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1. Introduction

The scenario of limiting global warming to 1.5 °C requires a massive decrease of cur-
rent CO, emissions towards net-zero in 2050.!'] Thus, one of the biggest challenges for
our societies is the transformation from a fossil fuel based to a carbon emission-free
energy supply.l”l Wind and solar energy are feasible carbon-neutral technologies that
even surpass conventional energy sources in cost efficiency, but lack reliability due to
a high volatility. In average, the wind energy production is 16% of the total installed
capacity in Germany. But only 0.4% of the total capacity is available with a probability
of 99.5%.1°] Thus, energy storage systems are crucial to ensure a reliable energy supply
which can be adapted to the varying energy demand and to allow for a highly efficient

use of generated electricity.[’*]

The splitting of water to Hy and O is one of the most attractive approaches to store
an energy surplus chemically in times when the energy production exceeds the de-
mand.[’1 If the electricity demand surpasses the production by wind, solar or other en-
ergy sources, the stored energy can be fed back into the power grid using fuel cells. In
addition to stationary applications for electricity supply, H is also attractive to replace
fossil fuels in the mobility sector, since gravimetric and volumetric energy densities of

hydrogen surpasses the one of battery technologies. [°]

Generation of elemental hydrogen via an electrochemical reaction is rate limited by
the transfer of four electrons and four protons during the Oxygen Evolution Reac-
tion (OER), which hampers the efficiency of the water splitting reaction. To drive the
OER at reasonable rates, a comparably high overpotential of several hundred mV is
necessary while the minimum potential for this reaction is 1.23 V.’ As a consequence,
searching for optimized OER catalysts has become a central research goal. IrO and
RuO have been identified as benchmark catalysts[’l but the high cost and limited abun-
dance hinder their application on a big scale. Thus, it has to be identified what factors

determine catalytic activity in order to design cost-effective, abundant and environ-
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ment friendly OER catalysts.

Unravelling the individual steps and mechanisms of the electron transfer from or to
the catalyst in an experiment is far from being trivial, which complicates deduction
of universal design principles for active and stable OER catalysts. An approach that
has been successful in developing active catalysts is to identify descriptors, which are
material properties showing a correlation with catalytic activity. Although descriptors
do not necessarily need to represent cause-effect relationships, they lead to finding

9,10]

highly active catalysts.!”!"l Prominent descriptors are the adsorption energy of oxy-

gen on the catalyst surfacel! =l or the binding energies of O* and HO*reaction inter-

mediates.['/1°

I'Often descriptors have a volcano like relationship with activity, which
means that there is an optimum value of the descriptor leading to peak activity. Materi-
als with a higher or lower descriptor value have a linear decreasing activity.!'''°] This
behaviour is reflected in the Sabatier principle, which states that the catalyst-reactant
interaction must neither be too strong, nor too weak for optimum activity. Because it
is difficult to experimentally measure binding energies of adsorbates,!'"! research fo-
cused on accessible material properties, often based on bulk electronic or geometric
structure, that correlate with the adsorbate binding energies and thereby OER activ-

9-13,15-19

ity.[ I This approach might not lead to a fundamental understanding of the OER
mechanism and the rate limiting reaction steps, but it can provide guidelines to focus

research on important aspects. [13]

Mn based catalysts gained popularity in catalyst research since Mn is abundant, has

low toxicity and is the active site of the oxygen evolving complex in natural photo-

synthesis.[”””*~* Especially Mn oxides in form of perovskites, spinels and related

structures have been in focus as condensed matter catalysts due to their rich Mn redox
chemistry.[”l Various candidates for descriptors have been tested on these materials.

Electronic structure based properties e.g. the number of transition metal d electrons,[”]

the O 2p band centre, ! the metal-oxygen covalence!'"l or the metal eg occupancy 5,161

exhibited correlations with OER activity. The transition metal e, occupancy for exam-

ple shows the expected volcano shape when plotted against activity, with a peak activ-

ity at an ey occupancy of 1.0 or a Mn valence of Mn®*.[%/1°]

Interestingly, using bulk properties of different materials has been successful in find-

9-13,15-19]

ing activity-property correlations in a number of studies.! However, it can-
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not be assumed without further experiments that properties of material surfaces are
identical to bulk properties or that they change accordingly when a bulk property is
tuned.!'” Breaking the crystal symmetry at LiMnyOj surfaces can lead to geometric re-
construction”! or to differing oxidation state distributions.[**l Since reactants interact
at catalyst surfaces it has to be assumed that the surface structure should have a more
direct influence on the OER than bulk properties. The overriding importance of surface

[2°T or orien-

properties is highlighted by the fact that changing the surface termination
tation[*'l of a material has significant impact on activity, although the bulk properties
are identical. While applying bulk descriptors has been successful in some cases, this
clearly shows that they are not able to narrow down the path in understanding what
property directly influences the mechanisms of the OER. Instead, the characterization

of surface properties is crucial for a reliable understanding of catalytic reactions. ']

In this thesis, LiMn;Oy4 is investigated as a model system for OER catalysis where
the catalytic-relevant octahedral Mn d or e, states can be tailored by electrochemical
delithiation without changing the crystal symmetry.!”** The octahedral Mn-O frame-
work is fixed while the octahedral Mn valence can be selected through the occupancy
and oxidation state of the ions on the tetrahedral and octahedral sites. Thereby, the
influence of the Mn e, occupancy on the intrinsic OER catalytic activity is studied di-
rectly without the need to discuss effects of coordination or structure changes.

The goal of this thesis was to resolve the electronic and crystal microstructure of the
model catalyst with high resolution and to monitor how the control tactic delithiation
impacts material properties relevant for catalysis at the catalyst surfaces. In addition,
the stability of the model system, when used for OER catalysis, was investigated to test,
if the approach of literature studies, that link descriptors based on pre-characterization
to OER activity, is reliable. In combination with OER activity measurements performed
by Max Baumung and Omeshwari Bisen, the role of Mn e, occupancy as a single de-

scriptor for OER activity was tested.

To establish a link between the catalytic activity of LiMnyO4 nanoparticles and a ma-
terial property, the local structure of samples used as OER catalysts was resolved. Dif-
ferent surface sensitive techniques with focus on Scanning Transmission Electron Mi-
croscopy (STEM)-Electron Energy Loss Spectroscopy (EELS) were applied. Comparing
Electron Energy Loss (EEL) measurements on pristine particles to simulated spectra,
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based on DFT calculations, revealed a core-shell structure where the overall oxidation
state of Mn in the shell is reduced through the presence of anti-site tetrahedral Mn?*.
While electrochemical delithiation could tune the core oxidation state successfully, the
shell structure remained unchanged. In contrast, the tetrahedral Mn defects are dis-
solved out of particle shells during OER catalysis, thereby changing the near surface

octahedral Mn oxidation state.

Surprisingly, the effect of the surface e, occupancy on OER catalytic activity is much
smaller than expected from the established literature descriptor[”'°l while the tetrahe-
dral Li occupancy does affect the OER activity as expected.[*l This makes clear that
near-surface octahedral Mn valence or e, occupancy, which should be affected by both
tetrahedral ions similarly, is not a sufficient descriptor of OER catalytic activity. More
differentiated measures than Mn valence or e, occupancy, which include both geomet-

ric and electronic structure, are required to describe the active catalytic surface.



2. Background

Scope of this chapter is to give an overview about the LiMn;Oy4 structure and known
effects in this material, as well as to summarize viewpoints and challenges in under-

standing the mechanisms of electrocatalyzing the OER.

