment. The reported higher potential Tafel region is a key element of
Exner’s3* supposed OER mechanism, since he identifies it as transition to another stable
starting surface of the OER cycle — which then proceeds over four consecutive PCETs.
Castelli et al.'3 is the only group that has reported a higher Tafel region so far. The
other mentioned studies**?3 at most seem to observe a saturating behavior in the higher
Tafel region, which would in turn indicate a higher Tafel slope than ~ 60 Iél—e\cl. None of
the investigated samples of the present work exhibited a clear signature of a second
Tafel region at higher potentials. In contrast a saturating (local slopes clearly > 118 ?—QC/
behavior is observed. In spite of the fact that the logarithmic current increases "only’
with > 118 ¥ which appears relatively flat in a logarithmic plot, the current still rises
with increasing potential and does not approach a fixed saturated value.

The confirmation of the ~ 60 gl—gé slope alone does not allow for a definite conclusion,
which would add to the current literature. The observed hints that there may be no
higher Tafel region again stresses that further efforts are needed to elucidate the reaction
mechanism based on the Tafel analysis. Current trends toward in situ-electrochemical
experiments seem to be a promising method. Still, the original hope of this project
to compare various samples by means of their Tafel slopes is still up to date. After
modeling the deactivation of active sites and developing a procedure (subsection 5.1.3)
to consistently perform the Tafel analysis, the focus of future experiments should shift
toward optimizing the measurement parameters of the NPV experiment especially for
the described procedure. Furthermore, decreasing the overall experiment time would
allow for numerous iterations at the same sample to confirm the reproducibility of the
experiment and track the sample history induced variations.

5.4.3 Analysis of peak width and charge

It has already been shown in Fig. 38a) that the prior SEM categorization by the sample
morphology reflects in the cyclic voltammogram. By means of the described fitting pro-
cedure (subsection 4.5.4) the observed qualitative trends in CV can also be quantified.
Next to the general difference between flat and rough samples shown in Fig. 40b), the
previously described electropolishing behavior exhibits a clear trend as illustrated in
Fig. 40a). Fig. 40a) correlates the charges attributed to a surface redox transition (deter-
mined by the CV peak area and normalized to ECSA) to the FWHM of the three main
redox features A, B and C, which can be interpreted as a figure of merit of adsorbate
interactions. The green, red, and black points represent feature A, B and C respectively.
Electropolishing, as already shown for a rough sample in Fig. 36¢c), results in clearly in-
creased charge, i.e. peak area, participating in the surface reactions while at the same
time the FWHM stays comparably stable. In Fig. 40a) the initial state of the rough sam-
ples is depicted in light colors, while the points originating from the end of the protocol
are plotted in darker colors. A clear overall shift toward higher peak charges per area
is visible between the light and dark points. The black points also hint at a decrease
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Fig. 40: Trends observed by fitting cyclic voltammograms of various samples as described in subsec-
tion 4.5.4. The FWHM and peak charge accompanied with the surface redox transitions A, B and C serve
as a figure of merit. Average values of subgroups of samples are depicted by lines and highlight the
trends. a) Comparison of the initial state (light colors) at the beginning of the characterization protocol
(Fig. 34) to the electropolished state (normal colors) after the protocol. The data points separate into three
clusters which represent the values of a certain transition. The main difference is that the average charge
of all peaks increases after electropolishing. Furthermore, the FWHM of feature C sharpens. b) Compar-
ison of the electropolished states of good quality to worse quality samples. The good quality samples
show a general trend toward less charge of feature A and more charge attributed to B and C.

of the FWHM, which results in a downward shift. It appears that all features can be
distinguished by their FWHM as well as their charge.

Average values of peak charge and FWHM among certain groups are presented in
Tab. 1, which quantifies all trends observable in Fig. 40. The uncertainties are estimated
by the sample standard deviation. Fig. 40b) only shows the electropolished state of
the rough as well as the flat samples. The flat sample exhibit a sharper peak width,
more charge attributed to B and C and less charge attributed to A. Peak A also behaves
distinctly with regard to the FWHM of feature A as it is similar for both sample qualities.
Both trends are in line with the interpretation of a defect related feature, which could
reasonably behave the same way on different samples.

