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Abstract

This doctoral thesis deals with the mechanistic insights in catalysing the oxygen evolu-
tion reaction (OER) in alkaline solution by using a tuneable Li,MnyO, spinel as a model
catalyst, motivated by the challenging step to control the OER for the long-time storage
of electricity from renewables in chemical energy carriers.

By using a RRDE-setup it was possible to identify the origin of the total electrode current
as the sum of the oxygen evolution and the manganese loss at a defined reference poten-
tial and could evaluate its impact on the catalytic behaviour for different particle sizes in
NaOH (pH 13). The initial observed disk current decay is assigned to the manganese loss
reaction while a constant amount of oxygen is detected at the ring electrode. Changing
the electrolyte to LiOH reveals a different behaviour of the catalyst as pronounced redox
peaks in electrolytes below pH 14 indicates an oxidation by delithiation. This in-situ
oxidation during the OER was confirmed by XAS and has an impairing influence on the
catalytic activity as implied by the shifted onset of the oxygen detection current to higher
overpotentials. In contrast to the initial material, ex-situ delithiated Li,Mn,O, particles
have a different origin of the total disk current. Thus, the Faradaic efficiency increases
from 75(2)% to 96(5)% because of a negligible corrosion process.

These results highlight the meaning of side reaction as they may influence the catalytic
activity, as demonstrated in the delithiation reaction, thus it leads to a chemical differ-
ent catalyst and in contrast to that the manganese loss reaction which has no effect on
the OER, however could get negligible which leads to an increase in the Faradaic effi-
ciency. The Faradaic efficiency may help to identify model catalysts, which do not have
a significant side reaction current contribution. This could be the pathway to a deeper
mechanistic insight, as these catalysts only produced the focused product, and no side

reactions may interfere with the OER mechanism.



Zusammenfassung

Diese Doktorarbeit befasst sich mit den mechanistischen Erkenntnissen bei der Katal-
yse der Sauerstoffentwicklungsreaktion (OER) in alkalischer Losung unter Verwendung
eines einstellbaren Li,Mn,O4-Spinells als Modellkatalysator. Motiviert durch den her-
ausfordernden Schritt, die OER fiir die Langzeitspeicherung von Strom aus erneuerbaren
Energien in chemischen Energietragern zu kontrollieren.

Mit Hilfe eines RRDE-Aufbaus war es moglich, den Ursprung des gesamten Elektroden-
stroms als Summe der Sauerstoffentwicklung und des Manganverlusts bei einem definierten
Referenzpotential zu identifizieren und seinen Einfluss auf das katalytische Verhalten fiir
verschiedene Partikelgrofen in NaOH (pH 13) zu bestimmen. Der anfanglich beobachtete
Abfall des Scheibenstroms, wird der Manganverlustreaktion zugeordnet, wahrend eine
konstante Sauerstoffmenge an der Ringelektrode detektiert wird. Der Wechsel des Elek-
trolyten zu LiOH zeigt ein anderes Verhalten des Katalysators, da ausgeprigte Redox-
Peaks in Elektrolyten unter pH 14 auf eine Oxidation durch Delithierung hindeuten.
Diese Oxidation wurde durch XAS bestétigt und beeintréchtigt die katalytische Aktivitat,
wie durch den zu hoheren Uberpotentialen verschobenen Beginn des Sauerstoffdetektion-
sstroms impliziert wird. Im Gegensatz zum Ausgangsmaterial haben ex-situ delithierte
Li,Mn,O,4-Partikel einen anderen Strombeitrag zum Gesamtelektrodenstrom, wodurch
die Faraday’sche Effizienz, aufgrund eines vernachlédssigbaren Korrosionsprozesses, von
75(2)% auf 96(5)% steigt.

Diese Ergebnisse verdeutlichen die Bedeutung der Nebenreaktion, da sie die katalytische
Aktivitdt beeinflussen konnen. So kann eine Delithierung z.B. zu einem chemisch anderen
Katalysator fiihren und im Gegensatz dazu die Manganverlustreaktion, die keinen Einfluss
auf den OER hat. Dieser Manganverlusst wird mit dem Grad der Delithierung jedoch ver-
nachléssigbar, wodurch die Faraday’sche Effizienz erhoht wird. Mithilfe der Faraday’schen
Effizienz kénnen Modelkatalysatoren identifiziert werden, bei denen Nebenreaktionen ver-
nachléssigbar klein sind, um so einen detaillierteren Einblick in die Mechanismen der OER

zu erlangen, die nicht durch Nebenreaktionen beeintrachtigt ist.
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List of abbreviations

CV cyclic voltammetry

EC/DMC ethylene carbonate/ dimethyl carbonate (50:50)
ECSA electrochemical surface area

EELS electron energy loss spectroscopy
EXAFS extended X-ray absorption fine structure
F Faraday constant

HER hydrogen evolution reaction

LiPF lithium hexafluorophosphate

OEC oxygen-evolution complex

OER oxygen evolution reaction

PTFE polytetrafluoroehylene

RHE reversible hydrogen electrode

RLS rate limiting step

RRDE rotating ring disk-electrode

SEM scanning electron microscope

TEM transmission electron microscope
TEY total electron yield

THF tetrahydrofuran

XANES X-ray absorption near-edge structure
XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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1. Introduction and Motivation

“Water will be the coal of the future.” — Jules Vernes 1874

Already more than 145 years ago, Jules Vernes devised a clean and sustainable energy
supply base on a hydrogen economy, after the end of a fossil fuel depending era in his
science fiction novel The Mysterious Island.[1] As a result of climate change and a more
and more tense political situation in the oil producing countries, the way to green energy
becomes more important. One crucial step in advancing renewable energies is solving
the current issue of storage and availability on demand. A suitable possibility to face
this challenge, is to chemically store the energy obtained in times of overproduction.
A promising application is offered by splitting water into its components hydrogen and
oxygen and re-convert them back to electricity in a fuel cell, when there is a demand for
energy (Fig. 1.1).[2, 3] Furthermore, this strategy to store energy in hydrogen gas has the

advantage of being an option for mobile as well as stationary applications.

——
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Producing Chemical storage Re-conversion when needed

Figure 1.1.: Schematic example for storing green energy from e.g. solar and wind in times
of overproduction in hydrogen. The excess electricity is used to split water
into its components. Later the stored hydrogen can be re-converted in a fuel

cell, when there is a demand in electricity.
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Therefore, offering crucial improvement and new steps in regards to energy mobility, off-
grid energy supply and a smart electricity grid based on hydrogen economy. However,
the electrochemical process of splitting water to produce this energy vector (Eq. 1.1)
is thermodynamically limited by the stagnant oxygen evolution reaction (OER). For
application use, a catalyst to drive this reaction efficiently in an up-scaled process, needs
to be developed. Therefore, we aim to control and mechanistically understand this multi-

electron transfer reaction.

2H,0 — Oy + AHT + 4™ (1.1)

The benchmarking transition metal oxides catalysts are RuOy and IrOs [4, 5], however
these metals are rare and therefore expensive. Hence, abundant transition metal oxides
are often considered as an alternative. One of these alternatives is manganese, as it has
a rich redox chemistry, which influences the catalytic activity due to a tuneable change
in electronic properties (e.g. oxidation state) and additional structural properties (e.g.
Jahn-Teller distortion).[6]

To compare different catalysts and their activity, their material properties are generalized
to a proposed fundamental characteristic (descriptor) that correlate with OER activity.
In the past years, a variety of different descriptors and corresponding models have been
published, in an effort to predict catalytic activity.[7-12]

The state of the art descriptor model is the e, occupancy of the 3d orbitals of transition
metal oxides, introduced by Suntivich et al.,[10] as these orbitals of the catalyst are in-
volved in the o-bonds with the absorbed oxygen species of the electrolyte. This model
is in good agreement with previous models, which correlate the activity of manganese
with the oxidation state.[7-9, 13] However, contradictory results which can not be ex-
plained within the descriptors of the e, occupancy, as shown by Schonewald et al..[14]
Here, a change in the e, occupancy introduced by tetrahedral antisite manganese defects
in LiMn,O,4 does not affect the OER activity.

To further investigate this apparent contradiction within different models and descriptors,
it is essential to gain mechanistic insights into the catalysis of this multi-electron transfer
reaction. The transition metal oxide spinel lithium manganese oxide Li,Mn,O, (0<x<1)
serves as model catalyst. It has the advantage of being a well-studied cathode material

for secondary batteries, i.e., material properties, such as the chemical composition and
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thereby the manganese valence state can be electrochemically tuned by (de)intercalation

without changing the nominal manganese bonding environment.

The goal of this thesis is to gain mechanistic insight into the OER through modifica-
tion of the model catalyst to unravel the influence of changes of structural and electronic
properties on the performance of catalytic water oxidation. Therefore, I propose the

following three hypotheses:

1. The total disk current consists of the sum of at least two specific current contributions
— namely the oxygen detection current and the manganese detection current due to
manganese loss as a side reaction.

This hypothesis addresses the selectivity of a catalyst. It enables to assess the
proportion of the main product (here oxygen) in relation to the turnover of the
entire catalytic reaction and therefore to describe the catalytic behaviour of the

material for each cycle.

2. An oxidation by delithiation of the volume of Li, Mny Oy particles decreases the oxy-
gen detection current at a defined overpotential.
This hypothesis deals with a decrease in activity due to an oxidation of the catalyst

and under which conditions the catalyst oxidized, i.e., the stability of the catalyst.

3. The oxidation by delithiation of Lii_,Mny Oy increases the Faradaic efficiency due
to a negligible current contribution of the manganese detection.
This appeals the impact of an oxidation of the catalyst on its selectivity, as an

oxidation not only affects the activity but side reactions as well.

To tackle these research goals, the catalytic behaviour of Li,Mn,O, in the initial state
(x=1), as well as modified particles, on the OER in alkaline solution is evaluated by a
rotating ring disk-electrode (RRDE)-setup. This advanced electrochemical setup enables
a measurement of activity and stability, i.e. oxygen evolution and corrosion of the cata-
lyst. Pristine as well as electrochemically modified particles (x<1) are characterized by
various X-ray and microscopy techniques to correlate the determined properties with the
electrocatalytic activity.

In a first step, the activity of two commercial Li,Mny;O4 powders in their initial state
(x=1) with different particle sizes and the apparent influence of particle sizes on the OER
were characterized in a sodium hydroxide electrolyte. Within this investigation[15], it was

possible to determine the origin of the electrode current. This demonstrates the impact
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of side reactions e.g. leaching of manganese on the OER.

To determine the influence of oxidation by delithiation, two different experiments were
performed. First, LiMn,O, was in-situ delithiated in low concentrated lithium hydroxide
electrolyte.[16] Through this, it was possible to establish a model that predicts the sta-
bility of the LiMn,O,4 and to correlate it with the catalytic activity. Secondly, Li,MnyOy4
was ex-situ electrochemically delithiated (0<x<1) by battery techniques and the catalytic
performance was characterized by RRDE in NaOH. X-ray diffraction (XRD), X-ray ab-
sorption spectroscopy (XAS) and transmission electron microscope (TEM) as structural

methods are used to correlate the catalytic activity with the manganese valence.



2. Scientific Background

This chapter deals with the scientific background and is divided into three parts. The
first part introduces the fundamentals of the oxygen evolution reaction and the challenging
aspects of this four-electron transfer reaction. Besides, different proposed mechanisms of
the OER are provided. In the second part, an overview over the state of the art of using
manganites as a catalyst for the OER is provided to the reader. Especially, focussing on
the correlation between catalytic activity and material properties (e.g. e, occupancy),
i.e. descriptors to characterize and predict catalytic activity. Additionally, the here used
lithium manganese (III, IV) oxide and its properties, as well as the access to its electronic
structure as a control tactic to tune the catalytic activity by (de)lithiation, is introduced.
In the end of this chapter, the electrochemical fundamentals, i.e. the governing equations
and models as the Nernst equation, the theory of the double layer and its significance
for the electrode surface and the fundaments of the kinetics are provided to the reader.
Through these governing equations and models, it is possible to gain a mechanistic insight
into the OER.

2.1. The Oxygen Evolution Reaction (OER)

When splitting water (Eq. 1.1) into its components hydrogen and oxygen, two half reac-
tions arise. The reduction of in water bonded hydrogen from oxidation state 4+1 to neutral

— the so called hydrogen evolution reaction (HER) (Eq. 2.1) — occurs at the cathode.

2H,0 +2¢~ = Hy + 20H" (2.1)

In the HER the energy vector (hydrogen) which is needed for storing and re-converting
is produced. In order, to ensure charge neutrality of the water splitting reaction, an-
other half reaction is needed: the anodic oxygen evolution reaction, in which the oxygen

of a hydroxide molecule (in alkaline solutions) is oxidized from oxidation state —2 to
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neutral.[17]

4JO0H™ = 02 + ZHQO +4e” (22)

The theoretical thermodynamic potential, at which the OER (Eq. 2.2) appears, amounts
to 1.23 V vs. the reversible hydrogen electrode (RHE). However, the additional needed
potential to overcome the thermodynamic and kinetic limitation, i.e. the overpotential ()
causes a higher overall potential to drive this reaction (Fig. 2.1). This overpotential of the
OER (norr=0.4 V)[18] is almost twice the needed overpotential of the HER, (nygr=0.2-
0.3 V).[19]

A
N OER
£
2
T .
- Eel
>
0 1.23 E [V vs. RHE]
7
HER

Figure 2.1.: Polarisation curve of the HER and the OER. The overpotential n is needed

to reach the same current density in each reactions.

As both reactions arise at the same time, the OER limits the turnover of the entire water
splitting reaction, which makes this half reaction the rate limiting step.[20-22] Thus, the
use of catalysts to lower the needed potential for the OER is worthwhile and requires a

fundamental understanding of the limiting half reaction — the OER.

2.2. Mechanism for the OER

As introduced in the previous chapter 2.1, two half cell reactions — namely the OER
and HER — are involved in the water splitting reaction. For the OER (Eq. 2.2), four

electrons have to be transferred in four separate reaction steps.[23] Different mechanisms

10



CHAPTER 2. SCIENTIFIC BACKGROUND

are discussed in literature. For oxide spinels, like the here used LiMn,Oy4, Sun et al.[12]

proposed an oxygen absorption mechanism, shown in figure 2.2.

O,+e

i I
v
OH- 0-M,-0 o

Figure 2.2.: (a) Schematic cycle of absorption mechanism explicitly for transition oxide
spinels as described by Sun et al.[12]. For this class of catalyst, the octahe-
dral coordinated (Mp) sites are identified as catalytically active [24]. Figure
adopted and reproduced with permission from [12]. Mp-O-Mg lattice motif
visualized by Vesta.[25]

In the proposed mechanism, a hydroxyl ion (OH™) of the electrolyte is absorbed by the

metal center, forming a hydroxyl.

AOH™ =30H + OH" + ¢~ (2.3)

In the next step, the absorbed hydroxyl ion deprotonates, while another hydroxyl ion
accepts this proton by forming water (Eq. 2.4).

30H™ +OH" +e = O + HyO +20H" + 2¢~ (2.4)

In the third step, the absorbed oxygen absorbs another hydroxyl ion by forming a peroxide
(Eq. 2.5).

O* + HyO +20H™ +2¢~ = OOH* + H,O + OH™ + 3¢~ (2.5)

In the final step, this absorbed peroxide deprotonates and oxygen releases from the cata-

11
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lyst’s surface (Eq. 2.6).

OOH* + HyO + OH™ + 3¢~ = Oy + HyO + de™ (2.6)

Throughout this proposed sequence the valance state of the metal cation changes between
+3 and +4.[12, 26, 27]

Besides the ozygen absorption mechanism, other mechanisms like the ozygen coupling
mechanism by Bockris[28] or the ozygen vacancy mechanism proposed by Wohlfahrt et
al.[29] are known. These three mechanisms are mostly discussed in the context of per-

ovskite catalysts.[30]

Figure 2.3.: (a) Schematic cycle of the oxygen coupling mechanism and (b) the oxygen

vacancy mechanism.

In the oxygen coupling mechanism (Fig. 2.3a) two neighbouring metals are bonding hy-
droxyl ions of the electrolyte. These hydroxy groups are deprotonated to form water. In
the next step the remaining bonded oxygen are coupling and forming molecular oxygen
which is detached from the catalyst causing vacant sites at the metal. In the following
step theses vacancies are occupied by water, which is deprotonated to form a hydroxy
group. In this proposed mechanism manganese would be oxidized from +3 to +4 and
reduced to +2.[28, 31]

For the oxygen vacancy mechanism (Fig. 2.3b), the initial situation is the same as in

12
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the absorption mechanism. A hydroxyl ion is absorbed by the metal and is deprotonated.
However, in the next step two different intermediate states are possible: an oxygen of
the catalyst is forming an OO species at the metal center resulting in an oxygen vacancy
in the oxide structure or the absorbed oxygen is forming the OO species directly at the
catalyst, i.e. by forming a vacancy at the metal. In the next step molecular oxygen is
evolved and a hydroxyl ion is replacing one vacancy. Another hydroxyl ion is replacing
the other vacancy in the following step. Finally, the oxygen atom of the oxide structure
is deprotonated.[29, 32

Independent of the proposed mechanism, all OER cycles involve the absorption of hy-
droxyl from the electrolyte, the formation of intermediates to lower energy barriers, the
formation of oxygen bonds and finally the release of oxygen,[30] However, only one of
these reaction steps is the rate limiting step. Therefore, the properties of the catalyst and
its environment are crucial.

For the reaction intermediates (Eq. 2.3-2.6), there is the theory of scaling relationships,
which relates the binding energies of these intermediates across the catalyst’s surface.[23,
33, 34] Recently, it has been shown by DFT calculation, that there is a linear scaling rela-
tionship between the binding energies of the reaction intermediates OH*, OOH* (Eq. 2.3
and 2.5) and O* (Eq. 2.6) on the catalyst’s surface. This indicates, that there is only one
parameter which determines the OER activity.[35]

2.3. State of the art for manganites as catalysts for the
OER

Due to their electronic properties, transition metal oxides are widely discussed for tech-
nical applications as catalysts for water splitting.[36] The benchmark electrode materials
are IrO5 and RuO,, however these electrode materials contain of precious elements, which

drawbacks its usage in up-scaled processes.[37]

Hence, 3d metal oxides — especially cobalt oxides — are studied as an alternative. How-
ever, because of cobalt’s toxicity and high price, manganese oxides get more and more
attractive due to their high abundance, which makes them cost effective.[38] The most
eminent transition metal catalyst for the OER is MnyCaOs, as it is the oxygen-evolution

complex (OEC) in natural photosynthesis.[39] In the past years, MnzO,, MnyO3 and

13
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MnO,, as well as derivatives of that, which contain redox-inactive cations (e.g. LiMnyOy4

chapter 2.4), get more attention.

To evaluate the catalytic activity of different materials and to generalize these finding,
proxies which describe e.g. structural or electronic properties are used and correlated
with the OER activity. The used proxies — in the following descriptors — changed in

the last years, as new insights in fundamental mechanisms of catalysis arose.

From a chronological perspective, starting in the 1970s, the ozidation state was used
as a descriptor for the catalytic activity, when Shafirovich et al.[13] postulated a correla-
tion between the manganese valence state and its catalytic performance. Thereby, they
realized the advantage of manganese as a catalyst, as it is capable to change its oxidation
state from Mn?T to Mn™" by five units. For manganese oxides, Takashima et al.[7, §]
identified Mn3" as starting state for the OER and thereby the most active manganese
valence state. This discovery of the catalytic most active state is crucial as Mn3* is only
stable in an alkaline environment and would disproportionate into Mn?* and Mn** in
electrolytes with a pH<9.[7, §]

Ramirez et al.[9] investigated the catalytic activity of Mn** (a-MnyO3) and mixed man-
ganese valence states Mn®*/4* (MnO,) and Mn?*/3* (Mn30,), where the highest activity
was indeed observed for Mn3*, which is in agreement with other later studies. [7, 8, 10]
They were able to identify Mn?*/3+ as the least active manganese species in their study,
which the authors explain by additional structural properties like different Mn-O bonding

distances.

The concept to use the electronic property of a catalyst as a descriptor was later re-
fined and modified by Sunitivich et al.[10], who uses the occupancy of the 3d e, orbital of
perovskite transition metal oxides as a descriptor for OER activity. As the e, orbitals of
the transition metals at the surface are involved in the o-bonds with the absorbed oxygen
species of the electrolyte (e.g. OH™), they predict the maximum OER activity for oxides
with an e, occupancy close to one, i.e. the OER activity increases continuously up to an
e, occupancy of one and decreases for higher e, occupancies. In case of manganese, these
findings correspond with a predicted highest activity at an oxidation state of +3 and a
decrease in activity for higher or lower oxidation states, which basically coincides with

the prediction that the manganese valence state serves as a descriptor.[7-9]

14
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The catalyst with perovskite crystal structure used in the study of Sunitivich et al.[10]
has the general formula ABOj. Here, the A-cation is either a rare-earth metal in an
oxidation state of +3 or an alkaline earth metal in oxidation state of +2. The B-cation is
a transition metal, which bonds with the oxygen ligands in an octahedral configuration.
Therefore, the manganese valence state systematically vary with chemical composition
without drastic changes in the structure.[10, 21, 38, 40, 41]

Using epitaxial (100) oriented LagSro4MnO3z (LSMO) thin films on Nb-doped SrTiO3
substrates, Scholz et al.[42] could correlate the concentration of manganese surface atoms
with the activity. Thus, manganese could be clearly identified as the active site of these
LSMO films. For Pry;_,Ca,MnO3 (PCMO) Mierwaldt et al.[40] illustrated that calcium
doping does not cause a mixed manganese valence of Mn?*/4* rather than an intermediate

Mn?*9 state, which emphasises a covalence contribution.[43]

Recently the model of Suntivich et al.[10] was adopted and modified for catalysts with
spinel structure by Wei et al.[44]. In their study, they used the e, occupancy as a descrip-
tor and extended this model to the e, occupancy of the octahedral sites, as these are the
catalytically active sites. They predicted the highest OER activity for an e, occupancy
of these octahedral sites of about one and a decrease in the activity for higher or lower
occupancies. This is explained by a reduced proton removal of absorbed OOH ™ for low
filled e, orbital (e, <1) and a retard formation of O-O bonds for higher filled e, orbital
(eg >1) during the catalytic cycle.