2.1. OER Catalysis by Transition Metal Oxides

The reaction of generating elemental oxygen and hydrogen out of water using electro-

lysis
2H,O — 2H, + Oy (2.1)

can be divided in the two sub reactions Hydrogen Evolution Reaction (HER) and
OER.1’] The HER, which occurs at the cathode, is the reaction:

4HT 4 4e” — 2H, (2.2)
while O; is evolved at the anode via the reaction
2H,O — 4H" 4+ O, + 4e™ (2.3)

The standard Nernstian potential of the OER is 1.23 V. That means that oxygen is ox-
idised and evolves at potentials higher than this value while at lower potentials than
1.23V, the reduction of oxygen is favoured (Oxygen Reduction Reaction (ORR)).['>*]
However, the OER is found to be kinetically limited and thus is the rate limiting step in
the water splitting reaction.[””] As a consequence, large overpotentials need to be ap-
plied to drive the OER reaction at reasonable rates which impacts the overall efficiency
of this reaction severely. In order to improve the efficiency of the OER and thereby
making hydrogen as energy carrier more attractive, it is necessary to understand the

origin of the overpotential and to find catalysts that have a better OER activity.!'']
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The binding energy!'' or adsorption energy!*! of species on the catalyst surface has
been found to influence the amount of overpotential and therefore the catalytic activ-
ity. A volcano shaped relationship between OER overpotential and the standard free

energy difference of absorbed AGY. — AG?, .. has been reported!''! which agrees with

the Sabatier Principle. This states that the iPrll(ieraction of reactants in the water splitting
reaction with the catalysts surface must neither be too weak, nor too strong to facili-
tate an optimum amount of absorption and desorption. Still, even if AGY, — AGglO* is
optimised, the overpotential of the best catalyst is between 0.2V and 0.4 V.I[''l To un-
derstand the origin of the overpotential, four-step mechanisms of the OER have been
proposed, where the reaction O, evolution happens at one site at the catalysts sur-
face.l!”'1/155,37] The individual steps differ from model to model, since it has yet not
been possible to resolve the full OER mechanism in an experiment.!'”] The following
steps have been proposed for transition metal spinels in an alkaline solution.!'"! Stars
(*) mark a species that is adsorbed on a transition metal centre in the surface of the

OER catalyst.

(1) OH™ +* — OH* + ¢~ (2.4)

(2) OH* + OH™ — Hy,O + O* + ¢~ (2.5)
(3) OH + O* — OOH* + ¢~ (2.6)

(4) OOH* + OH™ — Oy + HyO + ¢~ 2.7)

An individual Gibbs reaction energy AG? can be assigned to each reaction step (i). The
origin of the non-vanishing overpotential can thus be understood as the deviation of
the individual reaction energy of one step from the equilibrium value of 1.23 V.['!/%]
If the surface properties of a catalyst are altered, one reaction energy might decrease
while others increase. In a four step model that means, that the step with the highest

Gibbs reaction energy is determining the overpotential of the OER[*"];
GOER = [AG?/ AGg/ AG??/ AGg]max (2.8)

Therefore, an ideal catalyst would have equal Gibbs reaction energies of AG? = 1.23eV
for each step. However, the binding energies of a reaction intermediate, which are an
important variable for the reaction energies,!''l can not be tuned individually by al-
tering the catalysts surface properties. Instead, scaling relations between the binding

energies of different surface steps have been found, which interlink all four reaction
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intermediates, on metals!’>"’l as well as for perovskites and spinels.[''l These scal-
ing relations are linear correlations between adsorption energies that have been found
independent on the catalysts material class. Thus, Gog is only dependent on one
parameter, which imposes a thermodynamical limit to the optimization of overpoten-
tials. Thus, a material class that breaks or has optimized scaling relations needs to be

found in order to design an OER catalyst that has zero overpotential.

2.2. Activity Descriptors

Binding energies have been used successfully to describe and to predict the catalytic

36,37

behaviour in different material classes.['"'>*%%] These reports rely on binding energy
calculations since it is difficult to determine them in experiments. 5] As a result, de-
scriptors that are accessible more easily have been established which show correlations
of OER activity with material properties. Investigating activity descriptors might then
lead to deeper understanding about how OER activity is governed by material proper-
ties.["l These descriptors can then be used to predict highly active materials or deliver
guidelines to design novel materials for efficient OER catalysis. In the following para-

graphs, different established property-activity relationships are summarized.

2.2.1. Number of Quter Electrons

The influence of the number of valence electrons on absorption energies of O*, OH",
and OOH" and OER catalytic activity was investigated on pure metals, metal oxides,
and on different perovskite structures by either changing the oxidation state of the
metal or by varying the site population in a fixed compound.!'”***] General trends
for perovskites are, that an increasing number of valence electrons, while maintaining
the B site metal oxidation state, leads to a weakening of adsorbate binding. At the same
time, an increase of the B site oxidation state by changing the A site occupation leads
to a weaker bond as well. As a result, the adsorption energy of reaction intermediates
does not only depend on the number of outer electrons but also on the oxidation state
of the element in octahedrally coordinated B sites, which is summarized in Fig. 2.1.
In addition, linear correlations between the bulk formation energy and the number of
outer electrons could be established, leading to volcano relationships between OER
overpotential and bulk formation energy.!'”] The reported volcano is however not uni-

versal for the different material classes, which means that bulk formation energy or
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Figure 2.1.: OH adsorption energy dependencies of number of metal 4 electrons. Data
points with identical colour indicate constant oxidation state of the ele-
ments, but a change in d electron number by a change of element. Negative
indicated slopes highlight the impact of a change of the oxidation state of
the same element. Reprinted from ref. [12] with permission from Royal
Society of Chemistry, permission conveyed through Copyright Clearance
Center, Inc.

number of outer electrons can only explain activity trends if compared in materials

with identical coordination and structure.

2.2.2. O 2p Band Centre

Properties of transition metal oxides, such as the number of outer electrons, do not
only correlate with absorption energies, but are also interlinked with each other. Both,
the O-p band centre as well as the transition metal d-band centre change with the

26,3

number of outer electrons of B site cations in perovskites./”**] A general trend is that
increasing the d electron number results in decreasing the energy distance between the
O p and metal d bands. This distance of the oxygen 2p band centre to the Fermi level
was proposed as a descriptor for activity in double perovskites and showed a linear
relationship with activity. It was found to be a more reliable measure compared to
ey occupancy, when transition metals exist in multiple coordination states in a double
perovskite.[’”] Shifting the 2p band centre closer to the Fermi level leads to an increase

in oxygen binding energy and OER activity.[”*’l However, if the distance to the Fermi
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level gets too small catalyst corrosion was reported as a negative side effect.l*”l In-
creasing the oxygen p band centre leads to a greater metal-oxygen hybridization, since
the overlap of O p and metal d band increases. This indicates that covalence can be

considered as an activity descriptor as well.

2.2.3. E; Occupancy of Transition Metals

The ey occupancy of transition metals in perovskites and spinels is directly related to
the oxidation state and thus, the number of outer electrons, which has been discussed
as descriptor for OER activity previously. A significant difference of e, occupancy to
the formal oxidation state is that the transition metal valence band splits up in the anti-
bonding e, orbital with ¢ character and in the bonding t, orbital having 7t character. &
This leads to a stronger interaction of ey orbitals with the ones of an adsorbed species
compared to the ty¢ states. Hence, it is assumed that e, filling is more accurate in de-
scribing activity than using the whole transition metal d band.!*'l It has been pointed
out, that a reliable description of OER activity necessitates to measure and use the e
occupancy of surface atoms, rather than bulk values since broken bonds can alter the

ey occupation. ]

Applying this descriptor to perovskites and spinel structures resulted in volcano shaped

9161 These relationships are based on ey occupancy

OER activity-e, occupancy plots.!
of B site ions in perovskites!’l and of the octahedrally coordinated transition metal in
spinels.['®l In case of transition metal spinels, metals can reside in both, octahedral and
tetrahedral sites which does not allow to differentiate activity of different sites a priori.
Focussing on octahedral e; occupancy was justified by the arrangement of orbitals with
metal d character. The ey and tp, orbitals of tetrahedrally coordinated metals do not
point in the direction of O, in contrast to eg states of octahedrally coordinated atoms.
This leads to the assumption that the metal-oxygen interaction in tetrahedral sites can

be neglected.[']

Both studies report an optimum activity at an e, occupancy close to 1,
however the peaks of the volcano plots predict an optimum activity at e, ~ 1.2. Based
on this finding a catalyst (BSCF) was designed, having optimal ey, occupancy, which
has a comparable overpotential and mass activity as the benchmark catalyst IrO,.["]
Surprisingly, e, occupancy of octahedral metals in spinels result in a volcano shaped
behaviour that agrees well with the behaviour of perovskites, even though a bulk sen-

sitive method (X-ray Absorption Spectroscopy (XAS) in transmission mode) was used
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to determine e, occupancy and neglecting surface effects. The e, occupancy in octahe-

dral sites - activity relationship is plotted in Fig. 2.2. The approximation of using bulk

1.4 T T
OER
| @25 pAlem?
15 @:’M“aon .
5 .
i MnCo,0,-900 °C , Mn.Co0,
I 4 k
n:. LiMn,0, 6°1';”;§EC00504D :
w 16} g 4
> ZnCo,0, Q’. 700 °C NiCo,0,
> é @500 °C ,
W Co,0, 47400 °C nke.s
300 °C,~ LozMn,0, NiFe.O
1.7} . S ng 1
CoFe,0,
18 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0

e, occupancy@Octahedral

Figure 2.2.: OER activity described by e, occupancy of octahedral coordinated metals
in spinels with different compositions. The activity is measured as poten-
tial that is necessary to achieve a current of 25 mA /cm? where the area is
the measured available oxide surface. Reprinted with permission of John
Wiley and Sons, from ref. [16]

properties instead of surface values can be justified if a clear relationship between bulk
and surface properties exists. This has been shown for example for bulk formation en-
ergy, which scales linearly with absorption energies of reaction OER intermediates.!'”]

