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1 Introduction

‘On the arid lands there will spring up industrial colonies without
smoke and without smokestacks; forests of glass tubes will extend over
the plains and glass buildings will rise everywhere; inside of these
will take place the photochemical processes that hitherto have been the
quarded secret of the plants, but that will have been mastered by human
industry which will know how to make them bear even more abundant
fruit than nature, for nature is not in a hurry and mankind is.”

Giacomo Ciamician, Science, 36(926), 1912

This vision was not part of a science-fiction novel but the call of Giacomo Ciami-
cian to enforce the effort towards photochemical, sustainable energy more than
a century agol'l. The realization of a sustainable energy supply is more urgent
than ever with ever growing population and energy demand, depletion of fossil
fuel reserves and increasing effects of global warming - yet it still remains vi-
sionary. One of the approaches to obtain benign, renewable energy is provided
by nature itself and is one of if not the most important reaction in the history of
life on earth - photosynthesis.

Photosynthesis is the natural process to store photon energy in chemical bonds
via several steps. The photochemical process requires the absorption of photons
in photosystem II (PSII) to generate excited charge carriers that are used to drive
the oxidation of water on one site and the reduction of carbon dioxide on the
other site. Taking photosynthesis as blueprint, the most simplistic approach is
the photochemical reaction of water splitting as it evolves gaseous oxygen and
hydrogen which can be stored separately as fuel.

The water splitting reaction is a four electron process which can be separated
in two half reactions of the hydrogen evolution reaction (HER) and the oxygen

evolution reaction (OER) (shown for acidic media):

HER: 4H" +4e” — 2H, (1.1)
OER : 2H,O — 4H" + O, + 4e~ (1.2)

The overall reaction is predominantly limited by the sluggish kinetics of the half
reaction of the OER fueling extensive research on numerous both homogeneous
and heterogeneous catalysts for OER[>7]. To drive this reaction photochemically

several steps analogous to photosynthesis are required: I) photon absorption to
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generate excited charge carriers, II) separation of these excited charge carriers
and their transport to the active site to III) drive the reaction. In nature, the
processes are locally separated into different modules serving as antenna
unit for absorption and a CaMn4Os cluster as catalytic unit for the OER!7.
Mimicking the natural blueprint, a device for photochemical watersplitting can
therefore be separated into at least two modules according to the functionality:

The absorber unit and the catalytic unit.

h‘v / HOMO

Absorber Catalyst Electrolyte

Figure 1.1: Schematic illustration showing the requirements on the electronic structure for a
functional photoelectrochemical-cell involving an oxide absorber and a molecular
catalyst

For targeted design of photocatalytic systems, one needs to consider the
demands on the absorber and catalytic unit as well as their interplay allowing
to chose and optimize the modules separately.

The essential parameters for a functional and efficient device are: The absorber
should be able to harvest the energy of ideally the majority of the solar
spectrum, which requires suitable absorption. While for an efficient absorption
commonly the bandgap is optimized!®!, new results show that usable photon
absorption is possible even without a bandgap!9l. These new absorber materials
are based on the employment of polaron quasiparticles arising from the strong
electronic correlated properties of these materials. Here, electrons and the
lattice phonons couple creating the polaron quasiparticle that give rise to the
non-bandgap absorption properties. Regardless of the nature of the charge
carriers, the absorption processes need to generate excited charges with a long
life time. The long life times are required as the charges need to be transferred
to the catalytically active site, therefore the transport properties within absorber,
the catalyst and across the interface ought to be sufficient to enable the charge
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transport.

The charge transport is directly related to the electronic structure and the
band alignment between the catalyst and the absorber as schematically shown
for an assembly of oxide absorber and molecular catalyst in Figure 1.1. As
indicated, the band alignment relies on suitable band position for the absorber
and catalyst to ensure efficient charge transfer. Moreover, a matching band
position between the catalyst and the electrolyte is required in order to drive
the water oxidation efficiently. In addition to the long life time of the excited
charge carriers, the reaction rates of the catalyst need to be sufficiently fast
to allow synchronization as well as to optimize the efficiency of the device.
Lastly, both the absorber and the catalyst need to be stable for the realization
of compatible photochemical devices. This includes both (i) the photostability
i.e. stability throughout numerous absorption processes and chemical stability
of the absorber as depending on the cell design the absorber is in contact to the
working electrolyte/the working conditions and (ii) preservation of the active
catalyst under reactive conditions.

Based on these requirements, different approaches have been made to realize
photoelectrochemical devices for water splitting[581°-15], The most simplistic
design involves only one module - the photocatalyst directly absorbing the
photon and driving the reaction®1617], To date all photocatalysts face significant
challenges such as stability and the synchronization between absorption and
reaction time scales"®2°. To overcome these challenges the field of hybrid
assemblies (deviding the device into modules according to the functionalities)
use photoabsorbers, e.g. photosensitizers with various catalyst. Among the
most prominent examples are purely molecular assemblies working under
homogeneous conditions[32122] and the use of molecular sensitizers on oxide
catalysts such as TiO, 12237251,

These approaches involve either the uncertainty of the electronic transport and
intermediates or the slow reaction rates of heterogeneous catalysts. Starting
from the developments of T. |. Meyer with the first molecular catalyst for
water oxidation, the blue dimer[2¢! extensive research gave rise to an ever
growing zoo of molecular catalysts for the water oxidation. The high degree
of structural flexibility offers unlimited tuning possibilities leading to reaction
rates surpassing the reaction rates of the natural benchmark of PSII and
the best heterogeneous catalyst by orders of magnitude[>729]. Note that the
among the most active catalysts, several are mononuclear complexes relying

on cooperative effects. These cooperative effects make them incompatible to
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serve as heterogeneous photoanode, e.g. as water splitting occurs through the
coupling of two highly oxidized mononuclear ruthenium complexes!?8.

In order to serve as photoanode, the catalyst needs (i) to be equipped with
the possibility to bind to the absorber to facilitate electron transfer (ET); (ii)
preserve the reactivity upon immobilization; (iii) preserve the stability upon
immobilization. Despite these challenging requirements, molecular catalysts
are ideal candidates for photochemical cells by immobilization on the absorber
combining the structural flexibility of a molecular complex with the advantages
of reliable ET. Upon immobilization, the electron transfer would be facilitated
and more reliable compared to homogenous systems through stable binding to
the absorber. This reliable and stable ET is essential for the synchronization of
reaction rates and life time of excited charge carriers. Despite the advantages,
only few reports have been made on the implementation of said catalysts in a
hybrid device to drive the reaction via photoexcitation.

The absorption via molecular photosensitizers (dyes) is limited by the low
photostability of the dye and suffers from small accessible energy range of the
absorption. Promising canditates for photostable absorbers are metal oxides as
they are intrinsically stable against oxidative conditions (in alkaline media) as
well as highly photostable. Moreover among these metal oxides the family of
perovskites with the structure ABO; offers a broad range of properties. These
properties arise from the strongly correlated electronic structure and involve
optical absorption over a wide spectroscopical range that can be tuned via
doping[3°32]. Recent results showed that these excited polaronic charge carriers
achieve life times on the nanosecond time scalel making them promising
candidates and alternatives to conventional semiconducting absorbers such as
silicon.

In that context the presented thesis focuses on material system of the Ru based
binuclear molecular catalyst developed by F. Meyer and the polaronic absorber
Lag 6Srg4MnO3z (LSMO). The components were chosen (i) LSMO as absorber
based on the tunable broad range absorption[33] and (ii) a dinuclear ruthenium
complex as catalyst as it is the chemically rugged (in acidic media), well
characterized and the reaction takes place at one complex!34737]. The questions
addressed in this thesis can be separated into two parts. The first part covers
the properties of LSMO as substrate in the hybrid assembly both in respect
to the background activity and the stability of the substrate under working
conditions. The development of the rotating ring disk electrode (RRDE) setup as
key experimental technique for epitaxial thin films allowed detailed analysis of
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the reaction mechanism and corrosion pathways on stoichiometric LSMO (see
chapter 3). Systematic studies of the role of defect chemistry were employed
leading to the development of strategies to improve the stability of LSMO under
working conditions (see chapter 4).

The second part focuses on the role of the molecular catalyst immobilized on
solid support in collaboration with J. Odrobina and F. Meyer. The catalyst was
immobilized on the model oxide electrode indium tin oxide (ITO) as proof
of concept for the functional immobilization. In Chapter 5 the functionality
upon immobilization including activity and stability is investigated. The central
objective of chapter 6 is the interdependence of activity and stability with focus
on the role of the interface. Systematic variation of the anchor group and
thereby the interface led to a comprehensive understanding on the limitations
of the stability under working conditions. The employed anchors showed the
influence of the number of anchor groups with an increasing number of anchors
not improving the binding as well as of the nature of the used anchor with
the phosphonate anchor binding the strongest. Furthermore, the adaptation of
the RRDE method allowed to evaluate the binding stability under operating
conditions showing the competition between water oxidation and the oxidative
anchor cleaving.

The presented results and methods open the door towards the combination of
both modules to realize a photochemically driven device for water oxidation as
well as the study of photon driven charge transfer dynamics in future work.



2 Scientific Background

The scientific background is separated into the two aspects of the chosen ap-
proaches: the evaluation of LSMO with respect to its function as a substrate and
the evaluation of the immobilization of the molecular catalyst on an oxide model
electrode. The use of manganites as the absorber and substrate for molecular
catalysts implies that the primary function of the manganite will be photoab-
sorption. However, as the manganites are intended to serve as substrate, upon
incomplete coverage the background activity for the OER and stability during
the reactive conditions of the OER need to be evaluated. This is of particular
interest as perovskites are among the most promising transition metal oxides for
the OER within the focus of current research since they are made from abun-
dant materials and show high activity[3%42l. The following section highlights
the biggest challenges in the understanding of activity and stability of these sys-
tems.

Molecular complexes immobilized on a solid support face significant challenges
for the realization as an efficient hybrid device in the field of artificial photo-
synthesis: (i) the development of efficient and fast catalysts with high chemical
stability and (ii) a stable binding/interface that allows fast electron transfer. The
key objectives of this thesis is the characterization of the catalyst on the surface
and the determination of the limitations of its stability. The determination both
of the chemical stability and the stability of the binding between complex and
solid support are central challenges within the community and will be intro-
duced to elucidate the current understanding about the limitations.

2.1 Oxygen evolution reaction on perovskites

Research on metal oxides for oxygen catalysis pursued already more than a
century ago, e.g. in43l and has gained more and more attention as they offer
the perspective of cheap yet efficient catalyst in industrial applications. Along
with simple metal oxides and oxide semiconductor the research of Matsumoto,
Trasatti, Bockris and Otagawa focused in particular on perovskites[3944-461. The
family of perovskites with the general structure of ABO;3 offers a broad range
of properties such as magnetic, absorption and electric properties that can be
tuned via doping[47]. The systematic research started attempting to identify the
reaction mechanism and tailor the activity by control of the active site, which

10
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sparked the fundamental experimental work on various perovskites.
In order to understand the challenge in the identification of the active sites
and its limitations, one first needs to understand the desired reaction. The
water oxidation can be summarized as a four step electron transfer reaction
here exemplary shown for alkaline media (commonly used for oxide electro-
catalysts): 4OH~ — 2HyO + Oy + 4e~. The released electrons are typically
used for hydrogen evolution, but due to the sluggish kinetics of the oxygen
evolution, the improvement of the oxygen evolution remains the bottleneck for
efficient water oxidation. This reaction proceeds through a four step reaction
via the adsorption of hydroxide (OH™) and different reaction intermediates
to result in oxygen. The reaction and their intermediates are associated with
energy barriers ideally lowered by the catalyst. However, upon unequal energy
barriers, one reaction step will become rate limiting. This rate limiting step is
experimentally accessible via Tafel analysis and the resulting Tafel slope can be
modeled theoretically reflecting the reaction kinetics such as the rate limiting
step [48-50],
Additionally, the largest involved energy barrier will determine the required
overpotential i.e. the potential that needs to be applied in addition to the
standard Nernstian potential of 1.23 V (defined at pH o) required to drive
the reaction5]. The overpotential therefore relates to the overall activity of a
catalyst and is assumed to mainly depend on the binding strength of the species
involved in the reaction5?l. Based on this assumption the highest activity
requires an optimum between the adsorbates binding neither to strong nor to
weak on the catalyst surface known as the Sabatier principlel53]. Deviations from
the optimum in binding strength of the adsorbates are one of the origins of
the overpotential for the reaction (Figures 2.1A-B). Here, the respective energy
barrier AG of each intermediate is depicted, which relates to the overpotential.
The procedure of the reaction depends on the reaction mechanism that itself
is related to the nature of the active site. A detailed understanding of both
mechanism and the active site is therefore posing one of the central challenges
in today’s catalyst research. First models for the reaction mechanism of the
OER on perovskites have been proposed already by Bockris/4®! assuming the
metal, specifically the B-site, as active site involving HO*, HOO* and O* inter-
mediates. Based on the assumption of a metal centered reaction mechanism,
computational approaches using density functional theory (DFT) have been
made. They model the reactions on systems ranging from simple metal oxides
to perovskites!525455]. These calculations found fundamental scaling relations

11
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2.1 Oxygen evolution reaction on perovskites

for the aforementioned intermediates. The scaling relations define the difference
in binding energy of AEp« — AEgo+ as an universal descriptor for the OER
as Rossmeisl and coworkers found a linear scaling relation of 1:1 between the
binding energy AEyo- and AEpoo« with an offset of 3.2 — 3.4 eVI52l and a
2:1 scaling relation between AEp+ and AEpoo- [551 shown in Figure 2.1C). The
calculated energies for various oxides by Man et al.[53?] resulted in a volcano
shape (commonly referred to as volcano plot) that can be seen in Figure 2.1D)
illustrating the Sabatier principle. On the left hand site, the adsorbates are too
strongly bound and on the right hand site too weakly bound. In correspondence
to the overpotential, the scaling relation indicates the limitations of the reaction
mechanism with the highest energy barrier corresponding to the potential
determining step.

0,+H,0+e H0+e
Adsorbates Lattice
Evolution

Mn+1 M"*l Oxygen
Mechanism o- Mn OH Mechanism O- Mn'D

X % %

H,0 + e

Figure 2.2: Schematic reaction schemes for the OER on perovskites based on the metal cen-
tered reaction mechanism!52l and the redox active lattice oxygen mechanism[5°l.
M denotes a transition metal and 7 its positive oxidation state.

The previously shown relations rely on the assumption of the reaction taking
place on the B-site of the perovskite. Despite the frequently used assumption,
experimental evidence for the B-site as active site for the OER has been scarce
to date. The challenges in the determination of the active surface is reflected by
simulations of Rong et al.[57] suggesting that for LaMnOjs the surface is changing
throughout the reaction. The resulting active surface is formed regardless of the
initial configuration as the surface reorganizes during catalysis including partial
desolution!57]. In addition in recent years an increasing number of reports indi-

cate experimentally and theoretically that the lattice oxygen might participate as

13



2.1 Oxygen evolution reaction on perovskites

active site in the OER on perovskites!5658-031, Therefore the current understand-
ing distinguishes at least between the two mechanisms for perovskites in alkaline
media shown in Figure 2.2. Depicted are the metal centered reaction (adsorbates
evolution mechanism) and the reaction involving lattice oxygen (lattice oxygen
mechanism). Due to the redox active oxygen, the catalyst may become suscepti-
ble to corrosion as oxygen vacancy formation might destabilize the catalyst!64-66,
With the objective to find universal scaling relations and descriptors for the cat-
alytic activity starting with the first attempt for material specific descriptors by
Bockris!4°] over numerous other studies 4565967681 Jed to the understanding that
for the strongly correlated perovskites the complex interplay between the metal
3d and the oxygen 2p states modifies the reaction mechanism and thereby both
the activity and stability (refer e.g. to!937%9] for detailed discussion about the

electron structure and their involvement in the reaction).

Stability of oxides during catalysis

Additional to high activity, the stability of a catalyst during catalysis is one of
the major objectives and key challenges. Identification of limiting parameters
and descriptors is particularly challenging as both the activity and stability
depend on the configuration of the very surface. The nature of the present
surface under the reactive conditions remains pivotal as the surface is prone
to reconstruction!577°71 and decomposition 49636472781 The decomposition
can proceed via partial dissolution, e.g. of the A-site limited to the surface or
even extend throughout the bulk of the material, e.g. the formation of a new
phase such as the superstructure shown in Figure 2.3. Irrespective of the length
scale, even the partial dissolution on the surface can strongly affect the activity
without bulk corrosion and might occur due to the surface reconstruction
associated with the reaction!57]. In other cases, the working conditions such as
the electrolyte might be related to the bulk stability as neutral or even acidic pH
is known to destabilize the perovskite structurel4©037274 These trends might
additionally be related to the chemical composition as the corrosion might be
facilitated through the intrinsic differences in solubility!79], phase separation 3!
or the formation of soluble species during the reaction (647375781,

Furthermore, the active site and the corresponding reaction mechanism might
be related to possible decomposition pathways and therefore reflect dependen-
cies on the electronic structure, e.g. for the lattice oxygen mechanism 5659631,

14



2.1 Oxygen evolution reaction on perovskites

The redox active lattice oxygen mechanism involves the formation of oxygen
vacancies (Vp) possibly destabilizing the catalyst upon incomplete recovery
during the oxygen evolution. Depending on the reaction conditions and the
material, the incomplete recovery of lattice oxygen might then proceed in the
bulk and lead to amorphization frequently observed for materials with redox
active oxygen[590305741 Recent studies suggest that the reaction mechanism
is related to the relative position of the metal d states and the oxygen p states
as well as their hybridization[5658-6063651 (schematically shown for perovskites
Figure 2.3). Due to the involvement to the possible corrosion pathway, the
position of the oxygen p states can serve as a measure for the stability with
hybridized oxygen and metal states close to the Fermi level making the catalyst
more susceptible for Vo formation (Figure 2.3).

pristine

pbst-mortem‘

Figure 2.3: Left: Schematic representation of the configuration of the density of states for
perovskites possibly resulting in either the metal centered reaction mechanism
(AEM) or redox active lattice oxygen mechanism (LOM) [58,59.62,63,69]  The forma-
tion of oxygen vacancies presumably as consequence of the LOM depends on
hybridized metal e, and oxygen 2p states near the Fermi energy. Right: High
resolution TEM images showing a superstructure due to ordered oxygen vacan-
cies in PrpsCap3sMnO3. The oxygen vacancies were formed upon prolonged
exposure to oxidizing conditions (details in (621 The superstructure of the vacan-
cies can be seen in the insets showing selected area electron diffraction (SAED)
images.

Despite the tremendous efforts and the importance in the elucidation of struc-

tural and electronic effects on the stability, these studies frequently consider ideal

surfaces and catalysts. Due to preparation oxides commonly represent non-ideal

15



2.2 Stability of hybrid systems for artificial photosynthesis

crystals as they experience structural defects such as impurities and vacancies
which itself are known to affect the stability. These initially present defects and
impurities may further influence the stability and activity in addition to the ef-
fects of reconstruction during water oxidation. Systematic studies on the effects
induced by defects and impurities on stability and activity are limited to sim-

ple metals or metal oxides!80-831

. The analysis of the defect structure alone in
perovskites is complicated, as a broad variety of defect types such as intersti-
tial, vacancies for all sites as well as substitutional defects are controversially
discussed for perovskites!®+871. The defect types strongly depend not only on
material system but also on the preparation method (#4871 making the analysis
of both the present defect types crucial for the analysis of the accompanying
impact on the stability. The stability of the oxide surface is of particular interest
with respect to the intended function as solid support for the molecular cata-
lyst as the stability of the device directly relates to the stability of the substrate.
Therefore, the analysis of both the reaction mechanism and the preparation in-
duced defects for the material system at hand are essential for the deduction
of universal descriptors that define the activity and the stability, but remain the

paramount of the experimental challenges in catalysis research.

2.2 Stability of hybrid systems for artificial
photosynthesis

For photoelectrochemical devices, hybrid systems with molecular catalysts im-
mobilized on solid support represent promising model systems among the ap-
proaches. They offer the advantage of individual optimization, yet these hybrid
systems face significant challenges. In addition to efficient and active molecular
catalysts and a solid support with suitable absorption properties, the stability of
the hybrid system remains the crucial task. For hybrid systems consisting of a
solid support and a molecular catalyst one needs to distinguish the following

factors contributing to the stability of the hybrid system:

I. Stability of the substrate
II. Stability of the catalyst
III. Stability of the interface

The limitations of the components strongly depend on the material system as

16



2.2 Stability of hybrid systems for artificial photosynthesis

well as the reaction conditions. In order to elucidate the role of each component
they are addressed individually in the following.

The primary function of the substrate in terms of stability is to serve as support
of the molecular catalysts providing reliable electron transfer. However, upon
incomplete coverage of the support by the molecular catalyst, the substrate is in
contact to the electrolyte. Thus the substrate is required to remain stable under
the working conditions, i.e. strongly oxidizing or reducing conditions in addi-
tion to being chemically stable in the working electrolyte. These requirements
complicate a suitable choice of the substrate as it strongly depends on the work-
ing conditions of the catalysts and the required properties of the substrate such
as the absorption properties. Oxides are frequently used as substrates which
are generally robust against oxidizing conditions but frequently unstable un-
der acidic conditions!4°88]. In addition to the bulk stability, the very surface of
the oxide may undergo surface reconstruction as stated in the previous section
which directly relates to the interface to the molecular complex and affects the
stability on the surface. As the nature of the oxide surface was part of the pre-
vious section, only the aspects of the stability concerning the integrity of the
molecular catalyst and the interface will be discussed in the following.

The harsh conditions of the electrolyte and the e.g. strongly oxidizing conditions
of the desired reaction not only pose a significant challenge for the substrate but
also for the molecular catalyst itself. For water oxidation, several reports il-
lustrate the necessity for a chemically rugged ligand stable against oxidation,
as the reaction pathway of the water oxidation involves high valent metal oxo
species(®]. These highly oxidized, highly reactive metal species, e.g. Ir and
Ru, have the ability not only to drive the water oxidation but possibly also the
oxidation of the backbone ligand (#9921, The oxidation or decomposition of the
ligand leads to the formation of thermodynamically more stable metal oxide
particles!9092]. These oxide particles itself can be very active as e.g. RuO, and
IrO, are among the most active heterogeneous catalysts[4>937951. Thus it is nec-
essary to clarify the nature of the active catalyst as the molecular catalyst itself
might only serve as precursor for the active catalyst[99097]. Additionally, the
improvement the ligand design is a synthetic challenge in order to provide a
high degree of chemical stability and therefore control over the active states of
the catalyst.

One of the key descriptors commonly used to describe the stability of molecular
catalysts is the turn over number (TON), i.e. the number of reaction cycles a
catalyst can undergo before passivation or decomposition. Within the field of

17



2.2 Stability of hybrid systems for artificial photosynthesis

molecular Ruthenium based catalyst recent progress led to activity exceeding
and stability approaching the natural benchmark system of photosystem I1[98],
Note that the most active and stable molecular catalyst reported are homoge-
neous (in solution) catalyst and the properties of the immobilized catalysts might
be altered due to competing processes such as formation of the surface bound
species Ru-Ogy; ¢ thus passivating the active site during the reaction[%]. The
analysis of decomposition pathways and nature of the active catalysts is essen-
tial to determine stability defining parameters and provide objective benchmark
parameters.

Once the stability of both the molecular catalyst and the substrate is achieved
separately, the stability of the interface between the catalyst and the substrate
still can be limiting for the activity of the hybrid system. Note that the activity
of the anchored catalysts requires a reaction mechanism that does not rely on
intermolecular interactions hence allowing the reaction solely on one molecular
catalyst. Otherwise a sufficiently high degree of surface coverage would be re-
quired and the preservation of the reactivity might not be guaranteed. The stable
link between catalyst and substrate is mandatory for efficient electron transfer
determining the efficiency of (photo)-electrochemically active hybrid devices.
Furthermore, the detailed configuration of the interface has significant conse-
quences for the efficiency of the hybrid system as it strongly depends on the
electronic structure of the interface99-1°11,

In order to establish a defined and stable interface, the complexes are fre-
quently immobilized on the substrate via functional groups selected depending
on the nature of the substrate (further addressed below)[2]. For the employed
oxide substrate, the stable anchoring under aqueous conditions is achieved
most commonly by acid functional groups such as carboxylic and phosphonic
acids!*%371°71, However, even for successful binding of complexes on substrates,
the stability of the binding under reactive conditions is frequently suffering from
desorption or decomposition of the anchor[98-11°] making the understanding of
the possible degradation pathways essential.

The nature of the acid functional group implies that the binding strength is cor-
related to the pH value of the electrolyte as the HT and HO™~ compete with the
bonds of the oxide and the anchor group['®3l. The binding mode, e.g. three-
fold covalently bound phosphonate anchor is not fixed but rather represents the
equilibrium state between a broad range of possible configurations e.g. cova-
lently bound to physisorbed and desorbing molecules. Therefore, a simplifying
assumption could be that the more binding possibilities the anchor provides the
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2.2 Stability of hybrid systems for artificial photosynthesis

stability of the interface will increase!'°31111121. But besides the number of bind-
ing sites the number of acid functionalities relates to the solubility in aqueous
conditions, which might facilitate leaching from the surface as the acid func-
tionalities relate to the polarity of the molecule. The binding strength is also
related to the resemblance of the used anchor and the substrate e.g. silane an-
chors will bind more stable on silicon based substrates such as SiO, than other
substrates[°2]. The numerous dependencies illustrate the complications and ex-
perimental challenges defining the stability and the frequently uncovered role of
the interface for hybrid systems. Therefore, the role of the interface in terms of
stability is of utmost importance.

A

Over-layer

Anchor group

Substrate oo ° ° 5?,

Figure 2.4: Illustration of strategies to improve the stability of hybrid assemblies targeting
the interface; A) Use of over-layers such as TiO, and PMMA to avoid desorption,
B) Modification of the binding mode by altering the anchoring groups of the
molecular complex

Based on the displayed contributions to the stability of hybrid systems, several
strategies have been published addressing specific limitations of the different

systems. These strategies involve:

I. Improve catalyst design to avoid decomposition of the ligand
II. Hinder desorption by over-layers such as PMMA, TiO,, Al,O3
III. Improve binding strength by altering the anchor and substrate

The strategies to improve catalyst design require in-depth understanding about
the reaction mechanism and the corrosion pathways. The approaches besides
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2.2 Stability of hybrid systems for artificial photosynthesis

the synthetic approach are schematically depicted in Figure 2.4. The approach
shown in Figure 2.4A) attempts to stabilize the anchored catalyst on the surface
via additional stabilizing layers of polymers or oxides which cover the anchor
groups. However, the increasing stability of the anchoring is accompanied with
a drastic impact on the morphology of the hybrid making the resulting system
structurally undefined and lead to a drop in WOC activity as the catalyst is cov-
ered as well[1137115],

Directly targeting the stability of the interface, approaches involve variation of
the substrate or the surface of the substrate and the use of different anchor
groups. The benefit of the use of other anchor groups strongly depends on the
used substrate and poses a synthetic challenge. For oxides, commonly acid func-
tionalities!1°271°7] provide the best binding, while for carbon based substrates
non-covalent anchor groups binding via 7w — 77 interaction provide stable bind-
ing[11®l. One of the benefits of the carbon based systems is the insoluble nature
in aqueous solutions rendering dissolution negligible. Furthermore, both varia-
tion of the substrate and the variation of the anchor will also affect the activity as
e.g. the electron transfer depends on the electronic interface[99-°!, For example
the commonly used phosphonate anchor is considered to bind more strongly
on oxides than the carboxylate anchor but the ET might be faster for the lat-
ter(103,112]

Finally, one strategy modifying the interface involves the variation of the sub-
strate surface via pretreatment of the substrate by UV radiation, thermal treat-
ment, and additives[1°2193]. These treatments might improve the stability but are
not applicable to all material systems due to e.g. the limited thermal stability.
Moreover, a detailed understanding on the effect of the treatment on stability
is experimentally challenging and hardly addressed. In summary, the stability
of hybrid systems consisting of molecular catalyst and solid support depends
on various parameters and a detailed analysis is complicated as it involves the
analysis of surface species ideally under operating conditions and represents the
paramount of experimental objectives within the field.

Simplifying approaches are needed in order to obtain meaningful results. Here,
the use of a highly defined and simple device design may help to overcome the
experimental challenges. The options varying the oxide or the oxide surface are
limited, e.g. by pretreatment based on the device design with the molecular
catalyst being immobilized directly on the absorber. However, the interface can
be studied by using a well known model system such as Indium-tin oxide (ITO)
as solid support with established preparation tactics[*'7-123] in combination with
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2.2 Stability of hybrid systems for artificial photosynthesis

the well characterized diruthenium molecular catalyst[34737]. Here, the interface
can than be tuned with anchor groups established for the immobilization on ox-
ides[1037106:124] {5 make thorough analysis and the deduction of new guidelines
possible.
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Abstract:Transition-metal oxides

with the perovskite structure are La, (ST, ,MNO,
promising catalysts to promote
the kinetics of the oxygen evo-
lution reaction (OER). To im-
prove the activity and stability

of these catalysts, a deeper un-

Higher Activity —>

derstanding about the active site,

the underlying reaction mecha- More Mn —>

nism, and possible side reactions

is necessary. We chose smooth epitaxial (100)-oriented LagSrosMnOsz (LSMO) films
grown on Nb:SrTiO3; (STNO) as a model electrode to investigate OER activity and sta-
bility using the rotating ring-disk electrode (RRDE) method. Careful electrochemical
characterization of various films in the thickness range between 10 and 200 nm yields
an OER activity of the epitaxial LSMO surface of 100 uA/cmyy? at 1.65 V vs. RHE,
which is among the highest reported for LSMO and close to (110)-oriented IrO,. De-
tailed post-mortem analysis using XPS, XRD, and AFM revealed the high structural and
morphological stability of LSMO after OER. The observed correlation between activity
and Mn vacancies on the surface suggested Mn as the active site for the OER in (100)-
oriented LSMO, in contrast to similar perovskite manganites, such as Pri_,Ca,MnOs3.
The observed Tafel slope of about 60 mV/dec matches the theoretical prediction for a
chemical rate-limiting step that follows an electrochemical pre-equilibrium, probably O-
O bond formation. Our study established LSMO as an atomically flat oxide with high
intrinsic activity and high stability.

3.1 Introduction

Water splitting represents a promising approach to use hydrogen bonds as en-
ergy carrier toward sustainable energy storage to replace the current use of fossil
fuels. The water splitting reaction can be separated into two half-reactions, the
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3.1 Introduction

oxygen evolution reaction (OER), 2 H,O — O, +4H™" 4 4¢~, and the hydrogen
evolution reaction (HER), 4H' + 4e~ — 2H,. Water splitting is mainly limited
by the OER due to sluggish kinetics even for the most active materials[344°125,
First-row transition-metal oxides are promising OER electrocatalysts[3839414]
because they can be made from relatively earth-abundant materials, such as Mn,
Co, Fe, and Ni, with high OER activity comparable to those of the state-of-the
art catalysts based on precious metals, such as RuO, and IrQ, 7694951261 In the
perovskite structure ABO3, B-site transition-metal cations form a corner-sharing
network of BOg octahedra. A-site doping allows for the control of B-site valence
states as well of B-O bond length and tiltl*?728. The mechanism of OER
on perovskite surfaces is not well understood and might differ from other
OER catalysts, such as photosystem II or metal oxides with different crystal
structure, as discussed in, for example, refsB3] and[29], Much of the recent
mechanistic insight is owed to DFT calculations5?], which assume that the
four-step electron-transfer reaction takes place at an active metal site (denoted
by M in Scheme 3.1).

The free energy of each reaction step is determined by the binding energy

O,+H,0+e"
Mn
OH- (1) e
HO OH
Mn+1 |\I/|n+1
.

© , ©/ ou
Mn

OH- H,O + e

Figure 3.1: Hypothetical Reaction Mechanism of the OER on Perovskites written for Alkaline
Medial352. M denotes a transition metal and n its (positive) oxidation state

between the metal-site atom and the oxygen atom of the M-OH, M-O, or
M-OOH intermediates. For manganites, e.g., LaMnQO3, such calculations predict
that Mn oxidation followed by O-O bond formation (step 3) on a hypothetical
M-O surface site is rate-determining[52l. While not unambiguous, an exper-

imental Tafel slope of -~ 60 mV/dec can be estimated for such a scenario.
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3.1 Introduction

However, the DFT calculations are based on a "frozen surface’ approximation,
where electron-transfer-induced structure dynamics and formation of surface
defects are disregarded. Yet, there also have been several recent reports for
manganites and other oxides acknowledging the active role of lattice oxygen
during OER[565859.61-63130] " Participation of lattice oxygen results in a mech-
anism differing from that in Scheme 3.1, where redoxactive lattice oxygen
or even surface oxygen vacancies may form alternative active sites for OER.
Furthermore, experimental Tafel slopes larger than 60 mV/dec are frequently
reported[3'44'46'65'131'132], which indicates side reactions and/or a mechanism
differing from that in Scheme 3.1. Therefore, a deeper understanding of the
nature of the active site, the OER activity, and the OER mechanism of manganite
electrodes is urgently required.