Tab. 1: Normalized charge and FWHM of the surface redox transitions A, B and C averaged among
samples of a similar group, determined by the fitting of cyclic voltammograms at 200 mV s~ ! as described
in subsection 4.5.4.

Charge [%] A B C
Rough: initial state (4+2) (14 £ 3) (16 £ 6)
Rough: electropolished (8 £2) (27 +4) (35+7)
Flat: electropolished (5+2) (41 +6) (49 £3)
FWHM [mV] A B C
Rough: initial state (240 £40) (330+40) (1804 20)
Rough: electropolished (250 +30) (3204+40) (150 +20)
Flat: electropolished (260 +30) (280+20) (110+10)
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The transferred charges per area of the good quality samples can be utilized to es-
timate a the number of sites participating in these transitions. An active site density of
5nm 2 can be assumed for an ideal surface as it can be readily determined from the
(110) surface unit cell (subsection 4.5.5). It is further assumed that 4/3 electron are trans-
ferred per Ru,,, during transition C. This was proposed in subsection 4.5.9 and implies
one of three Ruy,, sites additionally participating in the transition. This yields an average
participation to peak C of (46 & 3) % of all expected sites. The relative participation of
feature B assuming one electron transferred per Ru, yields (51 £ 7) %. The matching
values of the participation already implicitly included the last consistency check. The
relative fractions of electrons involved in the transitions B and C were estimated from
the decay in subsection 4.5.7. This yielded that peak B is expected to exhibit about %
of the charge transferred in C. The experimental value can be determined from Tab. 1
to be (80 &= 10) %. This matches the expectation from subsection 4.5.7, even though the
mentioned study was conducted at a single sample and is compared to an average of
all other samples. This could imply that the determined peak ratio of B and C could be
a general property of good quality samples.

5.5 Improvements for a future protocol

A simple exponential Tafel behavior was proposed and expected for RuO,(110) (sec-
tion 1.2). The actual experiments at thin-film samples instead show a (reversible) de-
activation process during the OER, which introduces a historic response to the Tafel
plot. A region where the decaying current followed a polynomial law can be utilized
to extract the Tafel plot more consistently for various samples and (partly) correct for
the decaying nature of the process. At this point, presumably the most important im-
provements can be made regarding the NPV technique. The future strategy should be to
investigate the dependence of the Tafel plot (obtained as proposed in subsection 5.1.3)
of the following parameters: up- or downstairs potential steps, recovery potential, duty
cycle and pulse period. The evaluation should be possible as soon as the linear region
of the double logarithmic decay plot (Fig. 30c) at 10s) is reasonably entered. One could
turther think of a quick EIS measurement in the double-layer region during the rest pe-
riod (if the recovery potential is chosen at this point) to live-track the ECSA before each
applied OER pulse. This would allow to track the surface shadowing by adsorbed bub-
bles and normalize each single decay curve to its respective ECSA. By now, the ECSA is
only checked before and after the experiment. One has to assure that the overlaid 15mV
amplitude sine wave during parts of the rest period does not significantly interfere with
the experiment. After optimizing the technique, more good quality samples are needed
to check the reproducibility in consecutive runs and among samples of known same sur-
face structure. In contrast, in the present study even samples of the same group were
originated from different growth conditions, which always left some ambiguity about
the origin of observed differences in the Tafel plots.

Such studies will be aided by further decreasing the overall experiment time of the
protocol. This offers the advantage to decrease corrosion induced changes. Measur-
ing a sample after an electrochemical structural mutation does not yield information of
the initial state anymore. This is still the main goal — to correlate knowledge about the
microscopic sample structure (and electronic structure) to electrochemical activity. It is
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important to sharpen the distinction between electropolishing (stripping of contamina-
tions) and corrosion (significant structural mutations). Samples fresh from ultra-high
vacuum (UHV) could shed some more light on this. Otherwise, pre-experiment clean-
ing steps, of chemical or electrochemical nature, have to be considered.