In case of spinels, e, occupancy has been questioned to be a universal activity descrip-
tor. In a study that investigated more than 300 spinel structures, descriptors that have
been successfully applied to perovskites (such as O 2p band centre or e, occupancy)

have not been able to describe catalytic activity universally.!'’]

2.2.4. Alternative Descriptors

Transition metal oxides have a variety of electronic and structural properties that can
be used as possible descriptors that scale with OER activity. A statistical analysis of
101 activities of 51 perovskite structures investigated the reliability of 14 descriptors
in activity prediction. These 14 descriptors were divided into 5 factors that can be
considered as descriptor families.['’] Although being considered as activity descriptor

10
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previously, "l e, occupancy has a lower loading magnitude in the descriptor family of
electron occupancy than d electrons. This indicates that they describe activity differ-
ences of different materials as a single descriptor poorly.[']

Although single descriptors have been used in previous studies and showed an ex-

[%10,16,39 they are not sufficient when ap-

pected volcano shaped activity behaviour,
plied to a bigger data set of perovskites. Instead, a model including two descriptors
enhances the probability of predicting activity, but best prediction necessitates the in-
clusion of 9 descriptors for an activity model.['”] Within this model the number of
d electrons and covalence have been found to have the biggest influence on activity
which justifies the use of descriptors that are based on the electronic structure of a ma-

terial, rather than crystal structure or tolerance factors.['’]

That covalence is a superior activity descriptor has been reported for perovskites!!”*']

11 Opposed to the argument that octahedral sites are

16

and spinel systems as well.['"
the active sites for OER catalysis,!'° the covalence of metal-oxygen bonds in either
tetrahedral or octahedral coordination is named as an activity governing descriptor.
The bonding strength to oxygen differs between tetrahedrally and octahedrally coor-
dinated metals. Since an oxygen atom is coordinated with tetrahedral and octahedral
metals at the same time, the oxygen p orbitals coordinated with both metal sites. The
weaker metal-oxygen bond is more likely to break at the surface, which leads to un-
paired valence electrons that can participate in the OER reaction steps.['’l Independent
of the coordination, both metal sites can be active. Covalence is defined as the energy
difference of the metal d and oxygen p band centre. The metal-oxygen bonding is con-
sidered stronger if the energy difference is smaller and both bands have a bigger over-
lap. The descriptor for OER activity uses the maximum value of covalence of the two
differently coordinated metals.!'") A volcano relationship has been reported applying
this descriptor to experimental activity values of other publications. An explanation
for the observed volcano is that less pronounced covalence enhances the possibility of
metal-oxygen bond breakage, thereby enhancing activity. However, if the covalence is
too weak, this implies that the metal-oxygen bond is too polarized. In case of a bond
breakage this might lead to formation of metal ions at the surface which hinders ad-
sorption of reaction species at these metal centres. An optimum covalence of 3eV is
predicted.['"]

11
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As a summary, covalence values have been calculated and reported for 300 spinel
structures, including LiMnyO4 and defect structures with Mn on tetrahedral and Li
on octahedral sites.!'" It has to be criticised that the crystal structures used for calcu-
lating covalence of MnMn,Oy4 and LiMn,O4 for example deviate from experimentally
determined structures. For LiMnyOy a tetragonal structure with a = ¢ = 8.172 A and
b = 8.71 A was used for calculations which disagrees with the experimentally deter-
mined cubic spinel structure. The local geometry around Mn atoms differs if the lattice
is tetragonally distorted, which will probably affect the band structure calculations. If
no good reason exists to assume that the metal 4 and oxygen p band positions stay con-
stant when the lattice gets distorted, it has to be doubted that the calculated covalence

measures reflect experiments reliably.

2.2.5. Strain Effects on Activity

The effects of strain on the electronic structure of transition metals and transition metal
oxides have received attention as a way to tune OER catalytic activity of perovskite cat-

384241 but have been investigated on pure metal systems as well.[*/~*’]

alysts, !
A clear correlation between strain, the metal d bandwidth and the metal d band centre
was established for metals. If the band is occupied more than half, compressive strain
in late transition metals leads to broadening of the metal d band and a lowering of its

average energy, and vice versa for tensile strain (see Fig. 2.3).[+74%0]

In early transi-
tion metals, an opposite d-band centre shift was observed. While compressive strain
still leads to a broadening of the metal d band, its centre moves to higher energies. [**]
The maximum amount of strain reaches from 1.75% [ to 8%!*"l in the investigated
systems. Perovskites show different reactions to strain as well, dependent on the tran-
sition metal occupation. The amount and direction of a d band shift, as a reaction
to band broadening, scales with the number of d electrons of the b site metal.[*¥*’]
Since the relationship between the O sp band and the transition metal d band has been
discussed intensively as activity descriptor (see previous section) it is particularly in-
teresting that, for compressive strain, the energy of the lower O sp band edge moves
to smaller energies compared to the Fermi level and that the energy gap between the

O sp band and the metal d band increases. [*"]

Furthermore, strain affects the orbital occupation of metal e¢ orbitals in perovskites.Strain
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Figure 2.3.: Effect of compressive strain on oxygen adsorption energy on Pt/Cu
nanoparticles based on Density Functional Theory (DFT) calculations (a).
Reprinted from ref [49] with permission from American Chemical Society,
Copyright 2015. Relationship between metal d band centre position and
width for bimetallic Ni/Pt surfaces calculated using DFT (b). Reprinted

from ref [47] with permission from the American Physical Society, Copy-
right 2004.

causes a splitting of the eg x> — y? and 3z — r? orbitals, where compressive strain leads
to a lower energy and thus preferential occupation of e, 3z> — r? orbitals. This is de-

picted in Fig. 2.4. The opposite is reported for tensile strain.[*”*°l Due to symmetry

372-r2 " x2-y?

2_\,2 2_.2
X"y Strain 3z -r)
Tensile Compressive

Figure 2.4.: Splitting and preferential occupation of e, orbitals if strain deforms octa-
hedrally coordinated metals.

breaking at the surface, the e, orbital is expected to degenerate even without strain,
leading to preferential occupation of out of plane orbitals. Compressive strain can
strengthen this tendency, while tensile strain can invert this preference and leads to

in-plane orbital occupation.**

I The assumption that orbitals pointing out of the sur-
face play a key role in adsorption and desorption processes of reaction intermediates

led to the identification of e, occupancy as activity descriptor in perovskites 11 and
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Figure 2.5.: Relative oxygen adsorption energy change on (001) perovskite surfaces
with varying B site occupation if strain is imposed. Reprinted with per-
mission from ref. [38]. Copyright 2012 AIP Publishing.

1%l Thus, strain is expected to influence catalytic activity.

spinels. !
The impact of strain on surface properties and OER or ORR catalytic activity has been
investigated via adsorption energy calculations[***~*’1 or by measuring activity on

thin films that have been prepared on substrates with different lattice mismatch.[*>*!]

2 4C
5T under compres-

The O adsorption energy on metals increases by about 0.08 eV /%"
sive strain if the d orbitals are more than half filled. "’ This corresponds to a weaker in-
teraction with adsorbed O. For platinum for example, a compressive strain of 2.25% op-
timizes the ORR activity.l*”] How strain affects the adsorption energies on perovskite

surfaces is not as clear, as can be seen in Fig. 2.5.