A detailed evaluation of both the activity and mechanisms requires the study
of very well-defined model systems. For composite electrodes, where carbon
additives are used to provide sufficient conductivity between the oxide and
the support!3733], many carbon additives oxidize in typically investigated OER
voltage ranges['34], giving rise to background oxidation currents'35, Moreover,
the OER activity and potentially the mechanism depend on the active surface
facet of the oxidel9513¢] which is often unknown or undefined when catalyst
powders are used. Electrodeposited oxide films avoid the problems of the
carbon support (assuming complete coverage of the substrate), but the uncer-
tainties of the electrochemically active surface area and crystallographic surface
terminations persist. The investigation of well-defined flat epitaxial films with
one single surface orientation allows for a reliable study of the activity of single
facets[951371,

Furthermore, the implementation of epitaxial thin films in a rotating ring - disk
- electrode (RRDE) setup gives insights into the correlation between electro-
chemical properties of the disk electrode and reaction products detected at the
ring. This allows for discrimination between currents from catalysis and side
reactions, for example, between electrochemical oxygen and peroxide formation,
as demonstrated for Pt single crystals[*33139]. While RRDE investigations of the
OER kinetics for metal single crystals have been accessible, RRDE investigations
on oxide materials have focused on ink-cast oxide particles or electrochemically

deposited films on a conducting substrate[40:5694:126,140-142]

. Hence, experiments
with rotating epitaxial oxide films offer great opportunities to gain mechanistic
insight into the activity of a single surface orientation under conditions of

well-controlled surface chemistry.

24



3.2 Experimental section

In this study, we have chosen epitaxial Lag¢Srg4MnO3; (LSMO) grown on
Nb:SrTiO3 (STNO) to study the activity and mechanism of a model (100)
perovskite surface with a RRDE. The semiconductor LSMO was selected
because of its highly conductive nature and the well-established fabrication
of atomically smooth epitaxial films['43144l,  First, structural and chemical
properties of as-grown LSMO thin films were characterized by X-ray diffraction,
atomic force microscopy, and photoelectron spectroscopy. Second, the metal-like
electrochemical behavior of the LSMO electrode with facile electron transfer
was verified using the redox potentials of the ferri-/ferrocyanide redox reaction
as a calibration standard. Third, the OER activity and stability of epitaxial
LSMO was evaluated by cyclic voltammetry (CV) and chronoamperometry
(CA). The comparison of the measured Tafel slopes of the LSMO disk and
Pt ring electrodes in OER allowed us to evaluate the rate-limiting reaction
step of the mechanism. No structural or morphological changes were found
after chronoamperometry for 1 h. The post-mortem analysis of changes in
the elemental composition of the surface revealed a change in the Mn surface
concentration without formation of an amorphous surface phase. Our data

implied Mn and not oxygen or oxygen vacancies as the active site for OER on
LSMO.

3.2 Experimental section

Film Fabrication: LaggSrp4MnO3; (LSMO) electrodes used for electrochemical
and electric measurements were prepared by ion-beam sputtering (IBS). Round
0.5 wt % Nb-doped SrTiO3 (STNO) and rectangular undoped SrTiO; (STO)
with (100) orientation (CrysTec GmbH) were used as substrates. The films were
deposited at 800 °C in an oxygen atmosphere of 1.7 x 10~ * mbar. To reduce
the amount of preparation-induced defects, the prepared films were kept under
preparation conditions for 1 h and carefully cooled down to room temperature,
including a resting point of 30 min at 500 °C. The film thickness was chosen
to be between 10 and 200 nm in order to compare with previous reports in the
literature, where either 15 nm!*3745! or 200 nm films were used['42l. The film
thickness was measured by X-ray reflectometry (XRR).

Electrode Assembly: For the RRDE setup, epitaxial tetragonall'43146] (100)-
oriented LSMO thin films were assembled as schematically indicated in Figure
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3.2 Experimental section

A

n-Ga Eutectic

Stainless Steel

Carbon tape
Epoxy

B C

Figure 3.2: (A) Schematic view of the electrode made from LSMO thin films between 200 and
10 nm grown on a 0.5 mm thick STNO substrate. An ohmic back contact consists
of 5 nm Ti and 100 nm Pt films. Photographs of (B) the assembled electrode (EEL
setup, 5 mm disk diameter) and (C) the electrode in an RRDE assembly (IMP
setup, 4 mm disk diameter). For detailed dimensions and the procedure for the
electrode assembly, see Table 3.1 and the text.

3.2A. The backside contact consisting of 5 nm Ti and 100 nm Pt layers were pre-
pared by IBS at room temperature. In order to produce reliable ohmic contacts
between the prepared films and the stainless steel holder, sputtered Ti and Pt
layers were applied, whereas carbon tape and InGa eutectic (Sigma-Aldrich,
99.99%) act as a flexible and adjustable conductive spacer. The side of the
assembly was affixed and sealed with chemically stable, nonconductive epoxy
(Omegabond 101), leaving only the thin film surface exposed to the electrolyte.
To provide more protection against leakage of the electrolyte, a nonconductive,
chemically resistant heat shrink tube was added for the IMP setup (see below)
covering the whole stainless steel cylinder. The spacer units were necessary
for alignment in the RRDE setup. The final electrode assembly can be seen in
Figure 3.2B,C.

Electrochemical Measurements: Electrochemical measurements were per-
formed independently in two laboratories using samples fabricated at the
IMP. Details of the experimental setups can be found in Table 3.1. The o.1
M KOH electrolyte was prepared either by diluting KOH stock solution with
deionized water (Milli-Q, > 18.2 M()) or dissolving KOH pellets in deionized
water (Milli-Q, > 18.2 M()). The electrolyte was saturated with Ar gas at
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3.2 Experimental section

Table 3.1: Electrochemical Setups used at the Institute of Materials Physics (IMP) at
University of Gottingen and used at the Electrochemical Energy Laboratory
(EEL) at the Massachusetts Institute of Technology

setup

IMP

EEL

potentiostat

sampling mode

cell volume (mL)
rotator

electrode assembly

disk diameter (mm)
inner ring diameter
(mm)

outer ring diameter
(mm)

height steel cylin-
der (mm)

reference electrode

reference voltage
KOH supplier, pu-
rity

Ar gas supplier, pu-
rity

Interface 1000E (Gamry In-
struments Inc.)
‘noise-reject’: current aver-
age over last 20% of step
duration

75
RRDE-3A (ALS Co. Ltd.)

Pt ring (ALS Co. Ltd.)

4
5

7
35

Saturated calomel
Co. Ltd.)

E,ef = 0.997 V measured )
Sigma-Aldrich (1 M solu-
tion)

Air Liquide, 99.999%

(ALS

VSP-300 (Biologic SAS)

current average over last 50%
of 5 us step duration

120

MSR (Pine Research Instru-
mentation, Inc.)

Pt ring (Pine Research Instru-
mentation, Inc., E6 series)

5
6.5

7-5

35

Saturated calomel (Pine Re-
search Instrumentation, Inc.)

Eer = 0.998 V measured )
Alfa Aesar (pellets), 99.98%

Airgas, 99.999%

" The electrode was calibrated to the RHE scale by CV measurement of hydrogen evolution in
Hj-saturated 0.1 M KOH, where the average voltages of zero current from the positive- and
negative-going CV scans were found at 0.998 V vs. RHE for the EEL setup and 0.997 V vs.

RHE for the IMP setup.
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3.2 Experimental section

least 30 min in advance of the measurement and continuously purged with
Ar throughout the measurement. Electrode potentials were converted to the
RHE scale using Erpge = Egppiied + Erep- The low solubility of oxygen in water
causes bubble formation at the disk[*4'l and an accurate determination of the
OER overpotential is further complicated by the increasing O, concentration in
Ar-saturated electrolytes. For these reasons, we did not quantitatively analyze
oxygen detected by ring electrodes.

Electrochemical Protocols: An identical measurement protocol was used to
investigate OER kinetics for both setups. The double-layer capacitance was
measured by cycling three times from 1.1 to 1.2 V vs. RHE with 10, 20, 50,
100, and 200 mV/s at 2500 rpm, and the capacitive current was extracted at
the middle of the potential range according to the TUPAC recommendation!47],
The OER activity was investigated by cycling three times from 1.1 to 1.75 V vs.
RHE with 10 and 200 mV /s at 2500 rpm. Subsequently, the samples were held
at 1.7 V vs. RHE for 1 h. The ring electrode was constantly held at 0.4 V vs.
RHE to probe for O; [calibration data shown in Figure 8.1, Appendix A]. Before
each measurement series, electrochemical impedance spectroscopy (EIS) was
conducted with an amplitude of 10 mV at open circuit potential (R=45+14 () for
EEL setup and R=48+5 Q) for the IMP setup). The potentials were referenced
to the reversible hydrogen electrode (RHE) scale in 0.1 M KOH and corrected
for the electrolyte resistance extracted from the high-frequency intercept of the
real impedance. Additional experiments on the [Fe(CN)g]>~/#~ reaction were
performed using the EEL setup and LSMO films with thicknesses of 40 and
200 nm in Ar-saturated 0.1 M KOH, to which 5 mM each of K4Fe(CN)¢- 3 H,O
(Sigma-Aldrich, 98.5%) and K3Fe(CN)g (Sigma-Aldrich, 99%) were added. The
disks were scanned from 0.65 to 1.65 V vs. RHE at a rate of 200 mV /s, while the
ring potential was set to 1.55 V vs. RHE to probe for ferrocyanide to ferricyanide
oxidation.

Structural Characterization: The films were characterized using extensive
X-ray diffraction (XRD) measurements. XRD and XRR measurements were
carried out with a Bruker D8 discover system with a Cu K, source. The surface
morphology was characterized by atomic force microscopy (AFM) using a
MFP-3D Classic (Asylum Research) in tapping mode. The root mean squared
roughness (rms) was calculated using the Gwyddion software!™®l to quantify
surface morphology (Tables 8.1 and 8.2, Appendix A). Additionally, an effective
roughness factor was determined by dividing the three-dimensional surface
area by the projected area[*3'], where the former was obtained by a triangulation
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3.3 Results and Discussion

method in Gwyddion[™48l. All films had terraced surfaces that reflect the terrace
structure of the substrate surface. Such vicinal surfaces are generated by small
deviations from the ideal low index surface due to imperfect polishing. In our
samples, the deviation from (100) is up to 0.3° and the terrace width of the
LSMO surface and structure of the terraces slightly varied even within one
sample (Figures 8.2-8.4, Appendix A). Nevertheless, all epitaxial LSMO films
exhibit a vicinal (100) surface, where the (100) surface facets of the terraces
are separated by unit cell steps. Extensive post-mortem analysis of structural
changes was applied to samples measured by the IMP setup.

Electric Transport Measurements: The in-plane resistivity was measured in a
physical property measurement system (PPMS) using a four-point probe setup
on the LSMO films grown on insulating STO.

Chemical Composition Characterization: The elemental composition was
measured with XPS (Physical electronics PHI Versaprobe II) using an Al K,
source. The binding energy scale was calibrated by defining the fitted C 1s
peak for adventitious carbon at 284.8 eVI149l. Extensive postmortem analysis of
chemical changes was only performed on samples measured by the EEL setup.
Compositions were calculated by dividing the RSF-corrected spectral areas by
the sum of the areas of La, Sr, Mn, and O. Subsequently, the fractions of La, Sr,
and O were divided by that of Mn to obtain the atomic ratio. We note that the
escape depths of electrons differ among the La, Sr, O, and Mn spectra. Samples
for XPS were carefully rinsed with copious amounts of Milli-Q water after
electrochemistry and subsequently stored under vacuum at 50 °C for less than
24 h.

3.3 Results and Discussion

In the following, a thorough study of OER activity and stability on epitaxial
(100)-oriented LSMO thin films is presented. As epitaxial LSMO films are not
an established electrode material, we first present the structural and electrical
properties of the prepared LSMO thin films (section 3.3.1), followed by their
careful electrochemical characterization via rotating ring - disk methods (section
3.3.2). We show that the semiconducting electrode behaves like a metallic elec-
trode. The careful characterization of the electrode material allows us to relate
changes in the physical properties to activity and stability during OER (section
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3.3 Results and Discussion

3.3.3). Sections 3.3.1-3.3.3 jointly established the model character of our LSMO
electrodes. Finally, we correlate OER activity to changes in atomic ratios of the
LSMO surface, suggesting Mn as the active site (section 3.3.4).
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Figure 3.3: (A) Representative AFM image of a Lag¢Sro4MnO;3 film of 8o nm grown on
(100)-oriented STO. (B) wide-angle out-of-plane XRD scan on a representative
Lag ¢Srp4MnOs3 film of 8o nm. (C) Double-layer capacitance of a LagSro4MnOs
film of 20 nm in Ar saturated 0.1 M KOH at the indicated scan rates (in units
of mV/s) shows the rectangular shape where thick lines were smoothed by a
second-order polynomial filter in EC Lab (seven point window)[*5°l. (D) The
specific capacitance of a LageSrg4MnO;3 film of 20 nm extracted from double-
layer capacitance measurements using the EEL setup before (up triangles) and
after storage in air for a week followed by OER measurements (down triangles).
The capacitance was normalized by the geometric disk area and the roughness
factor obtained from AFM (Figure 8.2).
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3.3.1 Physical Properties of LSMO Films.

LSMO films were grown on single crystalline STNO substrates with atomically
flat surfaces rivaling those of more commonly investigated metal surfaces, e.g.,
Ptl'51]. AFM images of the LSMO films (Figures 3.3A and 8.2-8.4, Appendix
A) show terraced surfaces with an average root-mean square (RMS) of 0.12 +
0.03 nm for samples used for the IMP setup (Table 8.1, Appendix A) and 0.13
+ 0.04 nm for samples used for the EEL setup (Table 8.2, Appendix A). Surface
roughness was identical within experimental uncertainty (95% confidence
interval), regardless of film thickness. The observed step heights of the terraces
of about -~ 0.4 nm corresponds to single unit cells of the LSMO crystal (Figure
8.2, Appendix A)['52. Considering the ratio of > 250 : 1 between the terrace
widths of 100-700 nm and the step height of 0.4 nm (Figure 8.4, Appendix A),
the contribution of the edges to the surface area can be neglected.

The epitaxy of the grown films is shown by out-of-plane X-ray diffraction
(Figure 3.3B) exhibiting only reflections from the substrate and LSMO that
belong to the (100) orientation, which was supported by ¢-scans, rocking
curves, and detailed 20 scans (Figure 8.5, Appendix A). ¢-Scans showed the
identical 4-fold symmetry as the substrate supporting high epitaxy. Rocking
curves indicated high epitaxy limited by the substrate quality. Detailed 20
scans on the (200) reflection showed an increased tensile out-of-plane strain
(-0.8 to -1.2%) with increasing film thickness from 10 to 200 nm. A tetragonal
distortion of the rhombohedral lattice (space group R3c) on the order of 1%
due to substrate misfit is often observed in LSMO films[143140]. We note that
the magnitude of strain and its trend with thickness depend on the preparation
method and conditions!'53%54], The initial stress due to lattice misfit between
the film (pseudocubic lattice parameter a’ = 3.88 A)[52] and the substrate (cubic
lattice parameter a = 3.905 A)[155] can be modified due to preparation induced
defects. In summary, AFM and XRD showed epitaxial growth of smooth LSMO
tilms, which allowed correlation of the electrochemical properties exclusively to
(100)-oriented LSMO.

To bridge the structural properties and electrochemical application, the double-
layer capacitance was measured, showing the expected response of a flat surface.
The double-layer capacitive current (Figure 3.3C) follows the expected linear
behavior of an ideal capacitor with scan rate v given by ic=v Cpr 5! (Figure
3.3D), with a specific capacitance of Cyspo=7742 F/cm? in 0.1 M KOH for the
thinnest (100)-oriented LSMO films with thicknesses of 20 nm. Moreover, the
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3.3 Results and Discussion

good fit by linear regression in Figure 3.3D supported that the observed currents
were exclusively due to physical adsorption in the double-layer (and not due to
Mn redox). Although specific capacitances for perovskite oxide surface have not
been available previously, the value is consistent with the specific capacitance of
6o uF/ cm?, which is considered universal for oxide surfaces[*47]. Therefore, the
obtained specific capacitance in this study could serve as a reference value for

future estimations

3.3.2 Electrochemistry of Semiconducting LSMO.

The band structure of semiconductors and particularly band bending at internal
interfaces and the surface can prevent current flow 451561571 which is not ob-
served for metal electrodes. Furthermore, the mechanism of electron conduction
in oxide semiconductors differs from that of metals having delocalized electrons.
Both can influence the apparent catalytic activity and might lead to a misinter-
pretation of catalytic rate-limiting steps. Our LSMO films had an in-plane resis-
tivity of < 1073Qcm at room temperature, which was lower than reported pre-
viously (< 1072Qcm) [144] Hut higher than that of metals (-~ 10-°Qcm) [158] The
LSMO resistivity decreased with film thickness (Figure 8.6, Appendix A). This
correlates with the observed reduction of tensile out-of-plane strain with thick-
ness and may be due to an improved hopping of localized electrons via double-
exchange, depending on the angles of manganese-oxygen bonds 331441591, These
semiconducting properties of LSMO prompted us to investigate if its electron
transfer is suitable for electrochemistry at OER voltages.

Electron transfer kinetics to the LSMO surface was shown to be facile using
the ferri-/ferrocyanide redox couple (Figure 3.4). Both a 40 nm film and a 200
nm film showed the symmetric duckbill shape of a fast, reversible redox couple
(Figure 3.4A), having similar amplitudes of the cathodic and anodic peaks (Ta-
ble 8.3, Appendix A); i.e., electrochemical charge transfer did not correlate with
bulk conductivity (Figure 8.6, Appendix A). Moreover, the reversible potential of
the ferri-/ferrocyanide solution was 1.18 V vs. RHE, regardless of film thickness.
The voltage difference between the cathodic and anodic peaks was 92 and 102
mV, for 40 and 200 nm thickness, which was slightly larger than the expected
scan-rate-independent 56 mV for a fully reversible one-electron process with fast
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Figure 3.4: Disk currents of Lag Srg 4MnOs films of 40 and 200 nm in 5 mM of each ferro- and
ferricyanide with 0.1 M KOH supporting electrolyte (Ar-purged) at 200 mV/s
measured using the EEL setup. (A) Surface charge transfer kinetics at unrotated,
quiescent electrodes. Thin lines indicate baselines for determination of current
amplitudes i,/i. at peak potentials E,/E.. (B) Kinetics of ferri-/ferrocyanide
redox. Rotation speeds were increased from 93 to 2503 rpm (lines) and subse-
quently decreased back to 93 rpm (circles), which was measured using a laser
tachometer. The inset shows the Levich plot of ferrocyanide oxidation (solid
circle), ferricyanide reduction (open circle), and currents calculated using eq 3.1
(solid lines). All disk currents were corrected for capacitive currents by averaging
positive and negative-going scans of the second cycle.
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kinetics[4916°] Peak separations of 104 mV for a 10 nm LaMnOj3 film[45] and
115 mV for a 15 nm Lag¢;Srg33MnO;3 film['5°] were found at a sweep speed
of 10 mV/s. Peak separations greater than 56 mV and spread greater than 10
mV are frequently reported for ferri-/ferrocyanide°*-163] in various electrolytes
on conventional metal and carbon electrodes due to the cleanliness of the elec-
trode[164], uncompensated resistances, and nonlinear diffusion!1%5!. The similar-
ity of the peak currents and low voltage difference between the cathodic and
anodic peaks established the ability of the LSMO films to donate or accept elec-
trons at voltages relevant to oxygen evolution.

In rotating disk electrode (RDE) experiments, our LSMO films also showed the
response of a flat metal electrode using the ferri-/ferrocyanide redox couple
in an electrolyte containing 5 mM each of ferricyanide and ferrocyanide in 0.1
M Ar saturated KOH (Figure 3.4B). The capacitance-corrected limiting currents
showed the expected linear current increase for quadratic increase of the rota-
tion speeds for both ferricyanide reduction (negative currents) and ferrocyanide
oxidation (positive currents), which is in agreement with the Levich equation [51]
(Figure 3.4B, inset)

ir=0200nFAC D2/3'y*1/6w1/2 (3.1)

where n=1 is the number of transferred electrons, F=96 485.33 C/mol is the Fara-
day constant, C=5 mM is the concentration of the active species, A=0.196 cm?

is the electrode area, D is the diffusion coefficient of ferrocyanide (6.32 x 10~°

6 2 ecm?/s is the

cm? /s)[160] or ferricyanide (7.28 x 10~ cm?/ s)[160] =102 x 10~
kinematic viscosity!'%l, and w is the rotation speed in units of rpm. Literature
values of D and y could not be found for 0.1 M KOH, and we used the values for
5 mM each of ferricyanide and ferrocyanide in 0.504 M KOH at 26.6 °C instead;
the temperature in our experiment was 24.4 °C. Both lead to a slight overestima-
tion of the calculated limiting currents. Unlike previous RDE experiments!42],
our LSMO films show ferri-/ferrocyanide redox kinetics akin to that of metal
surfaces, which establishes their suitability for RRDE investigation of the OER.
This is further supported by the measurement of ring currents and linear corre-

lation between ring and disk currents in Figure 8.9 (Appendix A).
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Figure 3.5: CV measurement of a 20 nm Lag ¢Srp4MnOj film (solid blue line) and the corre-
sponding ring current (open red circles) obtained by CA at 0.4 V vs. RHE aquired
using the EEL setup. The inset shows the Tafel analysis of the Pt ring (red circles)
and the disk LSMO (blue circles) currents as a function of the disk voltage ob-
tained from CV. All measurements were performed with Ar-purged 0.1 M KOH
supporting electrolyte at 10 mV/s and 2503 rpm. The voltage was corrected for
electrolyte resistance (47 (), and the positive-going direction of the second scan
is shown.

3.3.3 Activity and Stability of LSMO during Oxygen Evolution.

The activity and stability of all epitaxial films was evaluated by CV. OER mea-
surements of a LSMO film of 20 nm thickness are shown as an example in Figure
3.5, and other investigated films can be found in Figures 8.12 and 8.13 (Ap-
pendix A). In CV, no features except for the onset of oxygen evolution could
be observed, as previously reported for quiescent measurements!'3*l. The onset
voltage of OER current occurred at voltages greater than 1.6 V vs. RHE, inde-
pendent of film thicknesses between 10 and 200 nm, since the space charge layer
in LSMO is less than 3 nm[145167] We observed a disk current of 100 uA/ Cgx?
at 1.6530.01 V vs. RHE using the EEL setup and 1.67+0.02 V using the IMP
setup, which was identical within experimental uncertainty. Error bars (20, 95%
confidence interval) were calculated from the experimental scatter of the mea-
surements shown in Figures 8.12 and 8.13 (Appendix A). No change was found
in the OER activity from cyclic voltammetry before and after voltage holding at
1.7 V vs. RHE for 1 h (Table 8.5, Appendix A). Moreover, the voltages required
to obtain an OER current of 100 uA/ Cyy Were consistent with previous results
for both 15 nm of (100)-orientated LaggSrgoMnO; (1.7 V vs. RHE)["31] as well
as 200 nm of LaggSryp,MnOs on Ptl'42] (1.68 V vs. RHE) and were similar to
those of powders[3! considering the experimental uncertainty (Table 8.6, Ap-
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pendix A). The intrinsic OER activity of (100)-oriented LSMO is similar to that of
(110)-oriented IrO, but lower than that of (110)- and (100)-oriented RuO,, (100)-
oriented Bag55r)5C00gFep203_5 (on LSMO), or LaCoOs thin films (Table 8.6,
Appendix A)[395131] For our extremely flat LSMO films, the disk area equals
the area of the active oxide (indicated by subscript ‘ox’), while the oxide area
(Aox) is usually larger than the disk area (Ayjs) for electrodeposited films and
supported nanoparticles (e.g., Aox/Agisk=60 for RuO; in refl94). While other
options for normalization exist'3], the oxide area is most meaningful when dis-
cussing the effect of composition on activity, making it the most suitable choice
for our purposes. Therefore, the comparably low disk currents in Figures 3.5
and 8.12 and 8.13 (Appendix A) translate into high intrinsic activity per oxide
area. However, it should be noted that LSMO, having a high intrinsic activity,
does not suggest applicability on a large scale, where high activity per geometric
area is needed.

The onset of OER activity was further investigated by the RRDE method, where
oxygen generated at the disk moved to the ring by forced convection. Oxygen
was then reduced at the ring under mass-limiting conditions; i.e., the ring cur-
rent only depends on the concentration of oxygen (Figure 8.1B, Appendix A). At
a ring voltage of 0.4 V vs. RHE, reduction of species other than oxygen would
be conceivable if they were present in the O,- saturated KOH electrolyte. For
the LSMO electrodes, the formation of hydrogen peroxide under oxidative con-
ditions was negligible (Figure 8.11, Appendix A). The electrochemical formation
of soluble permanganate is thermodynamically possible at disk voltages above
1.5 V vs. RHE[7379] and was reported as a side reaction for reactively sputtered
MnO, 7%, However, after chronoamperometry at 1.7 V vs. RHE, no evidence
of structural changes or loss of material could be found, as discussed in the fol-
lowing section, hence indicating that permanganate formation was negligible.
Due to the lack of evidence for other reducible species in the electrolyte, we con-
clude that ring currents respond solely to dissolved oxygen and, together with
the observed correlation of ring currents with the disk currents (Figure 3.5), thus
suggested that the onset of disk currents corresponded to the onset of the OER.
Furthermore, ring currents can be used for mechanistic discussion (e.g., Tafel
analysis) as they represent exclusively the catalytic current due to the OER.
Tafel slopes of disk current densities in the range from «0.02 to 2 mA/cm? were
found to be independent of film thickness and measurement setup. We identi-
fied two distinct Tafel slopes, one at low current densities of 0.02-0.2 mA/cm?
and one at higher current densities of 0.2-2 mA/cm? (Table 8.4, Appendix A). We
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will focus on the latter Tafel slope (lines in inset of Figure 3.5) because it was ob-
served at overpotentials commonly compared in the literature[3383965131] The
Tafel slopes had values of 654+5 mV/dec at the disk and 666 mV/dec at the
ring using the IMP setup (Table 8.4, Appendix A) and 63+3 mV/dec at the disk
and 62+5 mV/dec at the ring using the EEL setup (Table 8.5, Appendix A). In
addition, Tafel slopes of both disk and ring were unchanged after holding for 1
h at 1.7 V vs. RHE (Table 8.5, Appendix A). Having no difference in the disk
and ring Tafel slopes over ~2 decades of disk current suggested that neither ca-
pacitance nor corrosion affected the disk currents of our LSMO disk.

Tafel slopes can be predicted on the basis of the sequence of elementary reaction
steps and the rate-determining step of the mechanism48-5°1. Our Tafel slopes are
consistent with the Tafel slope of 59 mV/dec expected for OER at 25 °C, hav-
ing an electrochemical pre-equilibrium followed by a chemical rate determining
step, such as O-O bond formation between OH,; and a hypothetical Mn=0 sur-
face site, as predicted for LaMnO3; and shown in Scheme 3.1[52]. Prior to O-O
bond formation, most proposed OER mechanisms require Mn oxidation, which
is a probable electrochemical pre-equilibrium step for Mn as the active sitel3,
Chemically limited reaction mechanisms without a highly oxidized M=0O inter-
mediate, e.g., those involving lattice oxygen, have smaller Tafel slopes of ~30
mV/decl5®l. Larger Tafel slopes of ~120 mV/dec are indicative of mechanisms
where an electrochemical step is rate-limiting[5°l. All of these Tafel slopes were
derived under the assumption that the active site is not blocked by adsorbates
(i.e., low surface coverage limit).

The OER Tafel slope of our LSMO disks was lower than previously reported
for a 15 nm LaggSro,MnOj3 film with (100) orientation (70 mV/dec)3 and
Lag ¢Srg4MnOs3; powder (125 mV/dec) [46] a5 well as other manganese-based elec-
trocatalysts with Tafel slopes between « go and 160 mV /dec[34405132], In addi-
tion to the mechanism, Tafel slopes are also sensitive to differences in conduc-

tivity['5¢] and surface roughness[1%8.

The relation between roughness and the
Tafel slope is not straightforward [1%], and the determination of accurate catalytic
currents becomes challenging for very rough surfaces, e.g., due to high capaci-
tive currents. Low electric conductivity previously led to Tafel slopes above 60
mV /dec (for ORR of LSMO)!5¢], and in the most extreme cases, where electron
transfer becomes limiting, 120 mV /dec should be expected. The high conduc-
tivity and the extremely low roughness of our films, as well as the agreement
of the disk and ring Tafel slopes, support that the obtained Tafel slopes of - 60

mV /dec are representative for (100)-oriented LSMO electrodes.
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To evaluate the long-term stability during OER, all LSMO films were charac-
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Figure 3.6: Chronoamperometry (CA) of a 10 nm LagSrp4MnO; disk at 1.7 V vs. RHE
using the IMP setup. The blue line shows the disk current and red dots the
corresponding ring current obtained by CA at 0.4 V vs. RHE. The measurement
was performed with Ar-purged o.1 M KOH at 2500 rpm.

terized using chronoamperometry (CA) for 1 h at 1.7 V vs. RHE following the
CV measurements. An example for a 10 nm LSMO electrode is shown in Figure
3.6, and the data for the other films can be found in Figures 8.14 and 8.15 (Ap-
pendix A). The majority (70%) of LSMO electrodes showed that the disk current
dropped within the first 10 min and then increased until the end of the mea-
surement, which correlated with small or no increases in the ring current due to
bubble formation and O,-saturation of the electrolyte. Selected electrodes were
stored in air for up to 1 week and then evaluated again by CV (Figure 8.13F-H,
Appendix A) and CA (Figure 8.15F-H, Appendix A). During the latter CA mea-
surement, the disk current dropped again initially but then rose above the value
it had in the first measurement.

Similar activation during OER was previously observed for Lag gSrg2MnO;3; dur-
ing CV after - 10 cycles (-~ 20 min) 31 in Oy-saturated 0.1 M KOH, which was
attributed to manganese oxidation on the surface. Increasing currents during
OER CA due to corrosion, phase change, or electrolyte saturation with oxygen
can be neglected because (i) the calculated amount of soluble MnV10,~ ex-
ceeded the number of Mn atoms in the film by more than 1 order of magnitude
(calculation detailed in the Appendix A), (ii) the obtained charge is too large to
be explained by a phase change, e.g., from a perovskite to a Ruddlesden-Popper
phase, and (iii) the electrolyte in the diffusion layer would be saturated with

38



3.3 Results and Discussion

oxygen in - 4 s for the estimated OER currents (calculation described in the Ap-
pendix A) so that this effect cannot explain rising currents over the duration of -~
50 min. Therefore, we propose that the formation of a more active surface phase
on LSMO might contribute to the observed current enhancement in this study.
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Figure 3.7: Post-mortem analysis on a 80 nm Lag ¢Srp4MnOs film using AFM and XRD: (A)
the surface of the as-grown sample, (B) the surface after CV (three cycles between
1.1 and 1.75 V vs. RHE with 10 and 200 mV /s at 2500 rpm) and CA at 1.7 V vs.
RHE for 1 h (data in Figures 8.12B and 8.14B, Appendix A), (C) the lack of notable
changes in XRR patterns, and (D) the lack of notable changes in XRD due to CA
using the IMP setup. Small changes of the high-angle part of the diffractogram
might originate from minor changes in surface density.
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3.3.4 Correlating Trends in OER Activity to Surface Composition
of the Electrode.

The increase in the OER current density in Figure 3.6 is most likely not resulting
from surface roughening. Representative AFM images of an LSMO film of
80 nm before (Figure 3.7A) and after 1 h of OER at 1.7 V vs. RHE in 0.1 M
KOH (Figure 3.7B) showed comparable terraces and island-like structures near
the terrace edges. The preservation of the surface terraces corresponding to
perovskite unit cell steps can therefore rule out severe surface degradation or
more specifically the formation of an amorphous surface layer. Moreover, the
presence of minuscule features such as the islands after CA can rule out signif-
icant film dissolution, because we expect that such features with high surface
energy dissolve first. The stability of the LSMO under catalytic conditions was
supported by TEM measurements showing no significant changes in structure
even at the surface (Figure 8.16). Similar observations were made for films of
other thicknesses having varied terrace width associated with different miscuts
in the Nb:SrTiO3 substrate (Figure 8.3, Appendix A). The presence of white
spots in Figure 3.7B with heights of up to 10 nm (see Figure 8.17, Appendix
A) might be related to electrolyte residue. In addition, XRR analysis shows no
noticeable changes before and after the CA OER measurement, reflecting that
the bulk thickness as well as the roughness remained unchanged (Figure 3.7C).
Moreover, out-of-plane XRD measurements revealed small changes in strain,
which did not correlate with the strain in the as-grown film nor the currents
during CA (Figure 8.5B, Appendix A), further corroborating the preservation of
the perovskite structure for all film thicknesses. In summary, AFM, XRR, and
XRD, analyses performed after the CA OER measurement showed no noticeable
changes in the surface structure or the bulk structure, which supports that the
increase in the OER current cannot be attributed to surface roughening, surface

amorphization, or Mn dissolution.