The concept of Sun et al.[12] considers electronic properties of the investigated spinel
structures, namely the covalence of the structural Mp-O-Mg lattice motif, as it is respon-
sible for the possibility of bond breaking and subsequent absorption of a hydroxyl ion of
the electrolyte to start the catalytic cycle (Fig. 2.2). Therefore, they correlated the OER
activity with the covalency, which was quantified by the energy difference between the
centers of the metal d and oxygen p bands and used this energy difference as descriptor.
For small energy differences Sun et al. assumed a strong covalency, which makes a bond
breakage to create an active site unlikely and therefore causes a less active catalyst. On
the other hand, a low covalency due to a high energy difference, which results in an insuf-
ficient overlap, leads to easy bond breaking and a formation of highly polar new bonds.
Therefore, Sun et al. identified a moderate energy difference between the metal d to oxy-

gen p bands of around 3 eV as an optimum for highly active catalysts. Even if the impact
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of covalence was discussed in a focused way and proven by simulations and experiments,
to develop this model to predict the activity of spinel oxides on the OER — the influence
of covalence was already mentioned as a requirement by Suntivich et al.[10] and their e,

occupancy descriptor model.

In previous studies, the use of LiMn,O, as a catalyst for the OER is controversily dis-
cussed. Cady et al.[45] investigated the electrocatalytic properties of different spinel
nanocrystals in 1 M sodium hydroxide. In their study it was not possible to demonstrate
a catalytic activity of LiMnyO,4 which could be explained by the high concentration of
Nafion as binder on the electrode surface which probably sealed the electrocatalytic active
surface with this polymer, thus no electron transfer to the electrolyte was possible. In
contrast, other studies proved the catalytic activity of LiMnyO4.[46-49] Even if Robinson
et al.[47] characterized LiMnyO4 not as a catalyst for the OER, they investigated the cubic
spinel structure of A-MnQO, by delithiating LiMn,QOy in nitric acid and used it successfully
as OER catalyst. Furthermore, they suggested the strategy to actively change the chem-
ical composition of LiMnyO,4. Kohler et al.[48] performed a pH dependent investigation
of nano-sized LiMn,O,4 in sodium hydroxide. They showed, that the material is capable
of being used as catalyst for the OER and compared their results with the active site of
photosystem II of the plants to gain mechanistic insights.

In the study of Wei et al.[24] Li,MnyO4 with x=0.74 and x=1 was investigated as a cata-
lyst for the OER and confirmed the correlation between activity and manganese valence
state. Karakya et al.[37] further optimized LiMnyO, electrodes for the OER by incor-
porating additional cobalt to the structure, which improved the kinetics of the catalysed
OER. They explained their findings by an "electronic synergy" between cobalt and man-

ganese, as both provide two electrons for the water splitting reaction.

The latest study, which was focused on LiMnyO,4 and the use of descriptors by Schonewald
et al.[14] provided a critical insight in the usage of descriptors. They discovered by STEM-
EELS a core-shell structure of the nano-sized particles with a reduced shell with respect
to the core. This reduced shell vanishes after catalysing the OER in alkaline solution,
i.e., the surface was oxidized during the OER. However, this has no impact on the cat-
alytic activity, which contradicts the previous mentioned descriptor models. By using
EELS simulations, the reduced shell could be identified as an antisite manganese defect,

in which manganese is coordinated in the tetrahedral sites. This tetrahedral coordinated
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manganese is catalytically inactive and acts as electron donor similar to lithium. Surpris-
ingly, a change in the e, occupancy introduced by this tetrahedral coordinated manganese
has no impact on the OER activity. This emphasizes, that the e, occupancy is not the
only characteristic which influences catalytic activity. Therefore, it is not suitable as a

universal OER descriptor.

2.4. Lithium manganese oxide as a model for the OER

This section introduces the here used model material: Li,Mn,O,4. In the first subsection,
the structure and its meaning for the OER is presented. Afterwards, in the second
subsection the possibility of tuning the composition of LiMn,O,4 by battery techniques is
explained, as this allows a direct access to the electronic structure and therefore an access
to the catalytic activity as predicted in literature as mentioned in the previous chapter
(chapter 2.3).

2.4.1. Structure of the initial LiMn,0O,

Lithium manganese (III, IV) oxide is an inorganic transition metal oxide. In the initial
state, it has the stoichiometric composition Li;Mny;O4 and has a cubic spinel structure
(Fd3m) (Fig. 2.4) with lattice constant of 8.2476 A at room temperature.[50, 51] In this
lattice structure lithium resides in oxygen tetrahedrons and manganese resides in oxygen

octahedrons.

Figure 2.4.: Cubic spinel lattice structure of Li;Mn,O4 with manganese in purple, lithium

in green and oxygen in red (visualized by Vesta [25])
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In the initial state within the bulk, LiMn,O, reveals a mixed manganese valences of
Mn?** and Mn**, thus an average manganese valence of +3.5.[52] The cubic lattice motif
of Li;MnyQy is similar to the OEC (CaMn4Os) of the photosystem II (PSII). CaMn,Os is
well studied as catalyst for the OER and often used as a blueprint for solar fuel catalysts.|2]
By changing the stoichiometric lithium content of this manganese oxide it is possible to
access the electronic properties of the material as demonstrated in the following chap-
ter 2.4.2.

In this thesis, a commercial nano-sized LiMn,O, powder from Sigma-Aldrich (725129-
25G, Lot# MKCF4145) as starting material was used. The particle size is specified with
<0.5 pum by the manufacturer. The exact particle distribution is shown in chapter 4.
All experiments concerning nano-sized material are done with starting material from the

same batch, which was stored at room temperature under environmental conditions.

2.4.2. Tailoring the electronic and chemical structure of LiMn,0,

As introduced in chapter 2.3, the electronic properties, independent of the used descriptor
model, have a tremendous impact on a catalyst’s activity. The advantage of Li,Mn,O, as
a model catalyst for OER is that these properties are electrochemically easily accessible,
as it is a well-known cathode material for lithium-ion batteries. Through this, it is pos-
sible to remove and insert lithium from the material and thereby control the electronic

structure of manganese, i.e., the valence state of manganese form Mn?** to Mn**.

Additionally, the local manganese structure of this compound remains unchanged through-
out the whole tuneable window, as manganese remains coordinated in oxygen octahe-
drons for Li,Mny,O, (0<x<2) as illustrated in figure 2.5. This control tactic to change
the chemical composition and therefore the manganese valence state of this material by
(de)lithiation, is well studied in the field of battery research.[53-57]
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Figure 2.5.: Crystal structures of Li,MnyQO4: changing the chemical composition by
(de)lithiation of the initial material (middle). The lithiation of the mate-
rial changes the crystal structure from cubic spinel to the tetragonal spinel
structure (left), however, the local neighborhood structure of manganese re-
mains unchanged i.e. manganese remains coordinated in an oxygen octahe-
dron (purple). By this change in the chemical composition, the manganese
valence state can be tuned between Mn®*™ and Mn?" (structure visualized by
Vesta [25]).

It is referred to (de)intercalation (lat. intercalare for insert), as it describes the elec-
trochemically insertion and extraction of small ions — in this case lithium — in a host

material or the extraction from it.

Lithium manganese oxide is a two phase system.[52] For the deintercalation reaction
(0<x<1) of the initial material Li;MnyOy,, the material remains in the cubic spinel struc-
ture. There is some evidence in the literature for a charge and lithium ordered interme-
diate phase at around x=0.5.[52, 58] The product of extracting all lithium is \-MnOs, in
which manganese and oxygen occupy their initial sites in the spinel structure with empty
tetrahedral sites.[59]
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Figure 2.6.: (Dis)charging curve of a battery cell, which performs a C/5 rate using
LiMn,Oy4 as active material (EC/DMC electrolyte). Charging by delithia-
tion from initial state (left part), discharging by lithiation from initial state

(right part). Lattice structures visualized by Vesta[25]

The delithiation reaction occurs by applying a positive current to the material, which
results in a cell potential between 3.6 V and 4.3 V vs. Li/Lit (Fig. 2.6) and can be

written as:

Lian204 = Lit + 2/\—Mn02 +e (27)

The material remains in the spinel phase[57] and a shrinkage of the lattice constant pro-
portional to the lithium content from 8.245 A (x=1) to 8.029 A (x=0) is observed.[60]
The behaviour of 0<x<1 is consistent to a single phase. The small potential step in the

charging profile at x= 0.5 is likely an indication of a charge ordered phase (Fig. 2.6).[52, 58]
The intercalation of lithium (1<x<2) into the initial material Li;Mn,O,4 occurs at lower
potentials around 3 V vs. Li/Li"T by applying a negative current. The reaction can be

written as (Eq. 2.8).

L'élMTLQO4 + Lit +e = LigM?’LQO4 (28)
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This intercalation reaction of lithium into the structure causes a first-order phase tran-
sition from a cubic spinel to a tetragonal spinel of lithium manganese (III) dioxide.[52]
In this process the manganese valence changes from Mn?®* to Mn3*. In this regime, the
potential is almost constant for a large lithium content window (Fig. 2.6), consistent with
the expected behavior for a two phase system.|[61]

Besides, this phase transition causes a significant potential drop at x=1 in the charging
curve (Fig. 2.6), as it entails structural and chemical changes, e.g. Jahn-Teller distortions,
a lithium site shift and additional manganese antibonding electron.[52]

As indicated by the arrows, both reactions (Eq. 2.7 and 2.8) are reversible and represent
the principle of a charging/discharging process of a secondary battery using LiMn,O, as

active material.

2.5. Electrochemical fundamentals and characteristics

To complement the scientific background of this thesis, the following section introduces the
electrochemical fundamentals and characteristics to the reader. It explains the model of
double layer of the electrode-electrolyte interface and the meaning of its capacity and the
resulting electrochemical surface area (ECSA). Moreover, the concentration dependency
on the potential, which is described by the Nernst equation, is presented. In the final
part of this section, the electrochemical kinetics describe by the Butler-Volmer equation,
as well as the Tafel equation as a simplification of the Butler-Volmer equation and the

reaction rate are considered.

2.5.1. The electrode-electrolyte interface: the double layer

The model of the double layer describes the interface and the potential difference between
the electrode and the electrolyte (solid phase and liquid phase) and consists of two layers:
a positively charged electrode and a layer of negatively charged ion of the solution or vice

versa.

The structure of this double layer and the potential distribution is describted in different
models. The first and simplest model by Hermann von Helmholtz assumed[17, 62|, that
solvated ions are located along the electrode surface and that the solvating molecules keep
the ions on a defined distance to the electrode: the outer Helmholtz plane. In this model

the potential drop between the electrode and the outer Helmholtz layer is assumed as

21



CHAPTER 2. SCIENTIFIC BACKGROUND

linear and neglects any Brownian motion of the ions.

This motion was taken into account in an extended model by Louis Georges Gouy and
David Leonard Chapman introduces the diffuse layer[17, 63, 64], in which the local con-
centration of the ions decreases with the distance to the electrode until it equals the
electrolyte concentration of the volume. Neither the Helmholtz model nor the Gouy-
Chapman model describes the real double layer behaviour as the Helmholtz layer is too
focused on the stability of the compact layer and the model of Gouy-Chapman neglects
it. The Stern model (Fig. 2.7) combines these two models.[17, 65]
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Figure 2.7.: Stern model of the double layer combines the compact layer at the electrode
surface of the Helmholtz layer and the diffuse layer of the Gouy-Chapman
model. Below: the potential distribution of the Stern model with respect to

the electrode surface. Figure modified from [17].

The importance of this double layer is that it influences the overpotential of a reaction,
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as a charge has to overcome this double layer at the electrode-electrolyte interface.

2.5.1.1. Double layer capacity

The double layer behaves in a simplified model like a plate capacitor, with the capacity
C, charge Q and the voltage U as written in equation 2.9.[17]
Q

== (2.9)

Transferring the behaviour of this electronic device to the electrical double layer Q cor-
responds to the total charge density o™ and U to the total potential difference between

electrode and electrolyte — the so called Galvani potential A¢ — as written in equa-
tion 2.10.

O'M

T Ad

Consequently, a constant capacity would imply that the compact layer remains unchanged

C (2.10)

if the external potential is changed. (Fig. 2.7). In reality there is no exact proportional
behaviour between o™ and A¢, as changes of the electrode potential influences e.g. the
orientation of the solvated ions. Hence, the change of o™ (do™) by changing the electrode
potential by d¢ depends on the starting potential do™(¢). Therefore, the differential
quotient (Eq. 2.11) is more suitable to describe the charging behaviour of the double
layer.[17]

M

Cpr = ddagb (2.11)

Thus, the double layer capacity can be deduced from the current by applying a linear
potential increase (E) (scan rate) to the electrode.

d¢

ic =Cpry (2.12)

The experimental determination of the double layer capacity is described in chapter 4.4.4.
2.5.1.2. The electrochemical surface area — ECSA

One important aspect to evaluate the catalytic activity is to normalize the electrode cur-
rent to the electrode surface, which defines the electrode current density.[66] As illustrated

in figure 2.8 there are different definitions of surface areas and techniques to determine
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these areas.[66-69] The easiest way is to calculate the current density form the geometry
of the electrode surface (Fig. 2.8a), however this method neglects the true surface mor-

phology like roughness, porosity or particle size of the catalytic material (Fig. 2.8b).[70]

surface
catalyst

supporting electrode

(a) (b)

Figure 2.8.: (a) An ideal surface of a catalyst on top of a supporting electrode e.g. a
glassy carbon electrode, also called geometric surface as it is only taking
into account to macroscopic surface area (b) the electrochemical surface area
(ECSA) considering the electrode surface morphology e.g. different particles

forming the electrode surface and thereby the interface to the electrolyte.

As mentioned in the previous section, this surface is well represented by the interface of
the electrode and the electrolyte. Hence, the double layer capacity Cpy [F] (Eq. 2.12)
could be used as representation of the real surface area corrected by the specific capacity

¢sp. [F/cm?|as shown in equation 2.8.

C(DL

sp.

(2.13)

Apcsa =

Besides, there are other techniques to determine the catalytic surface area as well, e.g.by
gas absorption (BET-theory) or by microscopy like scanning electron microscope (SEM)

and atomic force microscopy.|[70]

2.5.2. The redox potential: Nernst equation

In an electrochemical cell, the potential depends on the ionic concentration of the redox

pairs and is given by the Nernst equation (Eq. 2.19).[17, 71]
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Introducing an electrode into an electrolyte establishes an equilibrium potential, if the
electrolyte contains of a redox pair as demonstrated in equation 2.14. For this redox
couple A,, represents the oxidized species, which can be reduced to A,.4 by accepting z

electrons.

A +2ze = Ay (2.14)

As a result of this potential a double layer (chapter 2.5.1) at the electrode interface is
formed and forming an electrochemical equilibrium. Under assumption of the equilibrium

conditions of exchanged electrons gives:

s — e =0 (2.15)

Therefore, the electrochemical potential in the electrolyte and the electrode/catalyst has

to be equal for an exchange of electrons

s — Me RT
Ay = ¢ — ¢, = BF — —n(a,)

With the Faraday constant (F), universal gas constant (R) and the absolute temperature

(2.16)

(T). Using the law of mass action gives the activity of the electrons of the electrolyte.

oy + QY
K,= 225 2.17
Qred ( )
Converting equation 2.17 to ag
1
a, — <Ka ared) n (2.18)
a/OCL'

The Nernst equation 2.19 is a result of summarizing all terms, which depends on the

concentration to E°.

RT ox
E=E"+ = (s d) (2.19)

At room temperature (T=298 K) equation 2.19 can be simplified to equation 2.20.

E=E"+

0.059 V »
——log ( ¢ ) (2.20)

Cred
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2.5.2.1. Nernst equation for the oxygen evolution reaction

For the here investigate OER, the Nernst equation can be written as illustrated in Eq. 2.25.
In the following, the derivation of the Nernst equation for the OER. As indicated in the
reaction equation (Eq. 2.21) by the present of H3O™, this reaction dependent on the pH.

6H,0 = Oy + 4H307 + 4e” E°=123V (2.21)

At room temperature (289 K), this four electrons reaction can be applied to the Nernst

equation 2.20 as shown in equation 2.22.

EOER =123 V+

0.059 V, <c4(H30+)C(02)> (2.22)

4 06(H20)
As there is an excess of water in the electrolyte, which remains constant, it can be ne-

glected. For oxygen at ambient pressure it can be assumed as ¢(O;)=1. Thereby, the

logarithm only depends on the concentration of H3O.

Eogr =123V +0.059 V -log ¢(H30") (2.23)

As the pH is defined as the negative decimal logarithm of the concentration of H3;O%
(Eq.2.24), equation 2.23 can be simplified.

pH = —log ¢(H3;0™) (2.24)

This simplification leads to the Nernst equation for the OER, as shown in equation 2.25.
Eopr =123V —0.059 V - pH (2.25)

2.5.2.2. Nernst equation for the delithation of LiMn,0, in aqueous solution

Since LiMn,O4 can be delithiated in lithium hydroxide electrolytes, a theoretical model,
based on the Nernst equation, to predict the stability of the catalyst in this electrolyte in
dependence of the applied potential and electrolyte concentration was established. This

model is illustrated by equation 2.45. In the following, this equation is derived.
The (de)lithiation of LiMnyO,4 in aqueous solution — namely lithium hydroxide electrolyte—

was already investigated by Li et al.[55], as they built a lithium-ion battery cell. In equi-

librium, when no lithium is extracted from LiMn,O4 and solved in water can be written
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as in equation 2.26.

1
Li1_$Mn204 -+ HQO = Lit +OH™ + §H2 (226)

During this reaction (Eq. 2.26) molecular hydrogen from water is evolved at the plat-
inum counter electrode (under standard conditions e.g. 1 bar), while lithium hydroxide
is formed by the removed lithium from LiMn,O4 in this aqueous environment. The half
cell reaction can be expressed with respect to the RHE-scale, as standard potentials and
the depends of the pH (Eq. 2.29 and 2.32) are considered.

The delithiation in aqueous solution as shown in reaction equation 2.26 can be written as
potential, which leads to
intercal.

1
K + W0 = Hri+ + Hom- + 5#212 (2.27)

The potentials of Li™ and OH~ depend on the concentration and are accessible by the
Nernst equation (Eq. 2.28 and 2.29).

RT

Lt = W + = In(Lit) (2.28)
RT _
HoH- = fion- + N In(OH") (2.29)

By inserting these potentials for Li* (Eq. 2.28) and OH~ (Eq. 2.29) in the initial equation
2.27, leads to

interca RT ) R B L
preret 4 e, = M+ + F In(Li") + pion- + F In(OH™) + §u?{2 (2:30)

Because of charge neutrality ((Li*)=(OH™)), equation 2.30 can be simplified.

interca RT - 1

As the pH can be expressed in depends of OH~
pH+pOH = 14

pH = —log(H") = 14 — (—log(OH ™)) = 14 + log(OH ") (2.32)
log(OH™) =pH — 14
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Write the term in equation 2.31, which depends on OH~ as an expression of the pH as

shown in equation 2.32, leads to equation 2.33.

e In(10)RT 1
HEFT + o = s + 2(F) (pH = 14) + jio- + 5, (2.33)
At room temperature:
In(10)RT
WAORT _ ) 159 v (2.34)

Using the simplification of equation 2.34 for equation 2.33, leads to

. 1
et 4y o= p e +2-0.059 V- (pH — 14) + pudy - + 5#2[2 (2.35)

Multiplying all values with each other

, 1

pitereal- — 0118 V- pH — 1.652 V 4 p% + pd - + §u%2 — W0 (2.36)
, 1

0.118 V- pH = pip ™" + 1.652 V = pig s = o~ = 5, + Hino (2.37)

As shown by Li et al.[54], the cell potential E(x) of an Li/LiT intercalation reaction can

be calculated as .
E(x) = = (pi*" = i) (2.38)

Convert equation 2.38:

Nig;tercal. — —6E(£IZ') + :u%z (239)

Using the equation 2.37 for 2.39

1

The remaining terms of equation 2.40 as illustrated in equation 2.41, is basically the

0.118 V- pH = —eE(z) + 1.652 V + 1 + 1.0 — 1050 — - —

expression of is minus the change of the Gibbs free energy of the reaction in 2.42

1
1 + M(}IQO — Pl — Hop- — 5/1(}12 (2.41)
) . 1
Li+ H,O = LiOH + §H2 (2.42)
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The change in the Gibbs free energy of reaction 2.42 is DG=-2.228 €V.[55] Apply this
change in the Gibbs free energy to equation 2.40, leads to equation 2.43

0.118 V- pH = 1.652 V — eE(x) + 2.228 V (2.43)

Solve for E(x)

E(z)=—0.118 V-pH +3.88 V (2.44)

The cathode potential can be calculated as in equation 2.45.