In LaBOg3, compressive strains decreases the O binding energy, where the decrease is
more pronounced in early transition metal B site population. In SrBOj this trend is
much less pronounced and applying compressive and tensile strain only results in a

[ Thus, the impact of strain on the oxygen

small decrease of O adsorption energy.
binding energy depends on the number of d electrons and on the structure environ-

ment (A site occupation).

That the impact of strain on activity is ambiguous is reflected in experimental studies.

Both, compressive and tensile strain led to an activity increase in epitaxial NdNiOj3 thin

14



CHAPTER 2. BACKGROUND

tilms. The positive impact of tensile strain is explained by an enhanced oxygen vacancy
formation.[*?! A different observation was made using CaRuOs thin films, where ten-
sile strain increased OER activity, and compressive strain lead to a decreasing activity

compared to samples with small strain. [>1]

That means that a generalized trend of how strain in catalyst surfaces affects the OER
cannot be established. The impact of strain on oxygen adsorption energies and OER
activities is governed to a large extent by factors like the transition metal d electron
number in metals and perovskites, as well as by the interaction of B site cations with
A site cations. In addition to that, the strain induced changes on absolute values of
oxygen adsorption energies are comparably small in relation to the effect of e.g. the
number of d electrons. A change of the B site cation in LaBO3 from Ti to Cu leads to

an oxygen adsorption energy difference of more than 6 eV >l

compared to a change
between 1.5eV and 0.25eV if an amount of 5% of compressive or tensile strain is ap-
plied.[**] In metals, an even smaller impact of 0.08 eV /% is observed. Therefore, strain
can be a strategy to optimize OER activity in a material system, but is not able to fun-

damentally change it.

2.3. LiMn,0,4 Structure and Surface Effects

Important structure features of the material LiMn;O4 used in this work will be dis-
cussed in the following paragraphs. This includes the general structure and behaviour
under delithiation as well as defects and surface effects that have been reported in
literature.

2.3.1. LiMn,0O4 Structure

LiMn,Oy4 spinels have been investigated for almost 70 years,!”’] but gained interest in
the 1980s. That the Li content x in Li,MnyO4 can be varied reversibly without affecting
the Mn,O4 framework of the host materiall"*”°! makes this material a candidate for a
cathode material in rechargeable Li-ion batteries.

Cubic spinel structures have the general formula A[B;]X4 and Fd3m symmetry, where

the anions X, in this specific case O, form a cubic close packed structure and occupy
the 32e sites. B-site cations are octahedrally coordinated with O on the 16d sites which
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Figure 2.6.: Cubic spinel structure of LiMn,O4 with site occupation (a). Excerpt of
ternary Li-Mn-O phase diagram (b) following Yonemura et al."’l. Bulk

stoichiometry variations and defect structures are highlighted in grey and
blue.

means that half of the totally available sites are occupied. The A site cations, Li in this
case, have tetrahedral coordination and occupy the 8a sites. Thereby, one eighth of

tetrahedral sites are populated.[>]

[541 or electrochemical methods
ata potential of 4 VvsLi/Li". [55.55] This forms the metastable A-MnQ; structure, which
has the identical crystal symmetry as LiMn,Oy4 and is accompanied by a contraction of
the unit cell parameter from 8.24 A at x = 1 to 8.03 A at x = 0. At the same time, the
average Mn oxidation state increases from Mn>>T at x = 1 to Mn*" after removing Li

A complete removal of Li is possible via acid treatment

completely. [54 Thus, the sum formula can be also expressed as Lij_ X[Mni’ir anﬁ 104
Delithiation of LiMn,Oy in electrochemical cells, battery cells in other words, exhibits
a characteristic electrochemical profile that indicates a two stage process which is di-
vided by a 0.15V step at the composition Lip5sMnyOy4. This step in the potential di-

agram has been explained by Li ordering, "'l

a coherent picture of the underlying
order mechanism is however elusive.[®!] The delithiation process can be stopped at
any Li content x, allowing to investigate how the crystal structure changes with the Li
content. The lattice constant a decreases linearly with Li removal,[*>°%2%%] but phase
separation in two cubic spinel structures with different lattice constants has been ob-

S [58,62-65

served at varying Li contents at varying delithiation rate I That a two phase

regime is thermodynamically favoured could not be supported in DFT based calcula-
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tions of the LiyMn,QOj structure in different delithiation states.[””] In addition, phase
separation could be suppressed by reducing the delithiation rate or by allowing the

[?] This is a strong in-

samples to equilibrate after end of the delithiation experiments.
dication, that a phase separation at certain Li contents is not an equilibrium state but
rather a kinetic effect of removing Li from a bulk electrode.[*’l As a result, the Li con-

tent in Li,MnyO4 can be determined by measuring the lattice parameter.

As pointed out, Li removal leads to a decrease of the amount of Mn3*, which is ex-
pected to show a Jahn-Teller distortion. This means that the oxygen octahedron and
thus the bond distances around a Mn®" atom are elongated or shortened along one
axis and vice versa at the other four-fold axes,®! which lowers the total energy of
the configuration. As a consequence, half of the Mn in LiMn,Oy4 should be located in
distorted octahedra having two different Mn-O bond distances while the other half is
expected to be located in regular octahedra as Mn**. Close to room temperature at
290K, a phase transition to orthorhombic symmetry has been observed in this mate-

115781 and explained in a theoretical study by a cooperative alignment of Jahn-Teller

ria
distortions.*”] In agreement with that postulation, different Mn-O bond distances are
found in experiments in that low temperature phase.[*%*””' If the material has the
cubic spinel structure above the transition temperature, the theoretical study predicts
that Mn>" sites still show Jahn-Teller distortions, but that the distortions at single sites
can change direction on a sub pico-second timescale and do not align cooperatively.
The time average then leads to the observed cubic symmetry.”>”'l Nonetheless, the
expected differing Mn-O bond distances of Jahn-Teller distorted octahedra could not
be resolved in measurements yet. Instead, a distortion of all Mn-O octahedra was re-
solved where all 6 Mn-O bonds have different lengths.[°°l This implicates a conflict
of experimental data with simulated structures. Either the timescales of fluctuations
of the Mn bonding environment are too short to be accessible by experiments, or a
Jahn-Teller deformation does not set-in in real systems.

2.3.2. Bulk Defects and Stoichiometry Variations

Starting from LiMn,Oy, where Li solely occupies tetrahedral and Mn occupies octahe-
dral sites, stoichiometry and site occupation variations are possible within the cubic
spinel structure. These can be divided into the categories of oxygen deficient, defect,

and stoichiometric spinels. [59,72]
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Figure 2.7.: Influence of bulk stoichiometry variations and defects on the lattice con-
stant of spinels of the LiMn;O4 system evaluated against the average Mn
valence in those structures. Data points are collected from various liter-
ature reports.["%0%7=%0] The Mn valence was either directly reported or
evaluated on the basis of the given composition.

Stoichiometric spinels, also specified as Li excess spinels, [571 follow the general A[B,]X4
composition, but additional Li can partially replace Mn in octahedral sites which re-
sults in Lig,[Mny — éLis]16404 structures with (0 < § < 0.33). These compositions lie
on the LiMn,O4-LisMn5O1; tie line in the Li-Mn-O phase diagram. An increasing Li
occupation of octahedral sites leads not only to a decrease of Jahn-Teller active Mn>T,
but also to a decreasing lattice constant down to a =8.137 APl and a =8.168 AU"] at
0 = 0.33 (see Fig. 2.7). Both, a linear and saturation like relationship of the lattice
constant a with the defect concentration x have been reported.[”>”*] A higher Mn**
concentration reduces the overall capacity of repeatable Li de/-intercalation at 4V
but enhances the stability of the material when used repeatedly as cathode material
in batteries and causes a decreasing temperature for the orthorhombic phase transi-
tion.[””"?74] The opposite effect, occupation of tetrahedral sites by Mn in bulk defect
structures, was only observed for very small concentrations with a maximum of 1% of

all Mn found on tetrahedral sites.[”"]

Cation vacancies form the category of defect spinels. Compositions of Li;_s[Mn, —
20104 with (0 < § < 0.11) lie on the LiMnyO4-LixMnyOg tie line. At the maximum