XPS spectra taken of the pristine samples and after 1 h of CA at 1.7 V vs. RHE
supported unchanged manganese valence and revealed changes in the surface
chemical composition of LSMO during OER activity. A survey scan showed
no additional core level features due to contamination, except trace amounts
of lead (Pb) after the CA OER measurement (Figure 8.18, Appendix A), which
presumably came from the electrochemical cell made from glass. The La 4d
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Figure 3.8: Representative XPS spectra of a 20 nm thin Lag ¢Srp4MnO; film showing the (A)
La 4d, (B) Sr 3d, (C) Mn 2p, and (D) O 1s core levels for the pristine sample
(black) and the same sample after CV (three cycles between 1.1 and 1.75 V vs.
RHE with 10 and 200 mV/s at 2500 rpm) and CA at 1.7 V vs. RHE for 1 h (red)
using the EEL setup.
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spectrum of the pristine sample exhibits the d5,, and d3,, doublet at binding
energies of 101.6 and 104.8 eV (Figure 3.8A). The pristine Sr 3d spectrum shows
the ds5,, and d3/, doublet at binding energies of 132.4 and 134.1 €V for the
pristine sample (Figure 3.8B). The pristine Mn 2p spectrum shows two broad
p3/2 and py/, doublets at 641.7 and 653.3 eV (Figure 3.8C). While determination
of the Mn oxidation state is challenging due to the multiplet emission lines
of various Mn valences, the unchanged peak position and width suggest an
unchanged valence state before and after the CA OER measurement. It is
conceivable that Mn!" ions that may have formed during OER react with water
during cleaning or with oxygen in air. Thus, resolving valence changes in active
states requires in situ experiments, which are outside the scope of this study.
The main emission line of the pristine O 1s spectrum shows a peak at 529.2 eV
with a broad energy shoulder around 531.2 eV, where the peak is assigned to
bulk oxygen and the shoulder to surface oxygen (Figure 3.8D)!'7°l.

The average atomic ratios of LSMO film surface were close to the nominal
composition Lag ¢Srg4MnQOj3 for pristine samples but not after oxygen evolution
for 1 h. We found 0.68+0.16 lanthanum atoms, 0.50+0.12 strontium atoms, and
3.691+0.76 oxygen atoms per manganese for the pristine samples (Figure 3.9A),
which agrees well with the expected atomic ratios. There were no noticeable
differences in the La/Mn, Sr/Mn, and O/Mn atomic ratio with thickness in
tive pristine samples having thicknesses between 10 and 200 nm (Figure 8.19,
Appendix A). After cyclic voltammetry and the CA OER measurement at 1.7
V vs. RHE for 1 h, the average of all elemental ratios relative to manganese
increased, but only the increase of La was significant considering experimental
uncertainty (Figure 3.9A). Changes in the atomic ratios (X./X,) before and
after OER CA corroborated that the film surfaces were significantly enriched
in lanthanum, while the ratios of strontium and oxygen remained unchanged
within error and that of manganese was reduced after OER (Figure 3.9B). The
film composition after OER is changed as a result of the surface dissolution
of Mn atoms and potentially Sr, as its average ratio is below unity. Both SrO
as well as Sr-OH species show a significant solubility in water['72172]; thus,
surface dissolution of Sr in water is conceivable for various perovskites!173:174],
Dissolution of Mn atoms from tri- or tetravalent binary MnO, compounds can
only evolve under alkaline conditions under strongly oxidizing conditions[*75].
However, Mn dissolution is less understood for perovskites, having higher
formation enthalpy than binary oxides. Normally, the formation of cation
vacancies should be coupled to anion vacancy creation in order to keep the
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Figure 3.9: (A) Average atomic ratio relative to Mn of five pristine La,Sr,MnO, (nominally
Lag ¢Sr94MnQO3) films before (black, ‘pristine’) and after 1 h of CA at 1.7 V vs.
RHE (red, ‘after CA’) determined by XPS. (B) Ratio of electrolyzed (X, i.e., af-
ter CA) to pristine stoichiometry (X,) of O, Sr, La, and Mn. Correlation between
OER activity and the change in the surface atomic ratio of electrolyzed to pristine
(C) manganese (Mn,/Mn,) and (D) oxygen (O,/O;). OER activity is monitored
via the background-corrected ring current at 1 h CA obtained either from elec-
trochemistry on pristine surfaces (circles) or repeated measurements (diamonds)
using the EEL setup. An outlier (open circle) was not considered in the trend (see
the text). Error bars in panels A and B denote the 95% confidence interval (20)
of five films. For the observation of the increase of Mn,/Mn,, > 1 after repeated
CA, see the text.
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charge balance in Schottky-type defects.

Notably, the surface oxygen ratio after CA to pristine samples is not changed.
This indicates that under strongly oxidizing conditions Mn under-stoichiometry
may evolve by a defect reaction, where the charge imbalance induced during
Sr2*+ dissolution and La®** enrichment is compensated via Mn®* vacancies in a
VMnW/ Dy, defect couple (Kroger - Vink notation)[7®! as corroborated by the
proportionality of Mn,/Mn,, to La./La, (Figure 8.20, Appendix A). Apparently,
the formation of anion/cation pair Schottky-type defects Vsr /Vo' was avoided.
Preservation of perovskite structure for large Mn vacancy concentrations with
La/Mn ratio up to 1.09 was proven in LaMnO;[85 and is verified for our
LSMO films via high-resolution TEM studies (Figure 8.16A, Appendix A).
Interestingly, the ratio of manganese in the pristine sample relative to that after
OER CA increased above 100% when the protocol was repeated (diamonds
in Figure 3.9C). As expected from the defect couple described above, Mn
over-stoichiometry correlates to a drop of surface La and vice versa (Figure 8.20,
Appendix A). Moreover, EDX line scans showed that the surface is enriched in
La within 2 nm below the surface (Figure 8.16B,C, Appendix A), which reduces
the escape depth of Mn 2p electrons. In stoichiometric LSMO, the escape depth
of these electrons is 2 nm (ca. five unit cells)['77]. Thus, the magnitude of the
atomic ratio Mn,/Mn, can be explained by a combination of electron escape
depths, a La terminated surface, and Mn vacancies after OER.

Having established that detected currents are predominantly of catalytic nature,
we studied their dependence on chemical changes. The ring current at 1 h of
OER at 1.7 V vs. RHE as a proxy for oxygen evolution increased monotonously
with the atomic ratio of Mn (Mn, / an) : that is, the more Mn that was retained,
the higher the observed activity. This correlation suggests that Mn is the
active site for the OER on LSMO (Figure 3.9C). While the transition metal is
frequently proposed as the active site!3172], direct correlation between Mn,/Mn,,
and OER activity has not been reported in perovskite oxides to the best of
our knowledge. Finally, the lack of changing oxygen atomic ratio (O./O))
during OER (Figure 3.9B) and the absent correlation between surface oxygen
and OER activity supported electrocatalysis involving manganese without
participation of lattice oxygen. In contrast, recent findings on other perovskite
systems propose the involvement of oxygen vacancies[5585961631  This is
even the case for the structurally similar manganite compound Pr;_,CayMnO3
(x = 0.0-0.8)[61-63], probably due to different contributions of the O 2p states
compared to LSMO[B325963] An increase of OER activity correlates with a drop
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of surface La concentration (La,/La, in Figure 8.21C, Appendix A) as a result
of the VMnW/ Dr, " detfect couple. Involvement of La as an active site can be
excluded on the basis of the LaMnOj3; band structure, where La 4f states are not
involved in bonding and 5d states have energies far above the Fermi level 78],
Future efforts will include in situ studies of the active state of the LSMO (100)
surface and further understanding the mechanism of Mn vacancy formation to
bolster the stability of LSMO.

3.4 Conclusions

We have successfully extended the RRDE method for the study of epitaxial
LSMO thin films with a (100) surface. Using the facile ferri-/ferrocyanide re-
action, we demonstrated that such LSMO electrodes exhibit the response of a
flat metal electrode. Subsequently, we used these electrodes to study the OER
in two laboratories, where we found identical results within error. CV measure-
ments showed high OER activity and identical onset of LSMO disk and Pt ring
currents, thereby establishing the detection of oxygen at the ring. Moreover, the
same Tafel slopes of about 60 mV/dec within error were found for both the disk
and ring currents, indicating a high efficiency for the OER and that the obtained
value of the Tafel slope is not hampered by a parasitic process. The obtained
value of the Tafel slope indicates that the reaction sequence is characterized
by an electrochemical pre-equilibrium followed by a chemical rate-determining
step. DFT calculations based on a frozen surface, which assume the B-site as
the active site, suggest that the rate-limiting step is the chemisorption of an OH
species at an oxidized Mn=0 site, i.e., O-O bond formation [52],

The long-term measurements showed either stable disk currents or in some
cases even increasing currents. Extensive post-mortem analysis demonstrated
the structural and morphological stability of LSMO during CA, which is highly
desirable for practical OER electrocatalysts and model surfaces. OER activity did
not correlate with film thickness, conductivity, or strain. Yet, the chemical com-
position was modified during CA, where La content increased, while surface Mn
decreased. The concentration of retained surface Mn correlates with the activity,
allowing us to identify Mn as the active site of (100)- oriented LSMO. Although
a metal-centered active site is theoretically predicted for OER at perovskite sur-
faces, clear experimental evidence has been scarce to date. Our finding that
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surface oxygen was maintained after OER is in contrast to observations for other
perovskite oxides, where active surface oxygen gives rise to the formation of
oxygen vacancies in the active state during OER 56585961631,

Our study established LSMO as an atomically flat oxide with ideal electrochem-
ical properties, high intrinsic activity, and high stability. Moreover, Mn as the
active site and the rate-limiting step from Tafel analysis agree well with the
mechanism commonly assumed in DFT calculations (Scheme 3.1). Therefore,
LSMO thin films can serve as model electrodes to test theoretical predictions

regarding the OER mechanism using in situ experiments.
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Abstract: Improving the

activity of catalysts for the stable———>unstable

oxygen evolution reaction H:0
(OER) requires a detailed

understanding of the sur-

Activity

face chemistry and struc-

ture to deduce structure-

function relationships (de-
scriptors) for fundamental lattice parameter

insight. We chose epitaxial

(100) oriented Lag ¢Srg4Mn;_sO3 (LSMO) thin films as a model system with high elec-
trochemical activity comparable to (110)-oriented IrO, to investigate the effect of Mn
off-stoichiometry on both catalytic activity and stability. Extensive structural charac-
terization was performed by microscopic and spectroscopic methods before and after
electrochemical characterization using rotating ring-disk studies. Stoichiometric LSMO
had the highest activity, while both Mn deficiency and excess reduced the catalytic ac-
tivity. Furthermore, all samples preserved the crystal structure up to the very surface.
Mn excess improved the long-term activity and we hypothesize that excess Mn stabilizes
the surface chemistry during catalysis. Our data shows that the defect chemistry should

be considered when designing catalysts with enhanced activity and rugged stability.

4.1 Introduction

With the world facing limited supply of fossil fuels, the water splitting reaction
poses an alternative and promising approach towards sustainable energy. The
efficiency of the water splitting reaction is limited by the half reaction of the
oxygen evolution reaction (OER) even for the most active materials due to the
sluggish kinetics of the four-step electron/proton transfer reaction[344°125l,
Promising candidates for OER catalysts are first-row transition metal ox-
ides[3839:41,4277,179] 4g they consist of earth abundant elements, such as Mn, Fe,
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Co, and Ni, which can show activities per catalyst area comparable to state-
of-the-art catalysts, such as RuO, and IrQ, 769495126 Among these catalysts
are frequently perovskites with the ABOj; structure, which show a broad range
of properties that arise from tuning of the valence states of the B-site, B-O
bonding length and angle by varying the A-site doping, thereby also affecting
the catalytic activity for the OER. However, the requirement for deriving design
principles for more efficient catalysts is a detailed understanding of the surface
chemistry and structure including modifications due to possible side reactions
such as corrosion or passivation.

The interplay between structural and electronic properties has gathered
broad attention in the search for simple universal descriptors of catalytic
activity[339-41,5267,68180181] " Yet the complex entanglement of structural and
electronic properties represents a key-challenge in the experimental deduction of
descriptors and the complex dependency of both mechanism and active site on
structural and electronic properties. This can be seen for, e.g., chemically similar
manganites such as PrggsCap33MnO3; (PCMO) with lattice oxygen proposed as
active sites!®203] and Lag ¢Sro4sMnO; (LSMO) with Mn as active site['79]. These
interdependencies complicate the design strategies to tailor the catalytic activity
at the atomic level. Nonetheless, structural approaches have been successful
in modifying the activity such as variation of strain in LaCoQj3[139137:182] and
LaNiO;[83]. Despite the success of structural approaches tuning the activity,
the understanding and detailed control of the active site and the reaction
mechanism involves disentangling the effects of strain on catalytic activity
either caused by misfit strain or caused by change of lattice parameter due to
preparation-induced point defects. These intrinsically different effects cannot be
separated out by x-ray diffraction measurements of the lattice parameter alone,
but need careful correlation to stoichiometric and off-stoichiometric point defect
structure of the samples. The arising impact on the electronic structure will be
very different. Direct experimental access to the defect structure is of particular
interest as it not only affects the catalytic activity but has strong implications for
the stability of the catalyst.

While the implications of defects for the OER, such as impurities and vacancies
on activity and stability are frequently discussed[*8488] detailed studies
elucidating the interplay have mainly focused on metals and simple metal
oxides so farl®8l  In our previous work, we proposed LSMO as model
system for a transition metal oxide with a high degree of structural control['79]
allowing to investigate the effects of defects on the stability and activity. By
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changing the A-site to B-site ratio resulting in different Mn off-stoichiometries
of LSMO under preservation of the epitaxial LSMO structure, it is possible
to further elucidate the influence of the electronic structure on the activity
and the reaction mechanism for a given defect structure. While the effects
on the defect structure and changes in electronic structure by preparation of
off-stoichiometric manganites were reported #5871, the effects on the catalytic
activity have not been addressed to date. Therefore, LSMO represents a model
system to evaluate the effects of the point defect structure on catalytic activity.
In this study, we prepared Lag¢SrgsMn;_;O3 with various off-stoichiometric
compositions from Mn excess (6 > -0.07) to Mn deficiency (6 < 0.04) under
preservation of the LSMO structure. Extensive characterization involving XRD,
AFM, and TEM was employed to firstly ensure structural control and secondly
to deduct the influence of the off-stoichiometry on the defect structure. The
effects of the Mn off-stoichiometry on both the activity and the stability in
terms of defect structure were studied using rotating ring-disk electrode (RRDE)
measurements in combination with postmortem analysis. The RRDE setup
allows the distinction of the LSMO disk currents corresponding to O, evolution
from possible side reactions!'4179], which provides an in-depth analysis on
the electrochemical activity and stability. The electrochemical activity and
stability showed dependence on the defect structure without affecting the
reaction mechanism. Thus, LSMO can serve model system to study the effects
of the point defect structure on the activity for more complex oxide catalysts.
Furthermore, strategies to tailor the stability of catalyst can be deduced since
the defect structure strongly influences the stability.

4.2 Results

In the following, the investigations on off-stoichiometric LSMO are connected by
thorough structural characterization (section 4.2.1), followed by electrochemical
investigations via RRDE measurements establishing the OER activity (section
4.2.2) and the stability under catalytic conditions involving extensive structural

post-mortem characterization (section 4.2.3).
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Figure 4.1: (A) Out-of-plane X-ray diffraction on representative samples of all investigated
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Lag¢Srp4Mn;_503 off-stoichiometries showing only the (200) STNO substrate
and the (200) LSMO reflex. (B) - (D) Representative AFM images of (B) a
Lag ¢Srp4Mn;_503 film with Mn excess showing a typical MnzO4 precipitate, (C)
a stoichiometric LagSrg4MnQOj; film, and (D) a Mn-deficient Lag¢SrgsMn;_;03
film. Note the height scale in (D) corresponds to the unit cell step height and
is identical for all AFM images. The imaging of the precipitate in (B) requires a
larger height scale (see Figure 8.25).
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4.2.1 Structural and electronic characterization

Epitaxial (100)-oriented LagpgSrgsMn;_sO3 films with different Mn off-
stoichiometry were prepared on (100)-oriented STNO by ion beam sputtering
(IBS). Due to different sputter yields of the used elements particularly Mn and
La/Sr the off-stoichiometry could be adjusted by choosing different deposition
position relative to the target resulting in a variation of Mn content between
+7.2 % and -4.1 % with respect to the ideal stoichiometry of LagSrp4MnOs.
The ratio of Sr to La for the chosen Mn off-stoichiometries varied less than
1.5%. The ratio of all components was determined by energy dispersive X-ray
spectroscopy (EDX). The epitaxy of all films is indicated by out-of-plane X-ray
diffraction measurements (Figure 4.1A) with only the (hoo) reflections of the
substrate and LSMO present. The epitaxial growth was confirmed by ¢-scans,
rocking curves, detailed 20 scans, and pole Figures at the (200) reflex (Figures
8.23 and 8.24). The latter exhibit a perfect orientation in-plane with the substrate
respectively, while the ¢ -scans show a four-fold symmetry exhibiting equivalent
‘cross-directions’ of substrate and film. Both together give evidence for the high
epitaxy within the accuracy of measurement setup. The resemblance of LSMO
film and corresponding substrate rocking curves indicate epitaxy limited by the
substrate quality.

While not affecting the epitaxy, the Mn off-stoichiometry influences both the
strain state of the films as well as the surface morphology. Detailed scans on
the (200) reflection (Figure 4.1A) show a dependence of the strain state on the
Mn off-stoichiometry of the LSMO film and thickness fringes (Laue-oscillations)
whose periods are inversely proportional to the film thickness. The lattice
parameter decreased with increasing Mn content (Figure 4.3A).

In addition to the variation of the lattice parameter, the surface morphology re-
veals pronounced effects of Mn excess. All LSMO films deposited at sufficiently
high temperatures show atomically flat surface as reported previously!'79l,
Atomic force microscopy (AFM) images (Figure 4.1C-D and 8.25) show terraced
surfaces with root-mean square (RMS) of 0.12+0.03 nm with only minor differ-
ences with stoichiometry (table 8.7). The difference of the terrace width and the
unit cell height steps of 0.4 nm is more than two orders of magnitude, the contri-
bution of the terrace edges to the total surface area is negligible. The increased
roughness for samples with Mn excess is due to formation of Hausmannite, i.e.,
Mn3O, (Figure 4.1B) with the surface of the surrounding film being identical
to the stoichiometric and Mn deficient films. The formation of related MnO or
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MnO, precipitates was previously reported for Pro 66Cag 33MnO; 18] and was
predicted by Grundy et al for Lag ¢Srg 4MnO3 [290] {6 occur for Mn excess of more
than 0.4 %. The identification of the precipitates in our LSMO films as MnzO; is
based on EDX and electron energy loss spectroscopy (EELS) analysis (for details
see Figures 8.26, 8.27). The density of precipitates scaled with the Mn excess
and was evaluated using scanning electron microscope (SEM) images (Figures
8.28, 8.29). However, even for a Mn excess of 7.2 % the estimated contribution of
the surface of the precipitates to the overall surface area was with a maximum
of 1.6 % negligible.

Furthermore, detailed TEM analysis revealed no grain boundaries or other
defects as can be seen in Figure 4.2A and no differences in the crystal structure
of the LSMO film besides the formation of precipitates as can be seen in Figure

4.2B. Based on the models in refs, [8586:191]

, Mn off-stoichiometry is assumed to
be compensated by generation of point defects, which are either accompanied
by changes in Mn valence and/or the presence of vacancies. The Mn valence
can be determined using the energy difference between the pre-edge of the
O K-edge and the onset of the Mn L-edge in EELS[92193]. This method was
used since it does not depend on the intensity of the Mn L-edge or O K-edge
in contrast to other methods[6*87.194719] which can be corrupted by C surface
layers. In LSMO films with Mn excess at areas far from the Mn3zOy precipitates,
the Mn valence appears to remain unchanged within error compared to the
stoichiometric LSMO (Figure 8.31). For the pristine samples, the observed
decrease in Mn valence towards the surface (Figure 8.32) can be attributed to
preparation induced oxygen deficient regions less than 2 nm or surface damage
related oxygen deficiency due to ion milling required for the TEM lamella
preparation.

While it is challenging to directly relate changes in the electronic structure to
the effects of vacancies, sufficiently high electron doping by oxygen vacancies
induces a shift of the onset of the EELS O K-edge feature(197]. However, no
differences in the O K-edge within measurement accuracy were observed
between stoichiometric LSMO and LSMO with Mn excess as can be seen in
Figure 4.2C. The dependence of the O K-edge on the local electronic structure is
shown by EELS scans across the interface between STNO substrate and LSMO
film (Figure 4.2C and 8.33), where particularly the pre-edge changes. Supported
by the lack of apparent changes in both O K-edge and Mn L-edge (Figure 4.2C,
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Figure 4.2: (A) HR-STEM image showing the defect-free film from the STNO substrate to
the surface of Lag¢SrgsMn;_sO3 film with Mn excess. (B) TEM image showing
cross section of typical precipitate on a LagsSrg4Mn;_;O03 film with Mn excess.
(C) Oxygen K-edge EELS comparing a LageSrgsMn;_;O3 film with Mn excess,
stoichiometric Lag¢Sro4MnOj3 film, and the STNO substrate. (D) Mn L-edge
EELS comparing films of LagSrg4Mn;_s;O3 with Mn excess and stoichiometric
Lag ¢Srp4MnOs. The resolution of the EELS measurements is evaluated in Figure
8.30.
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D), no indications could be found for the presence of bulk oxygen vacancies
assumed for a Schottky defect couple (anion and cation vacancies preserving
charge neutrality).
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Figure 4.3: (A) Out-of-plane lattice parameter correlated with the total Mn off-stoichiometry.
The lattice parameter was calculated based on wide angle out-of-plane X-ray
diffraction measurements using a monochromator. The shown trend of the lat-
tice parameter with changing Mn content (black line) for LaMnQOs is based on
Marozau et al.%5!. (B) Bulk conductivity of LagSrg4Mn;_;O3 films with differ-
ent Mn off-stoichiometries and identical thickness measured by PPMS. The inset
shows the extracted remanent resistance at 4 K correlated with the respective
lattice parameter.

The observed shift of the XRD peak position was used to evaluate the structural
effect of Mn off-stoichiometry and to gain further insight into the present
defects. The calculated out-of-plane lattice parameter decreased continuously
with increasing Mn content (Figure 4.3A). The stoichiometric lattice parameter
did not match the bulk values reported in literature (pseudo cubic lattice
parameter a’=3.871 A)['5?l but matched the out-of-plane lattice parameter
calculated assuming a tetragonally strained LSMO film (see refs.[143140]) with an
identical in-plane lattice parameter of the substrate (a=3.905 A)[55] and LSMO
film with preservation of the cell volume and the resulting out-of-plane lattice
parameter of a”=3.833 A. As the strain state of LSMO films and thereby the
lattice parameter depend on the preparation methods and conditions[*53154],
the observed trend might be due to preparation-induced defects. A spatial
variation of preparation induced defect is reflected exemplarily by the gradient
of incorporated Xe atoms (Figure 8.34). Since the incorporated Xe atoms
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correspond to transferred additional momentum during the growth process an
influence on the defect formation is conceivable.

In addition to the influence of the preparation, the trend of the lattice parameter
with the Mn off-stoichiometry is discussed to reflect the defect structure
introduced by the Mn off-stoichiometry. For the closely related LaMnQ;858°]
and SrtMnO3®7], an increasing lattice parameter with increasing Mn content
was observed and explained by the formation of A-site vacancies for Mn excess
and Mn vacancies for Mn deficiency. Marozaul®! proposed that the formation
of A-site vacancies was accompanied with oxygen vacancies (Schottky defects)
for Mn excess that should induce changes in the EELS structure as well as result
in increasing lattice parameters. The increasing lattice parameter (Figure 4.3A)
in addition to the lack of evidence for oxygen vacancies in EELS indicate that
the detailed defect structure in our samples might differ from that in the study
of Marozaul®5l. The implications of the observed defect structure for catalytic
activity and stability will be discussed in section 4.3.

To further investigate the influence of Mn off-stoichiometry, temperature
dependent electric transport measurements were conducted on all samples,
which showed nearly identical highly conductive behavior and only minor
differences in resistivity (see Figure 4.3B). Note that the residual resistivity at
4 K scaled with the Mn off-stoichiometry. The increased resistivity of the Mn
deficient LSMO film points to defect scattering and thus to the presence of
Mn vacancies. In contrast, the reduced resistivity both above T, and at low T
for the Mn-rich LSMO film indicated changes of the electronic structure such
as bandwidth, induced by lattice strain. Therefore, the residual resistivity at
4 K scaled with the out of plane lattice parameter (inset of Figure 4.3B), but
has a different mechanistic origin. In summary, despite of Mn excess induced
formation of precipitates, the main fingerprint of Mn off-stoichiometry in LSMO
is a change of the out-of-plane lattice parameter. It reflects a change in point
defect concentration which is both due to a spatial variation of the stoichiometry
superimposed by spatial variation of preparation induced defects as indicated
by the gradient in incorporated Xe. Having established the structural properties
and the highly conductive nature of all LSMO off-stoichiometries, we can
evaluate the influence of Mn off-stoichiometry on catalytic activity.
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Figure 4.4: (A) Linear sweep voltammograms (LSV) of all investigated off-stoichiometries
averaged over the positive scan direction (table 8.8). The inset shows the Tafel
analysis for the averaged positive scans for each sample of the respective stoi-
chiometry. The error bars are based the mean deviation. (B) LSV measurement
in positive scan direction of a stoichiometric Lag ¢Srg4MnO3 film (solid blue line)
and the corresponding ring current (open red circles) obtained by chronoamper-
ometry (CA) at 0.4 V vs. RHE. The inset shows the Tafel analysis of the Pt ring
(red circles) and the disk LSMO (blue circles) currents as a function of disk volt-
age obtained from LSV. All measurements were performed with Ar-purged 0.1 M
KOH supporting electrolyte at 10 mV /s and 1600 rpm. The voltage was corrected
for electrolyte resistance (47 ()
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4.2.2 Electrochemical characterization

In order to evaluate the effects of the Mn off-stoichiometry on the catalytic
activity, all samples were characterized electrochemically where both the
activity and stability was probed by cyclic voltammetry (CV). With the suit-
ability of LSMO for electrochemical measurements previously established and
CV measurements allowed direct analysis of OER activities['79). The effect
of the Mn off-stoichiometry on the catalytic activity was studied by linear
sweep voltammograms (LSV) extracted from CV for measurements averaged
over all samples of each respective Mn off-stoichiometry (Figure 4.4A). The
stoichiometric samples are the most active ones and the activity of LSMO with
Mn deficiency is only marginally smaller considering the error. Samples with
Mn excess exhibited a significantly lower activity, where higher excess further
decreased the activity (Figure 8.35). These differences are shown both in the
overpotential required to reach 100 pA/cm? and the current densities at a
fixed potential of 1.7 V vs. RHE (see table 4.1). In contrast to electrodeposited
films or supported nano-particles reported in literature[4094126:1401411 - for all
samples investigated here, the geometric surface equals the oxide surface area
due to the low surface roughness (table 8.7). Moreover, the observed current
densities of 100 #A/cm? at potentials of 1.66 V vs. RHE for the stoichiometric
samples are consistent with our previous findings, further supporting the fairly
high intrinsic activity of stoichiometric (100) LSMO films, which is comparable
to, e.g., (110) IrO; films with an overpotential of 460 mV (1.69 V vs. RHE)
at 100 pA/ cm?95! and to the similar (100) oriented LaggSrgoMnO; with an
overpotential of 470 mV (1.70 V vs. RHE) at 100 #A/cm?[13], However, LSMO
showed lower activity compared to the benchmark catalyst (100) RuO, films
with an overpotential of 290 mV (1.52 V vs. RHE) at 100 pA/cm? 1951 and
LaCoO3 with an overpotential of 360 mV (1.59 V vs. RHE) at 100 pA/cm? [l
(additional comparison in table 8.6). We compared epitaxial thin films to
provide an unbiased comparison of these low surface area materials which

allow for fundamental mechanistic studies of single surface orientations.

For the samples with Mn excess, the contribution of the Mn3O, precipitates to
the catalytic activity needs to be considered because Mn3zO4 was reported as
having a significant activity for the OER with a 290 mV overpotential at a current

2 [198].

density of 0.1 mA/cmgeo However, a direct comparison to the observed
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Sample | Mn-off Overpotential at | j; at Tafel slope | Tafel slope
stoichiometry | 100 pA/cm? 1.7 Vvs. RHE | disk ring
(%) (mV) (1A /cm?) (mV/dec) | (mV/dec)
LSM-2 | -2.0 434 385 61 62
LSM-4 | -4.1 437 341 58 59
LSM-2 | 2.0 431 460 59 62
LSM -~ 0.0 430 502 60 59
LSM ~ 0.0 433 588 61 61
LSM+2% | +1.6 453 217 63 64
LSM+4% | +3.8 449 218 63 63
LSM+7 | +7.2 458 162 61 63
LSM+5 | +5.4 449 226 57 61
LSM+7 | +7.2 458 167 59 62

Table 4.1: Catalytic parameters for all investigated samples. Mn off-stoichiometry is based
on the Mn gradient of the total Mn concentration. Note that the amount of Mn
dissolved in the LSMO matrix might differ (for details see Figure 8.36). * samples

of ref.l1791. These samples showed no precipitates.

highly crystalline precipitates is complicated by the fact that ref.['9] considers
electrodeposited films with undefined geometric surface. Nonetheless, a change
of activity with increasing MnzO4 contribution as well as change of Tafel slope
due to changing mechanism could be expected. The observed decrease in
activity with increasing density of precipitates (Figure 8.35) suggests inferior
activity of the precipitates as compared to LSMO. Furthermore, no change in
Tafel slope was observed, which indicated that the mechanism of OER on LSMO
was not affected by the precipitates. Note that for LSMO films with Mn excess,
but without Mn3zO, precipitates the activity also was reduced (Figure 8.35B).
This indicates a predominant effect of Mn excess on the LSMO activity rather
than an effect of the precipitates.

The onset of the OER was investigated by RRDE measurements. By rotation
of the RRDE, the O, produced during OER at the disk electrode is transported
outwards by forced convection to a Pt ring electrode. At the Pt ring electrode,
the O, is reduced under mass limiting condition, i.e. the ring currents depend
only on the concentration of O; (see calibration measurements in Figure 8.1).
The reduction of species other than O, is possible at 0.4 V vs. RHE at the
ring electrode. However, as discussed in ref. [179] for L.SMO, no indication
was found for possible side reactions such as formation of permanganate or

peroxide (Figure 8.11). Thus, it was concluded that the observed ring currents
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solely correspond to dissolved oxygen, which allows the correlation of disk
currents to ring currents corresponding to evolved oxygen. For all samples, the
observed exponential increase in disk currents corresponded to an increase in
ring currents (exemplarily shown for stoichiometric LSMO in Figure 4.4B, all
other samples in Figure 8.37), suggesting that the onset observed for LSMO is
in fact the onset of OER.

Moreover, the ring currents under these conditions can be used for mechanistic
insight by Tafel analysis as proposed in our previous work. Despite the
observed differences in activity for the different Mn off-stoichiometries, the
Tafel analysis for all samples showed Tafel slopes of 604+2 mV/dec and 6242
mV /dec for the ring electrodes (table 4.1, Figure 4.7A). Identical Tafel slopes at
ring and disk electrodes suggest that neither capacitance nor corrosion affected
the disk currents representing high efficiency for the OER. Additionally, the
Tafel slope can be theoretically modelled based on a sequence of elementary
reaction steps, having a rate limiting step and pre-equilibrial4¥-5°l. The observed
Tafel slopes fit the theoretical determined slope of 59 mV/dec for the OER at 25
°C corresponding to an electrochemical pre-equilibrium followed by a chemical
rate- determining step, such as O-O bond formation. Hence, we conclude
the mechanism of the OER was not affected by Mn off-stoichiometry (further

discussed below).

4.2.3 Stability characterization

In order to evaluate the effects of the Mn off-stoichiometry on the stability
under catalytic conditions, all samples were characterized using prolonged
electrochemical cycling following the initial characterization. By comparing the
overpotential required to obtain a current density of 100 uA/cm? throughout
100 consecutive cycles between 1.1 and 1.75 V vs. RHE (corresponding to a
total measurement time of - 3:40 h), we observed no pronounced activation or
decrease in overpotential (Figure 4.5). The overpotential of the Mn-deficient
sample increased by - 25 mV, while the change in overpotential for the stoichio-
metric sample increased only by 10 mV. Notably the sample with Mn excess
showed an increase in overpotential of less than 2 mV during 100 cycles leading
to the highest long-term stability as well as an activity surpassing that of the
Mn-deficient samples and approaching that of the degrading stoichiometric
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Figure 4.5: Overpotential required to obtain 100 #A/cm? extracted from the positive scan di-
rection of 100 consecutive CV measurements. The measurement protocol applied
to the samples prior to extensive CV measurements was identical for all samples.
All electrochemical measurements were performed in Ar-saturated o.1 M KOH
supporting electrolyte and 1600 rpm.

sample. Additional chronoamperometric measurements showed comparable
stability trends (Figure 8.38). Hence, we conclude that high long-term stability
and activity strongly depends on the Mn off-stoichiometry. In addition to
the changes in activity during long-term measurements, the effect on the
reaction mechanism was evaluated by comparing the initial to the final LSV
measurements (Figure 8.39). The comparison reveals only small changes in
the Tafel slope of less than 8 mV/dec, indicating no significant change in the
dominant reaction mechanism so that the observed changes can be compared
directly. Thereby we can state that the Mn-deficient samples were the most
unstable ones and despite the lowest initial overpotential, the activity of the
stoichiometric samples degraded less than that of the Mn-deficient samples
but still noticeably. Moreover, LSMO with Mn excess has the lowest activity
and showed the highest stability to the effect that it surpassed LSMO with Mn
deficiency after « 60 cycles.