E(z)pmo = —0.118 V- pH +3.88 V — E} 110 (2.45)

For the here used material, the first equilibrium potential (E9,,,) i.e. the first poten-
tial plateau for the delithiation reaction (Li,MnsOy4 for 0.5< x <1), in an electrolyte of
EC/DMS, is at 3.996 V vs. Li/Li*. In the following, this equilibrium potential is used, as
the delithiation during the OER in aqueous solution is only for a short time and therefore
not in the regime of the second equilibrium potential for a much pronounced delithiation
(0< x <0.5). EY,,06=3.996 V

E(z)pyo = —0.118 V- pH + 3.88 V — 3.996 V (2.46)

Sum up equation 2.46, leads to equation 2.47.

E(z)ip0 = —0.11V —0.118 V- pH (2.47)

As equation 2.47 describes the intercalation reaction (lithiation) at the cathode, the cell
polarization for the delithiation process at the anode has the opposite sign, as written in

equation 2.48.

E(z)ip0 =011V +0.118 V- pH (2.48)

This equation is used in chapter 5 to predict the stability of LiMnyOy, in different concen-
trated LiOH electrolytes.
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2.5.3. Nernst slope

The Nerst slope describes the potential change of an electrode, when changing the concen-
tration of the reactant (electrolyte) by a factor of ten. For the OER (Eq. 2.2) in alkaline
solution, the system contains mainly of water and hydroxide molecules, where the concen-
tration of hydroxides in water corresponds to the pH. Thereby, the Nernst slope of this
aqueous solution is accessible by derive the electromotive force of the Nernst equation for
the OER (Eq. 2.25) with respect to the pH, as written in equation 2.49.[17]

dE

= —0.059 V 2.49

2.5.4. Kinetics in electrochemistry

The kinetics of a redox reaction is influenced by the potential of the electrode. These
kinetics are described in the Butler-Volmer equation 2.56 — it describes the dependence
of the current and the potential of this electrode.[17, 72]

The theory based on charged particles within the double layer. When changing the
Galvani potential of the electrode the potential distribution of the double layer (Fig. 2.7)
changes as well. For a simple redox reaction like water splitting, the kinetics J;, depend
on the Gibbs energy AG.[17]

(2.50)

Je(¢) = —Cop * ko - exp [— Agj(?)]

In this model the reaction is only limited by the charge transfer, however the concentration
of electrons and reactive species are assumed as constant. A change in the electrode

potential ¢ by A¢ is causing a change in the kinetics by

(1-a) 2 -F-A¢ (2.51)

As a result, the exchange current density j, changes too.

Jp(@) = —2F - oy - kg - €xp [— AG(@) + (1~ o)zl Aﬂ (2.52)
RT
And in anodic direction
J(6) = 2F - Cyeq - ki - exp l— AG() ;;‘ZF : Aﬂ (2.53)
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In an equilibrium, the exchange current density could be described by ¢ = ¢g

Jo = jr(¢o) (2.54)

This causes a simplification, as all pre-factors and the first part of the exponential term
can be summed up of equation 2.52 and 2.53. A change in the potential is described by

the activation overpotential

A = o +np (2.55)

That leads to a current density in dependence of the activation overpotential.

. . . azF 1 —a)zF
jp = ji +Jp = Jo {6517]7 {RTHD} —erp l_(RT)nD] } (2.56)

In case of high overpotential the Butler-Volmer equation can be simplified to the Tafel

equation (chapter 2.5.5).

2.5.5. Tafel equation and Tafel slope

25.
In case of high overpotentials (for anodic reaction n > —— mV, for cathodic reaction
z

—25.7
n <« —— mV at room temperature) the Butler-Vollmer equation can be simplified

z
because one of the exponential terms gets neglectable.[17] For the anodic reaction

azF
ip = - 2.
Jp = Jo €xp [ T UD} (2.57)
The logarithm of equation 2.57 leads to the Tafel equation.
np = A+ B logl|jp| (2.58)
In which B is the so called Tafel slope:
In(10)RT
B=—6"— 2.59
azF ( )

The charge transfer coefficient («), for a single electron transfer is assumed as 0.5 and 0

in case of non-transfer. For a multi-electron transfer reaction like the OER, equation 2.59
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In(10)RT

2 = 0.059 V at room temperature (298 K).[73]

is adjusted to equation 2.60, with

B_ 0.009 V
Zbefore + O'5Zduring

(2.60)

Therefore, the Tafel slope (B) relies on the ratio of the transferred electrons before (2p fore)
and during (Zguring) the rate limiting step. The connection between the Tafel slope and the
rate limiting step (RLS) for the four-electron transfer OER is illustrated in table 2.1.[74]

Table 2.1.: Tafel slope and classification of corresponding rate limiting step[75] as well
transferred electrons before and during the RLS and the resulting reaction
rate (chapter 2.5.6)

Tafel slope Rate limiting | Numbers of electrons Reaction
[mV /dec] step rate
Zbefore Zduring

14.75 chemical 4 0 4
16.86 electrochemical 3 1 4
19.67 chemical 3 0 3
23.6 electrochemical 2 1 3
29.5 chemical 2 0 2
39.33 electrochemical 1 1 2
59 chemical 1 0 1
118 electrochemical 0 1 1

Therefore, it is possible to identify, if the rate step is electrochemically or chemically
limited, as latter does not involve an electron transfer (zguring = 0).[73] Although, there
are further combinations of zpefore and zgyring for the OER, than shown in table 2.1,

however this would include an unrealistic multi-electron transfer during the RLS.

2.5.6. Reaction rate

The OER can be divided in several partial reactions, in which more than the reactant of
the total reaction is involved. Besides, the stoichiometric factors of one species in this
partial reaction can differ from its factor of the total reaction. The stoichiometric factors

of these involved equilibrium reactions are known as the reaction rate z; of z transferred
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electrons.[17]

z
Reactant,, = Z z?" - Reactant; (2.61)
=1

By using the law of mass action to replace c,, in equation 2.52 by

Cor = Kon [[ (2.62)

the resulting equation is shown in 2.63

AG(¢1) + (1 — a)zF - A¢

Jp(@) = —2F - K,y chj ky exp|— T

(2.63)

By logarithmizing and partially deriving to the concentration results in the dependence

of the current density and the reaction rate.[17]
8lnjD
Olncy,

The possible reaction rates for the OER with the corresponding Tafel slope are illustrated
in table 2.1.

=z (2.64)
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3. Experimental techniques

In this chapter, the experimental techniques are introduced to the reader. This chapter
is divided into two parts. The first part focuses on the electrochemical methods to char-
acterize the electrocatalytic performance by rotating ring disk-electrode (RRDE) and the
electrochemical modification. While the second part deals with the methods to charac-
terize the initial and modified material by various techniques.

To characterize the active material in its initial and modified state is a crucial step to
get a deeper inside in the fundamentals of activity versus manganese valence and surface
morphology. The aim to control the manganese valence by changing the stoichiometric
lithium content is challenging as a quantitatively determination of the lithium content
is ambitious due to its low atomic mass. Therefore, we used XRD to determine the lat-
tice constant and thereby indirectly stoichiometric lithium content. Besides that, XAS
was used to determine the manganese oxidation as a complementary method to electron

energy loss spectroscopy (EELS).

3.1. Catalytic characterization by rotating ring

disk-electrode

For the characterization of the electrocatalytic activity and stability of Li,MnyOy, a
RRDE setup was used. The main idea of this setup goes back to 1958 and is based
on the principal of a forced convection of the electrolyte — i.e. mass transport of the ions

or molecules in the electrolyte.[76-78]

Since the measured current signal during the experiment is influenced by the local concen-
tration of the ions or molecules of the electrolyte near the electrode’s surface, convection
has an important impact on an electrochemical experiment. A quiescent electrolyte in
which no active transport of the electrolyte’s ions occurs, is only a suitable approach for

short-term experiments on a timescale less than 30 seconds. On such a timescale the
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influences of convection are negligible.[72]

A simple experiment to demonstrated the impact of convection on an electrochemi-
cal experiment can be seen by using a redox couple e.g. potassium ferricyanide (IIT)
(K3[Fe(CN)g]) in the electrolyte. As shown in figure 3.1a the electrode near Fe** ions of
the electrolyte get reduced to Fe?", when sweeping to lower potentials. This is indicated
by the increase of the cathodic current. This occurs until all electrode near ions are re-
duced and no more Fe?* is locally available, which than causes a decrease in the cathodic
current. In this case, the reaction is limited by the diffusion of un-consumed Fe3* to the
electrode. Sweeping back to higher potentials leads to an oxidation of the produced Fe**

back to Fe? until all Fe* is consumed.[79]

Quiescent electrolyte Stirred electrolyte Fe*

/reductlon

Fe' + e—=Fe”

Fe* —=Fe™ +e

oxidation/

Fe™

LC
/reduction

Fe® + e—=Fe™

Current [A]
Current [A]

Potential [V] Potential [V]

(a) (b)

Figure 3.1.: (a) Experiment in a quiescent K3[Fe(CN)g| electrolyte: cathodic current in-
crease until all electrode-near Fe?" ions are reduced to Fe*" and no further
ions can be reduced — reaction is limited by diffusion (b) experiment in a
stirred K3[Fe(CN)g] electrolyte: reduction of Fe** to Fe** occurs in the reduc-
tion potential window as a continuous mass transport provides un-consumed
Fe?* to the electrode — reaction is limited by mass transport and reaches the

cathodic limiting current iyc.

For experiments on a longer timescale, diffusion limitation can be avoided by a forced
convection, introduced to the electrolyte e.g. by stirring. As demonstrated in figure 3.1b,

this forced convection causes a transport of un-consumed Fe3* to the electrode, which can
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continuously reduced and removed from the electrode. Consequently, this experiment is

limited by the mass transport, which depends on the rotation speed.

In the case of the RRDE setup, this forced convection is introduced by the rotation
of the electrode itself. This setup contains of two working electrodes. In the centre, there
is a glassy carbon disk electrode on which the catalyst is applied (Fig. 3.2). Although, the
current signal of the water splitting reactions are not influenced by the hydrodynamics,
as illustrated in figure 3.1a, even for a quiescent electrolyte as the reaction is not limited
by the mass transport of the reactant, one can benefit from the setup. As the rotation
causes a laminar flow of the electrolyte and thereby a continuous mass transport, the re-
action product, namely here oxygen, can be qualitatively detected at the second working
electrode (Fig. 3.2).

- —

-
\ | Direction of the
ia forced convection

Figure 3.2.: Mass transport at a RRDE used in the investigation of the OER in alkaline
solution: a hydroxyl ion from the bulk of the electrolyte arrives at the surface
of the disk electrode (1) and gets oxidized to oxygen (loss of electrons as
shown in Eq. 3.2, conveys by the flow to the ring electrode (2), where it is
detected by the reduction back to a hydroxyl ion (gain of electrons as shown
in Eq. 3.3).

However, only a fraction of the, at the disk electrode generated products arrive at the ring
electrode, where it can be detected. This fraction is called collection efficiency (Neorefy.)
and is the ratio of the limiting current of the ring electrode (i, ,iny) and the limiting current
of the disk electrode (i gisk) (Eq. 3.1) with n electrons transferred at these electrodes.

For the here used system, a collection efficiency of approximately up to 40% for redox
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couples is reported.[76, 78]

7;L,m'ng Ndisk
Ncol.eff. = |7 ' 7|
UL disk  Mring

(3.1)

To perform such an experiment to evaluate the electrocatalytic behaviour of a material,

the potential at the disk electrode sweeps from an initial potential to a maximum potential

and back by a constant scan rate — i.e. performing a cyclic voltammetry (CV) at the
disk electrode (Fig. 3.3).

bcv @ Disk electrode ]
Emax
s
g g
g :
| — n- U
Emin
Time - Potential -
| & D
) . A
CA @ Ring electrode
k=
= g
'g, detect 5
c
> g Q
o
o
Time o Disk potential -

Figure 3.3.: Experimental setup for the RRDE: Active material is applied to the disk elec-

trode, at which a CV is performed, i.e. the potential sweeps from the initial
potential to a maximum and back over time. When the needed overpoten-
tial is reached to drive the water splitting reaction, an exponential current
increase can be observed. Simultaneously, a CA at ring electrode (detection
electrode) is performed i.e. the ring is set to a fixed potential and the current

is measured — this current is plotted over the applied disk potential.

As the water oxidation reaction occurs at a certain overpotential (see also chapter 2.1),
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which is indicated by an exponentially increase of the catalytic current at the disk electrode
(Eq. 3.2):

AOH™ — Oy + 2H,0 + de™ (3.2)

Simultaneously, the ring electrode is set to a fixed detection potential, while the current is
measured. As a result of the detection reaction, an increase in the ring current is observed.
As the chemical reaction, which occurs at the ring electrode, is the backward reaction of

the disk half reaction, this half reaction can be written as equation 3.3.

Oy 4 2H,0 + 4¢~ — 40H™ (3.3)

However, additional information about the stability of the catalyst itself, during catalytic
cycling can also be made by this setup, as it also enables to detect manganese leaching
(MnOy ) as a side reaction (Eq. 3.4).

MnOj + 2H,0 + 3¢~ —> MnOy + 40H "~ (3.4)

This insoluble manganese(IV) oxide as a product of the detection deposits on the platinum
ring electrode. In this project, we detect these two reaction products separately: oxygen
and manganese. In table 3.1 the detection potentials can be found, to which the ring

electrode was set.

Table 3.1.: Used detection potentials. Determining potentials see chapter 4.2.2
Species Detection potential [V vs. RHE]
Oxygen 0.4

Manganese 1.2

In this project we are using a RRDE-setup from ALS Japan Co, Ltd. with ring electrode
of 5 mm inner diameter and 7 mm outer diameter. The glassy carbon disk electrode is
made by HTW Hochtemperatur- Werkstoffe GmbH with a diameter of 4 mm. A spacer
made of polytetrafluoroehylene (PTFE) between these two working electrodes is sealing
the electrode setup preventing the electrolyte to enter and also to electrically insulate the
electrodes from each other. A loading of 50 ug of the active material was realized by drop

casting.! The rotation speed is set to 1600 rpm.

Ink casting and ink composition table A.1
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3.2. Madification of LiMn,O, by (de)lithiation in an

ex-situ battery cell

To synthesize a sufficient amount of modified material, a custom made battery cell was
used. The ex-situ cell is containing of a PEEK middle fitting, which can be tighten by
a plunger made of stainless steel and a cap nut. As active material the initial Li; MnyOy4
powder mixed with carbon black (same ratio as needed for electrocatalytic experiments) is
filled in. A pad of cotton is used as a separator, which separates spatially both electrodes.
A few millilitres of ethylene carbonate/ dimethyl carbonate (50:50) (EC/DMC) containing
lithium hexafluorophosphate (LiPFg) (from Sigma-Aldrich) are dropped on the separator
until it is fully soaked.

upper cell part

=)
@ __ spring
~——— current collector

~———lithium counter electrode
separator
‘\ active material powder
with carbon black

lower cell part

Figure 3.4.: CAD plot of used custom-made ex-situ cell for modification of pristine
LiMnyOy4 by (de)lithiation. By using this cell we synthesize approx. 100 mg
of Lil_an204.

A piece of lithium, used as counter electrode, is laid on top of the separator. A stainless
steel coin is added as a current collector. The whole assembly is sealed from the envi-
ronment by tighten the upper plunger, which compresses the inner setup by a spring.

Due to the used chemicals, the cell assembly has to be done in a glovebox under argon
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atmosphere (<0.5 ppm Os and <0.5 ppm H,0).

To modify the pristine Li; MnyOy4, a constant current is applied to the cell (see (dis)charging
curve Fig. 2.6). This current for a defined (de)lithiation can be calculated in consideration
of the 1** Faraday’s law, that the amount of active material (n) is proportional to the
total conducted charge () during an electrochemical reaction.

m-F -z

Q (3.5)

B MLiMTLQO4
As the Faraday constant (F) can be expressed as 26.80 Ah, which is more common in
the field of battery research and there is only one electron (z) transferred per LiMnyOy

molecule, equation 3.5 can be simplified.

26.8 Ah

Qineo. = 7502 g/mol

= 148.07 mAh/g (3.6)

To calculate the (de)lithiation current (I), Q¢neo. has to be transferred in a defined time

(t) per mass of active material (m).

_ cheo. -m
t

To express the needed time to transfer this theoretical total charge in a defined time by

I (3.7)

a constant current is known as C-rate, i.e. that in a e.g. C/5 the theoretical total charge
is transferred in five hours. As Lim et al.[80] reported, the (de)lithiation process of a
particle proceeds inhomogeneously. Consequently, there are different areas with different
distribution of lithium in one particle during this reaction. Therefore, a moderate C-rate
of C/12 was chosen, to generate a material with a most homogeneous distributed lithium

content

In this work, for the modification of the initial material, the (de)lithation current was
calculated by equation 3.7 — as each batch contained approximatly 100 mg of Li,MnyOy
and a C/12 rate was chosen for the synthesis, the current to drive the (de)lithiation
reaction is — depending on the individual loading of active material — a current of ap-
proximately 925 puA for a total delithation reaction was used. For small values of x, it is
possible to set the cell to a hold potential at the exit potential (here: 4.5 V vs. Li/Li")to

drive the reaction to an end.
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3.3. Characterization methods to determine structural

and electronic properties of Li,Mn,0,

As it is hard to identify lithium with the standard analytic techniques, we choose mostly
indirect methods to determine the lithium content and the resulting manganese valence
state. Due to the wavelength of X-rays, which is the order of atomic bonds and lat-
tice structures, they are a suitable tool for these analysis. Therefore, different X-ray
techniques, as XRD, XAS and X-ray photoelectron spectroscopy (XPS) were used to de-
termine structural and electronic properties of the material for the correlation with the
catalytic activity. Besides, scanning electron microscopy was used to determine the mor-
phology i.e. particle shape and size distribution. In the following, the principles of these

techniques are introduced to the reader.

3.3.1. X-ray diffraction (XRD)

By interacting with matter X-rays can provide different information of material and chem-
ical properties. X-ray diffraction is a method to gain structural information of the material

by elastic scattering — so called Thomson scattering.

Figure 3.5.: lllustrating Bragg reflection in case of constructive interference of scattered

X-rays

In case of constructive interference as shown in figure 3.5 the Bragg’s law 3.8 is obeyed.
Where d is the distance between equivalent atomic planes, the wavelength A, the angle 6

of the incident X-rays and a factor (n € N) for a phase shift.

2-d-sin(©)=n- A (3.8)
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As Li,Mny0, (for x<1) has a cubic structure, the determination of the lattice constant

(a) is given by equation 3.9, where h,k,l are the Miller indices of the reflections.

d o a
hkl — h2+k2+l2

Using an in-situ XRD battery cell provided by an external collaborator, we were able

(3.9)

to establish a calibration curve, in which we can correlate the lattice constant and the
lithium content.

This calibration experiment allows us, to use XRD as a fast and accurate method to
control indirectly the lithium content of the modified catalyst by its lattice constant.[81]
All XRD characterization experiments of the Li,MnyO, particles (initial as well as mod-
ified) were performed by a Bruker D8 Discovery with monochromatized Cuk{,, radiation

in a two theta range of 15°-85° in 0.05° step size.

3.3.2. X-ray absorption spectroscopy (XAS)

When X-rays interact with matter, a part of it will be absorbed and the initial intensity
(Ip) will be exponentially reduced referring to the Lambert-Beer law (Eq. 3.10).