18



CHAPTER 2. BACKGROUND

vacancy concentration of § = 0.11, all Mn has the oxidation state Mn**. The synthesis
temperature was shown to be a control parameter for §, where higher temperatures
lead to smaller vacancy concentrations.[’”* As in the case of Li excess spinels, the in-
creasing Mn valence is accompanied by a smaller lattice parameter (see Fig. 2.7). At
the maximum defect concentration of § = 0.11, a lattice parameter of a =8.174(1) A is

expected. "]

Oxygen vacancies can be introduced in the LiMn;Oy4 structure by varying synthe-
sis conditions like temperature, time and atmosphere during heating.[°*”?l They are
found in the blue triangle in the phase diagram in Fig. 2.6b.1””l A precise control of the
amount of O vacancies is difficult since the Li and Mn stoichiometry can be affected by
varying synthesis conditions as well. Oxygen vacancies cause Mn reduction which is
reflected in an increasing lattice constant, which is agrees with the trend of previously

[57,64,72,75

discussed defects. I Although the reported defect concentrations of § < 0.13 in
LiMnyOy4_ ;s are comparably small (3.25% of all oxygen) the phase transition tempera-
ture and cycling stability under repeated de-/lithiation are impacted significantly by O
defects. The orthorhombic phase transition temperature increases with the O vacancy
concentration, which leads to the hypothesis that a certain amount of O vacancies must

57,64,72

I On the other hand, presence of O
64]

be present for the phase transition to occur.!
vacancies leads to quicker cathode degradation when used in battery experiments.!

Thus, the bulk structure of the LiMn;O4 system is far from being trivial. A number
of variables in the synthesis process like the Li/Mn ratio, maximum temperature and
temperature profile as well as the atmosphere, determine the exact stoichiometry, de-
fect type and concentration of the resulting material. That means it is not straight-
forward synthesizing LiMn,Oy-related spinels with a defined composition and defect
structure. It has been shown in various studies that bulk defects, imposing Mn ox-
idation state changes, distinctively change the lattice constant. Higher average Mn
oxidation states result in smaller lattice constants and vice versa. This connection is

plotted for over a hundred reported defect structures in Fig. 2.7.

2.3.3. Surface Defects and Stoichiometry Variations

Similar to the bulk, stoichiometry and site population variations are reported at sur-
faces of LiMn,Oy spinels. The literature mainly discusses Mn populating tetrahedral

19



CHAPTER 2. BACKGROUND

Figure 2.8.: Projection of the crystal structure of cubic spinel LiMnyOy4 along [110]
showing the octahedral and tetrahedral sites (a). Identical structure, but
with Mn replacing Li on tetrahedral sites (b). Equivalent crystallographic
orientation of tetragonal Mn3Oy (c), where tetrahedral sites are occupied
by Mn as well. The structural motive is comparable to cubic spinel, but
distorted. Plots were created using Vesta.[*’]

sites and oxygen vacancies.[81, 52] While oxygen vacancies also occur as bulk defect,
Mn antisite defects on tetrahedral sites were solely reported in a few nm thick surface

layers.[%]

Mn in tetrahedral sites, which has oxidation state Mn?*, was either detected by a con-
trast in tetrahedral sites in high resolution STEM images in [110] zone axis[®'=%%]
(see Fig. 2.8), or by changes of the oxygen and Mn edges in X-ray Photoelectron Spec-
troscopy (XPS) and EELS spectra. Presence of tetrahedrally coordinated Mn in surface

regions was detected after delithiation[*"*’] as well as in pristine state.[**]

If all Li is replaced by Mn in LiMn,Oy, the site population is identical to Mn3zO4 with
the difference that Mn3Oy4 has a tetragonal crystal structure. The additional electron
that is doped if a Li atom is replaced by Mn in a tetrahedral site leads to a higher
amount of Jahn-Teller active Mn*" and thus to the preference to form a tetragonal
crystal structure, when the Mn valence drops below Mn3>*. Reported high resolu-
tion images do however not indicate that the surface has a different crystal structure
if Mn2* is present, instead the particles are single crystalline.[*'=**>%] Ag depicted
in Fig. 2.8¢c, formation of Mn3zO4 would lead to an increase of the Mn,-tet-tet-Mn,;
distance by 15%. In addition, no direct observation of the Mn3Oy crystal structure has
been reported except after several cycles of de-/lithiation.[*’] Still, strain is expected in
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surfaces with the cubic spinel geometry when tetrahedral Mn?" increases the amount
of Jahn-Teller active Mn3*. Since relaxation of a strained lattice is easier at surfaces
than in the bulk, the formation energy of Mn antisite defects is expected to be lower
at surfaces.[*’] That explains that tetrahedral Mn is exclusively reported in surface re-
gions. This aligns well with a DFT based model of surface reconstructions in LiMn,Oy,
which predicts a reduced Mn oxidation state due to surface reconstruction at all surface
terminations. In addition, formation of fourfold coordinated Mn?* has been observed
in relaxed surfaces,!””] where formation of reduced Mn oxidation states is explained

by a lower cost of Jahn-Teller distortions at surfaces.

Oxygen vacancies were reported at surfaces of LiMn,O4 particles, which led to a re-
duced Mn oxidation state and an increased Mn/O ratio. Since Transmission Electron
Microscopy (TEM) images did not show contrast of Mn on tetrahedral sites, the for-
mation of oxygen vacancies was proposed.!*’ In contrast to other studies, the reduced
Mn oxidation state led to a tetragonal distortion of the lattice at the surface. The con-

centration of oxygen vacancies was found to alternate from site to site.[*"]
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3. Materials and Methods

This chapter gives an overview of the sample material, sample preparation methods as
well as data acquisition and evaluation techniques. Section 3.1 describes the starting
material and summarizes the preparation of delithiated and electrochemically cycled
particles. Section 3.2 lists specimen preparation techniques, conducted experiments,
and instrument parameters sorted by method. A brief description of the applied ex-
perimental techniques, including background information about data interpretation
and evaluation, is given in Section 3.3. The description of TEM techniques and EELS
data interpretation and Mn valence evaluation partially overlaps with the equivalent

parts of the pre-print Schénewald et al.[*”]

. Details of electrochemical experiments are
summarized based on publications of Max Baumung covering OER catalysis"’l and

delithiation. ]

3.1. Material and Electrochemical Preparation

3.1.1. Material

LiMnyO4 powder was purchased from Sigma-Aldrich (single synthesis batch, purity
>99%) with a nominal particle size smaller than 500nm. The powder has a lattice
constant of 8.234(2) A[?l and a cubic spinel structure. The particles mainly consist of
truncated octahedra and some truncated rhombic dodecahedra with a mean particle
diameter of 41(15) nm.["']

3.1.2. Delithiated Particles

The lithiation state of LiMn;O4 has been manipulated using an electrochemical battery
cell that was built and operated by Max Baumung. The following summarizes the es-
sential steps. A detailed description has been reported by Baumung!**l. The purchased
LiMn;Oy4 particles were mixed with carbon black (mass ratio 83/17) and distributed on
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a stainless steel electrode. A cotton separator, soaked in ethylene carbonate/dimethyl
carbonate (50:50) (EC/DMC) and lithium hexafluorophosphate (LiPF¢), was placed be-
tween the powder and the metallic Li counter electrode. All components are pinched
by a spring, the cell is sealed under an inert gas atmosphere in a glovebox. A constant
current (c/12 rate - 12 h for a full charge) was applied to charge the battery cell. Delithi-

ated material was removed by disassembling the cell in a glovebox.

Even at comparably small charge rates of ¢/12 or lower, phase separation has oc-
curred where two cubic spinel LiMn,O4 phases with different lattice constants are
present."®®] This is, presumably, caused by a non-homogeneous Li distribution in
the Li,MnyO4 powder. Therefore, particles were not investigated directly after delithi-
ation to ensure for the sample to reach an equilibrium state and a homogeneous Li

concentration.

3.1.3. Particles Catalyzing the OER

OER activity of LiMnyOy in different lithiation states has been measured using a Rotating
Ring Disc Electrode (RRDE) setup. While the discis used to apply a potential to the cat-
alyst and to measure the total induced currents, the ring can be used to detect reaction
products if set to a designated potential. Preparation and execution of OER catalysis
experiments has been performed by Max Baumung. The essential steps and details of

these experiments!” are summarized in the following.