As the electrochemical measurements showed differing long-term behavior,
extensive post-mortem analysis using AFM, XRD, XRR, REM, and TEM was
employed to elucidate the observed behavior. AFM images as exemplarily
shown in Figure 4.6A revealed no significant roughening even for the Mn-

deficient sample with the most extreme changes during extensive cycling.
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Figure 4.6: (A) Representative AFM image of a Mn-deficient sample after extensive cycling.
(B) XRR patterns of the same Mn-deficient sample shown in (A). (C)-(D) Post-
mortem TEM characterization of a stoichiometric LSMO sample after chronoam-
perometric measurement. (C) HR-TEM image of the surface of the stoichiometric
LSMO sample showing the preservation of the crystallinity at the interface to
the electron-beam deposited Pt. (D) Correlation between the EELS data across
the interface and the electrochemical treatment for different samples obtained by
STEM mode. The ratio was determined for the concentration normalized to the
respective bulk concentration to allow comparison of relative changes across the
interface (for details of EELS analysis see Figure 8.30-8.33). The interface to the
electron deposited Pt is indicated by the dashed line at o nm
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Moreover, the surface morphology remained intact during extensive cycling
preserving the unit cell step height and suggesting the preservation of the
crystal structure. Additionally, only changes of the lattice parameter of less
than 0.03 % after electrochemical treatment were measured by XRD. Note that
adjustment accuracy can result in differences in lattice parameter within the
observed range. Furthermore, these subtle changes did not correlate with the
Mn content (Figure 8.40). The loss of material would be conceivable, e.g. by
the formation of the soluble Mn"!Oy according to the Pourbaix diagram[73791.
However, XRR measurements Figure 4.6B did not support significant structural
changes due to corrosion or roughening by showing changes in film thickness
of less than 0.5 nm (with only one exception of a Mn enriched sample; see table
8.8) and only small changes in the high angle part of the diffractogram. The
changes in the high angle part can be attributed to variation in density and
roughness at the surface or the internal interface.

The absence of significant changes applies to all samples, but as AFM, XRD,
and XRR are not sensitive to the changes of the precipitates, statistical analysis
using REM was used to evaluate the role of Mn3O, precipitates. Here the
evaluated parameters were the density of precipitates per area and the mean
diameter of the precipitates. Despite the considerable error due to the statistical
deviations over the whole sample area, we note the tendency of decreasing
particle densities and increasing mean diameter shown in Figure 8.29. The
detachment of precipitates can be understood considering the interface between
the precipitates and the LSMO as a possible weak link. By the formation of
soluble species, the effect of an unstable interface is more pronounced for
smaller precipitates with higher surface to volume ratio. Thereby smaller
precipitates might detach before big precipitates leading to an increase in the
mean diameter and decreasing particle densities. Additional indications can be
found in Figures 8.28B and D, showing remaining holes after electrochemical
treatment.

The observed stability of the film was further supported by HR-TEM analysis
(Figure 4.6C) showing the preservation of the crystal structure up to the very
surface and stability down to the atomic scale. In addition, EELS allows evalu-
ating chemical changes due to electrochemical treatment at the atomic scale. As
reported for nearly stoichiometric LSMO['79], the long-time performance under
catalytic conditions at 1.7 V vs. RHE led to enrichment of La within a region of
2 nm, which is close to the resolution limit of 1.5 nm of the used setup (Figure
8.30). This enrichment in La can be seen by the increase in La to Mn ratio
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towards the surface (Figure 4.6D) and presumably partial dissolution of Mn
within the first unit cells was explained by the defect couple of VMnW/ D, .
The La to Mn ratio determined by EELS analysis was compared for stoichiomet-
ric and samples with Mn excess (Figure 4.6D). While the stoichiometric sample
showed the same trend as observed by XPS in ref.['79], no enrichment of La was
found for samples with Mn excess after electrochemical treatment. Additionally,
no significant change was found in the bulk stoichiometry after the electro-
chemical stability measurements (Figure 4.6D). To elucidate subtle changes in
the electronic structure due to electrochemical treatment, the fine structure of
the Mn L-edge was analyzed. The oxidation of Mn would result in changes
in the O K-edge and the Mn valence accessible by EELS. Direct comparison
between both the initial Mn L-edges as well as the post-mortem Mn L-edges
revealed an increase in Mn valence in the vicinity of the surface presumably
due to healing of oxygen deficiency by the electrochemical treatment. Thereby,
we found indications for subtle changes in the surface chemistry in addition to
the exclusion of surface roughening and exclusion of significant loss of material.
Nevertheless, the Mn off-stoichiometry affected the stability as the samples with
Mn excess are the most stable samples in terms of activity as well as absence
of structural and chemical changes. It appears that the Mn excess poses as a

stabilizing mechanism against Mn dissolution (further discussed below).

4.3 Discussion

In order to disentangle the effects of the Mn off-stoichiometry, one needs to
distinguish between its effect on activity and stability. The initial assumption
based on our previous work['79 is that the activity is expected to depend on
the Mn concentration in the near surface region as Mn is considered to be
the active site. The Mn deficiency does influence the activity, which could be
understood in terms of a reduction in number of active sites. Before considering
the effects of Mn excess, it should be noted that one needs to distinguish
between the nominal Mn off-stoichiometry including the precipitates and the
Mn incorporated in the LSMO film without the precipitates. This distinction is
necessary since the formation of Mn3O, precipitates effectively removes excess
Mn from the LSMO film. Furthermore, as Mn excess influences the activity
even for negligible densities of precipitates (Figure 8.35B and Figure 8.36C),
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Figure 4.7: (A)The overpotential to obtain 100 #A/cm? and the Tafel slope determined under
identical conditions (see experimental section) correlated with the lattice parame-
ter based on the forward direction of the 3’ initial CV measurement. (B) Relative
changes of the overpotential to obtain 100 #A/cm? of the 1% cycle compared to
the 100" cycle with respect to the total Mn off-stoichiometry. All electrochemical
measurements were performed in 0.1 M KOH supporting electrolyte (Ar) and
1600 rpm. The indicated lines are only to guide the eye.

we conclude that the activity strongly depends on excess Mn dissolved in the
LSMO film.

Next, we correlate the observed effects of the Mn off-stoichiometry on the
activity to the observed structural changes. The structural changes are reflected
by a point defect induced change in LSMO out-of-plane lattice parameter
(Figure 4.3A), which decreases with increasing Mn content. Comparing the
lattice parameter to the electrochemical activity in terms of overpotential (Figure
4.7A), we observe that the activity scales with the lattice parameter and has
a clear overpotential minimum for stoichiometric LSMO, i.e. in the absence
of both Mn defects and vacancies. Here, the highest activity evolves at an
out-of-plane lattice parameter that corresponds to the relaxed out-of-plane
lattice parameter assuming identical in-plane parameters of LSMO film and the
substrate as well as volume preservation. The correlation to the activity thereby
indicates a maximum of the activity at a minimum of structural distortion as
we have also argued for related perovskites[®7]. Effects of strain on the catalytic
activity were reported previously for LaCoO3, SrCoO;[13%1371 and LaNiO3[83],
where the origin of the influence of strain on the activity was explained by

strain induced changes in the electronic configuration['®3! via differences in the
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charge transfer resistance!37] or the amount of oxygen vacancies introduced by
strain!'3°], These examples illustrate the complex interplay and dependencies
of electronic structure on the structural parameters and possible experimental
approaches to evaluate the dependencies.

To understand the implications of structural changes, such as strain, we need to
consider the effects of the Mn off-stoichiometry. The changes of strain alone do
not account for the complete effect of the Mn off-stoichiometry. Comparing the
changes in activity resulting from the Mn off-stoichiometry to the introduced
variation of the lattice parameter (caused by variations in film thickness) showed
a dominant effect of the Mn off-stoichiometry (Figure 8.41). The significance
of the impact of the Mn off-stoichiometry indicates that the role of the Mn off-
stoichiometry on the defect structure has to be elucidated in more detail. Some
reports have attributed the change of lattice parameter to the characteristics of
defect chemistry. As reported for LaMnO3 85861 and SrMnO5;187], a systematic
variation of A-site to Mn ratio resulted in Mn vacancies for Mn-deficient
samples and La vacancies for samples with Mn excess accompanied by the
formation of oxygen vacancies and preservation of the charge neutrality by
changing Mn valence states.

The nature of the defects in the presented samples needs to be evaluated as the
trend of the lattice parameter is opposite to the previously reported trends[®5871
(Figure 4.3A). In order to unravel the underlying defect chemistry, we consider
two scenarios for LSMO with Mn excess: the previously proposed formation
of A-site vacancies coupled to formation of oxygen vacancies (scenario A) and
formation of Mn defects located at the A-site (scenario B).

In scenario A, the assumption of Mn excess leads to the formation of Schottky
defects, which would result in an increase in lattice parameter as well as
indications for oxygen vacancies in the fine structure of the O K-edge (Figure
4.2C). Electrochemical treatment might then decrease the number of oxygen
vacancies by electrochemical oxidation. As stated above, we observed a decrease
in lattice parameter and found no evidence for oxygen vacancies in the bulk.
Note that the increase in valence subsequently to the electrochemical treatment
is present for stoichiometric LSMO and LSMO with Mn excess (Figure 8.31),
presumably due to a small oxygen deficient region within the outmost 2 nm of
the surface. Therefore, we conclude that the formation of Schottky defects for
samples with Mn excess is negligible.

In scenario B; Mn excess might lead to the formation of substitutional Mn
defects at the A-site, which would result in a reduced lattice parameter as the
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ion radius of Mn®* (0.58 A) is significantly smaller than both La (1.36 A) and Sr
(1.44 A)[199] in a simplistic geometric model. Furthermore, a substitutional Mn
defect would result in a small decrease in Mn valence as the charge of 2.6+ at
the A-site needs to be compensated by Mn (Mn®*** in LSMO), thereby reducing
the Mn oxidation state towards Mn®*. We observed a small but insignificant
decrease in Mn valence between stoichiometric LSMO and LSMO with Mn
excess (Figure 8.31). The oxidation of Mn following the electrochemical protocol
is not expected as no oxygen vacancies should be present. However, as the
effect is limited to the very surface, we cannot exclude that surface regions were
damaged by film preparation. Mainly supported by trend of decreasing lattice
constants, we hypothesize that the excess Mn in the LSMO might be located
at the A-site and compensate for the changes in charge. The reduced activity
of LSMO with Mn excess suggests that Mn located at the A-site would not
participate as active site.

For Mn-deficient manganites, the formation of Mn vacancies was previously
reported [8587]. With the assumption of the formation of Mn vacancies for Mn
deficient LSMO, the increase in resistivity observed in transport measurements
(Figure 4.3B) as well as the differences in activity (Figure 4.7A) can be under-
stood. The formation of Mn vacancies will affect the conductivity depending on
the Mn-O-Mn bonds resulting in increasing resistance. Moreover, the formation
of Mn vacancies might limit the activity due to fewer Mn participating as active
sites in Min deficient LSMO.

In addition to the effects on the catalytic activity, the defect chemistry will
presumably also affect the chemical stability by facilitating different corrosion
pathways. Figure 4.7B shows the ratio of the overpotential in cycle 1 to cycle 100
as a measure of long-term behavior for the investigated Mn off-stoichiometries.
Here despite having a limiting effect on the activity, the excess Mn appears to
stabilize the LSMO as the change in overpotential ratio is negligible for LSMO
with Mn excess but significant for LSMO with Mn deficiency. In our previous
work[79], we proposed that the changes in surface chemistry observed by XPS
during the long-term stability measurements are triggered by the charge imbal-
ance introduced during Sr?* dissolution. This charge imbalance was proposed
to lead to the formation of a VMnm /Dy, defect couple that we monitored here
(Figure 4.6D). The formation of the Vin /Dpa” defect couple was previously
associated with a decrease in activity['79l. Modifying the generation of this
defect couple by Mn off-stochiometry thus represents a possible pathway for
tuning the long term activity. The La enrichment measured only in case of the
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stoichiometric sample by chemical analysis with EELS (Figure 4.6B) supports
the assumption of differences in the surface chemistry stated in scenario B.
Considering the defect chemistry for LSMO with Mn excess, the effect of Mn
off-stoichiometry on the electrochemical stability can be understood. Under
the assumption of the proposed corrosion pathway, Mn located the A-site as
substitutional defects might hinder pronounced formation of the VMnW/ D"
defect couple. Thereby the lack of change in surface composition will preserve
the initial Mn excess with its original activity or serve as internal reservoir
replacing the fraction of dissolved B-site Mn. Therefore, we assume that the
preservation of the catalytic activity as can be seen in Figure 4.7B and Figure
8.39A can be obtained by stabilization of the BO3 network. Accordingly, for Mn
deficient samples, the formation of the VMHW /Dr," defect couple might not be
hindered leading to a more pronounced corrosion compared to stoichiometric
LSMO as even less Mn is available in the bulk to replace potential vacancies at
the surface. Based on these assumptions, the trend of LSMO with Mn excess
being the most stable and Mn deficient LSMO being the most unstable (Figure
4.7B) can be understood.

4.4 Materials and Methods

Film fabrication: LaggSry4MnQO;3; (LSMO) electrodes used for electrochemical
and electric measurements were prepared by ion-beam sputtering (IBS). Round
0.5 wt% Nb-doped SrTiO3 (STNO) and rectangular undoped SrTiO3; (STO) with
(100)-orientation (CrysTec GmbH) were used as substrates. The stoichiometry
of the prepared films depends on the deposition position due to element
specific sputter yield and was determined based on the position where MnOy
precipitates begin to form as described in refl'%9l. The stoichiometry gradients
were measured by EDX on samples with 2 ym thickness to avoid superposition
of Sr and O X-ray emission lines by contribution of the STO substrate. The
films were deposited at 8oo °C or 650 °C in an oxygen atmosphere of 1.7 x
10~% mbar. To reduce the amount of preparation-induced defects, the prepared
films were kept under preparation conditions for 1 h, and carefully cooled
down to room temperature including a resting point of 30 min at 500 °C. To
suppress the formation of MnO, precipitates reference samples were prepared
at a deposition temperature of 650 °C. These samples were only used for
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structural analysis. The film thickness of 80 nm was chosen and controlled by
X-ray reflectometry (XRR). The assembly of the RRDE electrodes is described in
detail in ref [9]. In short, backside contacts for the STNO substrate consisted of
5 nm Ti and 100 nm Pt layers prepared by IBS at room temperature to ensure a
reliable ohmic contact. Carbon tape and InGa eutectic (Sigma-Aldrich, 99.99%)
served as flexible and adjustable conductive spacer. In the final assembly only
the thin film surface is exposed to the electrolyte after fixation with chemically
stable, nonconductive epoxy (Omegabond 101).

Electrochemistry: The electrochemical measurements were carried out with
two Interface 1000E (Gamry Instruments Inc.) in a bipotentiostat setup and
a RRDE-3A rotator (ALS Co. Ltd.). The rotating ring electrode consists of a
disk electrode of the assembled LSMO electrode with a diameter of 4 mm and
a Pt ring electrode with an inner diameter of 5 mm and an outer diameter
of 7 mm. All electrochemical measurements were performed in 0.1 M KOH
electrolyte prepared by diluting KOH stock solution (Sigma Aldrich) with
deionized water (MilliQ,> 18.2 M()). The electrolyte was saturated with Ar
gas at least 30 min in advance of the measurement and continuously purged
with Ar throughout the measurement. Electrode potentials were converted to
the RHE scale using Ergr=E;,piied+Eref. The low solubility of oxygen in water
causes bubble formation at the disk[*4'] and an accurate determination of the
OER overpotential is further complicated by increasing O, concentration in
Ar-saturated electrolytes. For these reasons, we did not quantitatively analyze
oxygen detected by ring electrodes.

Electrochemical protocols: For all samples, an identical measurement protocol
was used. The OER activity was investigated by cycling three times from 1.1
V vs. RHE to 1.75 V vs. RHE with 10 mV/s at 1600 rpm followed by short
chronoamperometric (CA) measurements for 60 s at 1.59, 1.615, 1.64, 1.665,
1.69, and 1.715 V vs. RHE separated by 60 s conditioning steps at 1.1 V vs.
RHE. The ring electrode was constantly held at 0.4 V vs. RHE to probe for
O, (calibration data shown in Figure 8.1). As only the positive going scan
direction is shown in Figure 4.4, the measurements are referred to as linear
sweep voltammograms (LSV). Before each measurement series, electrochemical
impedance spectroscopy (EIS) was conducted with an amplitude of 10 mV
at open circuit potential (R=48+5 2). The potentials were referenced to the
reversible hydrogen electrode (RHE) scale in 0.1 M KOH and corrected for the
electrolyte resistance extracted from the high frequency intercept of the real
impedance. Subsequently the long-term stability was measured by cycling 100
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times from 1.1 V vs. RHE to 1.75 V vs. RHE with 10 mV/s at 1600 rpm. For
the LSMO with Mn excess and the Mn deficient LSMO three samples were
measured, while for the stoichiometric LSMO two samples were measured. The
individual RRDE CV measurements can be seen in Figure 8.37 and the averaged
values for the initial CVs of the respective off-stoichiometry can be seen Figure
4.4A.

Structural characterization: The films were characterized using extensive X-ray
diffraction (XRD) measurements. XRD and XRR measurements were carried out
with a Bruker D8 discover system with a Cu K, source. The surface morphology
was characterized by atomic force microscopy (AFM) using a MFP-3D Classic
(Asylum Research) in tapping mode. The root mean squared roughness (rms)
was calculated using the Gwyddion software['43] to quantify surface morphol-
ogy (table 8.7). Additionally, an effective roughness factor was determined by
dividing the three-dimensional surface area by the projected areal'3], where the
former was obtained by a triangulation method in Gwyddion!"48l. All films had
terraced surfaces, which reflect the terrace structure of the substrate surface.
Such vicinal surfaces are generated by small deviations from the ideal low index
surface due to imperfect polishing. In our samples the deviation from (100)
is up to 0.3 ° and the terrace width of the LSMO surface and structure of the
terraces slightly varied (Figures 8.23; more detail in ref.['79]). Nevertheless, all
epitaxial LSMO films exhibit a vicinal (100) surface, where the (100) surface
facets of the terraces are separated by unit cell steps. An extensive post-mortem
analysis of structural changes was applied to samples measured directly after
completion of the electrochemical measurement.

Electric transport measurements: The in-plane resistivity was measured in a
physical property measurement system (PPMS) using a 4-point probe setup on
the LSMO films grown on insulating STO.

TEM analysis: The TEM analysis was performed on electron transparent
lamella cut from different LSMO samples by focused ion beam (FIB, FEI Nova
Nanolab 600) in a cross section geometry. These sections were mounted on a
copper grid to allow the careful thinning process using a precision ion polishing
system (PIPS) by low energy Ar ions. In order to minimize redeposition of
the sputtered material a S-shaped geometry was used allowing ion milling
under angles below 30° in-plane and an Ar-beam with 10° and energies
between 2 and 0.5 kV to obtain highly crystalline samples. HR-TEM imaging
and EEL spectroscopy were performed with an aberration corrected FEI Titan
electron microscope using 300 keV electrons. The energy dispersive X-ray
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(EDX) spectroscopy to map the elemental distribution in the Mn rich samples
was performed in a Philips CM12 electron microscope with scanning (STEM)

capabilities using 120 keV electrons.

4.5 Conclusion

We prepared LSMO samples with Mn off-stoichiometric between +7.2 % and
-4.1 %. Variation of the Mn content preserved the LSMO structure but altered
the defect chemistry and the induced strain. Based on TEM analysis, we
identified Mn defects for LSMO with Mn excess and assumed Mn vacancies
for LSMO with Mn deficiency. The high structural control of LSMO allowed
extensive electrochemical analysis using an RRDE setup. The electrochemical
evaluation showed a strong impact of the Mn excess/deficiency on the activity
with the highest activity for the stoichiometric samples without changing the
reaction mechanism as Tafel slopes remained unchanged for all investigated
Mn off-stoichiometries. In addition to activity, the Mn off-stoichiometry also
influenced the electrochemical stability, despite absence of corrosion in terms
of change in film thickness or morphology for all samples. Changes in surface
composition were limited to the length scale of a few unit cells depending
on the Mn off-stoichiometry with no measurable changes for LSMO with Mn
excess.

The lattice parameter as proxy of the defect structure correlated with activ-
ity, where stoichiometric LSMO had the highest activity. For Mn deficient
LSMO, the presence of Mn vacancies is assumed to limit the activity due to
decreasing number of active sites and further destabilizes the surface chemistry
by formation of the VMnW/ Dy, defect couple. The excess Mn on the other
hand is assumed to form Mn defects located at the A-site. This assumption is
supported by the observed reduction of the lattice parameter with increasing
Mn over-stochiometry as well as from the measured Mn valence state. These
Mn defects would effectively hamper the formation of the VMnW/ Dp," defect
couple leading to improved stability at the cost of slightly reduced activity
as compared to stoichiometric LSMO. Tuning the defect structure to find the
optimum in the stabilizing effect of Mn defects and the limitation of the defects
on the activity therefore poses a pathway to tailor both the activity and stability.
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Abstract: Efficient catalysts

for water oxidation are key to
all scenarios for artificial solar
water splitting, and, in the case
of molecular catalysts, their

immobilization on conductive

Disk

solid supports is considered
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essential for the construction of a

photoelectrochemical cell. In this

o
8
8
° %

work, derivatives of the rugged

o

o
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oxidation precatalyst [(u-

bbp){Ru(py)2}2(1-X)]** (X = OAc, CO3H) have been synthesized that are equipped
with a carboxylate anchor at the ligand backbone. The para-CcH4COOR (R = Et, H)
substituent at the pyrazolate-C* is shown to not have any significant effect on the
electronic properties of the bbp-based diruthenium core, or on the catalytic performance
when using Ce!” as a chemical oxidant. The bbp-based complex with labile exogenous
bicarbonate bridge (4) has been successfully anchored on mesoporous ITO (mesolITO),
and the hybrid ITO|mesoITO|4 shows electrochemical signatures similar to those of
the homogeneous system. Its electrocatalytic water oxidation performance at pH 1
has been investigated by rotating ring disk electrode (RRDE) measurements, and high
faradaic efficiency is evidenced by the agreement of Tafel slopes for the disk and ring
currents. X-ray photoelectron spectroscopy (XPS) data before and after electrochemical
measurements were compared to evaluate the chemical stability of the immobilized
complex 4 during catalysis, showing that the surface-bound complex species remains
intact without any decomposition to RuO,. However, gradual leaching of the complex
leads to decreasing catalyst concentration and decreasing activity during electrocatal-
ysis, reflecting weak attachment of the carboxylate anchor to the oxide substrate and

emphasizing the need for improved anchoring strategies.
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5.1 Introduction

Facing the world’s increasing energy demand and the urgent need for sus-
tainable energy conversion schemes, the scientific community is devoting
immense effort on the construction of systems for artificial solar water split-
ting 251020022131 One of the main challenges in this context is the development
of catalysts for the water oxidation half-reaction. This reaction, which requires
orchestrating the transfer of four electrons and four protons, is demanding both
thermodynamically and kinetically. An increasing number of homogeneous
and heterogeneous catalyst systems capable of mediating water oxidation has
been reported in recent years, many of them using ruthenium as the metal
ion of choicel®?7214224] A key advance has been the use of dinucleating
bridging ligands such as the 3,5-bis(pyridyl)pyrazolate that positions two
metal ions in close proximity!2?5226l. More recently, we contributed to this
tield by introducing a family of highly preorganized and rugged diruthenium
water oxidation catalysts (WOCs) based on the compartmental monoanionic
3,5-bis(bipyridyl)pyrazolate (bbp™) ligand and related scaffolds that provide
two tridentate binding pockets linked by a central pyrazolate bridge!2134:352271,
These bbp-based diruthenium complexes, when furnished with axial pyridine
coligands, feature two accessible coordination sites for water binding, both
directed into the bimetallic pocket (in, in-position). Sequential oxidation of the
diruthenium diaqua starting complex via a series of proton-coupled electron
transfer steps leads to the active Ru!V(=O)Ru" (=0) species, and 180 labeling
experiments using a highly water-soluble representative of this catalyst family
evidenced that O-O bond formation proceeds via water nucleophilic attack
(WNA) on one of the Ru=O units of the high-valency intermediate34. While
initial screening of catalyst efficiency and mechanistic studies for molecular
WOCs in homogeneous solution are often conducted using sacrificial chemical
oxidants such as cerium ammonium nitrate (CAN)[228229]  further applications
require anchoring of the complexes on conductive solid supports for driving the
water oxidation reaction electrochemically, and eventually for the construction
of a photoelectrochemical cell[?51°6114230-238]  Such strategy exploits the ben-
eficial atomic-scale tunability and design flexibility of well-defined molecular
catalysts, in combination with the favorable properties of a heterogeneous oxide
electrode for charge injection and device fabrication!?39l. In this work, we set
out to furnish the bbp-based diruthenium WOC with an anchoring group for
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immobilization on conductive oxides such as indium tin oxide (ITO), and we
evaluate the electrocatalytic performance of the hybrid system. ITO is used as
a model system and serves as a platform to understand and investigate the an-
choring process and the properties of the hybrid systems, providing benchmark
data, in light of recent findings for this electrode material [104110.240-242],

One of the common approaches for the immobilization of molecular complexes
on solid supports includes the decoration of the molecular complex with
suitable anchoring groups, such as carboxylates or phosphonates for surface
derivatization[29243244] The chosen group must be appropriate for rapid
interfacial electron transfer between the catalyst and the electrode and for
dense and stable coverage of large surface areas in order to allow high catalyst
loadings. However, limited stability of the anchor-surface binding under certain
pH conditions, as well as decomposition under catalytic conditions, are com-
mon issues that must be thoroughly evaluated for each system (9191, Herein,
we present a hybrid system consisting of a modified bbp~-based dinuclear
ruthenium catalyst immobilized on mesoporous indium tin oxide (mesoITO),
which is often used as electrode material, because it has a high surface area,
is optically transparent, and is highly conductive#']. Furthermore, we show
preliminary anchoring studies on more-complex oxides such as lanthanum
strontium manganite (LSMO) in order to demonstrate the applicability to other
oxide substrates with tunable electronic properties and excellent electronic
conductivity. To that end, the bbp~-based dinuclear ruthenium complex has
been equipped with a carboxylate anchoring group at a backside position
that does not interfere with the bimetallic active site (Figure 5.1). Note that
preorganized dinuclear catalysts offer the advantage of supporting both relevant
mechanisms for water oxidation that are known to potentially operate under
different conditions (pH, etc.), viz, the water nucleophilic attack (WNA) as well
as the coupling of two metal-oxo units (I2M). The latter requires close proximity
of two Ru=0O units, which is not possible for common monometallic catalysts
under restricted mobility conditions when anchored on solid supports. Thereby,
the dinuclear ruthenium complex used here (Figure 5.1) is expected to preserve

its catalytic activity evaluated under homogeneous conditions.

Two options appear most suited for decorating the bbp-type diruthenium com-
plex with a carboxylate group for surface binding: using exogenous pyridine

ligands with the anchoring group in para-position or functionalization of the
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Figure 5.1: Catalyst design for the present work: bbp-type diruthenium complex with ac-

tive site pocket (green) and carboxylate anchor attached at the ligand backside
(yellow).

bbp~ ligand backbone at the pyrazole-C* position. While the former strategy
may be synthetically simpler and the presence of four anchoring groups may be
beneficial for stable surface binding, systems with covalent ligand modification
at the pyrazole-C* will not be impaired by pyridine dissociation during catalysis,
and the active site pocket will likely be oriented away from the oxide surface.
Therefore, the latter approach has been pursued in this work.
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Figure 5.2: Synthetic Route for the Synthesis of the New Proligand HLO9 and Its Diruthe-
nium Complexes Reported in This Work
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5.2 Results and Discussion

Synthesis and Characterization of the Ligand and Diruthenium Complexes.
A multistep synthetic route to the bbp-based diruthenium precatalyst that
is equipped with a carboxylate anchor at the pyrazolate backbone has been
developed and is shown in Scheme 5.2. It starts from the MOM-protected
iodo-derivative of Hbbp, (MOM)L![245]. Palladium-catalyzed Suzuki-Miyaura
cross-coupling with g-ethoxycarbonylphenylboronic acid pinacol ester, fol-
lowed by acid removal of the MOM group, furnishes the new proligand
(MOM)LCOCE!in which the carboxylate group (protected as the ethyl ester)
is linked to the pyrazolate-C* via a phenylene spacer (see the Appendix B
and 24! for experimental details and characterization of all new compounds).
Protocols for the synthesis of the diruthenium complex [LCOCEIRU, (OAC)](PFg)2
(1) and subsequent exchange of the bridging coligand within the bimetallic
pocket are adapted from procedures optimized previously for other Hbbp
derivatives!3%l. Screening of possible reaction sequences showed that it is ad-
visable to first deprotect the backbone carboxylate anchor, followed by removal
of the relatively inert acetate bridge under strongly acidic conditions and final
installment of the acid-labile bicarbonate coligand in the reactive precatalyst
complex [LEOOF Ru, (CO3H)[(PFe), (synthetic sequence [LEOOF Ru,(OAC)](PFg)n
(1)— [L°99FRuy(OAQ)(PFe)2 (2) — [LO°MRuy CL(H,O)I(PFe)y (3) —
[LEOOERU, (CO3H)](PFg); (4); see Scheme 5.2).

All compounds have been characterized by electrospray ionization (ESI) mass
spectrometry, as well as one-dimensional (1D) and two-dimensional (2D)
nuclear magnetic resonance (NMR) spectroscopy (‘H and !'3C). Importantly,
NMR spectra of the intermediate [LCOOHRuU, CL(H,O)](PF¢), (3) show a
doubling of signals of the bbp scaffold and axial py ligands, compared to
[LEOOHRu,(OAC)](PFg)s (2), because of the reduced symmetry Cs. The apparent
Cy, symmetry of the bimetallic core is restored after installment of the bicarbon-
ate bridge in [LCOOERU, (CO3H)](PFg) (4). Exchange of the coligands within
the bimetallic pocket is further reflected by characteristic shifts of the ortho
protons of the peripheral pyridine rings of L9 in the 'H NMR spectra (9.49
ppm (2), 9.47 and 9.63 ppm (3), 9.54 ppm (4)). Both acetate-bridged complexes
(1) and (2) could be isolated in crystalline form, and their structures were

confirmed by X-ray diffraction (XRD). The molecular structures of the cations
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o1’

Figure 5.3: Molecular structure of the cation of [LC9O"Ruy(OAc)]~(PFg)2. 30% probability

ellipsoids, solvent molecules, disorder and most hydrogen atoms are omitted
for clarity. Selected atom distances: Rui-N1, 2.012(3) A; Ru1-N2, 1.950(3) A
Ru1-N3, 2067(3) A; Ru1-Ng, 2.092(3) A; Ru1-Ns, 2.093(3) A; Ru1-O2, 2. 122(2)
A; Rui- - -Ru2, 4.2050(5) A. Selected bond angles: N2-Rui1-N1, 78.64(11)°%;
Nz—Ru1-N3, 80.39(11)°; N1-Rui-N3, 159.03(11)°; N2-Rui-Ng, 94.40(11)°; Ni-
Ru1-Ng, 91.42(12)°; N3-Rui-Ng, 90.18(11)°; N2-Rui-N5, 91.72(11)°; N1-Rui-
N5, 90.81(11)°; N3-Rui-N5, 89.80(11)°; Nj-Rui-Ns, 173.79(11)°; N2-Rui-
02, 174.83(10)°; N1-Ru1-O2, 106.46(10)°; N3-Rui-O2, 94.50(10)°; N4-Rui-O2,
86.33(11)°; N5-Ru1-O2, 87.48(10)°. Symmetry transformation used to generate
equivalent atoms:(’) 1-x, y, 3/2-z.
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[LCOOE Ruy(OAC)PT and [LEOOHRu,(OAC)?H inl240] and Figure 5.3, respec-
tively. In essence, the backbone para-C¢H4COOR (R = Et, H) substituent does
not influence the metrical parameters of the bimetallic [(bbp)Ruz(OAc)]2+-type
core, which are essentially identical to those of the related complexes with H,
Me, or Br substituents at the pyrazolea”C* position!3435], The pyrazole moiety
(pyz) of the ligand [LCOOE 1~ the two Ru ions, and the acetate-bridge (OAc) in
the in,in-position are more or less inplane, as reflected by the small differences
of the torsion angles Rui-N1-N1’-Ru1’ (5.6°) and Ru1-O2 - - - O2’-Ru1’ (7.9°)
and the angle of the two planes pyz-OAc of 5.5°. In case of the ligand [L“COH
17, the torsion angles Ru1-N1-N1"-Ru1’ (12.7°) and Ru1-Oz2 - - - O2’-Ru1’ (24.4°)
show that the acetate bridge is more tilted, with respect to the pyrazole moiety,
which is also reflected in the larger pyz-OAc interplanar angle of 15.5°. The
phenyl groups attached to the pyrazole backsides are oriented in an orthogonal
fashion to the pyrazolate plane, with interplanar angles of 55.7° and 75.0° for
[LCOOE! 1= and [LCOOH |-, respectively.