[=1Iy-e ™ (3.10)

This absorption depends on the sample thickness = and the element specific absorption
coefficient p. Latter roughly proportional (Eq. 3.11) to the density p, atomic number Z,
atomic mass A and the X-ray energy E.[82]

_ rZ
= A Es

If the X-ray energy of the beamline (of the synchrotron) is tuned in the range, in which core

(3.11)

electrons are exited, an electron is promoted by an absorbed X-ray out of the atom into the
continuum (Fig. 3.6a). This process can be observed in a sharply rise in absorption (edge)
in the X-ray absorption near-edge structure (XANES) spectra (Fig. 3.6b). As indicated
by equation 3.11, the needed photon energy is element specific. Besides, it is influenced
by the oxidation state as a gain or loss of electrons has an impact on the binding energy
of the remaining electrons and thereby on the needed energy, i.e., a higher oxidation of a

sample causes an edge shift to higher photon energies.[82]
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Figure 3.6.: (a) Electron of K-shell is promoted by an absorbed X-ray out of the atom
into the continuum and (b) the resulting X-ray absorption spectra: Blue
XANES part due to promoting a core shell electron into continuum and red
EXAFS part due to backscattering of neighbouring atoms (c) the reaction
of neighbouring atoms (red) of this incident providing additional information

about the extended fine structure

Therefore, it is a suitable method to estimate the oxidation state of a sample by determine
the edge position of its XANES spectra. However, an additional calibration curve, which
contains of different oxides with defined oxidation states is required.[83, 84] To determine
the energy of the edge position of a sample — and therefore its oxidation state — three

different methods are discussed in literature.[83]
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e Photon energy of the edge at half-height absorption of a normalized spectra (0.5)

d2

dE?

e Photon energy of the edge as the mean energy value of the edge step determine by
an integral of the XANES region

e Photon energy of the edge at the inflection point (

In this thesis the integral method is used, as the edge energy can be determined with a
high accuracy and it is less sensitive to shape variations of the edge which are not asso-
ciated with an edge shift.[83]

Besides, the position of the edge and thereby the oxidation state, the XANES spectra also
provides information of the coordination by the pre-edge. Additional information of the
local structure of the sample — such as the number of neighbouring atoms, the distance
to them, as well as the coordination of the atoms — are provided by the extended X-ray
absorption fine structure (EXAFS) region of the XAS spectra in figure 3.6b (red part).
These information are a result of backscattering events of neighbouring atoms next to the
absorber atom (Fig. 3.6¢).[82]

The here reported XAS experiments were performed at ALBA-synchrotron, Spain (Beam-
line BL22 CLASS) and at BESSY II synchrotron, Berlin (Beamline KMC-2 and KMC-3).
In general a XAS scan was performed, starting 200 eV before the edge (Eo.prn—x=6539 eV)
up to 6800 eV. The energy step size before the edge is 5 eV and a smaller step size of

0.05 eV after Eq. For energy calibration a manganese foil was used.
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3.3.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive method to analyse the
chemical composition of a few monolayers of a sample. This information is generated
by the photoemission process caused by an ejected electron from the top 1-10 nnm of a

sample due to a X-ray photon absorption (Fig3.7).[85]

O Exin

incident
X-ray (hv)

K O

Figure 3.7.: Photoemission process: electron is ejected out of the atom by an absorbed

X-ray photon

The kinetic energy (FEy;) of the ejected electron depends on the incident X-ray energy
(hv) and the binding energy (Ejpinq) as illustrated in equation 3.12. The kinetic energy of

the emitted electron is measured.[85, 86]

Ekin = hV — Ebind (312)

As the needed X-ray photon energy is element specific (Eq. 3.11), an analysis of the
chemical composition of the sample is possible. Additionally, the binding energy, which
influenced the measured kinetic energy, depends on e.g. the oxidation state and the or-
bital, from which the electron was ejected.[86]

Therefore, XPS is an appropriate method for the characterization of catalyst as the in-
formation is generated at the part of the sample, which is in direct contact with the

electrolyte and the atoms which are involved in the reaction.
A rough XPS analysis of pristine particles was performed at an external institute, us-

ing a PHI 5000 VersaProbe II with an aluminum source and an energy resolution of

2.96-187.85 eV. The energy calibration was performed on a carbon tape.
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3.3.4. Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a microscopy technique using a focused elec-
tron beam which interacts with the atoms of a sample. Electrons are emitted e.g. by
a field emission gun and focused by a lens system. By scanning a defined area of the
sample with this electron beam, elastic and inelastic scattered electrons are detected for
each scanned spot of the sample. These information are joint up to generate an image of
the scanned sample area. An advantage of the SEM is the high depth of field of rather

thick samples which provides information of surface properties and textures.|[85]

In this research SEM is mainly used for determining particle sizes distribution in a sta-
tistical amount to get an inside in the catalytic active surface area (see also chapter 4).
These investigations were performed in a FEI Nova Nano SEM 650 in high vaccum mode

at 5.00 kV, detecting secondary electrons.
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4. Total disk current as sum of current
contribution: the origin of the disk

current

This chapter is a reproduction of the following publication:

Influence of particle size on the apparent electrocatalytic activity
of LiMn;QO, for oxygen evolution

Max Baumung, Florian Schénewald, Torben Erichsen, Cynthia A. Volkert and Marcel
Risch
Sustainable Energy Fuels, 2019, 3, 2218-2226; DOI 10.1039/C8SE00551F

Please note, that labels, reference numbers and the format have been adjusted to suit
the format of this thesis.

Abstract: We investigate LiMn,O, as a model catalyst for the oxygen evolution re-
action (OER), because it shares the cubane structure with the active site of photosystem
II. Specifically, we study the influence of different particle sizes of LiMn,O,4 on the OER in
a sodium hydroxide electrolyte. The product currents of manganese corrosion and oxygen
evolution were obtained by rotating ring disk electrodes (RRDE). Physical characteriza-
tion by various methods supports identical surface chemistry and microstructure of the
pristine powders. We obtained similar oxygen current densities of 42(13) pA/cm%og4
and 26(5) pA/cm%.g, for micro- and nano-sized particles. However, the total current
densities differed drastically and while the micro-powder had a high disk current density
of 205(2) pA/cm%egy, its Faradic efficiency was only 20%. In contrast, the Faradic ef-
ficiency of the nanopowder was at least 75%. We hypothesize that a Mn redox process

may occur in the bulk in parallel and possibly in combination with oxygen evolution on
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the surface based on the observed difference between the total and product current den-
sities. Knowledge of the product currents is crucial for distinguishing the mechanisms of

corrosion and catalysis and for designing better catalysts with high Faradic efficiency.

4.1. Introduction

An adequate and reliable supply of energy is a necessity in our modern society. Currently,
the most common energy vector is burning fossil fuels to generate heat and electricity. [3,
87, 88] However, due to climate change, political crises in the middle east and rising oil
prices, the transition to renewable energy from solar and wind is highly desirable.[20)]
Unfortunately, these sources are not available on demand. Therefore, it is crucial to store
the energy from renewables, when it is produced until it is needed. An attractive avenue is
the splitting of water for storage of the produced hydrogen. This hydrogen could then be
used in a fuel cell to generate electricity. The water splitting reaction is kinetically limited
by the oxygen evolution reaction (OER).[88-90] We focus on LiMn,O, as a model system
in our research as it shares the cubane structure with the active site of photosystem II.
Previously, we demonstrated that nano-sized LiMnyOy is catalytically active in sodium
hydroxide electrolytes and interpreted the key mechanistic parameters in the context
of natural photosynthesis.[48] Here, we investigate the influence of the particle size of
LiMn,Oy4 on catalytic activity. A rotation-ring disk electrode (RRDE) setup was used to
measure the conventional disk currents and to monitor the trends of either Mn dissolution
or oxygen evolution at a ring electrode during 10 cycles. We used X-ray diffraction and
electron microscopy to quantify the particle structure and size distribution. While the disk
current densities per surface area differed, the detected product currents due to Mn loss
and oxygen evolution were identical within error. We hypothesize that the disk current
densities differ due to contributions from the bulk, which is discussed in the context of

the mechanisms of charge storage and catalysis.

4.2. Results and discussion

4.2.1. Characterization of pristine LiMn,0, particles

XPS-analysis showed no significant difference in the surface electronic structure of the
pristine nano- and micro-sized powders (Fig. A.1) so we focused on structural and morpho-

logical characterization. XRD measurements identified both oxide powders as LiMnyOy4
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(Fig. 4.1), despite slight differences in the peak widths and peak positions. The observed
peak shifts indicate differences in lattice constants which may be due to impurities and
defects introduced by the different production methods of the LiMn,O4-powders. Using
the Scherrer equation (Eq. 4.1), we obtained a particle size of 47(4) nm for the nano-sized
powder. (The Scherrer equation is only valid for particles smaller than 100 nm and was
thus not applied to the XRD data of the micron-sized powder.[91]) We determined the
experimental lattice parameter from the best fit of Bragg’s law (Eq. 4.2) to the six reflec-
tions in Fig. 4.1. The nano-sized powder has a lattice constant of a,4,,=8.21(1) A and
the micro-sized power a lattice constant of a,,;..,=8.28(1) A, which were similar to the
expected agrysa=8.25 A for LiMn,yO, (single crystals).[92] We note that the lattice con-
stant of the previously measured nanopowder was found to be 8.15 A using Rietveld
refinement[48] and 8.12(1) A using Bragg’s law. Due to the difference between this work
and our previous study,[48] the XRD measurements were repeated two additional times,
giving a,an,=8.22(1) A and Anano=3.24(1) A, which are both close to the expected value
and deviate by less than 0.4 . The previously measured lower lattice parameter could be
due to the specimen not being exactly in the X-ray focus or due to slight lithium[93] or
oxygen[94] deficiency in the investigated powders, which emphasizes the importance of

careful storage and measurement of the powders.
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Figure 4.1.: (a) XRD diffractogram of nano- and micro-sized LiMnyO4. The background-
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corrected intensities were normalized to the (111) peak and offset for clarity.
HRTEM picture of (b) nano-sized and (c¢) micro-sized powder as well as in-
terplanar distance for the (111) orientation of (d) nano-sized powder with
dy11=4.68 A and (e) micro-sized powder with dj;;=4.72 A. The intensity
profiles were obtained in the white boxes and arrows indicate the lattice

fringes used in the analysis.
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Knowing the lattice parameter and space group allows the density of the particles to be
calculated as ppano=4.339(3) g/cm? and ppicro=4.230(1) g/cm?. The density of LiMnyO,
was previously reported to have a somewhat higher value of 4.436(1) g/cm?® due to the
smaller value of the measured lattice constant.[48] The lattice spacing of the (111) reflec-
tion was also obtained using TEM. The micrographs clearly show lattice fringes up to the
surface of nano-sized (Fig. 4.1b) and micro-sized (Fig. 4.1c¢) LiMn,Oy4 particles. The anal-
ysis of ten oscillations in the intensity profiles revealed d;;;=4.68 A for the nanopowder
and d;;;=4.72 A for the micropowder (Fig. 4.1d,e). These are smaller than the corre-
sponding (111) diffraction reflections obtained by XRD for the nano-sized (d;;;=4.73 A)
and micro-sized powders (d;;;=4.76 A). The TEM values have higher uncertainty (<1%)
than the XRD measurements due to a less exact calibration. It also has to be noted, that
only a few HRTEM measurements were performed (additional images in Fig. A.2-A.3, so
that no statistics could be carried out over a large ensemble of particles, in contrast to
XRD. Still, the TEM measured values are comparable to each other and larger trends
and changes could have been resolved but were not observed. In summary, the TEM and
XRD analyses agree within the accuracy of the methods and support an identical crystal
structure of both powders. We characterized the particle shape and size distributions by
SEM (Fig. 4.2a,b). The micro- and nano-sized particles were mainly truncated octahe-
drons and some truncated rhombic dodecahedrons (Fig. A.4). Therefore, both pristine
powders consist predominantly of 111 facets, with some 100 and 110 facets, in agreement
with the calculated equilibrium particle shapes.[95] The nano-sized particles tended to
agglomerate (Fig. 4.2a) in contrast to the micro-sized particles which did not agglomerate
(Fig. 4.2b). Additional SEM images may be found in the electronic supporting informa-
tion (Fig. A.5). A TEM investigation of nanopowder sizes showed a comparable particle

distribution with the same frequent diameter (Fig. A.6).
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Figure 4.2.: SEM-characterization of (a) nano-sized and (b) micro-sized LiMnsOy4 and cor-

54

responding histograms of (¢) nano-sized and (d) micro-sized LiMn,O,4. Dotted
lines show the fit to a lognormal distribution. Anodic (squares) and cathodic
(circles) currents from cyclic voltammetry of (e) nano-sized and (f) micro-
sized LiMn,O, ink-casted disks for evaluation of the double layer capacitance.
Error bars were obtained using at least three independent measurements and

may be too small to be visible.
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The mean and most common nano-particle diameters were calculated from a lognormal fit
to the experimental distribution as 44(14) nm and 42 nm, respectively, which are similar to
the crystallite size of 47(4) nm determined by the Scherrer equation. For the micro-sized
particles, the mean and most common diameters were calculated as 1.2(6) gm and 1.0 pm,
respectively. We approximated the truncated octahedra as spheres for the estimation of
the specific surface area (Eq. 4.3), to obtain 14.376(7) m?/g for nano-sized LiMnyO,.
In the work of Kéhler et al. the specific surface was calculated as 12.264(2) m?/g,[48]
mainly due to the smaller lattice parameter (and thus larger density). For the micro-
sized powder, we calculated a specific surface of 0.490(4) m?/g. The latter agrees well
with the specific surface of perovskite oxides with similar diameter.[10] As an alternative
measure of the oxide surface area, we also performed cyclic voltammetry to probe the
double-layer capacitance (Fig. A.7). The (differential) capacitance (C4) of the electrode
was obtained by linear regression of the currents at 1.174 V vs. RHE against the sweep
speed (Fig. 4.2e,f). The fit range was chosen to minimize the Pearson correlation coeffi-
cient (Table A.2). The capacitance of the micropowder was less reproducible as compared
to the nanopowder for reasons that are not entirely clear but possibly the target loading
was less accurate for the micropowders, which sedimented quickly during ink-casting. The
anodic currents (squares) showed better linearity and were thus selected for evaluation.
We obtained capacitances of 1.00(2) mF and 0.07(2) mF for the nano- and micro-sized
powders. These capacitances are proportional to the ECSA but the exact conversion

factor (specific capacitance) is not known for LiMnyO4. Nonetheless, using the specific

2
ox)

the SEM based estimates of the electrode surface areas (Table 4.1). However, the ratio of

the ECSAs of the nanopowder to the micropowder is a factor of two smaller than the ratio

capacitance of a-MnyOj3 of 0.19(8) mF/cm7,,[96] gave quite reasonable agreement with

of SEM determined areas (Table 4.1). The discrepancy likely arises due to agglomeration,
of the nanoparticles, making much of their surface area inaccessible for the electrochem-
ical measurement. Nonetheless, both methods demonstrate that the surface area of the

nanopowder was clearly larger than that of the micropowder as expected.
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Table 4.1.: Physical properties of nano- and micron-sized LiMnyO,4 and their ratios.[96]

Property Micro (M) | Nano (N) | Ratio N/M
Disk current (pA)! 75(7) 186(4) 2.5
Ring current (puA)! 0.178(2) 7.55(4) 42.4
Specific surface area (m?/g)? 0.49(4) 14.38(1) 29.4
SEM surface (cm%z,,))? 0.25(1) 7.19(3) 29.4
Capacity (mF)? 0.07(2) 1.00(2) 14.3
ECSA (cmeg,)? 0.37(2) 5.26(3) 14.3

4.2.2. Electrochemical calibration experiments

For the RRDE investigations of stability and activity, the detection potential for man-
ganese and oxygen at the ring has to be selected. The general goal is to find a potential
where the reduction of only one species occurs. In order to identify these potentials, we
added either oxygen gas or permanganate ions to the sodium hydroxide electrolyte. The
platinum ring-electrode was scanned from 0 V vs. RHE to 1.55 V vs. RHE to detect the
reduction of these species (Fig. 4.3). We identified detection potentials of 0.4 V vs. RHE
for oxygen and 1.2 V vs. RHE for manganese. We also performed the RRDE experiment
at both detection potentials without any rotation (Fig. A.8), which suggested that there
was no significant electronic crosstalk between the ring current and the disk current that
would affect the product detection.[97]

lat 1.68 V vs. RHE applied to disk during 5" cycle. Disk area 0.126 cm?; catalyst loading 0.4 mg/cm?
2determined by SEM; Fig. 4.2 c,d

3the electrochemical surface area (ECSA) was determined by cyclic voltammetry; Fig. 4.2e,f. Specific
capacitance was assumed to be 0.19(8) mF/cm?,.[96] The disk area was 0.126 cm?
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Figure 4.3.: Identification of the ring potential for oxygen (dotted; in oxygen-saturated

electrolyte) and permanganate (dashed; in argon-saturated electrolyte) by

CV. The detection potential was set to 0.4 V vs. RHE for oxygen and 1.2 V

vs. RHE for manganese detection as indicated by vertical lines.

The detection potential for manganese could not be set to a potential, for which the de-
tection is limited by Mn transport (i.e. current independent of potential) while avoiding
overlap with the detection of oxygen. Thus, only qualitative detection is possible for
Mn and we did not correct the measured ring currents for the collection efficiency. The
identified detection potential of 1.2 V vs. RHE is identical to that previously used in
the literature.[98, 99] The detection potential for oxygen was set on the current plateau
at 0.4 V vs. RHE, where oxygen detection is limited by diffusion of oxygen. This de-
tection potential is also identical to that previously used in the literature.[98, 99] It is
challenging to quantify the amount of the released oxygen, due to bubble formation at
the disk electrode and the PTFE (polytetrafluoroethylene) spacer, which prevent a con-
tinuous transport to the ring electrode.[42, 48] Therefore, the oxygen detection is also only
qualitative and we did not correct the measured ring currents for the collection efficiency.
Since detection of manganese is also possible at 0.4 V vs. RHE, it is imperative to exclude
the presence of manganese in the electrolyte. This motivated us to study the activation

process of LiMnsO, described in the next section.
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4.2.3. Catalyst activation and performance

The stability of the two types of LiMn,O4 particles was investigated at the detection
potential for Mn during cyclic voltammetry (Fig. 4.4). The ring currents increased above
1.4 V vs. RHE, indicating dissolution of Mn in the electrolyte during the first cycle
for both the nano- and micro-sized LiMny,O, based electrodes. The ring currents for
both powders decreased with increasing cycle number and little change was observed
between the fifth and tenth cycles. The currents for the nano-LiMn,QO,4 are similar to our
previous study[48] and are much larger than for the micro-sized LiMnyOy, presumably
due to the much larger surface area. We performed post-mortem TEM on electrodes
cycled ten times between 1.25 and 1.75 V vs. RHE (Fig. 4.4c¢,d), to investigate the
stability of both types of particles. Lattice fringes up to the surface could still be resolved
after electrochemical cycling. This can be seen most clearly in an additional picture
recorded with a higher resolution TEM (Fig. A.9) similar to ref.[48]. Neither particle
showed evidence of surface amorphization as reported, e.g., for perovskites.[99-101] The
inter—planar distances obtained after catalysis (Fig. 4.4e,f), are dj;1=4.74 A for the
nanopowder and d;;;=4.68 A for the micropowder, which are very close to the values
of the pristine samples (d;1;=4.68 A and 4.72 A, respectively). The lattice fringes were
somewhat more difficult to resolve for the thicker microparticles, but are nonetheless
clearly detectable, meaning that the crystal structure of LiMn,O,4 was preserved for both
nano- and micro-sized particles despite loss of Mn from the materials during the initial

cycles.
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Figure 4.4.: Detection of Mn loss at 1.2 V vs. RHE for (a) nano-sized and (b) micro-sized
powder (inset smoothed by Savitzky-Golay method). Post-mortem TEM in-
vestigation of (c¢) nano-sized and (d) micro-sized LiMnyO,4 and interplanar dis-
tance for the (111) orientation of (e) nano-sized powder with d;;;=4.74 A and
(f) micro-sized powder with d;11=4.68 A. The intensity profiles were obtained

in the white boxes and arrows indicate the lattice fringes used in the analysis.
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Having confirmed the absence of structural changes due to catalysis, we now discuss the
CV traces and corresponding catalytic currents during the fifth cycle, during which the
loss of Mn had reached steady state. The CV traces at the disk only show an exponential
rise above 1.6 V vs. RHE (Fig. 4.5a). The shape of the CV trace of the micropowder
was slightly asymmetric, which may indicate the hidden shoulder of a redox peak. The
disk current of the nano-sized powder was higher than that of the micron-sized powder
(Fig. 4.5a) as expected due to the larger surface area (Table 4.1). Due to the ambiguity of
the total disk current, qualitative detection of oxygen generated at the disk was performed
by setting the ring potential to 0.4 V vs. RHE as discussed above (Fig. 4.5b). The
positive-going traces of the ring current follow the same trends as the disk currents, while
the negative-going scans show strong hysteresis likely due to trapping of oxygen at the

spacer. This effect is particularly pronounced for the micropowder.
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Figure 4.5.: (a) Representative cyclic voltammograms (fifth cycle) of nano- and micro-

sized LiMnyOy, ink-casted disks and (b) and ring current of the corresponding

oxygen detection at the ring electrode at 0.4 V vs. RHE (c) Cyclic voltamme-

try (fifth cycle) of nano- and micro-sized LiMn, O, ink-casted disks normalized

by the ECSA and (d) and the corresponding oxygen detection at the ring elec-
trode at 0.4 V vs. RHE also normalized by ECSA. The positive-going half

cycles are shown as solid lines, while the negative-going half-cycles are shown

as dashed lines.
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To investigate whether there are intrinsic differences between the two powders, we fo-
cused on the currents normalized by the ECSA as a proxy for the active surface area of
the oxide. The area from SEM was not considered for the detailed analysis due to particle
agglomeration. Surprisingly, the disk (Fig. 4.5¢) and ring (Fig. 4.5d) current densities of
the micropowder exceeded that of the nanopowder, although the ring current densities of
the positive-going cycles were similar (Fig. 4.5d). Due to the observed hysteresis in the
negative-going half-cycle (dashed lines), we only evaluated the positive-going half-cycle
(solid lines) in detail. The disk, Os and Mn ring current densities were recorded at a
disk potential of 1.68 V vs. RHE for both particle sizes as a function of cycle number
(Fig. 4.6). The disk current densities of the micro-sized particles are higher than those
of the nano-sized particles for all cycles (Fig. 4.6a). The current densities of both par-
ticle sizes decreased with cycle number to a nearly constant value. In contrast, the ring
current densities due to oxygen evolution were nearly constant and their averages were
the same within error (solid symbols in Fig. 4.6b). The measured currents are not neces-
sarily directly proportional to the available surface area, e.g., when the electrode loading
is varied.[102] Yet, the constant and similar ring current densities of the two powders
suggests that the activity is proportional to the available surface area. The ring currents
due to Mn loss (Fig. 4.6¢) show a similar trend with cycle number to the disk current
densities and are the same for both particle sizes within the noise. During later cycles, the
experimental error of some points included zero current density, yet the averages (solid
symbols) did not vanish. A continuous small loss of Mn was also reported for sputtered
manganese oxide by a different method.[103] Identical ring currents due to catalysis (Os)
and corrosion (Mn) are expected and have been confirmed because the pristine powders
were chemically identical as demonstrated by XPS (Fig. A.1) and have the same crystal
facets (Fig. A.4). Moreover, the similarity of the ring current densities due to Mn loss
indicates that the surfaces of the micro- and nano-sized LiMn,O, particles change in the
same way with cycle number and thus retain an identical activity per (electrochemical)
surface area within experimental error. However, both ring measurements were qualitative

and additional analysis is required to quantify the activity for oxygen evolution.
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was considered and normalized by the ECSA. Error bars indicate the stan-
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Connecting lines were added to guide the eye.