Besides the obligation to perform a more targeted study about corrosion induced
changes, utilizing the knowledge gained so far, the protocol time can be reduced in the
following ways: Dropping the fast and slow SWYV, the SPEIS in the OER region, the
SV and decreasing the NPV experiment time. Pre-conditioning Chronoamperometry
(CA) techniques can also be shortened, as they have mainly been important to reduce
background currents induced by trace chlorine gas (in some cases where the AgCl rather
than the HgSO, RE was used).

Finally, the characterization by means of the surface redox transitions (A, B and
C) offered a much more robust and feasible way to characterize the samples (subsec-
tion 5.4.3). The CV response is sufficiently consistent to allow for batch fitting and the
experiment time (and modeling effort) is way the Tafel analysis, which makes it more
reliable. Backing up the findings by SPEIS and CVs at different scan rate yields further
confidence. As the fast SWV solely qualitatively confirms the trends, it yields no addi-
tional insights and can be omitted. Extracting the key parameters charge and width (no
clear trends regarding the peak positions were identified within the experimental un-
certainty yet), one could think of a fast batch screening of another set of samples grown
at different conditions.






109

6 Conclusion and Outlook

The long-term vision of this project was to provide a causal link between the oxygen
evolution reaction (OER) mechanism and the underlying physical phenomena rooted
in the surface electronic structure of RuO,(110) — a material which has historically, yet
anomalously, shown some of the highest performance figures for this reaction. How-
ever, to probe such phenomena, one has to step back and firstly obtain an understand-
ing of the OER from a strictly surface science perspective — this can be done by gaining
control of the fundamental techniques (chapter 2) and understanding how they relate
to a real experimental situation, as summarized below. In this thesis, we have demon-
strated that it is possible to design a contamination-free (section 3.5) experimental setup
(chapter 3), which enables for a comprehensive fundamental electrochemical character-
ization of atomically-ordered model samples: metallic RuO,(110) thin films grown on
top of insulating TiO,(110) substrates. These films presented a near ideal platform for
the electrochemical characterization of RuO,(110) in this work, as they were of compa-
rably high quality to films reported in literature to date (section 4.5). In particular, they
exhibit superior stability with respect to corrosion, even under harsh OER conditions
(section 5.3).

Utilizing the near atomically-flat nature of the samples, a reliable value for the spe-
cific capacitance of RuO,(110) was determined by cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM) (sec-
tion 4.3). This is the key parameter that allows for a current normalization by means of
the electrochemically active surface area (ECSA) and will be published in a short com-
munication paper. The designed and optimized catlaytic cell, coupled with the electro-
chemical analysis techniques (chapter 2), could be applied to yield reliable, atomic-site
specific insights about the potential-dependent surface terminations of RuO,(110) in
acidic electrolyte (section 4.5). Furthermore, it was possible to distinctly correlate the
microscopic sample morphology (characterized by SEM in subsection 4.1.1) to proper-
ties of the surface redox transitions (section 5.4). Subsequently, a deactivation mecha-
nism of the OER current was discovered, investigated and mathematically modeled to
enable a reliable approach to Tafel analysis of the OER mechanism (section 5.1). The
standard batch characterization protocol (section 5.2), which was developed through-
out this project and used to obtain the above results, yielded satisfactory data relating
to surface redox transitions. Finally, I propose a roadmap towards optimization of this
protocol (section 5.5).

Overall, this thesis set up a solid foundation for future efforts. All common electro-
chemical techniques were applied to, and optimized for, RuO,(110) thin films. As the
experimental pitfalls and benefits are now elucidated, the focus can primarily shift to-
ward further scientific questions. The exact mechanism behind the observed, and mod-
eled, time- and potential- dependent loss of the OER activity is yet to be discovered. A
novel method to investigate the surface redox transitions was derived from this effect,
which is ready to be applied to a fresh set of samples to further confirm the reported
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behavior. The first step towards the goal of establishing a robust link to surface science
is therefore taken.