I (HA)
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Figure 5.4: Cyclic voltammograms of 1 (black) and 2 (cyan) in PC with ‘BusNPFs (0.1 M)
measured at 100 mV/s with glassy carbon (GC) as the working electrode, plat-
inum as the counter electrode, and a mercury/mercury sulfate electrode (MSE)
as the reference electrode

Electrochemical Properties and Homogeneous Water Oxidation Catalysis. To
assess the effect of the backbone anchor on the electrochemical properties, cyclic
voltammograms of (1) and (2) were recorded in propylene carbonate (PC) so-
lution. Redox potentials for the first two oxidations that sequentially give the
Ru!'Ru!!! and Ru!'Ru!!! species (for (1): E1 /,=0.27 and 0.67 V; for (2): B /,=0.28
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5.2 Results and Discussion

and 0.68 V vs MSE; see Figure 5.4) are very similar to the corresponding poten-
tials of the diruthenium complex [(M*bbp)Ru,(OAc)]** having a Me substituent
at the pyrazolate-C* (Me: E;,»=0.24 and 0.64 V vs MSE)[3435]. The performance
of (1) and (2) in homogeneous water oxidation catalysis was first probed us-
ing Ce!V species (in the form of cerium ammonium nitrate, CAN) as sacrificial
chemical oxidant under conditions identical to those previously employed for
the family of [(Rbbp)Run(OAC)** precatalysts (1) and (2). Thus, 100 equiv of
CAN were added to solutions of the complexes (1) and (2) in aqueous triflic
acid at pH 1 (103 M complex in 0.1 M triflic acid). Under those conditions, the
acetate bridge has been shown to hydrolyze to give the corresponding active di-
aqua species with two water ligands in the in,in-positions (viz, pointing into the
bimetallic pocket)[3°]. The formation of dioxygen was monitored by manometry
and simultaneously by a Clarke electrode, showing a turnover number (TON)
of -~ 23, which is close to the maximum value of 25 and similar to what has
been observed for [(M®bbp)Ru,(OAc)]** 351, Also, the initial turnover frequency
(TOF;) under these conditions (-~ 3.5 x 1072 s~ !) is of the same order of magni-
tude as that of the bbp-based diruthenium complex lacking the backbone anchor,
as reported in the literature (6.8x1072s~! ; see Table 9.1 in the Appendix B). All
these findings confirm that the para-C¢H4;COOR (R=Et, H) substituent at the
pyrazolate-C* does not have any significant effect on the electronic properties or
catalytic performance of the bbp-based diruthenium core.

Anchoring the Diruthenium Complex on ITO. For catalyst anchoring on the
metal oxide surface, the bicarbonatebridged complex 4 was prepared for two

reasons:

(i) Having an exogenous bridging unit within the bimetallic pocket (instead
of the diaqua species) should prevent potential direct interaction of the
diruthenium active site with the metal oxide surface.

(ii) The acid labile bicarbonate bridge is advantageous for ensuring fast disso-
ciation of the exogenous bridge when generating the active diaqua species
of the anchored catalyst under acidic conditions (exchange is usually slow

for an acetate bridge).

To achieve a high loading of the diruthenium catalyst on the working electrode,
ITO-laminated glass plates were first coated with mesoporous ITO (mesoITO),
following protocols reported in the literature241242] with slight modifications
(see the Appendix B). Anchoring of 4 on the metal oxide surface was then

performed by soaking the ITO|mesoITO electrodes for 1 day at room temper-
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ature in a 0.1 x 103 M solution of 4 in methanol. The electrodes were then
rinsed with methanol, to remove all of the complex that was not anchored to
the surface. To demonstrate the model character of ITO as a solid support,
we also immobilized 4 on lanthanum strontium manganite (LagSrg4MnOs,
LSMO) as an example of a more complex oxide with low surface area and a
well-defined crystallographic surface. Successful surface deposition of 4 on
LSMO is supported by X-ray photoelectron spectroscopy (XPS) and atomic force
microscopy (AFM) measurements, as shown in Figure 9.18 in the Appendix B.

Thus prepared ITO|mesoITO|4 electrodes were characterized by electrochemical
measurements. This analytic method was chosen because bbp-based diruthe-
nium complexes have diagnostic electrochemical signatures. In the following,
we use two different reference scales, namely, potentials versus MSE for mea-
surements in organic environments and RHE (reversible hydrogen electrode)
for measurements in aqueous environments. Two reversible oxidation processes
are accessible in organic solvents such as PC to give the respective Ru!/Ru!!!
and Ru!’Ru!!l complexes, with potentials that are dependent on the type of
exogenous bridge within the bimetallic pocket. The CV of 4 in homogeneous
PC solution containing "BusNPFg (0.1 M) shows the first oxidation at E; ,,=0.37
V and the second oxidation at E; ,=0.74 V vs MSE (scan rate = 100 mV/s; see
Figure 5.5). The ITO|mesoITO electrode with anchored 4 was measured in a
three-electrode setup, with the ITO|mesoITO|4 electrode serving as the working
electrode. The modified electrode shows two oxidation processes at potentials
(E1/2=0.36 and o0.77 V vs MSE) essentially identical to those of molecular 4
in PC solution, confirming successful anchoring of intact 4 onto the electrode
(see Figure 5.5). As expected, the homogeneous system (4 dissolved in PC)
shows a linear dependence of the peak current on the square root of the scan
rate, whereas for the immobilized catalyst (ITO|mesoITO|4), the peak current
increases linearly with the scan rate (see lower part of Figure 5.5, CVs at
different scan rates are shown in Figure 9.3 in the Appendix B).

The catalytic properties were investigated at pH 1 in 0.1 M triflic acid, because
water oxidation mediated by complexes with the ®bbp Ru, core is mechanis-
tically fairly well understood at this pH34. In addition, the chemical bond
between the carboxylic acid anchoring group and a metal oxide is known to be
more stable at low pH 2471, The catalytically active species has been shown to be
a diaqua- or a (H)O - - - HO(H) bridged complex, depending on the pH of the
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Figure 5.5: (Top) Cyclic voltammograms of (black curve) complex 4 in PC solution with

8o

BuyNPFs (0.1 M), measured at 100 mV/s with GC as the WE, platinum as the
CE, and MSE as the ref, and (blue curve) complex 4 anchored onto ITO|mesoITO
glass slides measured at 10 mV/s with ITO|mesoITO|4 as the WE, platinum as
the CE, and MSE as the ref. Bottom left graph shows the linear dependence of
peak current I, on the square root of the scan rate for complex 4 in PC. Bottom
right graph shows the linear dependence of peak current I, on the scan rate for

complex 4 immobilized on ITO|mesoITO.
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Figure 5.6: Cyclic voltammogram of 4 anchored onto ITO|mesoITO recorded at a scan rate
of 10 mV/s (black) in 0.1 M triflic acid (pH 1); the background current density
of the blank ITO|mesoITO electrode is shown in gray. WE, ITO|mesoITO; CE, Pt
disk; and ref, MSE calculated to the RHE scale.

To further investigate the rapid exchange of the bicarbonate bridge in 4
by water, a CV of the modified ITO|mesoITO|4 electrode was measured at
pH 1 in 0.1 M triflic acid (Figure 5.6). It shows a reversible one-electron
oxidation for the Ru/'Ru!! /Ru!/'Ru!! couple at Ej/;=0.90 V and three subse-
quent quasireversible oxidations at E; ,=1.23 V RuRuT /Ru!"Ru'!), E; /2=
1.27 V (RulRu!V /RuRu’!), and Ei,p,= 131 V (Ru!YRu!¥/Ru'’Ru’") vs
RHE. These values compare well with the measured redox potentials of the
water-soluble derivative [(y-bbp){Ru(OH;)(4-SO3-py)2}2]~ (where 4-SOs-py is
pyridine-4-sulfonate; see Figure 9.4 in the Appendix B)34l. At 1.44 V vs RHE,
the cyclic voltammogram shows an increase in the oxidative current, which can
be attributed to the formation of the Ru’VRu" species and the onset of catalytic
water oxidation, corresponding to an overpotential of # ~ 200 mV. Following
the small plateau at 1.62 V the complex is further oxidized to the Ru¥Ru" state,
which is accompanied by a large electrocatalytic wave.

The stability of the catalyst complex, especially of its anchoring connection to
the oxide surface, is strongly dependent on the applied bias. If repetitive cyclic
voltammetry (CV) scans are measured for the hybrid system ITO|mesoITO|4 at
potentials up to 1.1 V vs. RHE, the loss of complex is only minor and the peak
currents tend toward a stable situation (see Figure 9.4A in the Appendix B),
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5.2 Results and Discussion

indicating that only some loosely bound or physisorbed complex is lost under
those conditions. If the applied bias is higher, leaching is more pronounced (see
Figure 9.4B in the Appendix B). In both cases, the positions of the oxidative
and reductive waves for the Ru///Rul!/Ru/'Ru!! couple of the immobilized
complex hardly change, indicating that the complex itself remains intact but
that it gradually detaches from the surface under oxidative conditions. When
measuring repetitive CVs far into the catalytic region (up to 1.9 V vs. RHE), a
significant loss of catalyst from the electrode surface can be observed, reflected
by decreasing peak currents for the sequential oxidations of the RuRu complex
and a concomitant drop of the electrocatalytic wave (see Figures 9.4C and 9.4D
in the Appendix B). The issues of catalyst leaching and characterization of the
ITO-bound species are addressed in more detail below.
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Figure 5.7: Rotating ring disk CV measurements of surface-anchored complex 4
(GC|mesoITO|4, solid black line) and the blank GC|mesoITO| electrode (solid gray
line). The corresponding ring currents are shown as red and gray dots. The inset
shows the Tafel analysis of both ring (V;,4=0.2 V vs. RHE) and hybrid current
density, as a function of disk voltage after subtraction of the background currents
of the blank electrodes. All measurements were performed with 0.1 M triflic acid
as the supporting electrolyte (argon-purged) at 10 mV/s and 1600 rpm. The volt-
age was corrected for uncompensated resistance. The positive-going direction of
the third scan is shown.

RRDE Characterization of the Hybrid Electrode. To further elucidate the
catalytic activity of the anchored complex 4 and directly measure the correlation
between the catalytic current and O, evolution, we applied rotating ring disk
electrode (RRDE) measurements to the mesolTO|4 system!'™°l. Here, a potential
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that was sufficient to drive the oxygen reduction reaction (ORR) on Pt in a
diffusion-limited regime was applied on the Pt-ring electrode (see the ORR mea-
surements on Pt in Figure 9.10 in the Appendix B). For the RRDE experiments, a
polished GC disk was modified with mesoporous ITO (GC|mesoITO); the disks
for the RRDE measurements were prepared as reported in the literature*l,
Complex 4 was anchored onto the GC|mesolTO electrode, following a procedure
similar to that used for modifying the ITO|mesoITO slides. All measurements
were performed in argon-saturated o.1 M triflic acid (pH 1), to reduce the
O, background for the ring measurement. Examples of CV measurements
using the RRDE setup are shown in Figure 5.7 for the oxidative scan direction.
The GC|mesoITO disk electrode modified with complex 4 showed significant
improvement of the catalytic currents, compared to the unmodified GC|mesoITO
electrode and largely enhanced ring currents. The quiescent measurements
on ITO|mesoITO electrodes revealed an exponential increase in currents above
1.55 V vs. RHE, following the initial oxidations of the catalyst from Ru!//Ru!
up to Ru!VRu!¥ and then further to Ru!"Ru", suggesting the onset of WOC
above 1.55 V vs. RHE. A direct correlation between the Pt-ring currents and
the GC|mesoITO electrode confirmed that the currents above -~ 1.69 V vs. RHE
(and, thus, beyond the RuVRu!V state) correspond to WOC. However, the
differences in the observed overpotential might originate from the superposition
of the oxidation beyond Ru/VRu!" and the onset of the WOC. For the RRDE
method, the dense particle layer of the mesoITO hampers the diffusion of O,
to the ring electrode and might influence the observed onset of WOC, because
of the imposed time delay. Despite the limited time resolution, the correlation
between the disk currents and the measured O, allows a more defined onset of
the WOC. These findings are in good agreement with the results reported for
homogeneous bbp-based diruthenium catalyst systems, namely that the WOC
only occurs at oxidation states above Ru/VRu!V.

Quantification of the O, reduction at the ring electrode, even for known collec-
tion efficiencies using the ferri-/ferrocyanide redox reaction and flat electrodes,
is limited by the low solubility of O, in water, which causes bubble formation at
the disk (see, e.g., the discussion in ref[141]). Furthermore, quantification of the
faradaic efficiency is dependent on knowledge of the exact number of electrons
transferred during the ORR at the ring electrode (for a detailed discussion, see
the Appendix B). ORR is often assumed to be an exactly four-electron process;
however, incomplete ORR can reduce this number under certain conditions.

Using the number of electrons determined experimentally from ORR studies
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under the same conditions (Figure 9.10 in the Appendix B), we calculated the
taradaic efficiency (see Figure 9.11 in the Appendix B). However, there is a
fundamental limitation of the accuracy for the faradaic efficiency for porous
electrodes because the time delay observed in CA measurements (Figure 5.8)
strongly influences the faradaic efficiency. Although the details of the diffusion
limitation and thus the time scale for the O, transport from the disk to the
ring may differ between chronoamperometry (CA) and CV experiments, the
observed time delay of -~ 10 s in the CA measurement can serve as a rough
estimate for the relevant time scale. Because of the large Tafel slope of 182
mV/dec for both the ring and disk currents (see inset in Figure 5.7), a time
delay of 10 s results in a significant shift of the observed response at the ring
electrode, even at the slow scan rate of 10 mV/s. Therefore, only a lower limit
for the faradaic efficiency can be given for porous electrodes. Other methods
that provide access to the efficiency, such as online gas mass spectrometry, rely
on sufficiently long-term stability of the anchored complex, in order to provide
measurable amounts of O5.

Despite these limitations for the quantification of the faradaic efficiency, differ-
ential currents as used in the calculation of the Tafel slope can be evaluated,
even without knowledge of the correct collection efficiency. As we have shown
previously['79], the ring Tafel slope is a measure of the catalytic Tafel slope
superior to the disk Tafel slope, because it is not affected by capacitive currents
or disk corrosion. Even the presence of a time delay between ring and disk
currents does not affect the efficiency evaluation by Tafel slopes, if done for slow
scan rates and in an appropriate voltage range. The inset of Figure 5.7 indeed
shows an approximate agreement of the ring and disk Tafel slopes in a voltage
range between 1.7 V and 1.9 V. Here, the background currents of the unmodified
electrode for both the ring and the disk currents have been subtracted. The
tinding that disk and ring Tafel slopes are identical within error indicates that
the disk current is dominated by the OER reaction and parasitic side reactions
can be disregarded. This indeed supports a high faradaic efficiency, as discussed
in the literature['79], Furthermore, the increase in the Tafel slope above — 1.8 V
vs. RHE suggests that the reaction mechanism is changing, depending on the
applied potential.

In order to obtain more-detailed information on the activity close to equilibrium,

the samples were characterized using CA at increasing potentials following
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Figure 5.8: (A) Chronoamperometry (CA) measurements of GC supported mesolTO film
with surface bound complex 4 at increasing potentials. (B) Exemplary CA mea-
surement at 1.94 V vs. RHE for the blank GC|mesoITO electrode (gray trace) and
for the GC|mesoITO with surface-bound complex 4 (GC|mesolTO|4, red trace),
showing both the disk and ring currents. All measurements were performed in
0.1 M triflic acid supporting electrolyte (argon-purged) with 1600 rpm. Before
and after the respective applied potential step, a potential of 0.5 V vs. RHE was
applied for 60 s.

initial CV measurements. A typical measurement can be seen in Figure 5.8A,
showing higher currents in response to increasing potentials. However, the
increase is smaller than expected from the CV measurements, because of a de-
crease in catalyst surface coverage over time, as mentioned above and confirmed
by XPS measurements (see below), as well as by the different time response
of the blank and surface-functionalized mesoITO: while the functionalized
electrodes reach constant currents above a potential of 1.79 V vs. RHE after - 20
s, the current of the blank mesoITO electrodes continues to decrease throughout
the measured time period, as can be seen in Figure 5.8B. The differences in be-
havior can be caused by changing overpotentials due to oxygen saturation of the
electrolyte within the diffusion layer (see discussion in the Appendix B for de-
tails) or the altered surface properties of the mesoITO upon anchoring of 4. The
ring currents of the functionalized electrode increase throughout each potential
step and decrease slowly after applying the open circuit potential. The delay
in the response indicates that the diffusion of the evolved O, out of the meso-

porous ITO layer limits the time resolution, as observed also in the literature!2481,
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Figure 5.9: TOF values for GC|mesoITO|4 obtained using multistep CA (Figure 5.8A) of the

modified RRD electrode at increasing potentials. TOF values were calculated

assuming a constant concentration of complex 4. All measurements were per-

formed in 0.1 M triflic acid supporting electrolyte (argon-purged) at 1600 rpm.
The solid line is present only as a guide for the eye.

The change in turnover frequency (TOF) as a figure of merit of the hybrid
system is shown in Figure 5.9. It can be determined by estimating the surface
concentration of the anchored complex 4 by integrating the charge of the
reversible one electron oxidation step Ru!!'Ru!//Ru’Ru!! at E;,,= 0.90 V.
The concentration was determined based on CV measurements prior to the
CA measurements and was assumed to remain constant throughout the CA
measurements. The TOF then was determined by using the integrated charge
of the last 10 s of each CA step after subtracting the respective background
currents (Figure 5.8).

The results for the anchored complex show a strong increase in TOF with
increasing applied potential (Figure 5.9), reaching from 0.45 s~! at an overpo-
tential of 7=0.52 V to 4.1 s~ ! at an overpotential of 7=0.77 V. The closely related
water-soluble complex [(u-bbp){Ru(OH;)(4-SOs-py)2 }2]~, under homogeneous
conditions, shows TOF values that seem to be 1-2 orders of magnitude higher
(15.7 s~ at #=0.52 V or -~ 50 s~! at y=0.77 V)I37). However, it is difficult to
compare these values because the latter have been determined under highly
optimized CV conditions in homogeneous phase, using the foot-of-the-wave
analysis (FOWA), while TOF values for the mesoITO|4 hybrid have been de-
rived from nonoptimized bulk CA experiments. The lower TOF for anchored

mesolTO|4 and the decrease in activity during prolonged CV and during the
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CA measurements likely reflect catalyst leaching and a decreasing surface

concentration of the active complex. Consequently, the calculated TOFs for the

mesoITO|4 hybrid material are an estimate on the lower limit of the true TOF.

The electrochemical response of the complex, and, hence, also the catalytic

activity, are diminishing significantly with higher applied potential during the

CV experiments (see Figure 9.5).
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Figure 5.10: (A) XPS spectra of the C 1s core level, (B) XPS spectra of the N 1s spectra
normalized on the same value, (C) XPS spectra of the Ru 3d level normalized
on the same value, and (D) stoichiometry obtained by Ru 3d and N 1s spectra.
All measurements were performed on a dropcast sample of complex 4 on Au,
a hybrid electrode before (pristine) and after CV measurements and 5 min CA
at 1.9 V vs. RHE (post mortem), and a blank electrode after exposure to the
supporting electrolyte. The color code is identical for panels (A)-(C).
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Stability of the Hybrid System during WOC. In order to evaluate the chemical
stability of the immobilized complex 4 during catalysis, XPS was employed.
XPS spectra of the modified electrodes show the expected species of the
reference sample without significant chemical changes during WOC (Figures
5.10A-C). The survey scans showed the underlying Sn, In, and O core levels
from the substrate and Au from the sample holder used for energy calibration
(see Figure 9.15 in the Appendix B). The Ru 3d level signal is only present
for the functionalized system. Its intensity decreased significantly after the
electrochemical measurements, with respect to both the pristine sample, the
electrolyzed sample, and the reference sample of complex 4 without the oxide
substrate (Figure 5.10A). The reference sample was prepared by dropcasting
the complex, dissolved in MeOH, on a sputtered Au holder. To compare the
chemical shift, Figure 5.10C shows the Ru 3d level adjusted to the same intensity.
The binding energies of the Ru 3d5,, states are 281.1 eV for the pristine sample,
281.2 eV after the electrochemical measurement, and 280.9 €V for the reference.
While no shift is observed within error when measuring before and after the
electrochemical experiment, this cannot rule out the formation of RuO, that
has a binding energy of 280.8 eV (measured on RuO, nanoparticles, 99.9%
purity, Sigma-Aldrich). Note that the Ru 3d level has not changed due to the
electrochemical treatment. Decomposition of Ru-based molecular catalysts
under turnover conditions to finally yield RuO, is a commonly discussed
mechanism that potentially compromises the catalytic activity!9°l. While the
Ru 3d level is not an unambiguous descriptor for the decomposition to RuO,,
the N 1s core level can serve as an additional marker for the integrity of
the molecular catalyst on the surface. Consistent with the observation for
Ru 3d states, no significant shift of the binding energy could be found for
the N 1s states (Figure 5.10B). To evaluate the stability of the complexes, the
stoichiometry was determined using the unmodified intensities of the N 1s and
Ru 3d spectra. Because of overlap of the Ru 3dj3/, species with the C 1s core
level, the energy splitting between the Ru 3ds5,, and Ru 3dj3,; states could not
be measured. It was fixed at 4.1 eV, according to the literature[*#9], with an
intensity ratio of 3/5. The obtained ratios of cr,=21.9%=* 3.1% and cy=78.1%=+
3.1% are displayed in Figure 5.10D and are, within error, close to the expected
2:10 ratio for the molecular structure. Note that the error of £+ 3.1% is due to
the overlap of Ru 3d and C 1s states, which causes increasing fitting errors
with decreasing peak intensities. The absence of significant changes in the
binding energies and the stable stoichiometry of the complex species suggest a
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stable complex and rule out any decomposition to RuO;, as has been reported
for related molecular systems[9°], since the formation of RuO, would either
result in a loss of the pyridine units or complete decomposition of the ligand.
The latter would be visible in a strong increase of the Ru:N ratio, which is
not observed. The decreasing catalytic activity is hence due to a decreasing
catalyst concentration, because of gradual leaching of complex 4 during the
electrochemical measurement, which is likely caused by weak attachment of the
carboxylate anchor to the oxide substrate.

To put the present system into perspective and to compare with other ruthenium
catalysts anchored on oxide solid supports, Table 9.3 in the Appendix B lists
the electrochemical TOF values of relevant systems (note that all are mononu-
clear ruthenium catalysts, and some of them are linked to a [Ru(bipy)s]*"
unit) (61961102431 Data for dinuclear 4 shown in Figure 5.9 are comparable to,
or even slightly above, those of other high-performance catalysts. Table 9.3
also provides some stability information for the various systems. In contrast to
complexes that decompose to RuO,[9], the performance of complex 4 anchored
on ITO is only limited by the stability of the anchoring group. Note that Llobet
et al.[259252] Meyer et al.[253254], and Sun et al.[116:230,231,236:255-258] have reported
other highly active mononuclear and dinuclear ruthenium-based WOC systems,
that were either anchored on different solid supports (e.g., carbon nanotubes)

or evaluated under different oxidative conditions, in the form of photoanodes.

5.3 Conclusions

We demonstrate the anchoring of a well-understood and robust diruthenium-
based water oxidation catalyst [(u-bbp){Ru-(py)2 }2(u-X)]** (X = OAc, CO3H)
onto an oxide support using a carboxylate anchor at the ligand backbone. For
the oxide support, we have chosen an indium tin oxide film covered by meso-
porous ITO suitable for high complex loadings, and preliminary tests have also
evidenced successful anchoring on single crystalline perovskite oxide surface
facets. The hybrid system was characterized by advanced electrochemical meth-
ods, including rotating ring disk electrode studies, and by X-ray photoelectron
spectroscopy to evidence that the structural integrity of the WOC is preserved,
even under catalytic conditions. The anchoring group, i.e., para-C¢H4COOR
(R = Et, H) at the pyrazolate-C* is shown not to have any significant effect
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on the catalytic performance nor on the oxidative and reductive waves of the
Ru"Ru!?! /Ru’Ru!! couples under homogeneous conditions. TOF values for
the anchored complex determined by bulk chronoamperometry increase with
increasing applied potential and reach 4.1 s~! at an overpotential of 0.77 V. The
gradual decrease in activity during prolonged CV and during CA measurements
likely reflects catalyst leaching and the resulting decreasing surface concentra-
tion of the active complex. Consequently, the calculated TOFs for the meso-
porous ITO hybrid material are an estimate of the lower limit of the true TOFR.
For potentials up to 1.1 V vs. RHE, the loss of complex is only minor and the
peak currents tend toward a stable situation, indicating that only some loosely
bound complex is detached. At higher applied potentials, leaching is more pro-
nounced, leading to the conclusion that the single carboxylate is a rather stable
anchor close to equilibrium conditions but its bonding to the oxide substrate is
the limiting factor during oxygen evolution under turnover conditions and needs
to be modified and improved. This also is a key issue for catalyst anchoring on
alternative oxide supports. Nevertheless, it could be shown that the bbp-type
dinuclear ruthenium WOCs are promising candidates for highly active photoan-
odes, because of their high turnover frequencies and their oxidative robustness.
The mayor limiting factor for this new generation of stable ruthenium-based

WOC is the anchoring group, which will be optimized in future work.
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6 Chasing the Achilles’ Heel in Hybrid Systems of
Diruthenium Water Oxidation Catalysts Anchored
on Indium Tin Oxide: the Stability of the Anchor

J. Odrobina, J. Scholz, M. Risch, S. Dechert, C. Jooss, and F. Meyer
Reproduced from ACS catalysis 7, 6235-6244, 2017

Abstract: The development of

hybrid devices for photo-driven woce

. . . . 0, +4H* 2H,0
water oxidation with dinuclear : :

molecular ruthenium catalysts i Py, oM, 1 PY

on solid supports aims both at
high efficiencies of the catalyst
and at high stability of the link-

ing to the surface. We herein re-

Disk

port a systematic study regard-

ing the stability of catalysts an-
chored on an indium tin oxide 06 09 12 15
(ITO) support via different acid E-iR (Vvs RHE) Oxidative bond cleavage

functional groups at the ligand

backbone: viz., a single carboxylate anchor, two carboxylate anchors, and a phospho-
nate anchor. The integrity of the hybrid electrodes ITO|meso-ITO|catalyst was evaluated
under acidic aqueous conditions as a function of the applied electric potential below
and above the onset of the oxygen evolution reaction (OER). Rotating ring disk elec-
trode (RRDE) experiments allowed us to distinguish between the water oxidation and
the desorption processes. X-ray photoemission (XPS) and X-ray absorption spectroscopy
(XAS) after electrochemical treatment showed high chemical stability of the catalyst core
structure but pronounced dependence of the hybrid stability on the oxidation state of
the ruthenium center. A combination of these different spectroscopic techniques shed
light on the mechanisms underlying catalyst desorption. Specifically, catalysts equipped
with carboxylate anchors are found to continuously desorb already at low applied po-
tentials below the OER onset, while for the more rugged phosphonate-based hybrid
oxidative P-C(aryl) bond cleavage is proposed to occur, but only after reaching the high-
valent Ru”Ru!" state. These findings reveal specific challenges for anchoring strategies

in molecular water oxidation catalysis.
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6.1 Introduction

Exploiting renewable energy sources has become one of the most significant sci-
entific topics in the first decades of the 21 century. In that context, artificial pho-
tosynthesis is an attractive approach to store solar energy in chemical bonds!2°l,
The progress and increased attention in recent years is reflected by the increas-
ing number of articles and reviews highlighting challenges of light harvesting

112,202,205,208,250-262] Water oxidation

and advances in catalytic performance!®1113.
catalysis is one of the most critical steps in artificial photosynthesis. The reaction
is a four-electron-four-proton coupled process which is energetically and kineti-
cally very demanding. Overpotentials and catalyst stabilities must be improved
to reach decent economically viable values. To rationally improve these prop-
erties, the catalysts should be well understood in terms of reaction mechanism
as well as stability-limiting factors such as decomposition pathways. Molec-
ular catalysts are spectroscopically easy to address and can be modified in a
targeted and defined fashion. Especially in the field of ruthenium-based water
oxidation catalysts (WOCs), it has been possible to gain thorough mechanistic
insight into a number of systems[6:21:34:201,228,263,264] By intelligent ligand design,
the efficiency of ruthenium WOCs has been drastically enhanced in the last 30
years (34,222,225,227,229,265]

Some of these molecular ruthenium catalysts have been successfully grafted on
solid supports, which is mandatory for solar-fuel devices[232234251,252,258,266,267]
A convenient immobilization method is to anchor the molecules via acid func-
tional groups to oxide substrates['°2l. Carboxylic and phosphonic acids are com-
monly used anchoring groups that achieve immobilization of catalysts under
aqueous conditions!19371961241 Despite the successful binding of complexes on
substrates, the stability of the surface binding under reactive conditions is cru-
cial for the total performance, and known systems are frequently suffering from
degradation[*98-11°] " A strategy to stabilize the anchored WOC on the surface is
the use of additional stabilizing layers of polymers or oxides which cover the an-
choring groups. However, the overlayer has a drastic effect on the morphology
of the hybrid, leading to a drop in WOC activity 11371151,

In order to optimize the binding between the solid support and the catalyst
by chemically designed anchor groups, it is essential to understand the factors
which determine the stability of the linkages. As the anchor represents the in-
terface between the oxide substrate and the WOC, both parts contribute to the
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stability and need to be understood. Indium tin oxide (ITO) is a promising can-
didate as an oxide substrate. It is conductive and optically transparent in a broad
wavelength region, its physicochemical properties are well-known, and numer-
ous studies of surface immobilization of molecular chromophores and catalysts
on ITO have been reported in the literature[*7-1232%81 In addition to these favor-
able properties, the high surface area of mesoporous ITO (meso-ITO) is beneficial
for understanding the hybrid systems in detail, due to higher surface concentra-
tion and enhanced detectability of electronic and spectroscopic fingerprints of
the anchored complexes[104:106:110,241,269]

The WOC used in the present investigation is based on a binucleating ligand
which positions two ruthenium centers in close proximity. A family of diruthe-
nium complexes based on the monoanionic bis(bipyridyl)pyrazolate (bbp™) lig-
and was recently established as rugged and efficient WOCs[2343537]. Each of
the ruthenium ions is nested in a tridentate meridional binding pocket of the
bbp~ ligand and coordinated by pyridine in the two axial positions. The result-
ing bimetallic pocket offers two possible binding sites for water coordination.
The mechanism of water oxidation for a highly water soluble derivative under
homogeneous conditions was shown to proceed via sequential proton-coupled
electron transfer steps followed by water nucleophilic attack (WNA) in the for-
mal Ru” (= O)Ru!V (= O) state34!*. In recent work we reported the modification
of the Rup-bbp WOC 1 with a carboxylate anchoring group at the pyrazole-C*
position in the ligand backbone?7°l. The modified complex 1 was successfully
anchored to a meso-ITO support and showed high activity for water oxidation
under pH 1 conditions without decomposition of the complex into RuO,. How-
ever, the binding between the oxide and the carboxylic acid functionality was
identified as a weak link needing further improvement.

In this work, we present a set of ruthenium bbp complexes modified in a modu-
lar synthetic approach with three different anchoring functionalities, in order to
interrogate and optimize the binding stability to the solid support: a single car-
boxylate anchor, two carboxylate anchors, and a phosphonate anchor. With the
resulting stability improvement of the hybrid, we studied the most stable sys-
tem to evaluate the activity and stability under reactive conditions using cyclic
voltammetry (CV) and rotating ring disk electrode (RRDE) measurements. CV is
employed to study the evolution of the hybrid surface coverage upon reversible

electron transfer processes between the oxide surface and the anchored catalyst.

IContributions from ligand-based oxidation cannot be safely excluded beyond the Ru!VRu!"

state
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6.2 Results and discussion

The adaptation of the RRDE method allowed probing the desorbed species in situ
under reactive conditions by suitable setting of the ring potential. In addition,
we applied XPS and XAS to investigate the chemical integrity of the anchored
catalysts. On the basis of such detailed characterization of the immobilized com-
plexes and the differences in stability and activity associated with the respective
anchoring moieties, we can develop a comprehensive picture of the behavior of

these molecular WOC hybrid systems.
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6.2 Results and discussion

Synthesis and Characterization of the Complexes A modular synthetic pro-
tocol was developed that allows introducing different anchoring groups at
the pyrazole-C* position. The synthesis of the new ligand derivatives has
been adapted from previously reported procedures (details are given in the
Supporting Information)[3473627°l. A" palladium-catalyzed Suzuki-Miyaura
cross-coupling reaction connects the ester variants of the anchoring groups
with the methoxymethyl (MOM) protected iodo derivative of Hbbp, (MOM)L!
(Scheme 6.1), and pyrazole deprotection then occurs during acidic workup.
To improve the binding stability of the complex to the oxide surface, taking
HLCOOH ag the starting point, we followed two strategies. In the first approach,
we varied the number of possible anchoring sites by introducing a second car-
boxylic acid functional group in the ligand backbone. The resulting proligand
HL(COOEt):2 has two carboxylic acid groups in 3,5-positions at the peripheral
phenyl group attached to the pyrazole-C*. In the second approach the carboxylic
acid group in HLCO9H was replaced by a phosphonic acid group (HLPOOOEL),
which is usually assumed to have a much higher binding constant to oxide
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surfaces in comparison to the carboxylate anchor!'*l.The new complexes
[L{COOED2Ruy(OAC)(py)al(PFe)2  and  [L(POOOE2)Ru,(OAC)(py)s](PFs)2,  both
containing an exogenous acetate bridge, could be synthesized following estab-
lished procedures with only small optimizations of the protocols (see[2461)[270],
The complexes have been fully characterized by electrospray ionization mass
spectrometry (ESI-MS) and elemental analysis, as well as one-dimensional (1D)
and two-dimensional (2D) nuclear magnetic resonance (NMR) spectroscopy
(*H, 13C, 31P); the molecular structure of [L(P OOOEt)RuZ(OAc)(py)4](PF6)2
was further authenticated by single-crystal X-ray diffraction (XRD)[?4°l. For
experimental details and spectroscopic signatures of all new compounds please
refer to[246],

To ensure rapid release of the exogeneous bridge and formation of cat-
alytically active diaqua species [L*Rup(OH,)(py)4]*" upon acidification,
the relatively inert acetate bridge in [L(COOEt)zRuz(OAC)(pyM](PF6)2 and
[L(P OOOEtZ)Ruz(OAc)(py)4](PF6)2 was replaced by acid-labile bicarbonate
and, in the same one-pot reaction sequence, the backbone carboxylic or
phosphonic esters were hydrolyzed to give the precatalyst complexes
[LEOOHRu,(COsH)(py)sl(PFe)2  (1)1*1,  [LICOOH):Ru,(COsH)(py)sl(PFe)2  (2),
and [LP OOOHRuz(CO3H)(py)4](PF6) (3) (Figure 6.2). In the last case, acetate
to bicarbonate exchange was best achieved via the intermediate bromo-
bridged complex according to the sequence [L(P OOOEt2)Ruz(OAc)(py)4](PF6)2 —
[LPOOOHRu,Br(py)4](PFs) — 3. Details for the synthetic procedures and for the
characterization of all new complexes are provided in[240l.