4.2.4. Origin of disk currents

The disk currents of conventional electrochemical experiments are ambiguous as they do
not discriminate between redox currents, catalytic currents and corrosion currents. Using

product detection at ring electrodes, we aim to deconvolute the contributions to the disk
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current. While the ring currents in our setup only qualitatively probed the currents due to
catalysis (i.e. Oq detection) and corrosion (i.e. Mn detection), the trends with the number
of cycles permit a linear combination analysis of the disk current density according to
jaisk=Co2 * JR.02 + CMn * JRMn + Cz * Jz, Where cog, Carm, €, are the coefficients of oxygen
evolution, Mn loss and additional processes (i.e. side reactions) with current density j,,
respectively, and jos, jun the measured uncalibrated current densities at 1.68 V vs. RHE
(Fig. 4.6). The best fit values for the coefficients may be found in Table A.4, where we
have assumed that the coefficients are not changed by the particle size or by the cycle
number. This is equivalent to assuming that the intrinsic nature of the reactions is not
affected by particle size or cycle number and is justified by the chemical and structural
characterization of both powders as supported by the previous discussions (Fig. A.1,
Fig. A.4). The calibrated ring current densities are named after the detected product

henceforth, i.e. oxygen and manganese current density.
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Figure 4.7.: Calculated assignment of the currents due to Mn corrosion (line shade) and
catalysis (cross shade) to the measured disk current (black line and circles)
for (a) nano-sized and (b) micro-sized LiMn,O,4. Calculation details may be

found in the text. Connecting lines were added to guide the eye.

The disk current of the nanopowder was well described by only the first two terms in
Eq. (4.1), namely cosjro2 + Cumnjrmm (Fig. 4.7a). The oxygen current density was
26(5) uA/cm% g4 at 1.68 V vs. RHE independently of the cycle number. In contrast,
the analysis of the manganese current density suggested that the decay of the disk current

density as entirely due to Mn loss, which reached a nearly steady value of 8(7) uA/cm%eg4
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at the third cycle. As discussed above, the possibility that the Mn loss contribution has
reduced to zero cannot be ruled out within the experimental error. The Faradaic efficiency
for oxygen evolution can be calculated as cosjr.02/jaisk- It increased with cycle number
from 26% to 75% with 75(2)% after the third cycle, which are lower boundaries as the
manganese current density could have vanished. Any change in Faradaic efficiency after
the third cycle was minor and the electrode can be considered activated thereafter. The
analysis of the micropowder could be fit with the same values of the oxygen evolution
and Mn loss coefficients as obtained from the nanopowder, but revealed an additional j,
contribution to the measured current density (Fig. 4.7b). It is worth pointing out that
a similar quality fit to the two sets of data in Fig. 4.7 can be obtained by allowing some
contribution from additional j, processes during reaction of the nanopowder. However,
the magnitude of the micropowder disk current makes it clear that these additional pro-
cesses are much stronger for the micropowder than the nanopowder. Consequently, the
Faradic efficiency is only 25(8) % and our model suggests that the majority of the mea-
sured disk current density of the micropowder comes from a different process. Product
currents are unfortunately rarely reported in the literature. The ECSA-normalized cur-
rent densities of micro-sized manganese oxides were benchmarked by Jung et al.[104] who
reported disk currents at 0.35 V overpotential ranging for various ink-casted manganese
oxides (Table A.5). Unfortunately, the Faradic efficiencies were not reported. Our micro-
sized LiMnyO,4 showed a disk current density of 34(3) pA/cm%,44, which is similar to
the value of 31(25) reported for MnO.[104] However, our detailed analysis of the product
currents showed that only a small fraction of this current contributes to oxygen evolution.
The disk current generally depends on catalytic currents, corrosion currents and redox
currents. Having measured and assigned the first two sources, we hypothesize that the
remaining contribution is related to manganese redox throughout the particles, including
in the bulk. Micro-sized particles have relatively more bulk atoms as compared to the
smaller nano-sized particles. Unlike metals, oxides exhibit charged regions near the sur-
face, the space charge layer. Furthermore, LiMny;O4 has also been previously discussed
as a material for electrochemical supercapacitors in aqueous solutions[105] as well as for
non-aqueous|56] and aqueous batteries.[106] These applications entail redox of manganese
ions in the bulk, in most cases associated with Li addition or removal. Mn oxidation of
the subsurface has also previously been reported during the activation procedure of an-
other manganese oxide.[96] The shape of the CV trace of the micropowder in Fig. 4.5¢
further supports that a Mn redox process may occur. However, a definite proof requires

additional measurements that are beyond the scope of this report. Mechanistic consid-
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erations and our comparative study suggest that the particle size must be considered in
the design of catalysts even in the case of identical surface chemistry and microstructure,
since the bulk may contribute to the measured total currents. The mechanisms of man-
ganese oxidation for charge storage in electrochemical capacitors[105] and batteries[56] are
virtually identical to that of the common proposals for electrocatalysts before catalytic
turnover.[21, 23, 101] In particular, we previously concluded that the electrocatalytic
mechanism of our nanopowder includes an electrochemical pre-equilibrium step involv-
ing manganese oxidation coupled to a proton-transfer.[48] This step can also occur in
electrochemical energy storage mechanisms that rely on the bulk such as batteries and
capacitors, where the charge can also be compensated by species other than protons, e.g.,
Li. In contrast, catalysis requires the adsorption of the reactant, which can only occur on
the surface. While the conditions of the electrochemical pre-equilibrium step may thus
be satisfied in the bulk and on the surface, only the pre-equilibrium at the surface is rele-
vant for product formation, i.e. oxygen evolution. Therefore, these spatial considerations
can explain the observed commonalities and differences between nano- and micro-sized
LiMn,0O,4, namely identical oxygen current density due to an identical surface chemistry

and differing total current due to different bulk volumes.

4.3. Experimental

4.3.1. Materials

Micro-sized (electrochemical grade) and nano-sized (>99%) LiMn,O, were purchased from
Sigma-Aldrich. Tetrahydrofuran (THF) was purchased from VWR (>99.9% stabilized).
The electrolyte was 1 M sodium hydroxide Titripur (Merck) solution which was diluted
to cnyeon=0.1 M by ultrapure water (Milli-Q R > 18.2 MQ2). The gases used to purge the
electrolytes were purchased from AirLiquide Alphagaz (argon 5.0 and oxygen 4.8). Acety-
lene carbon black was purchased from Alfa Aesar (>99.9%) and was acid-treated.[107]

All other chemicals were used as received.

4.4. Physical characterization of LiMn,0, particles

LiMnyOy4 particles were characterized by X-ray diffraction (XRD) using a Bruker D8
Discovery with a monochromatized CukK, radiation in the 20 range from 15° to 85°in

0.05° steps. Specimens for XRD measurements were prepared by gluing the oxide powder
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to a glass slide. The particle size of the nanopowder was calculated using the Scherrer-

equation

KA
~ B-cos(©)

where is the line broadening at half maximum intensity and the shape factor K=0.8. We

(4.1)

determined the experimental lattice parameter according to

a=d-\/(h?+k+2) (4.2)

where d is the lattice spacing in Bragg’s law (Ag, = 1.5406 A) and hkl are the Miller
indices. The lattice constant of the powders was obtained by linear regression of d of six
reflections on the inverse of the square root in Eq. (4.2). Scanning electron microscopy
(SEM) was performed in a FEI Nova Nano SEM 650 in a high vacuum mode at 5 kV
(micro-sized particles) and 15 kV (nano-sized particles). Specimens for SEM were pre-
pared by mixing 10 mg oxide with 2 mL of THF and applied on a SEM carbon tape. For
the evaluation of the average particle size, 200 randomly picked particles were measured.
The elliptic shape of the particles was simplified as a circle and the equivalent diameter
was calculated from the measured area as (Fig 4.2). Subsequently, we used the Cauchy

expression to determine the specific area [108]

T p D&

A, = 6 >d (4.3)
where p is the density of LiMnyO,4 calculated from the unit cell (i.e. assuming dense singly
crystalline particles). The oxide particles were investigated in high-resolution transmission
electron microscopy (TEM) before and after the experiments. For this investigation, we
used a FEI Tecnai G? Spirit at 120 kV. For this, we drop-casted a copper-carbon TEM
grid with the catalytic ink. For post mortem analysis, the same procedure was used after

washing the particles off the electrode.

4.4.1. Electrochemical setup

For all catalysis experiments, an OrigaFlex system was used, composed of three OGF500
potentiostats (Origalys SAS) and for the determination of the double-layer capacitance, we
used a Gamry Interface 1000E. Our measurement station consisted of a RRDE-3A rotator
(ALS Japan Co Ltd.) and custom-made electrochemical cells made of polytetrafluoroethy-

lene (PTFE) cylinders that were used in a three-electrode configuration with a saturated
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calomel electrode (SCE) (ALS Japan Co Ltd., RE-2B) and a platinum counter electrode.
The radial distance between the working and counter electrode or reference electrode was
17 mm. The RRDE-electrode setup consisted of a glassy carbon disk that is 4 mm in
diameter (area=0.126 cm?) and a concentric platinum ring with 5 mm inner diameter
and 7 mm outer diameter. These working electrodes (disk and Pt-ring) were separately
polished to a mirror finish with Al,Osz-micro-polish and cleaned with isopropanol. The
used SCE reference electrode was calibrated to the RHE scale (HydroFlex Gaskatel) by
determining the offset of characteristic peaks during cyclic voltammetry (CV) on a clean

polycrystalline Pt surface in the hydrogen underdeposition region.

4.4.2. Electrochemical calibration experiments

The electrolyte was first saturated with oxygen and a CV at the ring electrode was
executed between 0-1.75 V vs. RHE at 100 mV/s for five cycles at 1600 RPM. The
same procedure was carried out for an electrolyte saturated with argon. Afterwards,
10.3 mg of KMnQO4 was added to this argon-saturated electrolyte for a final molarity of
1 mM and another CV was carried out. LiMn,O, catalytic ink was made by mixing 10 mg
LiMny,O4 powder, 2 mg carbon black into a slurry of 2 mLL THF. After sonication for 30
minutes, 10 pL of this suspension was applied on a polished glassy carbon disk, which was
assembled in a RRDE setup. The ink covered the disk completely and homogeneously.
The electrolyte was also saturated with argon 30 minutes before any of the electrochemical

measurements.

4.4.3. Catalytic experiments

Six electrodes of the nanopowder were made so that three measurements each could be
recorded with the ring set to oxygen and manganese. Due to the higher experimental
errors, fifteen electrodes of the micropowder were prepared, of which three were recorded
with the ring set to manganese and twelve with the ring set to oxygen. Of the latter,
four measurements were discarded as the values differed by more than 50% from the
median of all measurements. All catalytic experiments were performed using the same
protocol. The disk electrode was conditioned at 1.25 V vs. RHE for three minutes and
afterwards a CV between 1.25 V and 1.75 V vs. RHE was carried out at 10 mV/s for
ten cycles at 1600 RPM. The ring electrode was set to the identified detection potential
for manganese (1.2 V vs. RHE) or oxygen (0.4 V vs. RHE). All characterization and

electrochemical experiments were carried out at room temperature. Subsequently, we
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performed electrochemical impedance spectroscopy in the range from 100 kHz to 1 Hz to
determine the uncompensated resistance and correct the applied voltage for the Ohmic
drop. Typical uncompensated resistances were 50.72(1) €2 for electrodes coated with
nano-sized and 47.64(4) € for micro-sized LiMnyOy.

4.4.4. Electrochemial determination of double-layer capacity

For the determination of the double layer capacitance all experiments were performed
without rotation and a disconnected ring electrode. Data acquisition was performed in
the ‘surface mode’ to capture the capacitive currents. The lower scan potential of 1.1 V vs.
RHE was held for 60 seconds to equilibrate the powders, followed by cyclic voltammetry
between 1.1 and 1.25 V vs. RHE with various scan rates (10, 20, 40, 80, 100, 150,
200 mV/s) was executed (Fig. A.7).

4.5. Conclusion

We observed an influence of the particle size on the electrocatalytic activity. Two commer-
cial powders LiMn,O4 with mean particle sizes of 44(14) nm (nano) and 1.1(5) pm (micro)
were selected for this study. They had nominally identical chemical composition and va-
lence as probed by XPS. We determined similar lattice parameters of a,,4,,=8.21(1) A and
Amicro—3.28(1) A that were also directly visible as lattice fringes in TEM. Based on the
differential capacitance, we obtained ECSA of 5.26(3) cm%¢4 for the nanopowder and
0.37(2) cm%cg4 for the micropowder, which was used to calculate the current density
per particle surface. The ring potentials for Mn (1.2 V vs. RHE) and O (0.4 V vs.
RHE) detection were identified firstly for the qualitative detection of the product cur-
rents and secondly for quantitative evaluation based on linear combination analysis. The
total disk current densities decayed, which matched the trend of the current density due
to manganese loss. The main reduction occurred in the first three cycles and we consid-
ered the catalyst fully activated after five cycles due to minor changes thereafter. The
current density due to oxygen evolution was constant independently of cycling and the
oxygen current densities (per ECSA) were identical for both powders as expected for iden-
tical surface chemistry and microstructure. The oxygen current densities were identical
within error, namely 40(14) pA/cm%.g4 and 26(5) pA/cm%q 4 for micro- and nano-sized
LiMn,Oy, but only the latter had a Faradaic efficiency of at least 75%. We hypothesized

that Mn redox in the bulk of micro-sized LiMnyO4 was the source of the large disk current

69



CHAPTER 4. TOTAL DISK CURRENT AS SUM OF CURRENT CONTRIBUTION:
THE ORIGIN OF THE DISK CURRENT

density (per ECSA), while the oxygen current densities of the micro- and nano-powders
were identical due to identical surfaces. Bulk redox processes drive electrochemical en-
ergy storage in capacitor and battery materials, which provides a mechanistic link between
these different subfields of electrochemistry. Furthermore, corrosion processes are often,
if not always, in competition with catalysis. Therefore, the detailed knowledge of product
currents is crucial, on the one hand for the rational design of better electrocatalysts as
it is the relevant metric that should be optimized by materials design and on the other

hand for a mechanistic understanding when more than one product is formed.
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5. Bulk oxidation of LiMn>0O, increases

overpotential

This chapter is a reproduction of the following publication:

Undesired bulk oxidation of LiMn,O, increases overpotential of
electrocatalytic water oxidation in lithium hydroxide electrolyte

Max Baumung, Leon Kollenbach, Lifei Xi and Marcel Risch
ChemPhysChem 2019, 20, 2981. ; DOI 10.1002/cphc.201900601

Please note, that labels, reference numbers and the format have been adjusted to suit
the format of this thesis.

Abstract: Chemical and structural changes preceding electrocatalysis obfuscate the na-
ture of the active state of electrocatalysts for the oxygen evolution reaction (OER), which
calls for model systems to gain systematic insight. We investigated the effect of bulk
oxidation on the overpotential of ink-casted LiMny,O, electrodes by a rotating ring-disk
electrode (RRDE) setup and X-ray absorption spectroscopy (XAS) at the K shell core
level of manganese ions (i.e. the Mn-K edge). The cyclic voltammogram of the RRDE
disk shows pronounced redox peaks in lithium hydroxide electrolytes with pH between 12
and 13.5, which we assigned to bulk manganese redox based on XAS. The onset of the
OER is pH-dependent on the reversible hydrogen electrode (RHE) scale with a Nernst
slope of -40(4) mV/pH at -5 pA monitored at the RRDE ring. To connect this trend
to catalyst changes, we develop a simple model for delithiation of LiMn,O,4 in LiOH
electrolytes, which gives the same Nernst slope of delithiation as our experimental data,
i.e., 116(25) mV/pH. From this data, we construct an ERP_pH diagram that illustrates
robustness of LiMny,O,4 against oxidation above pH 13.5 as also verified by XAS. We con-

clude that manganese oxidation is the origin of the increase of the OER overpotential at
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pH lower than 14 and also of the pH dependence on the RHE scale. Our work highlights
that vulnerability to transition metal redox may lead to increased overpotentials, which

is important for the design of stable electrocatalysts.

5.1. Introduction

Efficient storage of energy is one of the challenges in turning away from fossil energy
vectors towards renewable energies and decelerate global warming.[3, 87] A promising
pathway is water splitting for the production of hydrogen as a sustainable energy car-
rier. Unfortunately, this reaction is kinetically limited by the oxygen evolution reaction
(OER),[11, 23] which mandates the use of an efficient catalyst. However, chemical and
structural changes before or during electrocatalysis obfuscate the nature of the active
state of electrocatalysts for the OER, which calls for model systems to gain systematic

insight.

Previously, we studied LiMn,O4 as a model catalyst for the OER because it shares the
structural motif with the active site of natural photosynthesis. We discussed the electro-
catalytic mechanism of LiMn,O,4 for the OER in the context of photosynthesis[48] and
determined the product current due to the OER in NaOH,[15] which hinted at a signifi-

cant involvement of the bulk to the measured currents as is the case, e.g., in batteries.

Here, the battery aspects of the material are discussed further from the viewpoint of
electrocatalysis. LiMn,O, was first reported as a positive electrode material for non-
aqueous batteries by Thackeray et al.[51] and has since been optimized systematically.[56]
Most relevant for electrocatalysis of LiMnyOy is its previous use as an active material for
aqueous batteries,[109] mainly in neutral[106, 109-114] electrolytes but also in alkaline
electrolytes.[54, 55, 94] LiOH has not been used in aqueous Li-ion batteries, probably
because the reversible potential of LiMnyO, delithiation under standard conditions is
above the thermodynamic potential in alkaline electrolytes, which can be illustrated by
aligning the potential scale relative to the Li/Li™ redox (“battery scale”) to the scale of
the standard hydrogen electrode (SHE).[109, 115] While OER before delithiation prevents
operation as an aqueous battery, it is highly desirable for stable operation as a catalyst for
oxygen evolution. Moreover, LiOH electrolytes are interesting for in-depth fundamental
studies as the chemical complexity is reduced to the Li-Mn-O-H system, in contrast to
all previous electrocatalytic investigations of LiMn,O4 in KOH[24] and NaOH|[15, 45, 48]
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electrolytes.

In this report, we investigate the oxygen evolution reaction on LiMny,O, in LiOH elec-
trolytes with pH between 12 and 14 using rotating ring disk electrodes (RRDE) and X-ray
absorption spectroscopy (XAS). Disks of LiMnyO4 show pronounced redox peaks below
pH 14 in LiOH, which was not previously reported in other hydroxide electrolytes.[15,
24, 45, 48] The redox peaks are assigned to Mn redox due to (de/-)lithiation of LiMnyOy.
A simple model for the reversible potential of delithiation is derived, which matches the
data well. Furthermore, the onset of oxygen evolution is determined using the ring of the
RRDE. Finally, we construct an E#F_pH diagram based on the model and our experi-
mental data. Predictions regarding the oxidation stability are verified using additional ex

situ XAS measurements.