After corrosion of the samples has been investigated and the characterization proto-
col has been optimized, a variety of future pathways will open up. Firstly, a scanning
tlow cell setup (SFC) is already designed and ready to be set up. Briefly, such a setup
would offer an electrochemical cell that introduces a constant electrolyte flow over the
sample surface by means of a peristaltic pump, which aids the reactant and product
mass transport; and, more importantly for the OER measurement, cleans off adsorbed
bubbles from the sample’s surface. Another main advantage is the sample stage, which
is controlled by closed-loop linear actuators in x-, y-, and z-direction. This allows to
investigate different spots of a sample; and furthermore, to mount several samples at
once and automatically switch samples after the optimized characterization protocol ran
once. Through thermostatting the sample stage and electrolyte reservoir, temperature-
dependent measurements become possible. In addition, a flow cell type setup allows
for the introduction of downstream analysis techniques to measure dissolved oxygen or
corrosion products by, e.g., inductively coupled plasma optical emission spectrometry
or mass spectrometry (ICP-OES or ICP-MS).

Besides the setup-related possibilities, our international collaboration with research
and development scientists within the institute of Geological and Nuclear Science
(Wellington, NZ) enables us to investigate how doping of the samples — by ion-beam
implantation — affects the catalytic activity. Preliminary tests already hinted towards
increased OER activity by implantation with (bulk) magnetic Co ions. Yet, up to now it
has not been possible to rigorously show to what extend the increased activity is caused
by surface roughening effects, which are induced by the implantation technique.

Doping with (bulk) magnetic ions could open a route toward the emerging field of
spintro-catalysis®!, which tries to get to the bottom of the role of spin transfer during the
OER. This is motivated by the intuition that magnetic triplet oxygen is produced from
non-magnetic water molecules, thus, spin conservation has to be fulfilled by the cat-
alytically active surface. As soon as the characterization by the Tafel analysis is proven
to be reproducible, OER tests under an externally applied magnetic field could lead to
turther insights.
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AC
AFM
AIMD
ARPES
CA
CE
CER
CNLS
CPE
CRR
CSCA
CcVv
CVT
DC
DFT
DLC
ECSA
EDX
EIS
ESB
ET
FWHM
HER
IHP
IL
LEED
LJP
MBE
NPV
OCV
OER
OHP
ORR
PCET
PDS
PEM
PLD
PTFE
RDE

Alternating current

Atomic force microscopy

Ab initio molecular dynamics
Angle-resolved photoemission spectroscopy
Chronoamperometry

Counter electrode

Chlorine evolution reaction
Complex nonlinear least-squares
Constant phase element

Chlorine reduction reaction

Cyclic step chronoamperometry
Cyclic voltammetry

Chemical vapor transport

Direct current

Density functional theory
Double-layer capacitance
Electrochemically active surface area
Energy-dispersive X-ray spectroscopy
Electrochemical impedance spectroscopy
Energy-selective backscattered
Everhart-Thornley

Full width at half maximum
Hydrogen evolution reaction

Inner Helmholtz plane

In-lens

Low-energy electron diffraction
Liquid junction potential

Molecular beam epitaxy

Normal pulse voltammetry
Open-circuit voltage

Oxygen evolution reaction

Outer Helmholtz plane

Oxygen reduction reaction
Proton-coupled electron transfer
Potential-determining step
Proton-exchange membrane

Pulsed laser deposition
Poly(tetrafluoroethylene)

Rotating disc electrode
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RDS Rate-determining step

RE Reference electrode

RHE Reversible hydrogen electrode

RHEED Reflection high-energy electron diffraction

SE Secondary electron

SEM Scanning electron microscopy

SHE Standard hydrogen electrode

SPEIS  Staircase potentiostatic electrochemical impedance spectroscopy

STM Scanning tunneling microscopy
SV Staircase voltammetry

TEM Transmission electron microscopy
TST Transition state theory

UHV Ultra-high vacuum

UPD Under potential deposition

WE Working electrode

XPS X-ray photoelectron spectroscopy
XRR X-ray reflectometry
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