Several methods were applied to assess the influence of the different backbone
anchoring groups on the electronic properties of the bbp-Ru, core. NMR
shifts of the bicarbonate-bridged precatalysts 2 and 3 differ only slightly
from the values reported for the parent 1, which is equipped with a single
carboxylate anchor (Figure 6.2)?7°l.  Comparison of the structurally char-
acterized acetate-bridged precursors 1a-3a (Figure 6.2) reveals only minor
differences in bond lengths and angles among the series of complexes (see!24°]
for metric parameters). Furthermore, electrochemical fingerprints, determined
by cyclic voltammetry for the Ru/’'Ru!!/Ru’Ru! and Ru!'Ru!!!/Ru!!’Ru’!
couples in propylene carbonate (PC) solution, do not differ significantly for
1-3. The turnover numbers (TON) and initial turnover frequencies (TOF;) in
homogeneous chemically driven water oxidation catalysis under benchmark
conditions, using 100 equiv of Ce!V (cerium ammonium nitrate, CAN) as a

sacrificial chemical oxidant in 0.1 M triflic acid solution, are very similar for
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Figure 6.2: Molecular structures of (left) bicarbonate-bridged catalyst precursors 1[27°1, 2,
and 3, which were anchored to the solid support, and (right) the corresponding
acetate-bridged complexes 1a [270] 24 and 3a determined with XRD



6.2 Results and discussion

the set of catalysts and are similar to the values for the parent complex lacking
any backbone anchor (see Table 9.2 in the Supporting Information). Taken
together, we conclude that introducing and varying the anchoring groups at the
pyrazole-C* position has only minor effects on the electronic structure of the
bbp-Ruy core.

Stability of the Hybrid below the OER Threshold. The general approach to
immobilize the complexes is chemisorption of the ligand backbone carboxylic
or phosphonic acid functionality to the ITO surface. To reach high surface
loadings, the ITO glass slides were covered with a meso-ITO layer (ITO|meso-
ITO) followed by an established annealing procedurel1°4239.241.2421 The catalyst
precursor was immobilized by soaking the ITO|meso-ITO slides in a 0.1 mM
complex solution in methanol. The growing process was monitored by diffusive
reflectance UV /vis (DR-UV /vis) spectroscopy (Figure 9.1 in Appendix B). The
modified ITO|meso-ITO slides were then used as working electrodes in CV
experiments to investigate the hybrid systems under noncatalytic conditions in
an aqueous environment.

In CV experiments, where the analyte is immobilized to the electrode, the num-
ber of electrons transferred during a reversible redox process directly reflects the
total amount of analyte anchored to the electrode. The reversible redox process
[Ru"Ru!! /Ru’Ru'’) thus is a measure of the number of anchored complexes
on the ITO|meso-ITO surface. To evaluate the binding stability of the complexes
on the surface, CVs of 1 - 3 on ITO|meso-ITO in the RulRu!l /Rul'Rul! potential
range were recorded repetitively over several cycles at a scan rate of 10 mV/s in
triflic acid (0.1 M, pH 1) (Figure 6.3).

The detachment of complexes is reflected by a decrease in the peak current.
The trend in peak currents could be fitted satisfactorily with a biexponential
tit (Figure 6.3D). The biexponential character of the desorption process reflects
the different diffusion length scales in the mesoporous electrode, where kj
is the overall desorption rate constant and includes the detachment from the
surface and subsequent diffusion into the solution™®!. The two complexes
anchored via carboxylate functionalities show k; values on the same order of
magnitude. The surface concentration could be significantly improved during
the growing process when the bis-carboxylate complex 2 was used; however, 2 is
even slightly more weakly attached to the electrode than the mono-carboxylate
complex 1 under pH 1 conditions (Figure 6.3A,B). The best improvement in
stability combined with a favorably increased surface concentration is observed

when 3 equipped with a phosphonate anchor was used (Figure 6.3C; the
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Figure 6.3: Cyclic voltammetry of (A) ITO|meso-ITO|1 (WE), (B) ITO|meso-ITO|2 (WE), (C)

ITO|meso-ITO|3 (WE) with the initial (dark color) and final (light color) traces
highlighted. The arrows indicate the decline in peak current. (D) Desorption
profiles of immobilized complexes extracted from peak currents. The colors in
the plot conform to the colors of the respective CVs (data points correspond
to the respective peak current of each scan, and the continuous lines show the
biexponential fits of the data). All measurements have been performed at a scan
rate of 10 mV/s in triflic acid (0.1 M, pH 1) with a Pt CE and a mercury sulfate
reference electrode (MSE).
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slight shift in anodic peak potential may result from partial hydrolysis of the
bicarbonate bridge to give the diaqua complex). Insolubility is a key feature
for stable anchoring. Complex 2 is more soluble in aqueous environment than
1, whereas in methanol the solubility is reversed. The increasing number of
binding sites of the bis-carboxylate complex 2 is counteracted by its higher
solubility in water, thus leading to increasing desorption rates for 2. Notably, k;
of the phosphonate anchored 3 is 3 orders of magnitude lower in comparison to
1 and 2. In contrast to the latter complexes bearing carboxylate groups, 3 shows
only a negligible decline in peak current during repetitive CV measurements
up to 1.5 V vs RHE (Figure 9.9 in the Supporting Information). Hence the
phosphonate complex 3 is stably anchored to the ITO surface even under high
applied potentials (up to 1.5 V vs RHE).

Characterization of the Hybrid above the OER Threshold. Characterization
of the hybrid electrodes at potentials below the threshold for water oxidation
catalysis shows a significant influence of the anchoring group on stability, with
3 featuring the most favorable characteristics. However, the stability of the
WOC in the catalytic region is crucial for further applications. To evaluate
the behavior of ITO|meso-ITO|3 under OER conditions, RRDE measurements
were employed to assess its catalytic activity. The observed potentials for the
RuRu!V /Ru!VRu!V oxidation and the onset potential of the water oxidation
catalysis of ITO|meso-ITO|3 (onset potential 1.55 V vs RHE, Ru”Ru!" /Ru!VRu!"
1.69 V vs RHE in Figure 3) and the water-soluble [(bbpMe)Ruz(OzHg)-(3-SO3-
py)a]>~ studied under homogeneous conditions compare very well (bbpMe is
the bis(bipyridyl)pyrazolate ligand with a methyl group at the pyrazolate-Cy4
position and 3-SO3-py is pyridine-3-sulfonate; onset potential 1.50 V vs RHE,
Ru'Ru!"/Ru/VRu!V 1.68 V vs RHE)[34],

RRDE measurements demonstrate the ability of the hybrid to drive the oxy-
gen evolution reaction catalytically. A potential of 0.25 V vs RHE was applied
to the Pt ring electrode, which is sufficient to drive the oxygen reduction reac-
tion (ORR) under diffusion-limited conditions (calibration measurements shown
in Figure 9.10 in Appendix B). When CV measurements are performed at the
ITO|meso-ITO|3 disk electrode with rotation, the products formed during the
reaction are transported outward to the Pt-ring electrode. Careful analysis of
the ring currents is needed, as uncovered ITO can evolve dioxygen, and the
potential at the Pt ring is sufficient to reduce not only dioxygen but also e.g.
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Figure 6.4: Rotating ring disk CV measurements of ITO|meso-ITO|3 (dark red) and the blank
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ITO|meso-ITO electrode (solid grey line). The corresponding ring currents are
shown as red, and grey dots corresponding to oxygen reduction (V,;,g=0.25 V vs.
RHE).Note that the background currents of the unmodified ITO electrode and the
respective ring currents corresponding to complex desorption were subtracted
(see text). The inset shows the Tafel analysis of both ring and disk current density
as a function of disk voltage after subtraction of the background currents of blank
electrodes. All measurements were performed with 0.1 M triflic acid supporting
electrolyte (Ar-purged) at 10 mV/s and 1600 rpm. The voltage was corrected
for uncompensated resistance. The positive-going direction of the first scan is
shown.
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desorbing complexes (further discussed below). By subtraction of background
currents of oxygen evolution at the unmodified ITO (grey lines in Figure 6.4)
and the currents due to desorbing complexes (Figure 6.3), we assume that the
remaining ring currents solely correspond to oxygen evolved by the immobilized
complexes. These ring currents showed significantly increased activity for the
hybrid electrode ITO|meso-ITO|3 (Figure 6.4) in comparison to unmodified ITO,
which is analogous to our previous reports for immobilized 1[27°]. The onset
potential for water oxidation indicated by the increasing ring current was found
at 1.55 V vs RHE.
Additionally, the ring currents can provide information about side reactions lim-
iting the efficiency of the oxygen evolution. Note that the corresponding disk
currents can only be corrected for the background currents of the ITO substrate.
The sharp bend for ITO|meso-ITO|3 between 1.7 and 1.76 V vs RHE in the Tafel
slopes of both ring and disk reflects that additional charge is used for the oxi-
dation to Ru”Ru" rather than sustaining the previous reaction rate of Ru’VRu",
thus further increasing the amount of evolved oxygen ?. At high potentials, com-
parison of the corrected ring and disk currents by Tafel analysis (inset of Figure
6.4) shows different Tafel slopes, which indicates that the disk currents are not
solely reflecting the electron transfer of oxygen evolution. However, the Tafel
slopes for ITO|meso-ITO|3 differ only above the complete oxidation to Ru¥Ru"
at 1.78 V vs RHE; below 1.7 V vs RHE the Tafel slopes are identical at ring and
disk electrodes, thus suggesting high efficiency regarding water oxidation catal-
ysis. Moreover, the ring Tafel slope measured for ITO|meso-ITO|3 below 1.7 V
vs RHE is essentially identical with our previously reported Tafel slope of 182
mV /dec for 1, thereby suggesting the same reaction kinetics!?7°l. The deviation
of disk Tafel slopes in some regions from the reported value of 182 mV/dec
indicates that oxygen evolution might be superimposed by additional processes
such as desorption of highly oxidized complexes that presumably could evolve
oxygen homogeneously. Because the Tafel analysis suggested that additional
processes are operative, further evaluation of the stability under catalytic condi-
tions needed to be performed.

To gain more insight into the additional processes, viz. the destabilization of
the hybrid system, we again used RRDE measurements. Considering the step-
wise oxidation of the anchored complexes, and assuming a higher desorption

rate under reactive conditions, implies that a highly oxidized species is gener-

2Contributions from ligand-based oxidation cannot be safely excluded beyond the Ru!VRu!V
state

101



6.2 Results and discussion

ling (ALU.)

| Diskat14Vvs RHE & B 120[Ring at 0.75V vs. RHE 420
O, saturated 0.1 M triflic > Ru"Ru" =Ru"Ru" wfw
° Ring at 0.25 V vs. RHE ;85
| ' ° (ORR) 115
1
: b 80}
3 1 o—
: o < 10
1 °° ° ~ =
1 o | & 2
. Sy —° 40t -
I o
: {5
:
1
, : 0 0

0.4 0.6 0.8 1.0

E - iR (V vs. RHE)

0.2 08 1.0 1.2 14 16 1.8 20

E - iR (V vs. RHE)

Figure 6.5: (A) Rotating ring disk measurements showing comparison between the CV mea-
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surements at the Pt-ring electrode for 0.5 mM [(bbpM¢)Ru,(O2H3)-(3-SO3-py)a]?>~
in Ar-saturated triflic acid (0.1 M, pH 1) and the ITO disk electrode at an oxidiz-
ing potential of 1.4 V vs RHE black) and for an O,-saturated triflic acid (0.1 M, pH
1) without complex and the ITO disk at open circuit potential (OCP) (cyan). Note
that the current scale was normalized to compare the onset of the CRR and ORR.
At the potential of 0.75 V vs RHE the oxygen reduction contributes as the kineti-
cally limited currents show. Nonetheless, (B) shows that for operating conditions
with both dioxygen and oxidized complex present a clear distinction is possible.
(B) RRDE measurement with 0.5 mM [(bbpMe)Ruz(OzHg)—(g—SOg-py)zl]Z* in Ar-
saturated triflic acid (0.1 M, pH 1) cycling the ITO disk electrode and holding
the ring electrode at 0.75 V vs RHE to probe the complex reduction (black) and
the ring electrode at 0.25 V vs RHE to probe the oxygen reduction (cyan). The
ring currents for the complex reduction show no increase in the regime corre-
sponding to oxygen evolution, which shows the suitability to exclusively probe
the complex desorption. The rotation rate for all experiments was 1600 rpm.
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ated and possibly partially detached[1°927°], Therefore, one needs to disentangle
the contributions of the detachment and the oxygen evolution to the ring current
during OER activity. By convection enforced through the rotating electrode, the
oxidized complexes are transported to the ring electrode. If the ring potential for
the reduction of the complexes is sufficiently separable from the oxygen reduc-
tion potential at the Pt-ring electrode, it is possible to differentiate the evolved
oxygen and the detached complexes. This offers a method for evaluating the
stability under reactive conditions in situ.

Therefore, calibration measurements at the Pt ring electrode were performed to
probe the reaction conditions for disentangling the oxygen reduction reaction

(ORR) (Figure 9.10 in Appendix B) and the complex reduction reaction (CRR)
(Figure 6.5 and Figure 9.12 in Appendix B). Careful calibration showed a super-
position of the dioxygen reduction (calibration in O,-saturated triflic acid (0.1 M,
pH 1), Figure 9.10) and the reduction of the homogeneous [(bbp™¢)Ruy(O,H3)-
(3-SO3-py)4]>~ complex34] that was oxidized at an ITO disk electrode. To avoid
superposition with the dioxygen reduction, calibration of the ring electrode has
been performed in Ar-saturated triflic acid (0.1 M, pH 1; Figure 6.5A). The Pt-
ring electrode was held at a potential of 0.75 V vs RHE, which is sufficient to
drive the diffusion-limited complex reduction. At this potential, the oxygen re-
duction reaction contributes through kinetically limited currents (Figure 6.5A).
Under operating conditions, where both dioxygen and oxidized complexes are
present, a clear distinction between them is possible (Figure 6.5B), and hence
monitoring the oxygen evolution can be separated from the complex detach-
ment. Note that the results shown in Figure 6.4 for the ORR were already cor-
rected for the currents due to the CRR.

With the method established, we examined the stability in terms of desorption
using the electrode setup described previously!'79], using 1 (Figure 6.6A), 3 (Fig-
ure 6.6B), and 3a (Figure 6.6C) immobilized on ITO|meso-ITO electrodes; note
that bicarbonate complexes 1 and 3 rapidly give the diaqua complexes in 0.1 M
triflic acid (pH 1). To provide comparable conditions and sufficient concentra-
tions, desorption under reactive conditions was probed using the first measured
cycle of freshly prepared hybrid electrodes according to a common protocol (de-
tails in Appendix B).

The ring currents reveal the potential dependence of the desorption processes
for both anchoring groups. In case of the hybrid anchored via a carboxylate, an
increase in the ring currents corresponding to reduction of desorbed complexes

(Figure 6.6A) above 1.2 V vs RHE was measured with only a small further in-
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Figure 6.6: Rotating ring disk CV measurements of (A) ITO|meso-ITO|1 (dark blue line), (B)
ITO|meso-ITO|3 (dark red line), and (C) acetate bridged ITO|meso-ITO|3a (brown
line). The corresponding ring currents are shown as dots. The ring currents
represent the currents corresponding to reduction of the oxidized complexes
(Viing=0.75 V vs. RHE). All measurements were performed in 0.1 M triflic acid
(Ar-purged) at 10 mV/s and 1600 rpm. The voltage was corrected for uncom-
pensated resistance. The positive-going direction of the first scan is shown. Note
the amplitude of unnormalized ring currents does not reflect the differences in
stability.
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crease at potentials up to 1.9 V vs RHE. Note that desorption previously shown
under noncatalytic conditions is only detectable for oxidation states of at least
Rul’/Ru!’! hence above disk potentials of 0.9 V vs RHE. Therefore, the measured
potential-dependent destabilization occurs in addition to the intrinsic desorp-
tion and well before the reactive regime of the water oxidation, but it shows
no pronounced increase under the highly oxidizing conditions. The phospho-
nate hybrid ITO|meso-ITO|3 reveals a different behavior, evidenced by the ring
currents shown in Figure 6.6B. In the noncatalytic regime, desorption is negligi-
ble but desorption is drastically increased under reactive conditions above 1.55
V vs RHE. The desorption shows a local maximum around 1.7 V vs RHE and
proceeds to increase up to the turning potential. Interestingly the maximum in
desorption at 1.7 V vs RHE coincides with the peak in disk current of the oxida-
tion up to Ru”Ru!", suggesting a detrimental effect of the high oxidation state
on the stability of the hybrid system.

In order to validate that the Ru oxidation state effects the stability rather than
the sole oxidation of the anchor in the case of the phosphonate-based hybrid,
we compared the bicarbonate bridged 3 (Figure 6.6B) to the acetate-bridged
3a (Figure 6.6C). In contrast to the bicarbonate -bridged complex, exchange of
the acetate bridge to give the catalytically active diaqua compound is slow (see
Appendx B)[3%l. Thus, in the acetate-bridged complex any PCET sequence to
give Ru=0 species is prevented. The complex is therefore only oxidized to the
Ru!!"Ru! state, thus making the water oxidation catalysis inaccessible, whereas
the diaqua complex can be oxidized via PCET steps to high-valent metal-oxo
species in the same potential range. Remarkably, no local maximum for complex
desorption is observed at the potential of 1.7 V vs RHE for the acetate-bridged
complex (see Figure 6.6C). The increase in ring currents for higher potentials is
due to the slow exchange of the acetate bridge under pH 1 conditions to give the
diaqua species, which can then drive the water oxidation catalysis and possibly
participate in the destabilization mechanism. Note that the ring response for
the hybrid decorated with the acetate-bridged 3a (Figure 6.6C) seems to reach
relatively high currents, which is due to the currents not being concentration
corrected. These results indicate that reaching the high-valent metal-oxo species
in the formal RuVRu!Y state is responsible for the additional loss of complexes
during water oxidation catalysis with ITO|meso-ITO|3.

In summary, the presented method using RRDE experiments allows evaluation
of the stability of the immobilized complexes under reactive conditions in situ.
We conclude that, despite the appearance of comparable orders of magnitude
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6.2 Results and discussion

scales for the desorption processes in Figure 6.6A,C, the initial trend of stability
seen in Figure 6.3 is preserved. By normalization of the starting concentration,
we observed ring currents per mole of immobilized complex more than 1 order
of magnitude higher for the carboxylate anchor in comparison to the phospho-
nate anchor (Figure 9.13 in Appendix B). Since the ring currents for the CRR
reflect the concentration of desorbing complexes, the normalized ring currents
directly correspond to the fraction of initial complexes being detached. Fur-
thermore, the CRR experiments reveal that the phosphonate anchor, despite the
higher stability at positive potentials under noncatalytic conditions, is unstable
under catalytic conditions due to the detrimental effect of the highly oxidized
metal-oxo species in RuVRu!".

Further experiments were then aimed at evaluating the identity of the species
after electrochemical treatment to obtain insight into the cause of destabilization
and catalyst detachment. The catalytic regime is known to be challenging, and
even in reported examples of hybrid electrodes with very stable immobilized
WOCs the oxygen evolution activity gradually decreases under catalytic condi-
tions!231:232252258] - Degradation can occur via different pathways. Under the
highly oxidizing conditions, oxidative degradation of the ligand framework is
known to lead to the thermodynamically most stable metal oxide product: viz.,
RuO,[%°l. However, not only the ruthenium core and ligand backbone can de-
compose under such harsh conditions; the anchoring of acid functional groups
on oxide surfaces is also known to be unstable[109110:114:243,270],

The chemical stability of the complex core remaining on the electrode was
probed with XPS experiments by measuring the N 1s and Ru 3d states (Figure
9.16 in Appendix B) and by comparison of ITO|meso-ITO|3 samples before and
after chronoamperometry (CA) for 600 s at 1.813 V vs RHE. The ratio of these
elements was determined on the basis of the peak intensity corrected by the
relative sensitivity factors (rsf) provided by CasaXPS. The ratio determines the
stoichiometry and probes the chemical stability of the ligand, as both Ru and N
are only present in the complex. Other elements such as carbon, oxygen, indium,
and tin were also measured (Figures 9.16 and 9.17 in Appendix B) but not eval-
uated in terms of stoichiometry, as they are not exclusively present in the com-
plexes. The resulting stoichiometry in Figure 6.7A shows no significant change
after the electrochemical treatment, while an increasing Ru to N ratio would
have been expected for the formation of RuO,. Hence, we conclude that the lig-
and backbone and molecular diruthenium entities are chemically stable under

reactive conditions and do not form RuQO,. The role of the anchor that serves as
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Figure 6.7: (A) Stoichiometry of ITO|meso-ITO|3 as prepared in comparison to a dropcast
reference sample of 3 on Au and ITO|meso-ITO|3 after water oxidation catalysis.
The stoichiometry was determined based on the intensity of N 1s and Ru 3d
states (high resolution spectra in Figure 9.16). (B) Partial fluorescence yield XAS
recorded at the P-K edge of as-prepared and cycled GC|meso-ITO|3 as well as
monobasic phosphate and phenyl phosphonate (extracted from literature[271]) as
references.

a link between substrate and complex was previously discussed (1981992701 byt
experimental access by, e.g., XPS is challenging due to low intensity for the P of
the phosphonate anchor and strong overlap for the C of the carboxylate anchor.
X-ray absorption spectroscopy (XAS) at the P K-edge was therefore used to elu-
cidate the role and integrity of the anchor (Figure 6.7B). The spectrum of as-
prepared GC|meso-ITO|3 showed two peaks labeled « at 2149.2 and B at 2155.2
eV. The latter peak has not been discussed previously. It could be caused by
electronic interaction with the backbone or be part of the extended X-ray ab-
sorption fine structure (EXAFS) originating from, e.g., a specific orientation of
the anchor group. Peak B disappears after electrochemical cycling between o0.52
and 1.92 V vs RHE, so that the spectrum of cycled GC|meso-ITO|3 only showed
a single peak a’ at 2150.0 eV with much greater intensity. As ruthenium is a
rather heavy element and thus strong X-ray absorber, the enhanced peak inten-
sity after cycling provides circumstantial evidence that the detected P-containing
groups were not attached to a ruthenium complex. Overall, the spectrum of the
cycled sample strongly resembles that of phosphates[?722741. which is further
supported by the energy position of the first maximum (Figure 6.7B). The peak
at 2150.0 eV of cycled GC|meso-ITO|3 is thus assigned to PV in a phosphate. A
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lower peak energy of peak « relative to peak a” is expected for phosphorus reduc-
tion, and the energy difference is similar to that between dihydrogen phosphate
and phenylphosphonic acid (Figure 6.7B) [271] " Peak « is thus assigned to the
anchored phosphonate of the intact complex. The energy differences between
phosphate and phosphonate vary in the literature, but the difference here is
smaller than that previously reported 27273, It is also known that an increase in
the electronegativity of the neighboring atoms may shift peak maxima to higher
energies!?731. This would explain the less than expected peak shift, as it is likely
that the P-based states overlap with the electronegative 77 system of the phenyl
group in immobilized 3. The XAS data thus strongly suggest that the phospho-
nate group of the anchor remains on the surface, where it oxidizes to phosphate
upon P-C(aryl) bond cleavage.

The degradation mechanism explains the differences in stability for the hybrids
based on the carboxylate and the phosphonate anchors. 3 is abruptly desorbed
by oxidative cleavage of the P-C(aryl) bond rather than desorbed due to weak
phosphonate binding to the surface, while 1 is rather desorbed due to weak
binding. The observed correlation of desorption with the ruthenium oxidation
state suggests a dependence of the corrosion mechanisms on the electronic struc-
ture of the anchor and its change due to an increase in Ru oxidation state. On
the basis of these findings and the previous homogeneous studies, we propose
the WOC scenario for the ITO|meso-ITO|3 hybrid shown in Scheme 6.8, which
includes a competing corrosion pathway via oxidative P-C(aryl) bond cleavage.

6.3 Conclusion

Robust anchoring of molecular water oxidation catalysts to solid oxide sup-
ports is a key challenge for the functional design of artificial photosynthesis
devices. Furthermore, adequate stability of the anchor is required in order to
elucidate basic principles of interfacial electron transfer and catalyst activity
on surfaces. Starting from 1 bearing a single backbone carboxylate anchor!27°],
we varied the anchoring groups and immobilized and finally characterized the
resulting complexes on ITO substrates to improve and understand the binding
functionalities of the previously established active Ruy-bbp type complexes.
By introducing an additional second carboxylate group in 2, no improvement

in the stability under noncatalytic conditions in comparison to complex 1 was
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Figure 6.8: Two competing reaction pathways after oxidation of ITO|meso-ITO|3 to Ru’Ru!”
either towards water oxidation catalysis or degradation of the phosphonate an-
chor.

observed. However, substitution of the carboxylate anchor with a phosphonate
anchor led to a significant improvement in the stability for the hybrid electrode
system ITO|meso-ITO|3 with similarly high activity. RRDE experiments showed
an onset potential of water oxidation catalysis for ITO|meso-ITO|3 at 1.55 V vs
RHE.

Further development of the RRDE methods allowed probing the desorption
properties of the catalysts in situ under reactive conditions, where we observed
significant distinctions in stability for the different anchoring groups. While
1 desorbs continuously already at low applied potentials, the stability of 3 is
mainly corrupted after oxidation to high-valent metal-oxo species at the formal
RuVRu!V state. XAS and XPS experiments show chemical integrity of the
bbp-based complex core and indicate a leaching mechanism where the P-C(aryl)
bond is cleaved when the complex reaches the formal oxidation state Ru”Ru!".
With these findings we report a new decomposition pathway of immobilized
molecular water oxidation catalysis systems on oxide supports, showing the
boon and bane of highly oxidized ruthenium species with respect to stability
and activity of hybrid WOCs. Overcoming the leaching problem thus requires
the synthesis of anchoring groups which mediate facile electron transfer and
can maintain stable covalent bonding even after the catalytic metal centers have
reached high oxidation states. Recently, alternative new functional groups for
surface immobilization have been presented which show significantly enhanced

binding stabilities and electron transfer dynamics in comparison to carboxylic
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and phosphonic acids. In addition to the most prominent candidate hydroxamic
acid, also dipicolinic acid and silatranes (the latter bind to oxide surfaces as
siloxanes) show promise for future generations of hybrid assemblies (1242752761,
Adaptation of the electron transfer chain between the catalyst and the anchoring
group to avoid linkages susceptible to oxidative cleavage is also an important
issue. The observed dependence of stability and activity on the applied anchors
highlights the importance of the selection of appropriate anchoring groups for
the construction of rugged hybrid systems in artificial photosynthesis, and this
emphasizes the necessity of a detailed understanding of the interplay of the
electronic structures of the catalyst, electron transfer chain, and anchor under

operating conditions to achieve further improvement.
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7 Conclusion

The key objective of the presented thesis is the realization and detailed analysis
of a hybrid system for photoelectrochemical watersplitting with Lag Srg4MnOj3
(LSMO) as photoabsorber and immobilized molecular bis(bipyridyl)pyrazolate
diruthenium (Rup-bbp) catalyst. As a first step towards a full functioning
photochemical device, the functionality of the hybrid assembly was elucidated
electrochemically since the basic requirements for a photochemical device, such
as stability and band alignment need to be also fulfilled for an electrochemical
cell. The results herein focused on two main parts: (I) the role of LSMO as a
solid support in terms of background activity and stability; (II) the behavior of
the Rup-bbp complex upon immobilization on a model oxide electrode. In these
studies the method of rotating ring-disk electrodes (RRDE) played a key role

and their advancements enabled in depth analysis on the activity and stability.

Key results of part I - the role of the substrate:

e LSMO was established as model electrode with high activity close to (110)-
oriented IrO,

e Mn was identified as active site and O-O formation as rate limiting step of
the OER

e LSMO showed high structural stability under reactive conditions in alka-
line media

e By control over defect chemistry, it was possible to further improve the
stability of LSMO up to the very surface

e LSMO revealed the desired broad range absorption with long life times of
excited states

e High background activity and low stability at acidic pH demonstrated the
need for additional layers separating LSMO from the electrolyte

Development of RRDE setup: The developed electrode design allowed the
implementation of epitaxial thin films in a RRDE setup for the first time.
Thus providing an assembly scheme applicable to other oxide systems that
can be prepared on Nb-doped STO. With only one crystal facet exposed to
the electrolyte accurate evaluation of activity and efficiency is enabled with
the RRDE method previously only applicable to oxide powders and elec-
trodeposited films. By overcoming the uncertainties of undefined geometric

and crystallographic surfaces it now is possible to access new experimental
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Chapter 7. Conclusion

questions such as accurate evaluation of oxygen reduction reactions of oxide
electrodes. The adaptation of the use of the ring electrode provided an accurate
measure for the evaluation of rougher surface. Here, the resemblance between
the ring and the disk Tafel slopes can be used to estimate the catalytic efficiency.
This is particularly interesting for electrode materials such as the investigated
mesoporous ITO where the transport of the evolved species is affected by a
rough surface or dense particle layer.

Electrochemical activity of LSMO: LSMO was established as model electrode
with the very smooth surfaces and the high degree of structural control.
This allowed to determine precise values for the Tafel slope with 60 mV/dec
matching the value of 59 mV/dec of a chemical rate limiting step such as
O-O formation predicted for LaMnO;/52]. Post-mortem analysis showed subtle
changes in the surface stoichiometry and the amount of retained Mn. These
changes correlated with the activity leading to the assumption of Mn as active
site. While frequently assumed [3:52 experimental evidence for the active B-site
has been scarce to date and is important to differentiate the reaction mechanism
to closely related manganites with redox active lattice oxygen 61631,

Stability of catalytic activity: The subtle changes in surface chemistry helped
identify the formation of the VMnW/ Dy, defect couple presumably as conse-
quence of partial Sr>* dissolution as possible mechanism to decreasing activity.
By systematic variation of the stoichiometry of LSMO with Mn excess and
deficiency of +7 and —4% both activity and stability were strongly affected. The
correlation of the defect structure associated with the Mn off-stoichiometry led
to the conclusion that Mn excess stabilizes the surface chemistry by restraining
the formation of the Vyy, /Dy, defect couple and might therefore improve
the chemical stability of the surface under catalytic conditions.

Benchmarking LSMO as electrocatalyst: With LSMO established as model
electrode it was possible to compare to other benchmarking oxide systems such
as RuO, and IrO; as the measurements were conducted at pH 13. The compari-
son showed that the activity of LSMO is close to (110)-oriented IrO; (95,1791
LSMO as photoabsorber: Stationary absorption spectra (in Appendix C) show
a broad range absorption. Moreover, transient absorption spectroscopy (TAS)
experiments reveal excited states with a lifetime close to 1 ns(Appendix C).
More importantly these long lifetimes were observed at excitation both in the
infrared regime A = 800 nm and the visible region at A = 400. Therefore, LSMO
is a promising choice as photoabsorber showing the desired long life times and
broad range absorption shown for other photoabsorber[9.
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Key results of part II - the role of the anchor:

e Molecular Ruy-bbp catalyst was successfully anchored on ITO as solid sup-
port

e The immobilized complex is active for the water oxidation without decom-
position of the backbone ligand

e The surface coverage can be tuned by the employed anchor group

e The anchor strongly influences the stability with the phosphonate anchor
binding the strongest

e The number of used anchoring groups increases solubility rather than the
binding strength with biscarboxylate desorbing faster than carboxylate

e Interplay of the highly oxidized ruthenium oxo species with phosphate
anchor enables new corrosion mechanism competing with OER

¢ Role of the interface in terms of anchor groups is the central parameter for
the overall stability

Immobilization of Ru,-bbp catalyst: By application of acid functional groups
as anchor the Rup-bbp catalyst was immobilized on ITO as oxide support. ITO
is highly stable at low pH and high surface area allowing to electrochemically
analyze the complexes upon immobilization. The anchored complexes showed
the expected behavior for immobilized species compared to the homogeneous
complex, e.g. in scan rate dependent measurements. RRDE experiments re-
vealed the activity of the anchored complexes with high efficiency. In addition,
XPS experiments ruled out the formation of oxide particles as was reported
for related catalysts!9! thereby confirming the stability of the catalyst under
working conditions.