5.2. Results and Discussion

We used the same batch of commercially available LiMn,O,4 nanopowder for our investiga-
tions in LiOH as was also used in our previous studies [11, 48] in NaOH where the pristine
powder was extensively characterized by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), X-ray diffraction (XRD) and soft XAS. In short, it
has the expected crystal structure of semiconducting LiMn,O, (space group Fd3m)[48]
with lattice parameter a=8.21(1) A[11] that is typical for the composition of Li; MnyO,.[93]
The size distribution, space group and lattice parameter were confirmed again before the
electrocatalytic experiments presented herein and showed similar values as those reported
previously, namely a mean diameter 41(15) nm and a median of 40.45 nm (Fig. 5.1). An
average manganese valence of +3.5(3) in the bulk was previously determined by soft XAS
at the Mn-L edge using calibration to selected experimental references.[48] The oxide
could thus be written Li(Mn**Mn?")O, but we will not make this distinction because
XAS can only measure averages. Overall, these analyses demonstrate that the pristine

powder has the expected size, bulk crystal structure, bulk composition and bulk valence.
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Figure 5.1.: (a) Indexed X-ray diffractogram of pristine LiMn,O, particles (b) SEM image
of the nanoparticles and (c) particle distribution (bars) and fitted lognormal
distribution (dashed line)

The traces of the voltammogram in LiOH evidently differed from our previous studies in
NaOH.[11, 48] We performed cyclic voltammetry and simultaneous chronoamperometry at
the ring of the used RRDE setup in Ar-saturated hydroxide electrolytes. Exemplary disk
current densities in 100 mM NaOH (gray line) and 100 mM LiOH (red line) are compared
in Fig. 5.2a,b during the 5 cycle, which was selected because initial Mn loss had ceased
before the 5 cycle in NaOH.[48] In LiOH, the currents due to Mn loss were higher as
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compared to NaOH but also changed little after the 5 cycle (Fig. A.10). Our previous
studies showed no evidence of morphological changes of the LiMn,O, nanoparticles in
NaOH).[15, 48] As the detected Mn loss during the first 5 cycles is similar for all LiOH
electrolytes (Fig. A.10) and also similar to the Mn loss reported in NaOH,[48] we expect
that no changes in morphology occurred in the used LiOH electrolytes. In Fig. 5.2a, the
anodic and cathodic traces of the CV in NaOH were featureless except for the exponential
rise due to oxygen evolution,[11, 48] while there was a clear anodic shoulder and cathodic
peak in the CV in LiOH. The rise in current density due to oxygen evolution occurs
at lower voltages in 100 mM NaOH as compared to 100 mM LiOH (Fig. 5.2b), i.e. at
a different pH, which is rationalizeddiscussed below as a chemical change of LiMnyOy
preceding OER in 100 mM LiOH below.

We investigated the CV of 10 mM LiOH further as it showed a clear exponential rise
in current density and emphasized the aforementioned differences to previous studies in
NaOH][15, 48] and KOH[24, 45] (Fig. 5.2c). The rising disk current density at high voltage
was assigned based on the ring current (blue dashed line), which was set to reduce oxygen
at 0.4 V vs. RHE and thus qualitatively detected the oxygen produced at the disk. We
only show the anodic trace of the ring currents as the cathodic trace showed hysteresis
due to trapped oxygen. As the anodic shoulder and cathodic peak do not show up in
the ring current (as expected), it was likely related to manganese redox. Therefore, an
additional redox reaction occurred at voltages below the onset of the OER on LiMnyOy
in 10 mM LiOH as compared to our previous studies in 100 mM NaOH.[15, 48]
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Figure 5.2.: (a) CV of LiMnyO,4 in 100 mM NaOH and LiOH (pH 13) and b) corresponding
oxygen detection at ring electrode (detection potential 0.4 V vs. RHE) The
NaOH data was taken from ref. [15]. (c) CV of 5 cycle in 10 mM LiOH (solid
orange line; pH 12) as well as the corresponding qualitative oxygen detection
in LiOH at ring electrode at detection potential 0.4 V vs. RHE (circles) at
1600 rpm rotation. The red bullet indicates 1.55 V vs. RHE. Arrows indicate
the scan direction. (d) XANES at the Mn-K edge of a pristine sample and
one held at 1.55 V vs. RHE (indicated potential) for 1 h showing an edge

shift to higher energies, i.e., oxidation.
We gained insight into the manganese redox using hard XAS at the Mn-K edge (Fig. 5.2d).

In this spectroscopy, core holes are ejected from the Mn-K shell, which requires a certain

threshold energy and produces discontinuities, so-called “edges”, in the absorption.[82,
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116, 117] The penetration depth depends on the atomic number and density of the
sample.[82] A single attenuation length is 5 um for LiMnyOy, (crystal density 4.3 g/cm?)[15,
48] mounted at 45°,[118] which is clearly a factor 100 larger than the mean particle size.
Therefore, the bulk of the particles was probed. The X-ray absorption near edge structure
(XANES) was recorded for the pristine powder (black line) and a sample, which was held
at 1.55 V vs. RHE in 10 mM LiOH for one hour (orange line). The spectrum of the latter
sample was shifted by 1 eV toward higher energies at a normalized absorption value of 0.5,
which is commonly assigned to manganese oxidation. This interpretation is justified be-
cause the nuclei of oxidized atoms are less shielded and thus photons of higher energy are
needed for excitation of the core hole. A shift of the order of 1 €V corresponds typically to
an increase in the average valence of about 0.4 units (i.e. Mn35* to Mn97).[83, 119-121]
This is a change in the average bulk valence and can thus only be explained by a bulk
process for charge compensation. We propose that the process associated with Mn oxida-
tion is delithiation of the bulk. This proposal is supported by the use of Li;_,MnyO4 as a
battery material in similar aqueous electrolytes.[54, 55, 106, 109-111, 113-115, 122, 123]
The manganese valence can be converted to the lithiation value x using the stoichiome-
tries of the formula Li;_,MnyQy, i.e., x is twice the absolute valence change. However,
the lithiation of x ~ 0.8 estimated from XAS after 1 h at 1.55 V (Fig. 5.2d) likely differed
from those at 1.55 V during the CV experiment (Fig. 5.2c) due to the time required for
Li diffusion through the bulk of Li;_,MnyO4. Nonetheless, the XAS experiment clearly
demonstrated that the bulk of LiMn,O4 can oxidize at voltages where the anodic shoul-
der was found in the CV. Therefore, we assigned the anodic shoulder in 10 mM LiOH
to manganese oxidation and the corresponding cathodic peak to manganese reduction.
Charge neutrality was ensured in both cases by lithium extraction or insertion at long
time scales. We were not sensitive to changes of the surface. Yet, protonation and depro-
tonation of the surface likely occurred simultaneously as water is weakly buffering at pH
12 (10 mM LiOH)[124] and it can thus accept as well as provide protons. For that reason,
we expect that the redox properties and the shape of the CV depend on both the lithium
concentration and pH (i.e. proton concentration). In our experiments, both the molarity
of Li and the pH changed. Both are intimately coupled in stagnant aqueous solutions as
releasing a LiT cation into the electrolyte must be compensated by creation of an OH™
anion (assuming water as the only anion source). In our hydrodynamic experiments, they
are coupled because the bulk solution contains equal molarities of Li* and OH~. The
thermodynamic activity is 0.96 in 1.0 M OH and approaches 1 below pH 13.[125] There-

fore, the calculation of the pH from the concentrations is a reasonable approximation. To
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simplify the discussion, we use the pH defined as

pH =14 + log([OH ")) (5.1)

The pH in this report is calculated from the molarity of the prepared LiOH solutions and
not measured using conventional glass electrodes as they are inaccurate in LiOH.[125] We
decided to discuss the observed changes in terms of pH changes, which are a staple of
systematic electrocatalytic experiments. We performed additional RRDE experiments in
LiOH electrolytes prepared with pH values between pH 12 (10 mM) and pH 14 (1000 mM)
that are shown in Fig. 5.3. The disk scan range was adjusted to clearly evolve oxygen in
the anodic range and to completely reduce the particles back to their pristine state (i.e.
vanishing current at the end of the cathodic scan). While the same voltage range of 1.25
to 1.75 V vs. RHE was suitable in the range of pH 13 to pH 14, it had to be extended to
0.90 and 1.79 V vs. RHE at the lowest pH 12 (Fig. 5.3a). Moreover, the magnitude and
width of the redox peaks clearly depended on the pH where the features were broadest at
the lowest pH and vanished at the highest pH. At pH 13, the anodic shoulder appeared

to have merged with the onset of currents due to oxygen evolution.

N
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Figure 5.3.: (a) Representative CV during the 5 cycle at pH 12, pH 13 and pH 14 and
(b) corresponding qualitative oxygen detection at ring electrode for these con-
centrations. For all ring electrode measurements, the detection potential was
set to 0.4 V vs. RHE at 1600 rpm rotation (complete dataset in Fig. A.11).

The simultaneously measured ring currents revealed that the onset and kinetics of oxygen

evolution likewise depended on the pH (Fig. 5.3b). The ring currents rose exponentially
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as expected where the lowest onset was found for pH 14 and the highest for pH 12. We
defined the onset potential herein as the ring current at -5 pA. The voltage at this ref-
erence changes by -40 mV on average when the pH is increased by one unit (Table A.6),
i.e. a change in the OH™ concentration of a factor 10. This shift is the Nernst slope
(OERHE JOpH )i const. on the RHE scale. The solubility of O, in hydroxides changes little
with concentration in hydroxides,[126] so that we attribute the observed shifts to modifi-
cations of LiMny,O4, which is also supported by differences in the redox peaks. The most
likely chemical modification is a change of the lithiation x in the bulk of Li;_,MnyO, as
also supported by XAS. Based on the hypothesis of changes in bulk lithiation, we can
derive the expected reversible potentials as function of the pH. The derivation is based on
earlier work by Li et al.[54]] It is necessary as the plots in literature are derived for a fixed
Li molarity[109, 115](often the standard condition of 1 M Li) which was not the case in
our experiments and is often not the case in other recent electrocatalytic studies of pH
dependence.[48, 127-130] The following reaction holds in equilibrium at the pH when Li*

will no longer be extracted from LiMnyOy

Lil_an204 + .THQO - $Li;_q + xOH™ + $/2H2 (52)

We assume that Hy forms at the (Pt) counter electrode in its standard state (denoted by
superscript 0), i.e. 1 bar. Furthermore, water can be considered in its standard state for

the used hydroxide concentrations.[125] The chemical potentials are thus
O @) + Hr20 = Briv + por— + 1/241Gp (5.3)
The positive and negative charges in the electrolyte must be balanced, i.e.
([Li*] + [H"]) = [OH] (5:4)

Since we study basic solutions (i.e. [Li*] » [H*]), the proton concentration in Eq. (5.4)
can be neglected. Assuming full dissociation and no interactions, the chemical potentials
of the Li and OH in solution can now be obtained from the Nernst equations using the

concentrations rather than activities

pri = py; + RT/F - In([Li*]) (5.5)

por = oy + RT/F -In([OH™)) (5.6)
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Eq. (5.6) can also be rewritten using the definition of the pH in Eq. (5.1) as

pon = iy + In(10)RT/F(pH — 14) (5.7)

Combining Eq. (5.3) with Eq. (5.7) and using that [Lit]=[OH~], gives

LiMn204 () — (2In(10)RT)

KL ja (pH —14) + H((]Lzur) + M?OH—) +1/2m20 — [i3r90 (5.8)

The voltage in an intercalation battery is given by the difference between the cathode
(LiMny04) and anode (Li)

Eea = —1/e(pug;"™ (2) — p,) (5.9)

where 19, is the chemical potential of lithium metal. The standard chemical potentials
correspond to that of the reaction Li + H,O = LiOH + 0.5 H,, for which the free energy
is -2.228 eV /e.[54] At room temperature (T=25°C), In(10) RT/F equals 59 mV. Using

these values, the voltage of the cell (with a Li/Lit anode) becomes

Et = 3.88V —0.118 VpH (5.10)

The experimental standard potential of LiMnyOy, EY, /004, varies to some extend and
depends on the synthesis.[111] Therefore, we obtained it experimentally for our pow-
der in a typical battery electrolyte (Fig. A.12). The curve shows a first plateau at
E(LOZ-’JI\ZIHU;O423.996 V vs. Li/Li* (i.e. the anode) for lithiation above x~ 0.5 in Li;_,MnyO,
and a second plateau E(Lg’fjig)o4:4.138 V vs. Li/Li*, which correspond to a one-phase re-
action (that of pristine Li;Mn,O,) and a two-phase reaction.[131] The half-cell potential

of the LiMn,O4 cathode is thus

Erivin204 = 3.885 V — EY 1 1nsoa — 0.118 VpH (5.11)

The values of the pH-independent term are -0.111 V and -0.253 V for E(LOZ-’]Z\;}?ZO4 and
E(LOZ-’J}\ZZZ)(M. As the duration of delithiation is rather short during a CV at 10 mV/s, we
expect that E(LOi’Jl\Z%m is the relevant potential.

This half-cell voltage is expressed relative to the reversible hydrogen electrode (RHE),
as we considered both the standard potential and the pH dependence of the solution in

Eq. (5.7), which is the very definition of the RHE scale. Moreover, Li et al.[54] have
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shown experimentally that the cell potential in a conventional non-aqueous 1 M LiPFg
PC/EC electrolyte and 1 M LiOH electrolyte are nearly identical. The half-cell potential
can thus be expressed against the RHE without considering further reactions. Finally,
LiMn,0O,4 delithiation occurs on the anode in our application and the hydrogen redox on

the cathode and so the polarity of the cell must thus be opposite as derived above

ERAE oy = —0.111V +0.118 VpH (5.12)

This equation can now be used to predict whether LiMn,O4 will delithiate in electrolytes

with equal molarities of LiT and OH™; delithiation occurs for all applied voltages Eqp, >

RHE
ELiMn2O4'

We used Eq. (5.12) and the reversible potential of the OER (1.23 V vs. RHE) to construct
an ERME_pH diagram (Fig. 5.4a). It is related to the more commonly used ES#E-pH (Pour-
baix) diagram, that is also used in previous work of aqueous battery work[109, 115], but
the thermodynamic potential of the OER, i.e. the O2/OH™ equilibrium, on the working

electrode (black line) is a horizontal line in the ER7E

-pH diagram and the experimental
overpotential is also a horizonal line if the Nernst slope vanishes, i.e. (OE®#¥ /OpH);— onst.,
which is the expected pH dependence based on common mechanisms with proton-coupled
electron transfers.[48, 127] Moreover, the representation in an EffE_pH diagram is often
preferable in electrocatalysis as it allows to read overpotentials with respect to the OER
more directly from the plot. Even minor changes of the overpotential are clearly visible

in this diagram, whereas they are difficult to read from the classical ES#F-pH diagram.
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Figure 5.4.: (a)Ef#E_pH diagram of Li;_,Mn,O,4 in LiOH showing the expected (solid red
line, Eq. 5.12) and measured (filled circles) reversible potential of delithiation.
The half-filled circles and dotted lines were used in the determination of the
experimental value (Table A.6). The equilibrium potential of Oy/OH™ (solid
blue line) and experimental OER onset determined as the overpotential at
-5 pA qualitative ring current (open squares). The dashed line was added as
a guide to the eye. Error bars may be too small to be visible. (b) XANES
spectra of Mn K-edge of a LiMn,O, electrode holding at 1.55 V vs. RHE
at pH 12 and pH 14 compared to pristine LiMns;O4 powder. Edge shifts to

higher energies indicate oxidation of Mn.

The kinetic data from the CVs in Figs. 5.3 and A.11 was overlaid onto the ERE_pH dia-
gram to compare to the predicted thermodynamic lines (Fig. 5.4a). The overpotentials of
the OER at -5 A ring current (blue squares) were taken as an approximation of the onset
of oxygen evolution. The kinetic data must have slightly higher potentials as compared to
the thermodynamic Oy /OH™ equilibrium due to the kinetic barrier. However, the major-
ity of the offset (~0.4 V) is often attributed to the so-called scaling relations[21, 54, 132]]
between dependent intermediates. Therefore, the experimental data (blue symbols) are
found at higher potentials as the thermodynamic potential (blue line). Furthermore, the
experimental data clearly depended on pH on an RHE scale with a Nernst slope of -
40(4) mV/pH, which clearly differed from our previous study in NaOH where the Nernst
slope was -2(1) mV/pH the onset of the OER.[48] The reversible potential of delithiation
of LiMn,O4 was also determined experimentally. For this, we determined the peak po-

tentials as the zero-crossings of the second derivative of the measured data (Fig. A.13).
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The analysis was performed separately for the anodic and cathodic shoulder/peaks and
their average potentials are shown in Fig. 5.3a between pH 12 and 13.5. for higher pH
values, no shoulders or peaks were detected. We had assigned the anodic shoulder to Mn
oxidation above +3.5 and the cathodic peak to Mn reduction back to about +3.5. The
difference between the anodic and cathodic potentials decreases from 260 mV at pH 12
to 71 mV at pH 13.5 in the resistance-corrected data. Thus, we attribute the diminish-
ing difference in shoulder/peak potentials to better reversibility[133] of lithium extraction
and re-insertion at higher LiOH concentrations, i.e. closer to standard conditions. The
reversible potential was determined as the midpoint potentials of the anodic and cathodic
shoulders/peaks (red symbols), i.e. their average. The determined midpoint potentials
fall onto the line predicted by Eq. (5.12) within error, except for pH 13.5 because it was
too close to the intersection of the OER onset (see below). Thus, we confirmed that the
assumptions and simplifications made in the derivation are valid and reasonable for our
application. Our Ef¥F_pH diagram can be used to predict whether LiMn,O, will retain
its bulk valence of +3.5 during electrolysis in LiOH electrolytes, which is important for
the stability and activity of the electrocatalyst. The fit line to the experimental oxy-
gen evolution data of the ring electrode intersects that of the (de/-)lithiation reaction
(Eq. 5.12) slightly below pH 13.5. Had we read the voltages at a lower ring current, then
the intersection would occur at a slightly lower pH value. This intersection is highly signif-
icant because oxygen evolution (blue symbols and line) should be performed at potentials
where Li cannot be extracted from LiMnsOy (red symbols and lines). Otherwise, the Mn
on the surface and in the bulk of LiMn,Oy4 oxidize. The EFfE_pH diagram suggests that
measurements at pH 12 in LiOH lead to significant Mn oxidation (as discussed above),
while those at pH 14 should retain their valence. The expected bulk valences were again
investigated by hard XAS at the Mn-K edge (Fig. 5.4b). A dense pellet of optimized
loading was prepared and measured in transmission mode (grey line). It showed a pre-
edge at 6540 ¢V, a shoulder at 6550 ¢V and maximum (white line) at 6560 eV. The shape
of a XANES spectrum depends on the local geometric and electronic structures of the
absorbing atom.[134] It is not straightforward to interpret and requires extensive theo-
retical calculations that are beyond the scope of this manuscript. Here, we only compare
spectral differences among the samples. The measurements of the LiMn,O, electrodes
had to be made in fluorescence yield (FY) mode due to the comparably low loading re-
quired by the electrocatalytic measurements. The FY mode only approximates an X-ray
absorption spectrum|82, 135] and depends on the measurement geometry. Nonetheless,
the spectrum of a sample held at 1.55 V vs. RHE for 1 h at pH 14 is congruent with
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the pristine sample and only deviates at the maximum near 6560 eV, where lower ampli-
tudes are a common artefact of FY measurements.[136, 137] Thus, we conclude that the
bulk material was not changed at 1.55 V in LiOH at pH 14 and in particular retained
an average valence of +3.5. In contrast, the sample held at the same potential at pH
12 differed clearly, namely, the shoulder was less pronounced, the edge shifted to higher
energies and the maximum clearly increased. Overall, the XAS measurements confirmed
our predictions from the EffP_pH diagram. In particular, the LiMn,O, sample measured
at pH 14 retained its bulk valence. The Mn valence has been correlated with the activity
for the OER previously.[120, 138-141] In a more detailed picture, the (bulk) e, occupancy
has been proposed to correlate with activity[107] where an occupancy near unity results
in the lowest overpotential. The rationale is that the electron density of the e, orbital
points towards the absorbing oxygen, which is a key step in the mechanism.[21, 127] For
spinels, including LiMn,O, and several closely related spinels, the (bulk) e, occupancy
of the octahedral site has been proposed to correlate with the overpotential.[24] In the
simple crystal field splitting model of manganese oxides with valences between 42 and
+4, they contain 3 (spin up) electrons in the ty, orbitals and the e, orbital fills up (with
spin up) electrons from 0 (Mn**) to 1 (Mn3") to 2 (Mn?").[142] Based on the previous
studies of the e, occupancy, Mn** (e, occupancy of 1) is desirable in an electrocatalyst
for the OER. However, a single parameter does not fully describe the catalytic proper-
ties of a material as complex as an oxide.[21, 32, 40, 41, 143] Mixed manganese valences
between Mn?* and Mn** result in the highest activity, i.e. lowest overpotential, in many
reports.[9, 40, 96, 138, 143-148] Therefore, retaining the Mn*** valence of the pristine
LiMn,0Oy, is crucial for sustained electrolysis with unchanged activity. The observed in-
crease of the OER overpotential from pH 14 to pH 12 in LiOH can now be explained in the
context of changed manganese valence. The available literature data suggests that oxides
with Mn valences slightly above Mn3* have higher activity than those with lower or higher
manganese valence.[24, 107] We have calculated the conditions, for which Mn reduction is
expected (Fig. 5.4a) and verified it experimentally for selected points (Fig. 5.4b). There-
fore, we conclude that the overpotential increased in electrolytes below pH 14 due to bulk
delithiation, which oxidizes the Mn in the bulk of LiMn,O4 above average valences of
+3.5. It is often assumed, especially in theoretical work,[149] that the overpotential does
not depend on pH, which is sometimes not the case in experimental studies.[127, 150] The
origin of this effect is not well understood. While there are probably also other triggers of
the effect, our work clearly demonstrates that changes in the bulk valence can induce pH

dependency on the RHE scale, i.e. non-Nernstian behavior, as witnessed by a non-zero
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Nernst slope (OE™HE /9pH). The same pH dependence was reported for materials that
(de/-)intercalate oxygen.[128] While few currently studied electrocatalysts will intercalate
or deintercalated ions in the voltage range and electrolyte composition where the OER
is studied, the classical ES#F-pH (Pourbaix) diagram predicts valence changes for many
used oxides, e.g. simple manganese oxides[151, 152] and they were also observed exper-
imentally by in situ XAS.[84, 153-158] It is thus likely that many oxides, particularly
manganese oxides, show non-zero Nernst potentials when they are oxidized or reduced in

the investigated electrolytes.