Particles have been mixed with carbon black in a weight ratio of 83 /17, were dissolved
in Tetrahydrofuran (THF) and then applied on the glassy carbon disc electrode. While
being rotated in sodium hydroxide (NaOH), that was diluted with ultrapure water
to cnaor = 0.1 M, ten scans have been performed by varying the disc potential at a
rate of 10mVs ™! between 1.25V and 1.75V vs. Reversible Hydrogen Electrode (RHE).
The ring potential was set to oxygen (0.4V vs. RHE) or manganese (1.2V vs. RHE)
detection. After cycling, the particles were rinsed from the electrode and diluted in
THF or isopropanol for drop casting on TEM grids.
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3.2. Specimen Preparation and Experiments

3.2.1. TEM Specimens

Post-mortem TEM measurements have been performed on pristine, and delithiated
particles, as well as on particles that catalysed the OER. Samples were prepared by
drop casting a particle-solvent immersion on copper mesh grids that are coated with
lacey carbon. Prior to drop casting, the immersion was sonicated for 15 minutes to
break particle agglomerates. The particle distribution on the grid was controlled with
a light microscope. To avoid contamination by the solvent, it is recommended to pre-
pare immersed samples one day before the planned experiment.

EELS spectrum images were recorded using a step size of 1nm, a high loss illumina-
tion time between 0.1s and 0.3 s, a spectrometer dispersion of 0.1eV and an electron
beam current in STEM mode of 50 pA. Particles were selected for measurement if they
were located (partially) in a hole of the lacey carbon film to minimize background in-
tensity. Eight to fourteen particles, that varied in size and thickness, were measured in

one experiment.

In-situ Environmental Transmission Electron Microscopy (ETEM) measurements have
been performed on pristine particles. The evolution of the local structure under the
influence of a water atmosphere and an electric potential was studied with high res-
olution TEM and STEM-EELS. The potential was applied using a biasing chip and
holder. Fig. 3.1 displays the plan view scheme of this setup.

A piece was cut out of the chip to allow for a larger electron transparent area. Parti-
cles were drop cast on a grid as described just before. A piece was cut from that grid
and glued with conductive silver on the biasing chip. Electronic contact was checked
by measuring the resistance between contacts on opposite sides of the chip. Values of
approximately 5 () indicated a proper contact to the grid. The resistance between chip
and holder/ground should exceed that by several orders of magnitude. Values greater
than 12 M(Q) have been measured. Conductive silver releases solvent gases. Measure-
ments one or two hours after gluing the grid onto the chips resulted in drastic electron
beam contamination. A good strategy is to insert the holder with the chip the day be-
fore the measurement into the TEM column.
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TEM Column

arid 57|

(a) (b)

Figure 3.1.: Plan view of the biasing chip that was used in in-situ ETEM experiments.
A potential versus the TEM column was applied externally. Particles were
drop cast on a copper grid that was mounted onto the contacts of the bias-
ing chip. (a) shows a sketch of the chip and the electrical connections. (b)
displays a light microscope image of the mounted grid piece on the biasing
chip.Improve formatting

In-situ experiments have been carried out in a controllable water atmosphere in the
TEM column of 0.2mbar. High resolution TEM experiments were carried out in one
single particle. Image series before water contact, in water atmosphere and with ap-
plied potential were recorded with the particle being oriented in a zone axis. For
STEM-EELS experiments, a series of particles were pre-characterized in high vacuum
state. The influence of a water atmosphere and a varied potential was studied in sepa-
rate steps on separate particles to avoid high electron doses on single particles.

High resolution ETEM imaging and STEM-EELS were performed with an image C;
corrected FEI Titan ETEM at 300kV acceleration voltage, equipped with a Quantum
965ER Gatan Image Filter and X-FEG by FEI. The Full Width at Half Max (FWHM) of

the electron energy distribution in the electron beam is 1.3 eV.

3.2.2. XPS Specimens

XPS measurements have been carried out on particles in pristine state, after catalysing
the OER and after delithiation with a Kratos Axis Supra instrument, that is equipped
with a monochromatic Al k, X-ray source. Samples of particle powder were prepared
by pressing powder on double-sided conductive carbon tape. As prepared RRDE
glassy carbon electrodes for electrochemical measurements were directly mounted on
the XIS sample holder thereby ensuring electrical contact to the holder. Therefore, the

26



CHAPTER 3. MATERIALS AND METHODS

glassy carbon cylinders were pressed on conductive carbon tape on the XPS sample
holder.

Overview scans were performed on all samples with a pass energy of 160 eV and with
a Binding Energy (BE) step size of 1eV. High resolution scans of the Mn 2p, the O 1s,
the C 1s and Mn 3p edge, that contains the Li 1s peak, were performed with a step size
of 0.05eV and a pass energy of 5eV. The auto quality criteria was set to 500 to achieve

a very high signal-to-noise ratio.

Prior to data evaluation, the BE scale has been corrected for potential charging by shift-
ing the C 1s maximum to a BE of 284.8 eV. For quantification and determination of the
Mn 2p3,, centroid, a Shirley background was subtracted. Quantification was carried
out using the instrument specific Relative Sensitivity Factor (RSF), incorporating trans-

mission and escape depth correction.

3.2.3. XRD Specimens

The crystal structure of pristine particles was investigated using 6 — 26 X-ray Diffrac-
tion (XRD) in a Bruker D8 diffractometer with a Cu Ka source in the angular range
15° < 20 < 120° and with a total measurement time of 106 h. LiMn,O4 powder was
embedded into glue on a plastic sample plate. Electrochemically cycled material was
prepared for measurements by mounting the complete glassy carbon electrode. In ad-
dition, powder from six electrochemical experiments was distributed on Kapton tape
to enhance the density. The material density was however not sufficient to gain struc-

tural signals of the particles.

3.3. Methods and Evaluation

3.3.1. TEM and EELS

TEM and STEM are methods that allow to investigate the sample structure with sub
nanometre resolution. A sufficient description of the principles and physics of a TEM
quickly exceeds the scope of this chapter and this thesis so that the following para-
graphs focus on fundamentals that are necessary to understand the experimental set-
up and gained results within this work.
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Inherent in the name, TEM and STEM generate data from electrons that have pen-
etrated samples and thereby interacted elastically or inelastically with atoms in the
specimen. Electrons have a small mean free path in solids, which necessitates high
acceleration voltages and thin samples (= 100nm). Electrons are generated, acceler-
ated to high velocities, focused on the sample using electromagnetic lenses and are
projected with an electromagnetic lens system on a camera or varying detectors in
the imaging plane. The sample surface is illuminated homogeneously in TEM mode,
where either real space or reciprocal space information can be projected into the imag-
ing plane. Real space images allow resolving the structure of the sample with atomic
resolution. In STEM mode, however, the incoming electron beam is converged to illu-
minate a tiny fraction of the sample, smaller than 1 nm?. Detected electrons thus only
contain information from a well confined area. By rasterising the beam over the sam-

ple, images are compounded.

EELS is a spectroscopic method that measures the intensity distribution of energy loss
from electrons that interacted inelastically with the sample. A spectrometer is fitted to
the bottom of the TEM column, which projects the electron beam energy dispersively
on a camera. In combination with STEM, this allows to gain EEL spectra with a very
high spatial resolution. Commonly, EEL spectra are divided in a low-loss and a core
loss region. The low-loss region contains the zero loss peak (not interacted and elas-
tically scattered electrons) and low energy excitations of plasmons and valence band
electrons, for example. Based on Poisson’s law, the relative sample thickness t/A can

be calculated using the low-loss spectrum: ]

t/A =In(I;/ L) (3.1)

Ip describes the intensity of non-scattered electrons, I; the total intensity in the low-loss
spectrum, t the distance that an electron travelled through a sample and A the inelastic
mean free path.

The core-loss region contains intensity from electrons that excited core electrons of

atoms in the sample. Observed curve shapes of a core-loss edge J(E) can be under-
stood as a product of the density of final states N(E) with the atomic transition matrix
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M(E)?I under the assumption of single scattering
J(E) = [M(E)]*N(E). (32)

Since M(E) describes the overall edge shape, the variations with E can be assumed as
being small. Therefore, N(E), that depends on the bonding environment of the excited
atom, dominates the observed fine structure. The obtained spectral resolution is lim-
ited in this work by the finite energy distribution of the generated electron beam.