Stability of the interface: The interface was identified as a key element for
both the stability and activity due to rapidly decreasing activity despite the
structural integrity of the backbone ligand. A systematic modification of the
interface was achieved by employing three different anchor groups that resulted
in different surface concentration varying by more than one order of magnitude.
Additionally, the desorption rates differed by three orders of magnitude show-
ing the differences in stability of the binding under non-reactive conditions.
The differences show a pronounced effect of solubility on the stability rather
than the number of anchor groups as the biscarboxylate desorbs faster than
the carboxylate anchor. Among the employed anchor groups, the phosphonate
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anchor reveals the slowest desorption.

Stability under reactive conditions: Under the reactive conditions of the OER,
the combination of RRDE and XAS measurements allowed to identify the
mechanism limiting the stability of the interface: While for the carboxylate
anchor the leaching is the dominant effect limiting the stability, for the most
stable phosphonate anchor a competition between an oxidative cleaving of
the anchor and the desired water oxidation limits the stability. The oxidative
cleaving of the anchor occurs presumably by electronic interaction of high valent
metal oxo species and the anchor. The adaption of the RRDE method allowed
to study the stability in operando highlighting the role of the interface under
reactive conditions. Studies of the stability in operando are rarely performed due
to the experimental challenges!?77] and evidence for the direct involvement of
the anchor group has been scarce to date. The results show the importance of
the frequently neglected interface in particular under the reactive conditions
of the water oxidation and stress the need for theoretical understanding on
interdependency of the reactive center and the ideally inert interface.

Outlook

The developed electrode design for the RRDE setup opens the door for the
detailed analysis of (I) other molecular systems and (II) other oxide systems,
e.g. for oxygen redox reactions. Here, the RRDE method will expand the
experimental possibilities in particular for (I) the study of stability of other
linker and ligand systems, and (II) the oxygen reduction that up until now have
been limited to particle or electrodeposited electrodes. Moreover, the found
influence of both activity and stability of LSMO on the defect chemistry might
indicate new possibilities to tailor, in particular, the stability of oxides under
reactive conditions.

For the hybrid system, the employed molecular Ru catalyst is a promising
candidate as it can be crafted on the surface preserving the activity without
decomposition. Moreover, the observed electrochemical activity is a promising
step towards the realization of a photochemical device as the band alignment
needed for the photochemical functionality is also required for the electrochem-
ical activity. LSMO as absorber shows the desired broad range absorption and
long life times making it a fitting choice and the developed electrode design
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enables the combination of photoelectrochemistry with the RRDE method.

Despite the promising properties of the molecular catalyst and the photoab-
sorber the stability of the interface including the absorber surface remains
critical for the realization of a functional device and will pose the central task
for future work. Possible approaches for improvement might be to add a carbon
based separation layer and employ non-covalent anchor groups as their stability
is not pH dependent. But additional theoretical support is needed to elucidate
the interaction of the active ruthenium with the anchor in order to provide

pathways for future catalyst design.
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8 Appendix A

The following supporting information contains data and discussion concerning
the first part, the role of LSMO. The displayed data is taken from the published
supporting information of the respective article. To avoid multiple replication
of figures, e.g. the oxygen reduction calibration at the ring electrode, only one

version is given and reference adjusted accordingly.

8.1 Supporting information for chapter 3
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Figure 8.1: (A) Unrotated CV measurement of the freshly polished Pt-ring in Ar saturated
0.1 M KOH supporting electrolyte at 200 mV /s showing the expected features
of a polycrystalline Pt metal without surface oxides?78l. (B) Ring currents of
a freshly polished Pt-ring in 0.1 M KOH supporting electrolyte (Ar-purged for
the background measurement, O,-purged for ORR measurements) at 200 mV/s.
Rotation speeds were increased from 500 to 3000 rpm (lines). All measurements
shown are the forward direction of the 2nd cycle. Data recorded using the IMP
setup.
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Figure 8.2: Exemplary AFM images of all prepared thicknesses indicated by the inset. The
height scale is identical for all images and corresponds to two unit cells of LSMO
(0.4 nm).
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Figure 8.3: Typical variation in terrace width and surface morphology within one sample
exemplarily shown for different positions on a 40 nm LSMO film. The height
scale is identical for all images and corresponds to two unit cells of LSMO (0.4
nm).
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Figure 8.4: (A) Exemplary height profile extracted along the white line (B) of a 20 nm LSMO
sample, (C) the extracted terrace width and mean terrace width for all samples
measured at 3 different positions on each sample (the point in brackets was ex-
cluded), (D) the extracted step density and mean step density for all samples
measured at 3 different positions on each sample.
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Figure 8.5: (A) Detailed 26 XRD scan on (0o2) LSMO reflex for different thicknesses, (B)
extrapolated strain state of LSMO films with respect to bulk value[?79], Red trian-
gles represent samples prepared at position B, circles at position A. The hollow
symbols show the strain after CA for 1 h at 1.7 V vs. RHE (C) Rocking curves on
both the Nb:STO substrate reflex and the LSMO reflex, (D) 9o° window of ¢-scan
with ¢ at 45° on a typical Lag ¢Srg4MnOj3 film.
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Figure 8.6: Bulk conductivity of LagSro4MnO;s films with thicknesses from 8o to 10 nm

measured by PPMS
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Figure 8.7: Capacitances measured using the EEL setup for measurements before electrolysis
(up triangles) and after electrolysis and storage in air for a week or less (down
triangles). Open and filled symbol denote different positions during deposition;
the horizontal line indicates the average. The specific capacitance of a 200 nm
LSMO film was clearly larger than the average specific capacitance. As this film
was not an outlier in the AFM analysis of surface morphology, the deviation
might relate to the measurement setup. For the IMP setup, the quality of CVs and
resulting specific capacitance values depended strongly on the sampling mode
(Figure A8) with the "surface mode’ yielding values comparable to those obtained
by the EEL setup. See Table 3.1 in the main text for descriptions of the EEL and

IMP setups.
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Figure 8.8: (A) Comparison of capacitance measurements using exemplary measurements at
200 mV/s taken with the EEL setup and the IMP setup for 3 sampling modes.
(B) Variation in capacitance for the 3 sampling modes of the IMP setup. See
Experimental section in the main text for description of the EEL and IMP setups.
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Figure 8.9: (A) Ring currents of LagSro4MnOs films in 5 mM ferro- and ferricyanide with
0.1 M KOH supporting electrolyte (Ar-purged). Dotted lines indicate background
currents at OCV. (B) Ring currents as function of disk currents and the collection
efficiency, N, obtained by linear regression. Data recorded using the EEL setup.
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Figure 8.10: Exemplary raw data of the measurement shown in Figure 3.5 of the main text.

A grey dashed line indicates a small background due to residual oxygen that
was subtracted from the ring currents
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Figure 8.11: CV measurement of a 8o nm Lag Srp4MnOs film (solid blue line) and the cor-
responding ring current (open red circles) obtained by CA at 1.2 V vs. RHE
to probe for H,O, acquired using the IMP setup. All measurements were per-
formed with Ar-purged 0.1 M KOH supporting electrolyte at 10 mV /s and 2500
rpm and the positive-going direction of the 2nd scan is shown.
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Figure 8.12: Disk currents of all LSMO samples measured using the IMP setup in 0.1 M Ar-
saturated KOH at 10 mV/s and 2500 rpm (2nd cycle). Thicknesses were: (A,
E) 200 nm; (B, F) 8o nm; (C) 40 nm; (G) 20 nm; (D, H) 10 nm. Tafel slopes
can be found in Table 8.4. See Table 3.1 in the main text for description of the
IMP setup. (A,B) denotation represents different positions during deposition
resulting in small variations in the stoichiometry.
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Figure 8.13: Disk currents of all LSMO samples measured using the EEL setup in 0.1 M Ar-
saturated KOH at 10 mV/s and 2500 rpm (2nd cycle). First measurements: (A)
10 nm, (B) 20 nm, (C) 40 nm, (D) 80 nm, (E) 200 nm; second measurements (F)
10 nm, (G) 20 nm, (H) 200 nm. Tafel slopes and potentials at 100 #A/cm? can
be found in Table 8.5. See Table 3.1 in the main text for description of the EEL
setup.
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Figure 8.14: Disk currents of all LSMO samples in 0.1 M KOH supporting electrolyte (Ar) at
1.7 V vs. RHE and 2500 rpm. Previously and consecutively to the electrolysis
the samples were held at 1.1 V vs. RHE for 10 min. The measurement protocol
applied to the samples prior to electrolysis was identical for all samples with
thicknesses of (A,E) 200 nm; (B, F) 80 nm; (C) 40 nm; (G) 20 nm; (D, H) 10
nm. Data recorded using the IMP setup; see Table 3.1 in the main text for
description of the IMP setup. (A,B) denotation represents different positions
during deposition resulting in small variations in the stoichiometry.
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Figure 8.15: Disk currents of all LSMO samples in 0.1 M KOH supporting electrolyte (Ar) at

1.7 V vs. RHE and 2500 rpm. The samples were held at open-circuit for 10 min
before and after electrolysis. The measurement protocol applied to the samples
prior to electrolysis was identical for all samples. First measurements: (A) 10
nm, (B) 20 nm, (C) 40 nm, (D) 80 nm, (E) 200 nm; second measurements (F) 10
nm, (G) 20 nm, (H) 200 nm. Data recorded using the EEL setup; see Table 3.1 in
the main text for description of the EEL setup.

8.1.1 Supporting discussion

1.

124

Calculation of hypothetical Mn corrosion during OER at 1.7 V vs. RHE:
According to the Pourbaix diagram the formation of permanganate is pos-
sible[73791. Considering the increasing region of current density (Figure
A14D) which might possibly be caused by oxidation of Mn we made an
estimate of magnitude of the total possible consumed Mn. The current
we accounted for hypothetical Mn oxidation was calculated assuming a
constant activity for OER after the initial minimum and only considering
the additional current during the increase (highlighted section in Figure
8.22). The following calculation is based on the measurement on a 10 nm
Lag SrosMn 3405 sample presented in Figure A14D. The total charge in
the presented case adds up Q=I;ysa tiora1=8.25 mC. Under the assumption
the total corresponds to the maximum oxidation from Mn!!! to Mn"! (i.e.
oxidation of LaMn*303) to result in permanganate (Mn"10,™) the con-
sumed charge per manganese is z=4. Using Faraday’s law[5! the total
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Figure 8.16: Post-mortem TEM characterization of a 8o nm LSMO electrode (80B) after per-
forming cyclic voltammetry and CA at 1.7 V vs. RHE for 1 h at the IMP. (A)
HR-TEM cross-section image of the LSMO electrode showing crystallinity up
to the interface to the electron beam deposited Pt as protection layer. The pro-
tection layer is needed for preparation of the electron transparent TEM lamella
by Focused Ion Beam (FIB). A STEM image corresponding to the EDX line pro-
file below is shown above the data plots in (B). The contrast was enhanced by
40% to emphasize contrast changes along the interface between LSMO and Pt.
(B) EDX line scan at the area of the STEM image in atomic percent with the
interface located at the point where the Mn concentration is half the bulk con-
centration. (C) Correlation of a HRTEM image and the EDX line scan at an area
close to the STEM image. The data is normalized to the bulk concentration, in
order to better compare the change in material concentration along the inter-
face. The normalization was performed by dividing all data by the averaged
concentrations of the 5 points between 2.6 and o.1. For Pt, the normalization
was performed accordingly using the points at 7.0 and 7.8. The normalization
clearly shows that the surface is enriched in La in agreement with the XPS data
in Figure 3.8.

Figure 8.17: AFM images on LSMO samples measured in Gottingen after 1h electrolysis at
1.7 V vs. RHE. Exemplary images of all prepared thicknesses indicated by the
inset are presented. The height scale is identical for all images and corresponds
to two unit cells of LSMO (0.4 nm).
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Figure 8.18: XPS survey of the 20 nm thin Lag¢Srg4MnO3 shown in Figure 3.8 of the main
text. The insets show higher resolution spectra of the C 1s core level used for
energy calibration and the Sr 3d core level where trace amounts of Pb were
found after electrolysis.
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Figure 8.19: Ratio of electrolyzed (X,) to pristine stoichiometry (X,) of La, Sr, Mn and O
obtained by XPS for LSMO with thickness (A) 10 nm, (B) 20 nm, (C) 40 nm, (D)
8o nm, (E) 200 nm. Repeated measurements are also shown for (F) 10 nm, (G) 20
nm and (H) 200 nm where black bars compare subsequent measurements (i.e.
1st and 2nd measurement) and red bars the 2nd measurement to pristine.
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Figure 8.20: Correlation between changes in the surface stoichiometric ratio of electrolyzed
(after 1 h CA at 1.7 V vs. RHE) to pristine manganese (Mn./Mn,) and lan-
thanum (La./Lay) determined by XPS. Electrolysis was either performed on
pristine surfaces (circles) or repeated measurements (diamonds) using the EEL
setup. For more detail, please see section 3.4 in the main text.

amount of permanganate would therefore yield:

n= % =2.1379 1078 mol (8.1)
With the Faraday constant F=96485.33 C/mol!5'l. The total amount of Mn
in the presented sample can be calculated from the dimension of the sam-
ple (A = 0.1257 cm?, d=10 nm and the density of Mn per unit cell (¢ =
1 Mn/(0.388)%), giving a total amount of n ~ 3.57 x 10~° mol. The dis-
crepancy between the available Mn in the film and the oxidative charge
can hence rule out an electrochemical corrosion process of Mn as the main
source of the increasing disk currents.
2. Calculation of time for oxygen saturation in diffusion layer during OER
at 1.7 V vs. RHE: The diffusion layer thickness is defined as!5'l:

or = 1.61Dg, /313172 (8.2)

With the diffusion constant of oxygen in 0.1 M KOH Dp,=1.85 x 107>

[280
[166

2

cm? /5281 the kinematic viscosity for oxygen in 0.1 M KOH y=1.02 x 10~

cm?/s[1%] and the angular rotation rate, w. For the applied rotation rate
of 2500 rpm, the diffusion layer thickness would be 6;=119.8 ym, hence
resulting in a volume of the diffusion layer in the area of the disk (r=2 mm)
of V= 7tr?6; = 1.505 x 10~ % cm®.

We now can calculate the time needed to saturate the volume of the dif-
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Figure 8.21: Correlation between the change in the background-corrected ring current at 1 h
CA and surface stoichiometry obtained from XPS. CA data was either obtained
at pristine surfaces (circles) or after repeated measurements (diamonds) using
the EEL setup. The surface concentration after electrolysis X, is normalized to
that of the pristine state of all samples X;,. An outlier (open circle) was not
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Figure 8.22: Disk currents of 10 nm LSMO samples in 0.1 M KOH supporting electrolyte (Ar)
at 1.7 V vs. RHE and 2500 rpm. Previously and following to the electrolysis the
samples were held at 1.1 V vs. RHE for 10 min. The highlighted area indicates
the charge considered for corrosion effects.

fusion layer above the disk using Faraday’s law[5' under the assumption
that the current from electrolysis corresponds solely to the formation of O,

and the current remains constant at the value observed for the minimum
(Figure A14D):

Q it
n= s = s =np, = co,V (8.3)
With Faraday constant F=96485.33 C/moll5", the current corresponding to
the minimum observed for a 10 nm LSMO sample (Figure A 14D) i=17.4
1A, the charge corresponding to the formation of O, z=4, and the satura-
tion concentration of oxygen in 0.1 M KOH cp,=1.21 x 10~% mol/cm?328],

By transforming the equation the time needed to saturate the diffusion
layer with oxygen therefore result as t = 4.15 s.
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8.1.2 Supporting Tables

Table 8.1:

Root-mean squared roughness values (RMS) for the IMP samples, the rough-
ness factor was calculated by surface area divided by the projected area based
on the AFM images.

Thickness (nm) RMS (nm) Roughness factor
200 (A) 0.112 1.00011
200 (B) 0.101 1.00002
80 (A) 0.141 1.00003
8o (B) (0.361) 1.00005
40 (B) 0.157 1.00014
20 (B) 0.089 1.00015
10 (A) 0.114 1.00008
10 (B) 0.096 1.00012
Avg (A)* 0.122 +0.032 1.00007 +£ 0.00008
Avg (B)* 0.111 £+ 0.031 1.00010 £ 0.00012
Avg* 0.116 + 0.025 1.00009 =+ 0.00010

* 95% confidence interval (20), excludes values in parentheses
(A,B) represent different positions during deposition resulting in small variations in the
stoichiometry

Table 8.2:

Root-mean squared roughness values (RMS) for the EEL samples, the rough-
ness factor was calculated by surface area divided by the projected area based
on the AFM images. The specific capacitance was calculated based on double
capacitance layer measurements.

Thickness (nm) RMS (nm) Roughness factor  Specific Capacitance
(4F/cm?)

200 (A) 0.134 1.00002 86.1

200 (B) 0.169 1.00003 n.d.

8o (A) 0.095 1.00002 n.d.

8o (B) (0.233) 1.00003 73.4

40 (A) 0.122 1.00004 76.0

40 (B) 0.141 1.00004 n.d.

20 (A) 0.130 1.00002 77.0

20 (B) 0.136 1.00004 n.d.

10 (A) 0.124 1.00003 77.0

10 (B) 0.120 1.00004 n.d.

Avg (A)* 0.12140.031 1.000031+0.00002 -

Avg (B)* 0.142+0.041 1.00004+0.00001  —

Avg* 0.130£0.039 1.0000310.00002 77.1£1.6

" 95% confidence interval (20), excludes values in parentheses
(A,B) represent different positions during deposition resulting in small variations in the
stoichiometry
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Table 8.3: Analysis of the CVs in Figure 3.4B.
ThicknessE; (V) E; (V) E Eo (V) i ig ic/i, R
(nm) (mV) (mA)  (mA) (O
40 1.14 1.23 90 1.18 —-0.55 0.57 0.97 41
200 1.13 1.23 102 1.18 —-048 0.1 0.95 63

" in Ar-saturated 0.1 M KOH (before addition of 5 mM ferri- and ferrocyanide)

Table 8.4: Tafel analysis for all samples measured using the IMP setup (see Table 3.1 in

main text).

LSMO Ring

DISK
Thickness E (V vs. Tafel Tafel Tafel Tafel R ()
(nm) RHE)* low high low high

(mV/dec) (mV/dec) (mV/dec) (mV/dec)
200 (A) 1.669 53.1 66.2 45 63 48
200 (B) 1.675 454 64.9 46.5 66 48
8o (A) 1.683 56.3 63 53 63.3 47
8o (B) 1.679 47 63 51.1 64 53
40 (B) 1.677 53.2 65 50.7 66.9 48
20 (B) 1.656 58.3 70.7 41.8 76.7 49
10 (A) 1.677 53.1 66.4 425 59.1 46
10 (B) 1.679 45.7 62.8 48.3 65.6 44
Avg** 1.67+0.02 52+10 65+5 47+8 66+10 48+5

" at 100 A /cm?

™ 95% confidence interval (20)
(A,B) represent different positions during deposition resulting in small variations in the

stoichiometry. Calculations

based on the positive-going scan direction of the 2nd scan in 0.1

M KOH supporting electrolyte (Ar) at 10 mV /s and 2500 rpm
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Table 8.5: Tafel analysis for all samples measured using the EEL setup (see Table 3.1 in

the main text).

LSMO Ring

DISK
Thickness E (V vs. Tafel Tafel Tafel Tafel R ()
(nm) RHE)* low high low high

(mV/dec) (mV/dec) (mV/dec) (mV/dec)
10 1.649 51.3 65.6 46.4 61.3 53
20 1.651 45.4 63.4 42.0 61.3 53
40 1.639 n.d. 61.3 n.d. 58.2 47
8o 1.640 50.2 61.9 49.3 64.2 45
200 1.651 50.1 62.5 45.3 63.3 40
Avg**! 1.65+0.01 49=£5 6313 4616 62+5 48+11
10" 1.650 53.7 66.8 43.8 61.5 32
207 1.651 46.0 60.4 41.0 56.8 46
200" 1.655 51.1 61.0 44.6 60.4 46
Avg**? 1.65+0.01 50%8 63=E7 4314 60=£5 411£16
Avg** 1.65+£0.01 50%6 63=E5 45+6 61E5 45+14

* at 100 ]/tA/cm2

™ 95% confidence interval (20)

* Measurement protocol applied for the 2nd time, * 1,2 Average after completion of first,
second application of the protocol

Calculations based on the positive-going scan direction of the 2nd scan in 0.1 M KOH sup-
porting electrolyte (Ar) at 10 mV /s and 2500 rpm
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Table 8.6: Voltages of select highly active electrocatalysts for the OER at 100 A/ CMyyide?

in 0.1 M KOH.
Material E (V vs. Conditions Reference
RHE)*
Lag ¢Srp4MnQOs3, 1.65+0.01 Epitaxial thin film on o.5 This
EEL wt% Nb:SrTiO3 work
Lag ¢Srg4MnQOg3, 1.68 £0.02 Epitaxial thin film on o.5 This
IMP wt% Nb:SrTiO3 work
Lag.gSrpoMnOs3 1.695 Epitaxial thin film on o.5
wt% Nb:SrTiOs (1]
LaggSrg,MnOj3 1.68 Polycrystalline film on Pt (142]
142
Bag 5Srg 5Cog gFep O3 1.525 Epitaxial thin film on
Lag.gSro2MnO3 1l
RuO; (100) 1.516 Epitaxial thin film on MgO (o]
95
RuO, (110) 1.547 Epitaxial thin film on MgO (o]
95
IrO, (100) 1.62 Epitaxial thin film on
SrTiOs Los]
IrO, (110) 1.689 Epitaxial thin film on
SrTiOs Los]
SrIrO3 1.548 Epitaxial thin film on .
DyScO3 (281]
LaCoOs3 1.592 Epitaxial thin film on
Nb:SrTiOs Gl
RuO, 1.5681 Nanoparticle on GC (041
94
IrO, 1.5821 Nanoparticle on GC (oa]
94
LaMnOs; 1.682 Nanoparticle on GC G
3
BagMns0O46 1.664 Nanoparticle on GC (6]
5
Co30y4 1.612 Nanoparticle on GC (6]
5
LaCoOs3 1.583 Nanoparticle on GC (6]
5
Lag 4Srp.6CoOs3 1.564 Nanoparticle on GC l65]
5
Lag gSrpoMnOs 1.771 Nanoparticle on GC (131]
131
Lag¢Srp4MnOs 1.97** Pellet
(39,441

* Data extrapolated using http:/ /arohatgi.info/ WebPlotDigitizer.

™ Using the roughness factor of 1200, 100 %A /cn,y? equals 0.12 A/ cmpglletz. The voltage was
calculated by extrapolation using the Tafel equation with a Tafel slope of 125 mV/dec and
exchange current density of 1.4 x 107 A/ cmpelletz.

133



8.2 Supporting information for chapter 4

8.2 Supporting information for chapter 4

A 9 B
> 387 b N
= ol g : Trend for LaMnO a =3.871A
wn O 3 p
= o g 2 ~
3 —| "« £,9] 386
_ 9/ g (’\T& n x
> @] ol o ol & Deposition at: 800°C - solid
] ~ [42]
< > <) 3|38 1 3.85¢ 650°C - hollow 1
= - S A
= = £3.84}
£ 3 <77 a =3.834A A
bl =~ ¥ Y 0 ¥ | frremeeeeeeeee e A -----------------
8 # 3.83} WA
1! s,
K, 382t 4 A
20 30 40 50 60 70 80 8 6 4 2 0 -2 -4 6
20 () Mn-offstoichiometry (%)
C 200 STNO-Substrate D [LSMO(2,2,0) -Peak
1200 LSMO-film | Background
___."' 1 | |
1
S I S
s YA\ )
= ot =
= H 14 =
2 13 2
) LY )
£ L £
= [ =
(@] - -, E (@]
s W s
Cla it soee 1o
G
il
23.0 23.1 23.2 23.3 0 60 120 180 240 300 360
20 (°) 1G]

Figure 8.23: (A) Wide angle 20 XRD scan on Mn-rich LSMO overlaid by wide angle 26 XRD

scan on Nb:STO substrate; (B) calculated lattice constants of LSMO films with
respect to the bulk value; (C) rocking curves on both the Nb:STO substrate reflex
and the LSMO reflex of the same sample as presented in (D); (D) ¢ - scan with
Y at 45° on a typical LSMO film.

Table 8.7: Analysis of surface roughness based on AFM images on all samples. The

roughness factor is the ratio between the surface area and the projected area.

sample RMS (nm) Roughness factor
Mn deficient 0.16 £0.04 1.000 £ 0.000

Mn rich (8oo °C deposition 17.7544.29 1.006 4 0.001
temp.)

Stoichiometric LSMO 0.124+0.03 1.000 £ 0.000
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Figure 8.24: Pole figures of all investigated stoichiometries: (A) Mn deficient; (B) stoichio-
metric; (C) Mn-rich deposited. Note the logarithmic scale is identical for all pole

figures.

Z (nm)
300

-50

Figure 8.25: AFM image of LSMO with Mn excess showing a Mn3O, precipitate presented
in Figure 4.1B with a different height scale. Note the chosen height scale here
resolves the full height of the Mn3O, precipitate.

Table 8.8: List of all measured samples with their initial thickness and the relative
changes after employing the electrochemical measurements based on fitted

XRR spectra
sample Mn off- film thickness (nm) Change in thickness
stoichiometry (nm)
(%)
GS2a -2 75.8 -0.17
GS2b -4.1 76.3 -0.33
GS2ac -2 75.3 -0.28
GS3a 7.2 76.5 0.13
GS3b 5.4 82.5 -0.2
GSs3c 7.2 77.1 -1.74
GS6a 0 72.4 -0.51
GS6b 0 76.9 -0.31
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Figure 8.26: Bright field TEM image a LSMO film with a typical precipitate embedded taken

with an acceleration voltage of 120 keV. Indicated are the STNO substrate, the
LSMO film, the precipitate and the used protective layer of electron deposited
Pt. On top of the precipitate, an additional capping can be seen. O K-edge
EELS scans on the LSMO film and the capping suggest that the additional layer
consists of LSMO. The comparison of the O K-edge of the precipitate with data
from literature in Mn3O4 shows similar features (indicated by 1-5) that are only
present in the precipitate. The data were taken from ref.[192],

Figure 8.27: Dark field STEM image showing the LSMO film, the precipitate and the sub-

136

strate. EELS maps for every involved element reveal the elemental distribution,
indicating that the precipitate consists predominantly of Mn and O, while the
film and the capping on the precipitate appear to have similar stoichiometries.



8.2 Supporting information for chapter 4

Figure 8.28: SEM images taken with 15 kV acceleration voltage on Mn-rich LSMO samples.
(A) A representative section on a pristine Mn-rich sample with the typical den-
sity of Mn3Oy4 precipitates. (B) Large- area scan showing a representative section
of a Mn-rich sample after application of the electrochemical measurements. (C)
High resolution image on typical Mn3O, precipitate after the electrochemical
treatment revealing the preservation of the facets of the precipitate indicating
the crystallinity shown by TEM (Figure 8.26). (D) Example of remaining sink in
the LSMO surface where presumably the Mn3Oy precipitate was located.
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Figure 8.29: (A) Precipitate density evaluated by imaging the complete surface of the Mn-
rich LSMO samples by SEM. The precipitate density was correlated with the
deposition position corresponding to a Mn content of +5.4% in the case of the
sample GS3b and +7.2% in the case of the samples GS3a and GS3c. (B) The mean
diameter of the Mn3Oy precipitates imaged by SEM. The error bars indicate in
both cases the statistical spread for the complete sample surface in both cases.
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Figure 8.30: Normalized EELS scans across the interface of a Mn-rich LSMO film on an
STNO substrate. The interface is indicated by the black lines based on the error
function of a beam with a 1.5 nm dispersion showing the spread of the electron
beam. As the point of half intensity for Mn and Ti coincide at the point predicted
by the error function, the obtained resolution of the EELS scan has to be close
to the dimension of the electron beam.
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Figure 8.31: Mn valence states determined by the energy difference between the pre-peak of
the O K-edge and the Mn L-edge according to refs.[19%193] for (A) the Mn-rich
LSMO and (B) the stoichiometric LSMO comparing the pristine state (black) to
the effects of electrochemical treatment (red). The values were determined by
averaging the EEL spectra far from the surface in order to obtain bulk values.
The indicated error results from the fitting error assuming the accuracy of the
energy position to & 1 eV.

36r frspiif D 3.6f o]
3 S I tegigst
IR I SR S ;
33t bi [ 3.3t t ;
!
o 3.0F l o 3.0f
© ©
> >
C c
= 27t = 571
Mn rich LSMO: stoichiometric LSMO:
2.4} pristine I : 2.4}
post-mortem post-mortem i
12 10 8 6 -4 -2 0 12 10 8 6 -4 -2 0
Distance (nm) Distance (nm)

Figure 8.32: Local variation of Mn valence states determined by the energy difference be-
tween the pre-peak of the O K-edge and the Mn L-edge according to refs. [192193
for (A) the Mn-rich LSMO and (B) the stoichiometric LSMO comparing the pris-
tine state to the effects of electrochemical treatment. The indicated error results
from the fitting error assuming the accuracy of the energy position to -1 eV. The
grey symbols indicate the local distribution of the Mn valence resulting from the
electrochemical treatment. The dashed lines indicate the interface between the
LSMO film and the electron deposited Pt.
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Figure 8.33: EELS scans at the O K-edge across the interface between a Mn-rich LSMO sam-
ple and the STO substrate. The step size of the separation for the spectra was
1.1 nm, resulting in a total mapped spread of 12.9 nm.
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Figure 8.34: Mn gradient with deposition position resulting from different sputter yields
of used elements. Data based on EMP measurements. Xe gradient extracted
by EMP measurements as an example for residues of sputter gases present in
samples prepared at room temperature.
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Figure 8.35: (A) CV measurement of all evaluated Mn-rich LSMO films with the amount of
Mn excess shown and indicated by the used color code. (B) Comparison of CV
measurements of stoichiometric LSMO and LSMO with Mn excess, but without
precipitates. All measurements were performed with Ar-purged o.1 M KOH
supporting electrolyte at 10 mV/s and 1600 rpm. The voltage was corrected

for electrolyte resistance (47 () for all samples). The forward direction of the
second cycle is shown.
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Figure 8.36: (A) Overpotential to obtain a current density of 100 #A/cm? for all evaluated
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samples correlated with the Mn off stoichiometry based on the Mn gradient de-
termined by EMP measurements. (B) Correction of the Mn content of the LSMO
matrix in the case of the Mn-rich LSMO samples. The correction is based on the
density of the Mn3Oy precipitates and their total volume estimated by a spheri-
cal volume. The total volume of Mn3Oy precipitates removes the amount of Mn
from the LSMO indicated in (B). (C) Overpotential to obtain a current density
of 100 #A/cm? for all evaluated samples correlated with the amount of solute
Mn in the LSMO film based on the correction shown in (B). (D) Overpotential
to obtain a current density of 100 #A/cm? for all evaluated samples correlated
with the lattice parameter shown in Figure 4.7A.
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Figure 8.37: CV measurements of all evaluated LagsSrgsMn;_sO3 films (solid blue lines)
and the corresponding ring currents (open red circles) obtained by CA at 0.4
V vs. RHE. All measurements were performed with Ar-purged o.1 M KOH
supporting electrolyte at 10 mV/s and 1600 rpm. The voltage was corrected
for electrolyte resistance (~4y7 () for all samples). (A-C) The Mn-rich samples;
(D-E) the stoichiometric samples; (F-H) the Mn - deficient LSMO samples. Their
respective Mn off - stoichiometry is indicated in each figure.
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Figure 8.38: Disk currents of CA measurements for one LSMO of each stoichiometry for 2 h
at 1.7 V vs. RHE. Previously and consecutively to the electrolysis, the samples
were held at 1.1 V vs. RHE for 10 min. All electrochemical measurements were
performed in Ar-saturated 0.1 M KOH and 1600 rpm. The measurement pro-

tocol applied to the samples prior to electrolysis/extensive CV measurements
was identical for all samples.
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Figure 8.39: Comparison of CV measurements made prior to the applied long-term mea-
surement and subsequent to the long-term measurement. Representative CV
measurements are shown for all evaluated stoichiometries. All measurements
were performed with Ar-purged 0.1 M KOH supporting electrolyte at 10 mV/s
and 1600 rpm. The voltage was corrected for electrolyte resistance (~47 () for
all samples). The forward direction of the second cycle is shown. The inset
shows the Tafel analysis comparing the CV before and after the long-term mea-
surement with the determined Tafel slope stated. (A-C) The comparison of the

effects extensive cycling comparing the first cycle and the 100th cycle of each
sample.
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Figure 8.40: (A) Relative changes in the lattice parameters of the initial samples and after the
electrochemical measurements based on wide angle out-of-plane X-ray diffrac-
tion spectra using a monochromator. (B) A detailed 26 XRD scan at the 200
LSMO reflex comparing the blank substrate and a Mn-rich LSMO film prior
to electrochemical measurements and directly after the applied electrochemical
measurement (in this case, extensive cycling).
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Figure 8.41: (A) Thickness decency of lattice parameters based on the sample series reported
in ref.['79] for LSMO with small Mn excess. (B) Overpotential required to obtain
100 #A/cm? in dependence of the lattice parameter for two offstoichiometries
analogous to Figure 4.7A. The dashed line corresponds to the lattice parameter
with the highest activity, as can be seen in Figure 4.6B.