5.3. Conclusion

We investigated the effect of bulk oxidation on the overpotential of LiMnyO4 as an elec-
trocatalyst for the OER in LiOH electrolytes with pH between 12 and 14. We found pro-
nounced redox peaks in LiOH electrolytes with pH < 13.5 that were not observed at pH 14
and in all previous reports where NaOH and KOH electrolytes were used.[15, 24, 45, 48|
Using XAS at the Mn-K edge, we showed that Mn in the bulk of LiMn,O,4 oxidized at pH
12, which we used to assigned the observed peaks and shoulders to the Mn3?*+-Mn?35+9
redox. As the XAS measurement was bulk sensitive, we argued that the most likely
process of charge compensation was delithiation of the bulk. The current due to oxygen
evolution could not be determined from the total disk currents due to interference of these
Mn redox peaks. Yet, the ring of the used RRDE setup qualitatively measured the onset
of oxygen evolution, which occurred at voltages higher than that of the Mn redox. The
onset of the OER was pH-dependent on the RHE scale with a Nernst slope of -40 mV /pH
at -5 pA (uncalibrated) ring current. We derived a simple model for the expected re-
versible potentials of delithiation for the used electrolytes with equal molarities of Lit
and OH™. The calculation of the expected delithiation potentials needs the standard
potential of LiMnyO4 delithiation, which we determined experimentally in a common
battery electrolyte as 3.996 V vs. Li/Li* below x=0.4 in Li;_,MnyO4. The predicted
Nernst slope of delithiation of 118 mV /pH was identical to the experimental Nernst slope
of 116(25) mV /pH within error. The model and experimental data of both delithiation

ERHE_HH diagram. The lines given by

and oxygen evolution were used to construct an
the Nernst slopes of the onset of the OER and that of delithiation intersect near pH 13.5.
The EFFE_pH diagram illustrates that delitihation occurs at voltages below that of the
onset of OER at pH below about 13.5 while the onset of OER has a lower onset at higher

pH. This is significant because the average bulk valance of Mn®5* will only be retained
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at pH above about pH 13.5, which we verified experimentally using XAS on a LiMn;O4
electrode operated at pH 14. Overall, the model and experimental data strongly support
bulk delithiation of LiMnyO4 below a pH of about 13.5. We discussed Mn oxidation due
to delithiation in the context of the e, orbital descriptor, where oxidation above Mn?*®*
should increase the overpotential for the OER. Therefore, we concluded that bulk delithi-

3549 increased the overpotential of

ation and the concomitant oxidation of Mn?5* to Mn
the OER and were the origin of the pH dependence on the RHE scale. The Eff®_pH
diagram in our work provides an intuitive graphical tool to gauge the stability of electro-
catalyst against redox changes when they are not measured under standard conditions,
i.e. 1 M LiOH. While it is most straightforwardly extended to predict the pH dependence
of other electrocatalysts that are also common battery materials, e.g., LiCo;_,MxO, and
LiCoPOy,[159-163] oxidation due to structural changes should also show pH dependence
on the RHE scale, e.g., Risch et al.[31] showed that the Nernst slope of the Co?/3* redox
couple differs from that of the Co%**t redox couple. Therefore, pH dependence on the
RHE scale (i.e. non-Nernstian behavior) should be expected when the electrocatalyst is

not stable against redox changes in the investigated electrolyte.

5.4. Experimental Section

5.4.1. Materials

LiMnyOy4 (>99%) catalyst powder was purchased from Sigma-Aldrich. Tetrahydrofuran
(THF) was purchased from VWR (>99.9% stabilized). For the electrolyte Lithium hy-
droxide powder (99%) purchased from Merck was dissolved in ultrapure water (Milli-Q
R >18.2 MQ). Argon (5.0) to purge the electrolyte was purchased from AirLiquide Al-
phagaz. Acetylene carbon black was purchased from Alfa Aesar and was acid-treated.[107]

All other chemicals were used as received.

5.4.2. Characterization

The pristine powder was also characterized by a XRD Bruker D8 Discovery with monochro-
matized Cu-Ka radiation in a two theta range of 15°-85° in 0.05° steps. For this, the
LiMnyO4 powder was glued using rubber cement (Fixo Gum, Marabu GmbH) on a mi-
croscope slide made of glass. The particle distribution was determined by Nova Nano

SEM 650 in high vacuum mode at 15 kV. Both results were in good agreement with our
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previous publications[11, 48] and are shown in the supporting information.

5.4.3. Electrochemical setup

For our electrochemical experiments we were using an OrigaFlex (OrigalLys SAS) system
of three OGF500 potentiostats in bipotentiostat configuration. The RRDE-setup was
composed of an RRDE-3A rotator (ALS Japan Co Ltd.) and a custom-made cylindri-
cal PTFE cell that was used in a three-electrode configuration, consisting of a saturated
calomel electrode (RE-2B, ALS Japan Co Ltd.) and a platinum counter electrode, which
were arrange radially around the working electrodes. The distance between the RRDE-
electrode and counter and reference electrode was 17 mm. We used a RRDE-electrode
made by ALS Japan Co Ltd containing of a removable glassy carbon electrode 4 mm
in diameter (area 0.126 cm?) and a concentric platinum ring electrode with 5 mm inner
and 7 mm outer diameter separated by a Teflon spacer. Both working electrodes were
separately polished to a mirror finish with Al;O3-polish on separate polishing pads and
cleaned afterwards with isopropanol. After this cleaning procedure the RRDE was assem-
bled from both parts. This procedure reduces a possible contamination of the electrodes.
A RHE (Hydroflex, Gaskatel GmbH) was used to calibrate the SCE to RHE scale.[15]
For XAS measurements we used graphite foil (Alfa Aesar 99.8%) as the electrode instead
of a glassy carbon in the RRDE-setup.

5.4.4. Electrochemcial experiments

For catalytic experiments we realized a loading of 50 ug active material on a glassy carbon
electrode by drop coating. For this, we applied 10 pL of an ink containing of LiMn,Oy4
(83% of solid part) and carbon black (17% of solid part) in THF. The Teflon spacer of
the RRDE assembly prevents the ink from contacting the ring electrode. If it happed by
accident, the electrode was discarded. The electrolyte was saturated with argon gas. For
RRDE-measurements, we used a rotation speed of 1600 rpm. The detection potential for
the detection of oxygen was determined in our previous work.[15] Our protocol includes an
impedance measurement from 100 KHz to 1 Hz at the open circuit potential. The ohmic
resistance for the iR correction was obtained from this measurement at high frequency
where the phase angle approached zero. Additional detail on the used protocol may be

found in the supporting information.
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5.4.5. Sample preparation for post-mortem chatacterization by XAS

For XAS measurements the catalytic ink was applied on a graphite foil and a CA at
1.55 V vs. RHE was performed for one hour in a LiOH electrolyte with pH 12 or pH
14. Afterwards the electrode was washed off with Milli-Q water, dried and transferred
to the beamline. To characterize the pristine powder by XAS, we diluted the powder to
1-wt% of Mn in LiMn,O, using BN. After these powders have been homogenized by a
mortar and pestle, a pellet of 10 mm in diameter was pressed at 20 bar. This pellet was

transferred to the beamline.

5.4.6. XAS measurements

XAS measurements of post mortem samples were performed in fluorescence mode (detec-
tor: Bruker X-Flash 6|60) at the KMC-2 beamline of the BESSY II synchrotron in Berlin.
The beamline energy resolution is 1/4000. The acquisition time for one EXAFS scan takes
around 90 min. The used beam size was around 2 mm x 4 mm (hor. x vert.). The first
inflection point in the XANES of a manganese foil was used for the energy calibration by
setting it to 6539 eV. XAS measurements of the pristine powder were performed in trans-
mission mode at CLASS beamline of ALBA synchrotron in Barcelona. The used beam
size was around 1 mm x 1 mm. We also used a manganese foil for energy calibration.
All XANES spectra were normalized by subtraction of a straight line before the edge and

division of a polynomial after the edge.
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6. Correlation of Manganese valence
on OER activity

Oxidation by delithiation of a Li,Mn,O, model catalyst for the
OER causes an increase in the Faradaic efficiency concurrenting
a decrease in catalytic activity

Abstract: We investigated a Li,Mn,O, (x=1, 0.51 and 0.25) model catalyst for the water
oxidation reaction in sodium hydroxide in different Mn oxidation states by a RRDE setup.
These oxidation states were realized by a controlled electrochemical delithiation process
and were determined by complementary XAS and XRD. These findings of electronic and
structural properties of the bulk and the catalyst’s surface were correlated with the OER
activity. Although, the overall catalytic activity decreases, we could unravel a different
catalytic behaviour of the modified material (x<1) in comparison to the initial catalyst
(x=1), as the initial disk current decay for the modified particles depends on the crumbling
catalytic activity over the cycles and not anymore on the Mn loss during the first cycles
as for the initial (x=1) particles. Thereby, we found that the Faradaic efficiency increases
from 75(2)% to 96(5)% in dependence with a decrease in the lithium content (i.e. oxidizing
manganese), as the manganese corrosion’s impact on the total disk current gets negligible.
These findings could be a pathway to a deeper mechanistic understanding of catalysing the
OER, as it identifies catalysts, which may be catalytically less active but have a negligible
side reaction contribution, i.e. only produces the preferred product (here oxygen) with

no interferences from side reactions.
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6.1. Introduction

The usage of manganese oxides as catalysts for the OER (oxygen evolution reaction) is a
wide field in current research, due to their rich redox chemistry.[138] The influence of the
electronic and structural properties are extensively discussed in order to create models,
which predicts catalytic activity.[7-9, 13, 38, 39] Suntivich et al. correlated the catalytic
activity of perovskites with the e, occupancy and predicted the highest activity at around
eé.[lO] Wei et al. expanded this model to spinel oxides by identifying the octahedral side
as the catalytically active and its e, occupancy.[24] Sun et al. described the catalytic
activity of oxide spinels as a covalency competition of the lattice motif M,canedrai-O-
Mietranedral @s the bottleneck, as a bond breakage is needed to start a catalytic cycle.[12]
A promising material to investigate the catalytic activity in dependence of the valence
state is Li,MnsQOy4. The benefit of this material is the possibility to modify its valence in a
regime from +3 to +4 by (de)lithiation through battery techniques, without changing its
nominal manganese bonding environment. Its catalytic performance in alkaline solution
is already discussed.[14-16, 46-49]

Previously, we reported about the influence of nano and micron-sized LiMn,O,4 particles
on the OER activity and thereby the origin of the total disk current. This enabled us to
deconvolute the disk current to all (side) reactions — i.e. the current contribution due
to oxygen evolution, corrosion and Mn redox.[15] Besides, we published a study about
the stability of LiMn,QOy in different concentrated lithium hydroxide electrolytes and that
this electrolyte could cause a bulk oxidation by delithiation for low concentrated elec-
trolytes. This delithiation process has a disastrous impact on the needed overpotential
of the OER.[16] The undesired bulk oxidation of LiMnyOy in this specific electrolyte is
in a good agreement with the descriptor models for the OER. However, to describe the
behaviour of the catalysts in all its side reaction is often ignored. Although, this could
provide beneficial insights in the mechanisms of the OER. Here, we catalyse the OER in
sodium hydroxide electrolytes and use Li,Mn,O, with different contents of lithium (x),
which causes different average Mn-oxidation states (+3.5, +3.74, +3.87). Additionally,
we could also determine a slightly reduced Mn-oxidation state of the surface by surface
sensitive total electron yield (TEY) experiments, which was confirmed by STEM-EELS.
This modification of the valence state was achieved by a controlled electrochemical ex-
traction of lithium by applying a constant current for a defined time. The so synthesized
material was characterized by XAS, XRD, TEM and the catalytic behaviour by RRDE,

in which the ring electrode was used to detected oxygen and manganese. By using a
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linear regression to determine the current contribution of the oxygen detection and the
manganese loss reaction as the sum of the total disk current as establish in one of our
previous studies[15], we were enabled to describe the behaviour of delithiated Li,MnyOy4

catalyst to gain further insights in the mechanism catalysing the OER.

6.2. Results and discussion

In this study we use a nano-sized commercial Li,Mn,O,4 powder in its initial state (x=1)
as catalyst for the OER and as starting material for the electrochemical delithiation
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Figure 6.1.: Charge voltage profiles using a C/12 rate - here this technique is used for the

synthesis of the modified catalyst Li,Mny,O4. The capacity is indicating the

transferred charge. As the theoretical total possible transferable charge to
remove all lithium of Li;MnyOy is 148.07 mAh/g.

By removing lithium from this compound, we have a direct access to the electronic struc-
ture of manganese without changing its nominal bonding environment. As reported in
our previous publication[15] we determined the particle distribution by SEM with a mean
diameter of 44(14) nm. In a first step the initial material was characterized by XRD,
XAS and EELS to gain insights into electronic and structural properties. To determine
the manganese valence state of the catalyst material, we performed XAS experiments on

different manganese oxides (Fig. 6.2a) with a defined oxidation state, which was correlated
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with the photon energy of the edge position. The edge energy was determined by the step
integral method.[83] Thereby, we were able to establish a calibration curve (Fig. 6.2b) by

fitting the edge energy over the oxidation state for these manganese oxides.
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Figure 6.2.: (a) XANES spectra of Mn-K edge for different manganese ox-
ides: MnO(Mn?*"), MnyO3(Mn®*T), LiMnOg(Mn?**), LiMnyO4(Mn™5) and
MnO,(Mn**) with a 1-wt% loading of manganese. Edge shifts to higher pho-
ton energies with respect to higher oxidation state (b) linear fit to determine

a calibration curve of these spectra (Eq. 6.1) R?=0.98

This calibration curve (Eq. 6.1) enables us to determine in a next step the oxidation state
of the synthesised Li,Mn,O, particles using XANES.

E.ige = 2.82 - ozxidation state + 6541.62 eV (6.1)

Besides, as recently published[60] the lattice constant (a) of the Li,MnyOy spinels shrinks
linearly from 8.234 A(x=1) to 8.0434 A(x=0). Thus, the following connection between

the lattice constant and the lithium content is given by equation 6.2.

a=0.1906 - x 4 8.0434 A (6.2)

Hence, we used the lattice constant to calculate the lithium content and thereby the
manganese valence is a complementary approach, besides XAS. In figure 6.3a the X-
ray diffractograms of the initial material as well as of two electrochemically delithiated

powders are shown.
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Figure 6.3.: (a) Indexed X-ray diffractogram of pristine and modified LiMn,O, particles,
peak shift indicates a decrease in the lattice constant and thereby a delithia-
tion (vertical lines to guide the eye of the peak position) (b) XANES of the
Mn-K edge of these particles confirms oxidation by edge shift to higher ener-
gies (¢) Oxidation state determine indirectly by the lattice constant by XRD
over the oxidation state determine by position of the Mn-K edge by XANES,
the linear fit has the slope = 0.94 (same ratio of x and y axis as indicated by

inserted square)

The reflection peaks of the modified samples are clearly shifted to higher angles with
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respect to the pristine material, which indicates a shrinkage of the lattice constant as a
result of lithium extraction. Additional XANES of the Mn-K edge (Fig. 6.3b) of the same
samples shows an edge shift to higher energies and thereby an oxidation of the manganese.
We could confirm, that the average oxidation state of the samples, determine by XRD
and XAS are in a good agreement (Fig. 6.3c). The resulting oxidation states of these two
methods are shown in table 6.1.

However, as shown by Schonewald et al.[14] the here used LiMnyO4 particles in its initial
state (x=1) have a core-shell behaviour with a reduced surface with respect to the vol-
ume. Therefore, additional soft XAS experiments of the Mn-L edge on calibration samples
were performed (Fig. 6.4a), as TEY and the L-edges are more surface sensitive.[164] To
resolve the peak energy, the Ls-peak was fitted with a Gaussian and correlated with the
defined manganese valence state of the reference samples. The resulting calibration curve
of the Mn-Lj edge (Fig. 6.4b and Eq. 6.3) to determine the oxidation state was estab-
lished. For the recorded soft-XAS spectra of the here used initial and modified material
(Fig. 6.4c), the resulting peak position of the Ls-edge as well the resulting oxidation state

are documented in table 6.1.
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Figure 6.4.: (a) Soft-XAS of spectra of the Mn-L edge of calibration samples MnzOy4
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LiMnyO4 (Mn™%) and MnO, (Mn™) (b) calibration curve

(R2=0.99) to determine the manganese valence state by soft-XAS using the
fitted peak position of the Ls peak from these spectra (¢) XAS of the Mn-L

edge the here used samples

Epear, = 1.3388 - oxidation state 4 636.84 eV

(6.3)

Thereby, we could confirm a lower valence state for the surface with respect to the bulk

(Tab. 6.1). In table 6.1 we provide an overview about the manganese valence state de-
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termine by different techniques. We could also confirm the core-shell behaviour which
was recently observed by Schonewald et al.[14] for the pristine particles (x=1) for the

electrochemically modified particles.

Table 6.1.: Determination of manganese valence of the Li,MnyO,4 samples by XRD, hard

XAS and soft XAS

Sample Lattice Valence Edge En- | Avg. va- | Peak Avg.  va-
constant | by Li | ergy (Mn- | lence by | Energy lence by
[A] content K) [eV] transmis- | of Mn-Ls | TEY
via lattice sion [eV]
constant
pristine 8.2340 +3.5 6551.475 | +3.495 641.4709 | +3.45
(x=1)
x=0.5169 | 8.1419 +3.74 6552.082 | +3.71 641.7675 | +3.68
x=0.2482 | 8.0907 +3.875 6552.553 | +3.877 641.7947 | +3.70
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Figure 6.5.: STEM-EELS investigation (by F. Schénewald) of (a) as prepared Lip 25 MnsOy
sample of the surface and (b) of the bulk (c¢) ELLS of the surface and the bulk
of a LigasMnyOy particle, the difference in the Mn-L3 /Ly position indicates
and reduced surface with respect to the bulk (d) XAS of the Mn-L edge of
the Lig.95Mn,O4 sample in comparison to the initial material as an additional
technique to EELS (of subfigure (a))

As shown in figure 6.5a and b the surface and the bulk of the delithiated material is oxi-
dized, as indicated by the shift of the Mn-L3 and Ly edge to higher energies and confirms
the initial XAS and XRD analysis. However, this overall trend is even more pronounced
for the bulk of the material (Fig. 6.5b). A closer look at the differences in the oxidation

state of the surface in comparison to the bulk of the particles (Fig. 6.5¢) reveals a core-shell
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behaviour. This behaviour was already reported for the initial particles by Schonewald et
al..[14] The soft-XAS of the Mn-L edge (Fig. 6.5d).[164] also indicates an oxidation with
respect to the initial material by the shift to higher energies. Besides, the shoulder of the
Ls-edge at around 642 eV of the initial material confirms the mixed manganese valence of
+3/+4. These findings may indicate, that the reported core-shell structure of the initial
material sustains the electrochemical delithiation process and that the reported MnZ is

likely not removed by the delithiation reaction. However, it cannot be excluded.

In a next step we evaluated the catalytic performance of the material by RRDE in a 0.1 M
sodium hydroxide electrolyte to correlate the activity with the electronic and structural

properties and compare these with the modified catalyst.
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Figure 6.6.: (a) 5 cycle of the disk of all used catalyst materials in NaOH (0.1 M) and

(b) corresponding ring data of the oxygen detection

The catalytic performance of the here used Li,MnyO, samples (x=1, 0.51 and 0.25)
(Fig. 6.6) were determine by RRDE in sodium hydroxide (0.1 M). Therefore, a CV was
performed at the disk electrode in a range from 1.25 to 1.75 V vs. RHE, while the ring
electrode was set either to detect oxygen to evaluate the activity or to detect manganese
to evaluate the stability.[15] As an overall trend, the disk current density decreases and
the onset of exponentially increasing catalytic current is shifted to higher overpotential.
These findings are in agreement with different descriptor models, to predict catalytic
activity.[10, 24] However, the differences between Lig 5 MnoOy4 and Lip 25MnyOy4 seems to

be small, while the differences between the initial material and the modified particles is
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Figure 6.7.: Manganese detection at the ring electrode for the 1%, 5* and 10** cycle of
(a) Li;MnyOy4 sample (b) Ligs1MnyO4 sample and (c¢) LigosMnyO4 sample

The ring current due to manganese loss (Fig. 6.7) decreases over all ten cycles for all
samples in different lithiation state. While for the delithiated material the current is
almost negligible and in the range of nano ampere, which indicates that the manganese loss
for this material is much smaller in comparison to the initial material (x=1). Although,
the shape of the manganese detection current in figure 6.7b may suggest an influence of
crosstalk between both working electrodes (disk and ring). We performed an experiment

in a quiescent electrolyte with the detection potential set to manganese.[15] Thereby, we
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can exclude any electronic crosstalk between these two electrodes (Fig. A.8b). As we
cannot exclude, that the by EELS discovered Mn2" layer at the surface of the initial
material (x=1) is affected by the electrochemical synthesis, a removal of this layer during
the synthesis may explain the decrease in the manganese detection current at the ring

electrode for these samples.
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Figure 6.8.: Origin of the total disk current: calculated current contributions due to oxy-

gen evolution (blue) and corrosion of manganese (orange) to the total disk
current (black) at a reference potential of 1.68 V vs. RHE: (a) initial material
(x=1) (data set reproduced from [15]) and for delithiated samples (b) x=0.51
and (c) x=0.25 — current normalized to ECSA by 5.26 cm?_ [15]

As demonstrated in our previous publication [15] we were able to determine the origin of

the total disk current under the assumption, that it is the sum of at least two different
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processes which products could be detected at the ring electrode — i.e. oxygen and
manganese. Although, the measured ring currents are only qualitatively, the high number
of reproduction (Fig. A.14-A.16) and cycles enables us to use a linear combination analysis

of the disk current density, under the assumption of equation 6.4.