3.3.2. EELS Interpretation of Mn Oxides

EELS analysis in this work will focus on the oxygen K- and manganese L-edges of
manganese oxides. The oxygen K edge contains excitations of oxygen 1s electrons to
unoccupied O 2p states. In manganese oxides, O 2p orbitals overlap with Mn valence
states. Thus, a strong correlation exists between the O K-edge shape and the Mn elec-
tron configuration. As a result, the position and intensity of the O pre-peak at 530 eV
are sensitive to the Mn 3d occupancy and the hybridization strength of O 2p and Mn 3d
orbitals.[” Peaks centred around 540 eV reflect O 1s excitations to O 2p states that are
mixed with the Mn 4sp band.[”’] The Mn L-edge between 640 eV and 655eV reflects
transitions from Mn 2p3/, (L3 peak) and 2p;,, (Ly peak) levels to unoccupied Mn 34
states and is sensitive to the Mn 3d occupancy as well.[?**"]

How Mn 3d occupancy affects O K- and Mn L-edges is illustrated in Fig. 3.2. A de-
crease of the Mn oxidation state, hence an increase of 3d occupancy, leads to a decrease
of the O pre-peak intensity compared to the EEL region at 545 eV because the number
of unoccupied states with Mn 3d character decreases. At the same time, the pre-peak
maximum shifts to higher energies. Noticeable is the pre-peak doublet structure (la-
belled as a; in Fig. 3.2a) in Mn3Oy4, where Mn is coordinated octahedrally and tetrahe-
drally. How this doublet structure can be interpreted in a density of states picture is

discussed when tetrahedral Mn defects are investigated by EELS simulations.

The Mn L3 peak at 640eV shifts to lower energies if the nominal oxidation state is
reduced. This is accompanied by an increase of the L3/L, peak intensity ratio, also

known as white line ratio.[”°

] Manganese in Mn3Oy exists in two distinct oxidation
states (Mn?* in tetrahedral and Mn3" in octahedral coordination), which is reflected

by a splitting of the Mn L; 3 peaks (See (Fig. 3.2b). This allows to distinguish if different
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Mn oxidation or coordination states are present in a sample. "]

Normalized intensity
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Figure 3.2.: EEL O k- (a) and Mn l-edges (b) of Mn oxides with Mn in different oxida-
tion states. The spectra show systematic changes with a change of the Mn
oxidation state, such as a decrease of the O pre-peak intensity at 530eV or
a shift of the Mn 2p3 /, peak at 640 eV towards lower energies if the Mn ox-
idation state is reduced. These trends are used to interpret changes of the
Mn oxidation state in LiMn,Oj later in this thesis. Reprinted from ref.[97]
with permission from Elsevier.

3.3.3. Evaluation of Mn Oxidation States by EELS

It is often useful to use the Mn valence as a simple proxy for the complex electronic

structure. An easily applicable and qualitative method uses the Mn L3 /L, intensity ra-

94-96,98] and has been used to determine the Mn

g, [98-101]

tio which is sensitive to 3d occupancy,!
valence in a variety of transition metal based material However, it is known
to fall short in capturing the oxidation state in some manganese oxides!'’’l and can
only determine the Mn valence within 0.3.['’] Various calibration studies focused on

8,1 96,99,100

perovskites, [’ or on Mn oxides with different crystal structures, ! I'but none

have focused exclusively on transition metal oxide spinels.
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A second method based on the O K- to Mn L peak distance has been calibrated using
a wide variety of manganese oxides with oxidation states between Mn®* and Mn*",
including LiMn,Oy4 and LipMn,Oy,['"*l and is claimed to be more sensitive to Mn va-
lence than the Mn L3 /L, intensity method.['"'l This calibration method has been ap-
plied in this study to calculate Mn valence maps from the EEL spectrum images and
Mn valence values from core and shell spectra. The reported relationship between

peak distance AE and Mn valence Vy, is!'"']

Vyn = 0.377AE — 39.03. (3.3)

Based on the reported errors, the uncertainty in the Mn valence calculation is o(Va,) =
0.12. Since the particles were neither aligned in a specific zone axis nor scanned with
atomic resolution during the STEM-EELS measurements, the EEL spectra and Mn va-
lences reflect the average oxygen and manganese states in the unit cell.

However, differences as large as 0.3 between the valences predicted by the two meth-
ods suggest that these methods are best used only as qualitative measures of Mn va-
lence. Instead of focusing on Mn valence alone, measured EEL spectra are compared to
simulated spectra for different LiMn,O4 based structures with the focus on peak shape,
intensity, and position. This so-called “fingerprinting” approach has been used !>/l
to take advantage of the multifaceted information provided about the electronic struc-
ture by the EEL spectra, that is not captured by the simple proxy of Mn valence.
Qualitative comparison of calculated spectra with experimental spectra has been suc-
cessful in explaining the origin of fine structure of the oxygen K edge!'"~'""l and was

able to identify partial population inversion in transition metal spinels.['?%!’]

3.3.4. XPS

XPS applies the photoelectric effect. Electrons, which are bound to an atom, are excited
by X-ray photons and thereby emitted into a vacuum as depicted in Fig. 3.3. The ki-
netic energy distribution of these photoelectrons is measured. Regarding conservation
of energy, the relation Eq. (3.4) allows converting the measured Kinetic Energy (KE)
distribution to an electron BE spectrum,!''’l where hv describes the X-ray photon en-
ergy in eV and q)spec the spectrometer work function.

BE = hv — KE — ®gypec (3.4)
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Figure 3.3.: Scheme of XPS process for the example of a 1s electron.

Peak positions in a BE spectrum are characteristic for the elements that are contained
in the sample and allow identifying which elements are present down to a detection
limit between 0.3 at.% and 0.01 at.% for most compounds.!''!] The Inelastic Mean Free
Path (IMFEP) of electrons in solids with electron KE in the order of 1000eV is in the
range of a few nm. Hence, the obtained intensity will decay quickly with sample depth,
which is described by Beer’s law. The fraction I(d) of the total intensity Iy that is excited
in a distance of 4 and deeper from the surface is

I(d) = Iyexp(—d/A) (3.5)

where A is the effective attenuation length, similar to the IMFP.I''1 As a result, XPS is
a very surface sensitive technique. [112] In case of LiMnyOy the IMFP is 17.7 A for elec-
trons excited (using Al ka radiation) from the Mn 2p state, 19.7 A for the O 1s state and
26.7 A for the Mn 3p and Li 1s state.[''”] According to Eq. (3.5), approximately 63% of
the total signal is generated in the first two nm of the sample and 86% in the first 4 nm.

While Peak positions are element specific, peak intensities are proportional to the el-
ement concentration in the probed volume, which allows determining the stoichiom-
etry. Furthermore, it is possible to deduce the chemical state of an element from BE
shifts and the peaks’ fine structure.l''"] In the simplest case, a peak of an element in a
specific chemical state/oxidation state is approximated by a single Voigt peak.!'* For
Mn oxides, however, the most intense 2p line splits up in a 2p3,, and a 2p; /, peak due
to spin-orbit coupling. Multiplet splitting will further complicate the Mn 2p3,, peak
shape if Mn has unpaired d electrons!''°l. Therefore, up to six Voigt components have
to be used to model a Mn 2p3,, peak - for a single oxidation state.l''°l The peak cen-
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Figure 3.4.: Mn 2pj3,, peak centroid shift plotted versus the Mn valence for several
Mn oxide standards, including a linear fit to the data points. The centroid
has been calculated using the fit parameters that have been reported previ-
ously.l']

troid is an alternative measure for the average Mn valence in the sample applying the
linear relationship between Mn valence and the Mn 2pj3,, centroid shift (see Fig. 3.4).
The shift is evaluated as energy difference between centroid and 642.5eV on the basis
of reported peak fit parameters of various Mn oxides.[''”]' A linear fit to the data in
Fig. 3.4 allows to determine the average Mn valence using the equation:

Mn,, (BE.) = 1.057(0.08) - BE. + 3.53(0.14). (3.6)

The average Mn oxidation state can be measured with a precision of 0.33 based on the

average residuum of the data points.