145



8.2 Supporting information for chapter 4

e
Of/ﬂ‘
1000 f &
[ ]
. o“”“’”ﬁ {-20
.. °°
@ g ° --40@
© .. ° Q
< » o 0
N . % s
s M enriched Lsmo | 20
% 0 n enriche
> \
°0
S 1-80
,...«f#"dp T
10° 10' 10> 10° 10* 10° 10°
f (Hz)

Figure 8.42: Electrochemical impedance spectroscopy (EIS) exemplarily shown for each sto-
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ichiometry. The EIS was conducted with an amplitude of 10 mV/s at open cir-
cuit potential and used to determine the uncompensated electrolyte resistance
by the high frequency intercept. The additional feature for Mn-rich LSMO can
be attributed to the additional interface due to the Mn3Oy precipitates.



9 Appendix B

The following supporting information contains data and discussion concerning
the second part, the immobilization of the Ruy-bbp catalyst on ITO. Note the
herein shown part covers only the part of the supplementary information re-
quired for the preparation and analysis of the electrodes. Please refer to the
complete published supporting information (SI of!?7°l) and the PhD thesis of
Jann Odrobina for detailed information on the synthetic routes of the complex
synthesis and the extensive characterization. They contain the complete char-
acterization via chromatography, NMR spectroscopy, mass spectrometry, UV-vis
spectroscopy, and X-ray crystallography of the complexes.

9.1 Electrode preparation

Materials: The majority of the chemicals was purchased from commercial
suppliers (ABCR, ALDRICH, ACROS, FLUKA, DEUTERON and MERCK) and used without
further purification. Solvents were HPLC and p.a. grade. Whenever dry solvents
needed to be used, they were dried according to standard procedures. All
reactions were routinely performed under a dry nitrogen atmosphere by using
standard SCHLENK techniques. RuCly(dmso)y, 28! 3,5-bis6-(2,2"-bipyridyl)-4-
iodo-1H-methoxymethyl pyrazole (MOML')? and 4-(Bis(pincolateto)boryl)-
phenyl-ethylester’ were prepared according to literature procedures. All
aqueous solutions were prepared with deionized water (Millipore). Trifluo-
romethanesulfonic acid (99+%) (triflic acid) packed in ampules, was purchased
from STREAM/CYMIT and ceric ammonium nitrate (Ce(IV), CAN) was used
obtained from ABCR (99% ACS grade, for catalysis experiments). The ITO
coated glass slides (surface resistivity 8-12 () and ITO nano powder (<50 nm
particle size) were received from ALDRICH. GC slides for XAS measurements
were purchased from HTW-HOCHTEMPERATUR-WERKSTOFFE GmbH.

Preparation of ITO|meso-ITO electrodes!?4): The ITO slides (25 x 75 mm)
were sonicated for 30 min in a soap solution (2 % Hellmanex®III in water), than
sonicated for 30 min in water and finally sonicated in 2-propanol for additional
30 min. The slides were dried in air at 100 °C for 30 min. meso-ITO powder

(100 mg), was suspended in ethanol (0.34 ml) and acetic acid (0.1 ml). The
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suspension was sonicated in an ultrasonic bath for 20 min after manual shaking.
Subsequently the suspension was sonicated in an ultrasonic horn sonicator (10
min, 5 cyles, 65 %). The suspension was sonicated for 30 sec in an ultrasonic
bath directly before coating on the ITO glass slide. The meso-ITO dispersion (10
ul) was distributed on the ITO slide by doctor blading. The sides of the slides
were masked with TESA tape to maintain a constant surface thickness. After
drying the slides in air, the tape was removed. The ITO|meso-ITO substrates
were annealed with heating the samples up to 500 °C within two hours,
the temperature was kept for one hour. In a subsequent annealing step the
ITO|meso-ITO substrates were heated up to 300 °C in a 3% H, /N, atmosphere
for 1 h and cooled back to room temperature. The slides were cut with a
diamond knife into smaller pieces with a meso-ITO coated area of (7 x 5 mm).

Preparation of GC|meso-ITO disk electrodes for RRDE (chapter 5): The GC
disk electrode was polished initially with a diamond paste (o= 1 ym), after that
with an alumina paste (o= 0.05 ym), washed with water and methanol and
dried in air. meso-ITO powder (100 mg) was suspended in ethanol (0.34 ml)
and acetic acid (0.1 ml). The suspension was sonicated in an ultrasonic bath for
20 min after manual shaking. Subsequently the suspension was sonicated in
an ultrasonic horn sonicator (10 min, 5 cyles, 65 %). The mixture was diluted
1:2 with ethanol. One drop (3 pul) of the diluted suspension was placed in the
middle of the GC disk and dried in air.

LSMO film fabrication (chapter 5): LaggSrgsMnO3; (LSMO) thin films were
prepared by ion-beam sputtering (IBS). Rectangular undoped SrTiO3; (STO) with
(100)-orientation (CRYSTEC GmbH) was used as substrates. The films were
deposited at 800 °C in an oxygen atmosphere of 1.7 x 10~% mbar. To reduce
the number of preparation-induced defects, the prepared films were kept under
preparation conditions for 1 h, and carefully cooled down to room temperature
including a resting point of 30 min at 500 °C.

Preparation of GC|meso-ITO disk electrodes for XAS (chapter 6): meso-ITO
powder (100 mg) was suspended in ethanol (0.34 ml) and acetic acid (0.1 ml). The
suspension was sonicated in an ultrasonic bath for 20 min after manual shaking.

Subsequently the suspension was sonicated in an ultrasonic horn sonicator (10
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min, 5 cyles, 65 %). The mixture was diluted 1:2 with ethanol. 15 ul of the
diluted suspension was placed in the middle of the GC slide and dried in air.
The GC|meso-ITO electrodes were soaked in a 0.1 mM solution of 3 in methanol
overnight subsequently rinsed with methanol and dried in air. One GC|meso-
ITO|3 sample was cycled 3 times in a cyclic voltammetry experiment as WE in
the current range of 0.313 and 1.713 V vs. RHE with CE: Pt and ref. MSE in pH
7 (0.1 M Na3zSO;y). The sample was subsequently rinsed with water.

Preparation ITO-RRD Electrode (chapter 6): The In,Sn;_,O3 (ITO) electrodes
used for the electrochemical characterization by RRDE measurements were pre-
pared by ion beam sputtering (IBS). Round 0.5 wt% Nb doped SrTiOz (STNO)
with (100) orientation were used as substrates purchased from CrysTec GmbH.
The deposition temperature was at 650 °C in an oxygen atmosphere of 1.8 x 104
mbar.

In order to minimize preparation induced defects the films were kept under
preparation conditions for 20 min and subsequently carefully cooled down to
room temperature. To ensure stable back contact Ti contacts (5 nm thickness)
with a protective Au layer (100 nm thickness) were deposited on the backside
prior to the film preparation. The mesoporous particles were prepared according
to the procedure published by Hoertz et all?4!l. The assembly of the prepared
STNO|ITO|meso-ITO electrode was performed according to our previously es-
tablished electrode design published in Scholz et all*79],

Anchoring of [L*Ruy(CO3H)] on the oxide electrodes: To anchor the complexes
[L*Ruy(COsH)] (x=COOH, POOOH, COOH),) to the oxide electrodes and the
GCl|meso-ITO disk electrodes, the electrodes were soaked in a solution of
[L*Rup(CO3H)] (0.1 mmol/1, 2 ml) in methanol at room temperature for 1 d.

Afterwards the electrodes were rinsed with methanol (15 ml).
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Figure g9.1: Chapter 6: left: anchoring curves of [LCOOHRuQ(COgH)(py)d 1 (blue),
[L(COOH)ZRuz(COg,H)(py)4] 2 (cyan), [LP OOOH)Ruz(COgH)(py)4] 3 (red) concen-
trations extracted from peak value at 396 nm in DR-UV/vis spectroscopy on
ITO|meso-ITO, right: growing of [L(POOCH)Ru,(CO3H)(py)4] 3 (0.1 mM in MeOH)
on ITO|meso-ITO monitored by DR-UV /vis.

9.2 Experimental Section

9.2.1 Electrochemistry

Cyclic voltammetry: Cyclic voltammetry experiments were carried out at a
PGSTAT 101 (METROHM). For experiments with dissolved complex (in 0.1 M
'BuyNPF propylene carbonate), a glassy carbon (GC) disk electrode (o= 3 mm)
was used as working electrode (WE), a platinum disk electrode (o= 2 mm)
was used as counter electrode (CE) and Hg/Hg>SO, electrode (MSE) served as
reference electrode. In the hybrid case, the WE was substituted by the modified
meso-ITO glass slides. These glass slides were connected via an alligator clamp
to the wire of the potentiostat. The GC and Pt electrodes were polished initially
with a diamond paste (¢= 1 ym), then with an alumina paste (¢= 0.05 um),
washed with water and methanol and dried in air.

Cyclic voltammetry experiments were performed in propylene carbonate (PC)
with ‘BuyNPFg (0.1 M) as conduction salt, or in aqueous triflic acid (0.1 M,
pH 1). The potentials measured in aqueous solution were referenced to the

reversible hydrogen electrode (RHE) scale.
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Figure 9.2: Chapter 5: Ferrocene measured in PC containing ‘BusNPF; (0.1 M) with WE: GC,

CE: Pt and Ref. MSE (scan rate 100 mV/s).
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Figure 9.3: Chapter 5: left: CVs of complex [L“O9HRu,(CO3H)](PFs), (4) measured in PC

containing ‘BusNPFg (0.1 M) with WE: GC, CE: Pt and Ref. MSE at different
scan rates, right: CVs of complex [LC9CHRu,(CO3H)](PFe)2 (4) on ITO|meso-ITO
measured in PC containing ‘BusNPFs (0.1 M) with WE: ITO|meso-ITO, CE: Pt and

Ref. MSE at different scan rates
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Figure 9.4: Chapter 5: left: CV of complex [LEOOHRU,(CO3H)](PFs)2 (4) on ITO|meso-ITO
measured in 0.1 M triflic acid solution pH 1; WE: ITO|meso-ITO, CE: Pt and Ref.
MSE, right: CV of a water soluble diaqua complex measured in 0.1 M triflic acid
solution pH 1 with WE: GC, CE: Pt and Ref. SCE[¢l.

9.2.1.1 RRDE setup:

For the rotating ring-disk electrode experiments the RRDE-3A (ALS Co. Ltd)
with a Pt ring electrode were used. Two Interface 1000E (Gamry Instruments
Inc.) were driven in bipotentiostatic mode for the collection experiments. All
electrochemical measurements with the RRDE setup were performed in 0.1 M
triflic acid at pH 1. The electrolyte was saturated with Ar gas (Air Liquide,
99.999%) for at least 30 min prior the measurement and continuously purged
with Ar throughout the measurement. The rotation rate used for all experi-
ments was 1600 rpm. A Pt coil was used as counter electrode and a mercury
sulfate electrode (MSE) (ALS Co. Ltd) was used as reference electrode. The
potentials for analysis were converted to the RHE scale using Erpe = Egppiiea
+ Ereference- Prior to each measurement, the Pt ring electrode was polished and

electrochemically scanned to ensure reliable ring measurements.
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Figure 9.5: Chapter 5: A: repetitive CVs (scan rate 10 mV/s) of the first redox reaction
IRy /"Ru | HRu/"Ru of 4 anchored on meso-ITO, B: repetitive CVs (scan rate 10
mV/s) up to VRu/"VRu, C: repetitive CVs (scan rate 10 mV/s) into the catalytic
region, D: change of anodic peak current for the 'Ru/!Ru | "Ru/"Ru wave
with number of scans, A related to A (up 1.1 V), B related to B (up to 1.5 V) and
C (up to 1.9 V)related to C. WE: ITO|meso-ITO, CE: Pt and Ref. MSE (first scan
blue, last scan cyan).
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Figure 9.6: Chapter 6: left: CV of [L(COOH):Ru,(CO3H)(py)4] 2 in 0.1 M [BugN]PFs PC with
WE: GC, CE: Pt measured at different scan rates (10, 50, 100, 200, 500 mV/s),
right: CV of [L(POOOH)Ru,(CO3H)(py)4] 3 in 0.1 M [BugN]PF¢ PC with WE: GC,
CE: Pt measured at different scan rates (10, 50, 100, 200, 500 mV/s).
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Figure 9.7: Chapter 6: left: scan rate dependent CV (5, 10, 15, 20, 50 mV/s) and right: scan

rate vs. peak current plot of Ru///Ru!! /Ru!’Ru! of ITO|meso-1TO|3 in 0.1 M triflic
acid (pH 1) with WE: ITO|meso-ITO|3, CE: Pt, ref.: MSE.
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Figure 9.8: Chapter 6: scan rate dependent CV (5, 10, 15, 20, 50 mV/s) of RuVRu" /Ru!//Ru!!
of ITO|meso-ITO|3 in 0.1 M triflic acid (pH 1) with WE: ITO|meso-ITO|3, CE: Pt,
ref.: MSE.

RRDE measurement protocols for chapter 5: The measurement protocol was
identical for all samples. The OER activity was investigated by cycling three
times from 0.54 V vs. RHE to 1.94 V vs. RHE with 10 and once with 200 mV /s at
1600 rpm. Subsequently the samples were held at open circuit potential (OCP)
for 20 min in order to remove all unbound complexes. Afterwards the samples
were cycled once with 10 mV/s and 200 mV /s with the previous parameters.
Chronoamperometric measurements were performed subsequently, consisting
of 1 min holding at the OCP, then 1 min holding at potentials between 1.69
and 1.94 V vs. RHE in steps of 50 mV, and a final step of 1 min at OCP. The
ring electrode was constantly held at 0.2 V vs. RHE to probe for O, (calibration
data shown in Figure C7.4). Before each measurement series, electrochemical
impedance spectroscopy (EIS) was conducted with an amplitude of 10 mV at
open circuit potential. A platinum wire was used as counter electrode (CE) and
a MSE electrode served as reference electrode. The potentials were referenced
to the RHE scale in 0.1 M triflic acid and corrected for the electrolyte resistance
extracted from the high frequency intercept of the real impedance.
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Figure 9.9: Chapter 6: A: repetitive CV of ITO|meso-ITO|3 in 0.1 M triflic acid (pH 1) with
WE: ITO|meso-ITO|3, B: repetitive CV of ITO|meso-ITO|3a in 0.1 M triflic acid (pH
1) with WE: ITO|meso-ITO|3a, CE: Pt, ref.. MSE CE: Pt, ref.: MSE, C: integrated
current ratio of first and second redox process for repetitive CVs of ITO|meso-
ITO|3. The desired diaqua complex should show a ratio of 3:1, for carbonate
bridged complex the ratio should be 1:1.
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Figure 9.10: A: Unrotated CV measurement of the freshly polished Pt-ring electrode in Ar
saturated o.1 M triflic (pH 1) at 200 mV/s. The features represent the known
characteristics of a polycrystalline Pt metal. B: Ring currents of a freshly pol-
ished Pt- ring electrode in 0.1 M triflic acid (pH 1) supporting electrolyte (Ar-
purged for the background measurement, O, purged for the oxygen reduction
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Figure g9.11: A: the calculated transferred electrons based on the currents under diffusion
limiting conditions at 0.2 V vs. RHE (Details in the text).(B)Evaluation of the
faradic efficiency based on the calculated number of electrons (3.5) for the oxy-
gen reduction at the Pt ring electrode at 1500 rpm. The currents considered are
background corrected by subtraction of the respective blank currents for both

the ring and the disk currents.
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RRDE measurement protocols for chapter 6: Identical measurement protocols
were applied to all electrodes except for the order of the ring experiment during
the desorption measurements. Initially electrochemical impedance spectroscopy
was conducted with an amplitude of 10 mV at open circuit potential. In
addition to the conversion to the RHE scale the potentials were corrected for
the uncompensated electrolyte resistance extracted from the high-frequency
intercept of the real impedance. Additionally, the double layer capacitance was
measured for all electrodes by cycling two times between 0.54 to 1.14 V vs. RHE
with 10, 20, 50, 100, and 200 mV/s. The linear scaling relation between peak
current of the Ru//Ru’!! oxidation and the employed scan rate was checked
after subtraction of the double layer capacitance extracted at 0.65 V vs. RHE.
Subsequently the electrodes were cycled two times between 0.54 to 1.89 V vs.
RHE with 120 s open circuit potential in between. The corresponding ring
measurements probed either first the complex reduction at 0.75 V vs. RHE
and then the oxygen reduction at 0.25 V vs. RHE or vice versa. The analysis
of either complex desorption or oxygen evolution was performed with ring
electrode probing the first cycle of the respective reaction. For the reaction rate
experiments the disk electrodes were held at open circuit potential for 180 s
prior and subsequent to each potential step. The measured potentials between
1.64 and 1.94 V vs. RHE with 0.05 V steps were applied for 60 sec. Between each
chronoamperometry CA measurement the remaining complex concentration

was measured by one cycle between 0.54 and 1.14 V vs. RHE with 10 mV/s.
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Figure g.12: Chapter 6: (A) CV measurements of 0.5 mM N az[(bbpMe)Ruz(OzHg)(3—SO3—py)4]
in Ar saturated o.1 M triflic (pH 1) and ITO disk electrode without rotation
(black) and with rotation (red) at 1600 rpm. (B) CV measurements at the Pt ring
electrode and the ITO disk at the oxidizing potential of 1.1 V vs. RHE in Ar
saturated 0.1 M triflic (pH 1) with 0.5 mM Naz[(bbpMe)Ruz(OzHg)(3—SO3-py)4].
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Figure 9.13: Chapter 6: Rotating ring disc CV measurements of (A) surface anchored com-
plex [L*OCHRu,(CO3H)(py)s] 1 (ITO|meso-ITO|1, dark blue line), (B) surface an-
chored complex [LPOOOH)Ru,(COsH)(py)s] 3 (ITO|meso-ITO|3, dark red line),
and (C) surface anchored acetate bridged complex [L(P OOOH)Ruz(OAc)(py)4] 3a
(ITO|meso-ITO|3a, brown line). The corresponding ring currents are shown as
dots. The ring currents represent the currents corresponding to reduction of the
oxidized complexes (Vi = 0.75 V vs. RHE) normalized on the concentration of
complexes determined by integration of the first oxidation. All measurements
were performed with 0.1 m triflic acid supporting electrolyte (Ar-purged) at 10
mV /s and 1600 rpm. The voltage was corrected for uncompensated resistance.
The positive-going direction of the first scan is shown.

159



9.2 Experimental Section

9.2.1.2 Water Oxidation Experiments:

Water oxidation experiments using CAN as chemical oxidant were performed in
a self-made two cell glass reactor (each V = 16.5 ml) whose temperature was con-
trolled at 25 °C. The rise in pressure during catalysis was monitored by on-line
manometry using a differential pressure manometer (TESTO 521-1). The pressure
difference was measured between the reaction cell and a reference cell (same
size, same ratio between liquid and gas). To monitor the increasing oxygen con-
centration, a clark oxygen sensor (UNISENSE , Ox-N sensor and Oxy-meter) was
placed in the gas phase of the reactor. The oxygen sensor had to be calibrated
prior to the catalysis experiment. Therefore, defined amounts of dioxygen were
added to the degassed reactor (2 ml, 0.1 M triflic acid, pH 1).

The complex was added to the degassed reactor (1.85 ml, 0.1 M triflic acid, pH
1). After pressure equilibration with the reference cell (filled with 1.85 ml, o.1
M triflic acid, pH 1), 150 pl of the triflic acid solution containing the ruthenium
catalyst were added to the reference cell. When the dioxygen value measured
in the reactor was stable, 150 ul of a CAN solution in triflic acid (100 eq. Ce!")
were added to the reactor. Progress of the catalysis was monitored based on the
difference in pressure and dioxygen concentration between reactor and reference
cell.

The TOF; value (TOF; initial turnover frequency) was determined from the
manometry experiment after adding 100 eq. of CAN to the pH 1, complex solu-
tion. To calculate the TOF; value, the increasing TONs were linear fitted within
the first 30 s after Ce(IV) addition.

Table 9.1: Chapter 5: Turnover frequency’s (TOF) and turnover numbers (TON) for
WOC of the water soluble bbp-type complex!34 in comparison with com-
plexes 5 and 6 after addition of ~100 eq. of Ce!" at 25 °C in 0.1 M triflic acid
solution pH 1, TON(p) measured by manometry, TON(O;) measured with a
Clark electrode.

Water soluble bbp-type TOF;(p) 6.8 x 10 25! TON(p)  22.6+t1.5
TON(theo) 24.8+0.2

5 TOF;(p) 3.5x10 25! TON(p) 22.9+1.8
TON(theo) 25.4%0.2
6 TOF;(p) 3.1x10 25! TON(p) 23.3ft14

TON(theo) 25.1+0.1
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Table 9.2: Chapter 6: Turn over frequency’s (TOF) and turn over numbers (TON after
addition of ~ 100 eq. of Ce!V at 25 °C in 0.1 M triflic acid solution pH 1,
TON(p) measured by manometry, TON(O,) measured with a Clark electrode.

Complex TON(p) TOFi(p) (1/s)
Naz[(bbpMe)Ruz(OzH3)(3-SO3-py)4][34] 22.6 6.8 x 102
112701 23.3 3.1 x 1072
2 22.3 2.5 X 1072
3 23.2 3.5 X 1072
3a 22.2 2.5 X 102
25 ; ,
- TON(p)
20t
15f
5 TON(p) = 24.70
= 10} TON (theo) = 25.00
5+
O 1 1
0 2000 4000

t (s)

Figure 9.14: Chapter 5: Water oxidation with complex 5 in 0.1 M triflic acid solution pH 1
upon addition of 100 eq. of Ce;y (CAN) at 25 °C, measured by manometry.
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9.2.2 XPS Measurements:

Procedure for Chapter 5: The elemental composition was measured using an
Omicron EA 125 analyzer and Mg K, (1253.6 eV) X-ray source. The binding
energy scale was calibrated by defining the fitted Au 4 f 7/2 peak of the
sputtered Au holder at 84 V1249, For analysis of stoichiometry, the atomic area
intensities were normalized by the ‘corrected RSF’ (relative sensitivity factor)

provided by the manufacturer.
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Figure 9.15: Chapter 5: XPS survey of meso-ITO unmodified (grey), modified with 4 before
electrochemical treatment (red) and after CV measurements and CA in WOC
(orange). The inset correspond to the substrate specific In 3d, Sn 3d and O 1s
spectra. Energy calibration was done with respect to the Au 4f spectra of the
sputtered Au holder.

Procedure for Chapter 6: The elemental composition of the prepared hybrid
electrodes consisting of [L(P OOOH)Ruz(COg,H)(py)4] 3 on meso-ITO was evalu-
ated prior and after electrochemical treatment.

In the electrochemical treatment, the ITO|meso-ITO|3 was implemented in a
three-electrode setup as WE with CE: Pt and ref. MSE in pH 1 (0.1 M triflic
acid). In a chronoamperometry experiment a potential of 1.813 V vs. RHE was
applied for 600 sec., afterwards the sample was rinsed with water. The elemen-
tal composition was determined using X-ray photoemission spectroscopy (XPS)
using a monochromatic Mg K, X-ray source (1253.6 eV) and an Omicron EA 125
analyzer. The binding energy scale was calibrated using In 3d 5/2 at a binding
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energy of 444.2 V28], The stoichiometry as parameter for the chemical stabil-
ity was calculated using the atomic area intensities normalized by the "corrected
RSF’ provided by the manufacturer and the casaXPS software.
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Figure 9.16: Chapter 6: High resolution XPS spectra referenced to the In 3d states at 444.2
eV: (A) C 1s and Ru 3d spectra normalized on the intensity of the C 1s peak;
(B) N 1s with the intensity normalized on the main peak; (C) O 1s with the
intensity normalized; (D) C 1s and Ru 3d spectra normalized on the intensity
of the Ru 3d peak; (E) N 1s with the intensity normalized on the pre-peak; The
color code is identical for all high resolution spectra and refers to a unmodified
ITO electrode (grey), a dropcast of [L(P OOOH)Ruz(CO3H)(py)4] 3 on a sputtered
Au-holder, a ITO|meso-ITO|3 electrode pristine (red) and after CA at 1.813 V vs.
RHE (orange). (F) The stoichiometry was determined based on the N 1s:Ru 3d
ratio by the relative sensitivity factors.

9.2.3 X-ray Absorption Spectroscopy:

In chapter 6 X-ray absorption at the P-K edge was collected in fluorescence yield
mode using a 4-element Vortex SDD detector in a helium atmosphere at the
9-BM-B beamline station (Advanced Photon Source). A double monochromator
(Si-111) was used to scan the energy axis, which was calibrated by setting the first
inflection point in the spectra of P,O5 to 2149 eV. All spectra were normalized
by the incident beam intensity obtained from an ionization chamber. Further
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Figure 9.17: Chapter 6: High resolution XPS spectra referenced to the In 3d states at 444.2

164

eV: (A) In 3d spectra normalized on the intensity of the first peak; (B) Sn 3d
with the intensity normalized on the first peak. The color code is identical to
the previous XPS spectra and identical for all panels. (C) Survey scan showing
only the peaks corresponding to the ITO electrode and the complex indicated
by the arrows.
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normalization included fitting of a straight line to the pre-edge region and sub-
traction thereof over the whole scan range. The average intensity between 2175
and 2177 was subset to unity for P-K spectra. Three XAS measurement were
averaged for as-prepared GC|meso-ITO|3 and two measurements for all other
samples to exclude beam drifts at the P-K edge and photo-damage.

9.2.4 Atomic force microscopy:

In chapter 5 the surface morphology after modification of lanthanum strontium
manganite (LagSrgsMnO3, LSMO) with 4 was characterized by atomic force
microscopy (AFM) using a MFP-3D Classic (ASYLUM RESEARCH) in tapping
mode. Image analysis was performed using Gwyddion software!43].
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Figure 9.18: Chapter 5:(A) High resolution XPS spectrum of 4 immobilized on
Lag ¢Srg4MnO3 (LSMO) prepared by identical methods as presented for meso-
ITO. (B) AFM image of LSMO modified by solution growth of 4. (C) Height
profile along the line indicated by the dashed line in (B). The height corresponds
to the crystallographically determined height of 4.
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9.3 Discussion

Electrochemical Measurements and data

Dependence of the peak current I, on the scan rate [51]

(i) for homogeneous measurements:

3

F 1/2
I, = 0.4463 (ﬁ) n*/3 ADo'/?cq*v!/? (9-1)

(ii) for heterogeneous measurements:

I, = ——VvAIy" (9.2)

F: Faraday coefficient, R: universal gas constant, T: temperature, n: number of
transferred electrons, A: surface of the electrode, Dy: diffusion coefficient, cp*
bulk concentration of complex, v scan rate, I'y* surface excess of complex at
equilibrium.

Oxygen reduction on Pt-ring electrode

The ratio between disk and ring currents can be translated to the faradic effi-

ciency using the following formula:

- Iring/nring o 4Iring
Liisk / MaiskN - Mying Laisk N

(9:3)

This assumes that the number of electrons being transferred on the disk (ng;s)
corresponds to the four electron process of the OER. The collection efficiency N
can either be calculated using the geometrical dimensions of the setup or mea-
sured using the ferri-/ferrocyanide redoxreaction. The number of transferred
electrons on the ring electrode (n;;,,¢) depends on the underlying mechanism for
the ORR occuring at the ring. It can easily be determined measuring the ORR
for the given ring electrode and calculating the number of electrons at the given
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potential by the Levich equation/5l:
I} = O.62nappF7r(rz3 — 713)2/3D2/3a21/21/*1/6co2 (9-4)

Where I} is the measured plateau current, F = 96,485.33 C/mol is the Faraday
constant, r,= 6 mm is the outer ring radius, ri= 3.5 mm the inner ring radius,
co, = 0.63 X 107% mol/cm? is the concentration of dissolved O, in 1 M tri-
flicl284] D = 9.67 x 107° cm? /s the diffusion coefficient of O, in 1 M triflic[284])
v = 0.917 10 2cm?s~ ! is the kinematic viscosity of O, in 1 M triflic[?%4 and w is
the rotation speed. The measured ORR data for the present setup can be seen in
Figure 9.10.

It should be stressed that the differences in the oxygen reduction is dependent
on electrode assembly and preparation of the Pt surfaces in advance to the
measurements. The diffusion rate will strongly differ from the smooth surfaces
such as the polished Pt electrode for the dense particle layer of the prepared
meso-ITO electrodes. The resulting delay is clearly visible in slowly increasing
ring currents during application of potential on the disk electrode and slow
decrease after the potential step.

Effect of changing oxygen partial pressure

To consider the effect of increasing oxygen partial pressure the effect on the

applied potential has been calculated by the Nernstian equation:

0.059V po,[Ht]4

" logQ with Q = TH, 02

E=Eo+ (9:5)
For the water oxidation in triflic the concentration of water and the change in pH
can be neglected, and the number of electrons per oxygen molecule is known so
that the relative change assigned to the oxygen concentration is:

0.059V
= 1 logpo2 (9.6)

AE

The concentration for oxygen saturated 1 M triflic is po,= 0.63 x 10°°

3[285]

mol/cm , resulting in an effective decrease in the applied potential by AE =

-0.091 V.
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Evaluation of saturation time

Calculation of time for oxygen saturation in the diffusion layer during OER at
1.94 V vs. RHE: The diffusion layer thickness is defined as:

6 = 1.61Dp, /3413w =1/2 (9-7)

With the diffusion constant of oxygen in 1 M triflic Dp,= 9.67 x 107® cm?/s, the
kinematic viscosity for oxygen in 1 M triflic 7 = 0.917 x 1072 cm?/s[27], and the
angular rotation rate. For the applied rotation rate of 1600 rpm the diffusion
layer thickness would be J;, = 12.1 um, hence resulting in a volume of the diffu-

4 cm3. Note

sion layer in the area of the disk (r=2 mm) of V=7 1?6} =1.523 x 10~
that due to the porous layer of meso-ITO we assume that the particle layer is not
affected by the rotation rate thereby increasing the diffusion layer by the particle
layer thickness.

One now can calculate the time needed to saturate the volume of the diffusion
layer above the disk using Faraday’s law under the assumption that the cur-
rent from electrolysis corresponds solely to the formation of O, and the current
difference between hybrid and background currents of the blank ITO remains

constant at the value observed for the value after 10 seconds:

Q It

n= T no, = co,V (9.8)

With Faraday constant F=96,485.33 C/mol, the current difference after 10
seconds (Figure 5.8) I = 10 iA, the charge corresponding to the formation of O,
z=4, and the saturation concentration of oxygen in 1 M triflic cp, = 0.63 x 10°
mol/cm3[243]. By transforming the equation the time needed to saturate the

diffusion layer with oxygen therefore results as t =1.85 s.
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Table 9.3: Literature known WOCs compared with the experimental conditions and the
turnover frequency (TOF) at an overpotential 7. In addition the applied meth-
ods used to evaluate the immobilized complexes and methods for postmortem
stability analysis are indicated. Due to different configurations of the work-
ing electrodes the overpotential was not given for specific current densities

but the TOF determined per complex.

n (mV) TOF(1/s) Conditions Characterization, post-  Ref.
mortem Investigations
479 0.06 o1 M HNO;3; advanced RRD experi-
nanolTO on GC ments, CV on surface, [110]
disk postmortem  investigation
with cyclic voltammetry
479 0.18 o1 M HNO;3; advanced RRD experi-
nanolTO on GC ments, CV on surface, [110]
disk postmortem  investigation
with cyclic voltammetry
429 0.35 o1 M HCIOs CV on surface, RRD exper-
on FTO and iments, Pourbaix diagram [243]
nanolTO on GC on surface, no postmortem
disk investigation
629 0.3 01 MHNOson CV in solution and
ITO on surface, Pourbaix, [267]

fluorescence-based O, de-
tection YSI ProODO, no
postmortem investigations

" TOF reaches maximum and decreases if scanned to higher potential
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10 Appendix C

The following supporting information shows the first results for optical pump-
probe experiments of Jennifer Ahrens on LagSrpsMnO3z (LSMO). Detailed
analysis and discussion will be the scope of future work and is therefore not
included.
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Figure 10.1: Stationary absorption spectra on 80 nm LagSrgsMnOsz (LSMO) sample on
SrTiOs (STO). Due to the bandgap of 3.2 eV of the STO, the absorption for ener-
gies > 3.2 eV could not be evaluated. The spectra were measured in transmission
on a Cary Varian 5e spectrometer with unpolarized light in a wavelength range
of 250-3300 nm at room temperature.
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Figure 10.2: Transient absorption spectra for 40 nm LSMO film on MgO. The excitation en-
ergy was A=733 nm with P=o.smW for (A) and A= 385 nm with P=0.4mW for (B)
with a half width of the pulses of 150 fs. Note that the half width of the pump
pulse might be affected by small deviations in the experimental setup. The exci-
tation energies were chosen according to the absorption features of LSMO (see
Figure 10.1). The used pump power was set low to avoid radiation damage and
multiple photon processes. At both excitation energies two processes can be
observed: After primary excitation an excited state at ~465 eV develops, that
transforms into a second species at 415 eV as can be seen by the presence of
the isosbestic points. The fitted time constant correspond to the initial rise of
the first excited state 17, the transformation to the second stated 1, and the life
time of the second state 73. The first short lived excited state, followed by a
fast charge transfer process to a long lived state can be observed for both pump
pulse excitation wavelengths at A=773 nm (C) and A=385 nm (D). Note that
the given values for the time constants depend on the half width of the pump
pulse causing an experimental uncertainty of 150 fs for all calculated values.
The measurements and their analysis were performed by Jennifer Ahrens in the
group of Dirk Schwarzer at the Max-Planck Institute for biophysical chemistry
Gottingen.
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