Jdisk = €02 * JR,02 + CMn - JR,Mn T Cz * Ja (6.4)

Here, cog, carm, are the coefficients (Tab. A.8) for the measured reactions (oxygen evolution
and manganese corrosion) and ¢, as a possible third unknown side reaction. For the
analysis, the measured ring currents jr o2 and jgr ar, were used at a corresponding disk
potential of 1.68 V vs. RHE. For these ring currents, we can also exclude, that the
observed detection current at the ring electrode is influenced by saturiating effect of the
electrolyte with these reaction products, as the current is continuously increasing for
higher potentials than the reference potential, up to the maximum scanning potential.
Thereby, we could confirm that the total disk current decay of the initial Li;MnyOy
catalyst is caused by the manganese loss during the first cycles while the oxygen detection
is at an almost constant level (Fig 6.8a). This manganese loss was assigned to catalytically
inactive Mn3" [14]. A contrary trend is observed for the modified material, here the disk
current decay was assigned to the decrease of the oxygen detection current. As shown in
the ring data for the manganese detection for these materials the current decreases with
the number of cycles. This different behaviour of the modified material also influences the
Faradaic efficiency (Eq. 6.5) as the manganese loss current in the order of nano ampere
gets negligible.

ry =02 Jo2 (6.5)

Jdisk

Therefore, the Faradaic efficiency (rf) increases from 75(2)% for the initial catalyst (x=1)
to 96(5)% for the delithated catalyst (x=0.25) as an average over the cycles 4-10, after

the initial disk current decay.
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Figure 6.9.: (a) Disk and Ring current at a reference potential of 1.68 V vs. RHE cor-
related with the manganese valence determine by transmission XAS of the
Mn-K edge (solid line) and by TEY experiments of the Mn-L edge (more
surface sensitive) dashed line (b) Faradaic efficiency for the three samples

correlated with the Mn valence determine by these two techniques

Further, we used the resulting information of the origin of the total disk current of the
fifth cycle to correlate the activity with the manganese valance state to describe the
behaviour of the initial and modified catalyst in detail (Fig. 6.9a). As expected from
literature [7-9, 13, 16] the disk current decreases in dependence with the lithium content
of LiMnyO4. The model of Sun et al.[12], which focuses on the covalency of the Mng; -
O-Lize. lattice motif of this material, is also in good agreement with our finding, as
the delithiation reaction causes a smaller band distance of the manganese d-band to the
oxygen p-band, i.e. the stronger bond is unlike to break and create an active site to start
a catalytic cycle. In contrast to these extensively discussed publications [10, 24|, this
plot contains in addition to the disk current also the oxygen detection current and the
detection current due to manganese loss. However, the detection of oxygen for Lig 51 Mn,Oy4
(Mn®7™+) and Lig 95MnyO4 (Mn388T) are only slightly different. Besides, the more surface
sensitive TEY valence data provide a linear activity correlation, which makes it more
suitable as a descriptor. This is a new approach to correlate surface properties with
the activity. Although, catalysis is a process at the surface, the established descriptor
models by Suntivich et al.[10] and Wei et al.[24] are bulk descriptors. As a result of

these insights, we were also enabled to correlate the Faradaic efficiency of the here used
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samples (Fig. 6.9b). The Faradaic efficiency increases with the increase in the manganese
oxidation state, due to the more and more negligible manganese corrosion of the modified
material. A new insight is provided by the additional plotting of the Faradaic efficiency,
as this is concurrenting increasing. Thereby, it is possible to identify model catalysts,
which only produces the preferred reaction product (here oxygen) and side reactions can

be neglected. This provides a new insight in the mechanistic of the OER.

6.3. Conclusion

We investigated Li,Mn,O4 nano-sized particles with three different lithium contents,
which catalyse the OER and the influence of their electronic structure on the catalytic ac-
tivity. The lithium content and thereby the corresponding manganese oxidation state was
independently determined and confirmed by XRD and XAS. These two complementary
techniques to determine the average valence state were in a good agreement. However,
we could also observe a core-shell behaviour of these particles, as reported for the initial
particles (x=1). The oxidation by delithiation of this model catalyst causes a decrease in
catalytic activity as expected from literature. However, it is remarkable that the catalytic
behaviour of the modified material differs in comparison to the initial material, as the ini-
tial disk current decay could not anymore assigned to the manganese loss, but to a decay
in the oxygen detection current. This for the initial material unknown behaviour causes
an increase in the Faradaic efficiency as the manganese loss reaction is negligible. These
results emphasise that it is insufficient to characterize catalytic activity only by the disk
electrode current. Surprisingly, the trend for the catalytic activity over the manganese
valence state is even more linear, when the activity is correlated with the valence state
determine by surface sensitive TEY. This is remarkable, as the widely discussed descrip-
tor models (e.g. valence state and e, occupancy) rely on bulk descriptors, although, the
water splitting reaction occurs at the surface of the catalyst.[10, 45, 147, 165, 166] For
further mechanistic insights it is crucial to include the data of the detection electrode, as
it provides important information about activity, corrosion and the resulting efficiency.
Thereby, it enables new pathways in the mechanistic insights, as the Faradaic efficiency
may help to select model catalysts which have no significant side reaction current contri-
butions. Besides, the Faradaic efficiency contains the material property of this material
— namely the manganese oxidation state of the catalyst, i.e., a mechanistic insight in the

active site of the catalyst.
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6.4. Experimental

6.4.1. Materials

As initial catalytic active material LiMnyO4 ( 99%) was purchased from Sigma-Aldrich,
Acetylene carbon black was purchased from Alsa Aesar and was acid treated.[107] THF
(>99.9% and stabilized) was bought from VWR. For the electrolyte 1 M sodium hydroxide
Titripur (Merck) was purchased and diluted to needed concentration by ultrapure water
(Milli-Q R> 18.5 MS). The electrolyte was saturated with argon (5.0) from Air Liquide
Alphagaz. For the synthesis ethylene carbonate/dimethyl carbonate (50:50) (EC/DMC)
with 1 M LiPFg from Sigma-Aldrich was used as electrolyte. Lithium metal for Alfa

Acasar was used as counter electrode for the synthesis.[15, 16]

6.4.2. Electrochemical synthesis

The synthesis of the modified particles was performed in a battery cell (custom made
Swagelok cell - Fig 3.4). Therefore, the pristine LiMn,O, particles were mixed with
carbon black in the same ratio as needed for the catalytic ink in the RRDE experiments
and filled in a custom made Swagelok cell. A cotton separator is put on the powder
before dropping a few drops of EC/DMC on it. The lithium metal counter electrode and
a stainless steel current collector is put on top of the separator. A metal spring is the final
inner part of the cell, which should press the components together and ensure an electrical
contact. The cell is seal to the environment by a plunger. The assembly and disassembly
of this cell was done in an argon filled glovebox (H2O <0.5 ppm and Oy <0.5 ppm).

For the (de)lithiation reaction a OFG500 module by OrigaFlex (OrigaLys SAS) is used.
After an OCP, we realized a C/12 rate by applying a current (table A.7).

6.4.3. Sample Characterization

XRD characterization was performed by a Brucker D8 Discovery with monochromatized
Cu-K,, radiation in a two theta range of 115°-85° (0.05° step size). The initial powder
was glued on a microscope slide of glass, modified particles were drop casted on the
microscope slide. XAS characterization was performed at KMC-2 and KMC-3 beamline
in transmission mode and TEY at BESSY II synchrotron Berlin. For transmission mode,
the material was homogenized by a mortar and applied on Kapton foil to realize a covered

area of 1 cm?. The used beam size was around 2 mm x 4 mm (hor. x vert.). To measure
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in TEY mode, particles were applied on a carbon pad.

6.4.4. Catalytic performance

For evaluating the catalytic performance of the initial as well as the modified material
a RRDE-setup was used. Therefore, a OrigaFlex (OrigaLiys SAS) system containing of
three OFG500 modules are connected and set to bipotentiostat configuration, realizing a
three electrode setup. The experimental RRDE-setup contains of a RRDE-3 A rotator
(ALS Japan Co Ltd.), a custom-made PTFE cylindrical cell, a Pt-counter electrode and a
saturated calomel electrode (RE-2B, ALS Japan Co Ltd.), both radially arranged around
the RRDE. the RRDE-electrode (ALS Japan Co Ltd.) is composed of a removable 4 mm
in diameter glassy carbon electrode (area=0.126 cm?) and a concentric platinum ring
with 5 mm inner and 7 mm outer diameter - separated by a PTFE spacer. Both working
electrodes were separately polished (Al,O3 polish) and cleaned afterwards in isopropanol
to avoid cross contamination. After cleaning the working electrodes were assembled and
10 uL of catalytic ink containing of 12 mg powder (83% Li,Mn,O4 and 17% carbon black)
and 2 mL THF were applied on the glassy carbon electrode.

For the experiment the electrolyte was saturated with argon gas. We used a rotation speed
of 1600 rpm. The detection potential for the ring electrode was set to the previously
determined potential of 0.4 V vs. RHE for oxygen detection and 1.2 V vs. RHE for
manganese detection.[15] For iR correction we performed an EIS from 100 kHz to 1 Hz

at OCP, after the CV.
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7. Summary and Outlook

In this doctoral thesis, I gain mechanistic insights in catalysing the OER in alkaline so-
lution, by using Li,MnyO, (0<x<1), a tuneable transition metal oxide spinel as a model
catalyst for this multi-electron transfer reaction. Thereby, I aimed to unravel the influ-
ence of changes of its structural and electronic properties on the performance of catalytic

water oxidation.

The initially first hypothesis, that the total disk current consists of the sum of at least two
specific current contributions — namely OER activity and manganese loss, i.e., catalysis
and corrosion — was addressed in chapter 4. Due to the RRDE-setup these reactions

could be separately detected and identified.

e The first reaction was identified by setting the detection potential of the ring elec-
trode to reduce the produced oxygen, i.e., the caused current is a qualitative indi-
cator for the catalytic activity. This confirms the result of previous studies[46-49],
that LiMnyQO, is capable to catalyse the OER. Additionally, it was possible to de-
termine that the catalytic activity, i.e., the ring current is almost constant during
all ten cycles, although the disk current is decreasing with the number of cycles.
This usage of a detection electrode to characterize the catalytic activity is also pos-
sible in an acid environment, which was investigated for metal-organic ruthenium
compound[167-169] and for iridium-based double perovskites as OER catalyst.[170]

e Besides, a second reaction due to the detection of manganese was identified. This
current due to manganese detection decreases during the first three cycles and is
negligible after five cycles. Meaning, the major loss happens in the first cycles and
the catalyst reaches a steady state modus afterwards. The loss of manganese from
a manganese oxide catalyst under OER conditions is expected as it was already
reported by different techniques.[41, 103] The eminent advantage of the here used
RRDE setup is that one is able temporal resolve when the manganese loss reaction

occurs during the catalytic cycling. In contrast to Frydendal et al.[103], as they

107



CHAPTER 7. SUMMARY AND OUTLOOK

only could determine a manganese loss of post mortem samples by ICP-MS. Later,
an in-situ detection of dissolved manganese was achieved by Rabe et al.[171] using

online Raman and in-situ ICP-MS.

The first hypothesis enables the calculation of the collection efficiency by a linear regres-
sion and therefore to summate these two detection currents corrected by this pre-factor,
due to the high number of reproducible measurements. By this quantification procedure,
it could be confirmed, that for the nano-sized particles, the total electrode current consists
of only these two current contributions, i.e., there occurs no further reaction. The initial
disk current decay during the first cycles is assigned to manganese loss, while the oxygen
detection is unaffected by that.

In contrast to that, the micro-sized particles show that these two current contributions
are not sufficient to describe the total electrode current. Which indicates that there is at

least a third contribution to the total electrode current.

This preeminent third reaction could not be detected by the ring electrode. However,
as the ratio of surface to volume is drastically decreasing with an increase in particle size,

this side reaction is likely a manganese redox behaviour of the bulk.

To conclude on these findings, it is possible to describe the catalyst’s behaviour and the
origin of the total electrode current and thereby the selectivity of a catalyst. These results
demonstrate the importance not only to characterize the catalytic activity by the current
density of the catalyst’s electrode as mostly done in literature [10, 96, 161, 165, 172], but
also use an additional detection electrode to investigate the selectivity, i.e. the favoured
product and side products to gain further understanding in the catalyst’s behaviour. Ad-
ditionally, these findings enable the study of Schonewald et al.[14] to critically questioning
the usage of the e, occupancy as a universal descriptor for OER activity.

Besides, this method to evaluate the behaviour of a catalyst by the different reaction
current contributions could be used to clarify the open question, if a mixed manganese
valence (Mn®+/4) [173] which corresponds to an e, occupancy of 0.5 leads to the lowest
overpotential in an alkaline electrolyte or a manganese valence of 3+ as predicted by

previous studies.[10, 12, 24]
As LiMnyQOy is primarily know as an active cathode material in secondary batteries[56,

174, 175], manganese is not the only element which can be extracted of this compound. As

discussed in the previous paragraph, the removal of tetrahedral coordinated manganese
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has no impact on the OER. In contrast, a delithiation reaction, i.e., an extraction of
lithium influences the catalytic activity, which is the subject of the second hypothesis and

the following paragraph.

The second hypothesis, that an oxidation by delithiation of the volume of Li,MnyO4
particles directly affects the catalytic activity, as indicated by a decrease in the oxygen

current at a defined overpotential, was proven under two different experimental conditions.

In the first experiment nano-sized LiMn,O, particles were in-situ delithiated by using
different concentrated lithium hydroxide (aqueous) electrolytes, when being used as OER
catalyst, as presented in chapter 5. In this electrolyte with a concentration below pH
14 defined redox peaks indicate a manganese oxidation during catalytic cycling. These
peaks become more pronounced towards lower electrolyte concentration, i.e., the stability
of the catalyst decreases in these lower concentrated electrolytes. This pH-dependent oxi-
dation of the active material was confirmed by XAS of post-mortem electrodes and shifts
the onset of the oxygen detection at the ring electrode to higher overpotential, which
indicates a less active catalyst in low concentrated LiOH electrolytes and causes an unex-

pected non-zero Nernst slope (dE/dpH) of -40(4) mV /pH of the oxygen detection current.

Although, it was demonstrated by Li et al.[54, 55], that it is possible to delithiate LiMnyOy4
in an aqueous (LiOH) battery cell, a controlled in-situ delithiation during being used as
OER catalyst was not reported — as far as I know — which may enable further in-situ
TEM and XAS studies.

In other studies, Kohler et al.[48] used LiMnyOy in different concentrated sodium hy-
droxide electrolytes (pH 13.0, 13.2, 13.4 and 14), which is closely related to the lithium
hydroxide, which was used in the work presented in chapter 5. However, Kéhler et al.[48]
did not observe redox peaks, which indicates a delithiation reaction nor a correlation be-
tween the used sodium hydroxide electrolyte concentration and the needed overpotential
to drive the OER. This is remarkable, as the electrolytes are chemically related, thus the
cations — lithium and sodium — are both alkali metals, and sodium is the next homo-
logically larger one with respect to lithium.

This result highlights the importance of the environment, as this could directly affect
the activity of the used catalyst even if the environmental differences are not evidently
large. As demonstrated by Gao et al.[98], who investigated the influence of the alkali-
metal ions of the electrolyte and correlated the OER activity of a MnO, catalysts to the
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containing cation of the use hydroxide electrolyte. They also observed this ambiguous
character of side reactions, as they reported that the formation of passivation oxide of a
MnO, electrode (in LiOH, KOH and CsOH) did not affect the OER activity. However,

the manganese corrosion in a NaOH electrolyte inactivated the catalyst.

Conclude on the points of the first and second hypothesis, side reactions are a critical
aspect as they may change the catalyst itself and thereby its capability to catalyse the
OER, e.g., by a delithiation process. On the other hand, as discussed in the previous sec-
tion not every side reaction has an influence on the catalytic performance (e.g. manganese
loss). This understanding of the stability of a catalyst is crucial for the development of

new up-scaled OER catalysts.

In the second experiment, the material was ex-situ delithiated, i.e., particles were con-
trolled synthesised in a purpose-built battery cell, by applying a defined positive current
in a water- and oxygen-free organic battery electrolyte. Subsequently, the modified ma-
terial was characterized, and the catalytic activity was evaluated by a RRDE setup in a
sodium hydroxide electrolyte. In this context, the third hypothesis was addressed, that
the oxidation by delithiation of Li;_,Mn,QOy4 increases the Faradaic efficiency due to a
negligible current contribution of the manganese detection. The results were presented in

chapter 6.

As expected from literature[7-10, 13, 16, 165] the disk current is correlated with the
electronic structure of manganese (oxidation state) and decreases in dependence with the
lithium content of Li,MnyO4. These findings agree with the second hypothesis. Sur-
prisingly, the OER correlation with surface sensitive manganese valence provides a lin-
ear trend, in contrast to the bulk valence. Therefore, the manganese oxidation state of
the surface has a more suitable descriptor behaviour. This approach to use the surface

valence state is new. Although, catalysis is a process which occurs at the surface, in
literature[10, 45, 147, 165, 166] often bulk descriptors are used.

Besides, the additional ring electrode to detect oxygen and manganese loss simultane-
ously, enables to determine the origin of the total disk current as demonstrated in chap-
ter 4, which unravel a different catalytic behaviour for the delithiated samples. Here, the

initial disk current decay during the first cycles could be assigned to the decay of the
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oxygen detection current, while the manganese loss has only a small contribution. This is
contradicting the behaviour of the initial material (x=1), as there the disk current decay
is due to the loss of manganese during the first cycles, while the oxygen detection is al-
most constant. This difference causes an increase in the Faradaic efficiency from 75(2)%
(x=1) to 96(5)% (x=0.25), although the total disk current decreases with an increase
in the manganese oxidation state. This may lead to the assumption, that the delithi-
ation process could remove the Mn%" shell of the pristine particles (x=1), which was
observed by Schonewald et al..[14] However, EELS experiments on the modified particles
confirmed, that the core-shell structure remains unchanged throughout the delithiation
process. In this thesis, the activity was correlated with the manganese valence, to gain
further insights in the correlation of activity and material properties, EXAFS could pro-
vide beneficial structural information about the nominal manganese bonding environment
(e.g., Mn-Mn and Mn-O bonding distances). This could be an important step for the use
of descriptors, as it was shown by Schonewald et al.[14], that the e, occupancy is not a
universal descriptor for OER activity. This structural information may adjust and recon-
cile the model of descriptors and could be a systematically contribution to the studies of
Sun et al.[12], as they provide a descriptor model based on the covalency competition of
the Mp-O-Mp lattice motif.

Therefore, to conclude on the point of the third hypothesis, the determination of the
Faradaic efficiency may help to identify model catalysts, which do not have a significant
side reaction current contribution. This is important, as corrosion and catalysis are of-
ten concurring processes. Accordingly, the Faradaic efficiency can be used as a material
property to identify these catalysts and provide a fundamental mechanistic insight in the

OER, as no side reactions may interfere with the OER mechanism.
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A. Appendix

A.1. Supporting information of chapter 3

This section covers the supporting information of chapter 3.

Ink casting

The solid components of the ink are washed up in tetrahydrofuran (THF) A.1 and has
been put in a ultrasonic bath for 30 min. Two droplets (5 ul each) are applied on a

clean and polished glassy carbon disk electrode by Single-Channel Pipette. By this, we

are realizing a loading of 50 ug of active material.

Table A.1.: Ink composition

Quantity | Chemical
10 mg LiMn,Oy

2 mg carbon black?
2 mL THF

Lacid treated [107]
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A.2. Supporting information of chapter 4

This section covers the supporting information of chapter 4.
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Figure A.1.: Mn2p XPS of nano and micro-sized particles. The spectra were recorded on

a PHI 5000 VersaProbe II and energy calibrated to carbon. No background

subtraction was performed.
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Figure A.2.: Additional TEM images of nano-sized particles (a,c) before cycling and (b,d)

after cycling.
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a)

Figure A.3.: Additional TEM images of micro-sized particles, (a, ¢) before cycling and (b,
d) after cycling.
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{a) Relevant particle shapes (b) Micron-sized particles (c) Nano-sized particles
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Figure A.4.: (a) Geometry of relevant particles shapes and assignment of facets (structure
generated by Vesta[25]. (b) SEM images of micro particles to identify the

dominant facets. (c) TEM images of nano-sized particles to identify the

dominant facets.
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Figure A.5.: Additional SEM images of (a, ¢, e) the nano-sized particles and (b, d, f)

micro-sized particles.
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Figure A.6.: Particle distributions of nano-sized LiMn,O, obtained by TEM (solid line)
and SEM (dotted line; same data as Fig. 4.2¢ of the main text).
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Figure A.7.: Representative CV between 1.1 and 1.25 V vs SCE to determine the double
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