3.3.5. XRD

The angular distribution of elastically scattered X-rays is measured using XRD to gain
information about the crystal structure of a sample. In a 0-26 scan, the angle between
the X-ray source and surface normal of the sample is equal to the angle between the de-
tector, that measures the intensity of diffracted X-rays, and the surface normal. An in-
tensity maximum is observed when the scattered X-rays interfere constructively. This

condition is described by Bragg’s law. If the phase shift of X-rays, that are scattered at
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two neighbouring lattice planes with distance d, is a multiple of the wavelength n - A,

both interfere constructively:
n-A = 2dsin(6). (3.7)

In a cubic crystal the distance between lattice planes djy; with miller indices (I, k, 1)
and the lattice constant 2 can be expressed as

a

Ay = — e
ki iRl

Not all possible reflexes have to occur in a diffractogram. The structure factor Fy, that

(3.8)

is dependent on the unit cell symmetry and element distribution, is zero in face centred
cubic crystals if (h,k,1) have mixed parity. Thereby, those reflexes will not occur in
diffractograms. The structure factor also scales the peak intensity Iy = By - Vi that
is observed in a powder diffraction pattern

1+ cos? 20
By = |FPp—5—

. 3.9
sinZ 0 cos 6 (39)

The multiplicity of identical lattice planes is described by p, the fraction describes the
Lorentz-Polarisation factor. If two different crystallographic phases are present in a
diffractogram, the volume ratio of the two phases can be estimated using Eq. (3.9):

Vi InaBrp

1 : (3.10)
Voo Iy Bukia

The observed peaks in a diffractogram are approximated by a Voigt profile. The FWHM
depends on the instrument resolution, the crystallite size L and the residual strain e. A
crystallite size smaller than 200 nm!''“! leads to peak broadening, which is described
by the Scherrer Equation:

KA

PV = T cos(e)

(3.11)

K is the Scherrer form factor, whose value depends on the crystallite form. A value of
0.89 was taken for analysis.
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Samples that are strained non homogeneously have a distribution of d rather than a

fixed value. The imposed peak broadening of a mean strain of € is:['1°]

FWHMag,. = 4¢ tan(6). (3.12)

The resulting peak width can be assumed to be a linear combination of crystallite size
(Eq. (3.11)) and strain broadening (Eq. (3.12)).I''°l Multiplying with cos(8) leads to
. KA
FWH M;iyt - cos(0) = 4esin(6) + I (3.13)
Plotting FWH M, - cos(0) versus sin(6) allows reading the crystallite size from the y-
axis intercept and € from the slope of the observed linear trend.

Crystallite size, strain, and lattice constant 2 were calculated as a weighted average
of all fitted peak positions. The two peak components from the two apparent copper
k-a wavelengths were fitted independently, giving two 26 values for each peak. The
peak positions and peak intensities were evaluated by fitting two pseudo Voigt profiles
with identical FWHM to the reflexes in the diffractogram. The peak positions for each
Cu k-a component were evaluated separately to calculate the plane distance d from a

reflex.

3.4. Simulation of EEL Oxygen K Edges

The observed core-shell structure of LiMnyO4 nanoparticles called for a deeper un-
derstanding of EEL spectra. This has been provided by Marco Eckhoff, former PhD
student at the Institute for Physical Chemistry, University of Gottingen, via DFT based
simulations of O K edges. These simulations are a key in substantiating the proposed
defect model for particle surfaces. Details and assumptions underlying the simulations

have been reported in a pre-print and are available via reference Schénewald et al.[*’1.

35






4. Results

4.1. Electron Beam Influence on EELS Measurements

It is beneficial for in-situ measurements if one single particle can be studied by STEM
several times in a row. In order to identify if multiple measurements and thus accumu-
lating electron dose at one location of a single particle are possible without damaging
the particle with the e-beam, ten consecutive STEM-EELS scans have been performed
at one particle (pristine LiMnyOy). The scan parameters (e-beam current=0.5pA; pixel
scan time=0.3 s; pixel size =1 nm?) met the standard conditions of EEL spectrum imag-
ing used in this work. The results of this experiment were used to plan and conduct

in-situ experiments.

It is necessary to mention at this point, that the investigated LiMn;O4 particles have
a core-shell structure with respect to the Mn oxidation state. The experimental results
that lead to this conclusion are presented in the chapter Section 4.2. Therefore, the core
and shell region of the particles are examined separately in this section.

The overview STEM image in Fig. 4.1a highlights that contrast, presumably contami-
nation, builds up after the first scan. Carbon contamination is a known issue in TEM
measurements due to decomposition of hydrocarbon molecules mainly by secondary

electrons or the electron beam.[!!7/118

I Molecules present on lacey carbon TEM grids,
that were used in this work, are already enough to cause problems in STEM-EELS ex-
periments with high illumination time.[''”) The thickness of the contaminated layer
scales linearly with the illumination time, while the growth rate increases for higher

electron current densities and lower acceleration voltages.['*"'*!]

A relative thickness plot in Fig. 4.1b shows that the measured thickness t/A in elec-

tron beam direction increases at the centre of the particle, while a strong increase is
observed close to the particle’s surface. Deviations from the expected linear increase of
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Figure 4.1.: (a): Overview STEM image of particle after the first scan, showing that
contamination built up. Highlighted areas show location from where EEL
spectra of contamination, shell and core were extracted (see Fig. 4.3a and
Fig. 4.2). (b): Thickness evolution (t/A) at surface and particle centre with
fluence.

t/ A occur because of sample drift. If the Region of Interest (ROI) shifts during a scan,
previously not illuminated areas with less contamination will contribute to the result-
ing signal. A larger contamination growth rate is expected when scanned at surfaces
parallel to the electron beam, if contamination formation is predominantly caused by
secondary electrons. Secondary electrons typically have kinetic energies of few tens of

1221231 When scanned in

eV, and thereby small mean free paths of a few nm in solids.!
proximity of a particle surface, a bigger part of secondary electrons can escape the par-
ticle, and therefore react with hydrocarbons as if scanned at the centre. After ten scans,
the contamination layer thickness increased perpendicular to the particle boundaries
but most prominently at the scan window position as shown in Fig. A.1. The non-
linear thickness increase compared to the first scan can be attributed to shifts of the
scan region due to sample drift, which leads to a non-homogeneous illumination dur-

ing consecutive EELS scans.
Fig. 4.2 compares EEL spectra of the O K .and Mn L edge of the first and the tenth scan.

The position of the measurements on the particle are marked in Fig. 4.1a. Core and
shell spectra after ten scans have a decreased O pre-peak intensity, a smaller Mn L3
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Figure 4.2.: (a): EEL spectrum of first and after ten repeated scans of the (a) core region
of the same particle and of the shell region (b).
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peak energy, and a lower Mn L, peak intensity. These changes can be interpreted co-
herently as Mn reduction. A detailed description of EEL spectrum interpretation with
focus on Mn valence changes can be found in Section 3.3.2.

Mn valence values have been calculated using the O K-pre-peak - Mn L3 distance for
the core and shell of the particles of each scan (see also Section 3.3.3). Fig. 4.3b indicates
Mn reduction when scanned repeatedly, which increases the e~ fluence. In case of the
core, the Mn valence decreases monotonically with scanning, while the shell valence

drops in the first four scans and stays relatively constant afterwards.

To exclude that contamination formation interferes with the Mn valence measure-
ments, Fig. 4.3a shows an EEL O K- and Mn L-edge spectrum of the contaminated
area close to the particle surface after the tenth scan. A strong oxygen K-edge peak
is observed, which has its maximum intensity at 539 eV. No intensity is observed at
the oxygen pre-peak position at 529 eV, and comparably small intensity at the Mn L3
peak position at 642 eV. Absolute counts of the Mn L-edge are smaller by a factor of
25 (core) and 15 (shell) in the contamination region compared to spectra of the particle.
That leads to the conclusion that contamination building up during the measurements
will not affect the O pre-peak and Mn L3 peak positions and therefore, has negligible

impact on Mn valence measurements.

39



CHAPTER 4. RESULTS

-

— Contamination

Intensity (a.u.)
o N £ » 0] o

83.
1 D34} |
{ > 3.:- I I ]
A S S RS R R
27550 540 560° 640 660 0 2X10°  4x10°  6x10°
EEL (eV) Fluence (e/nm?)

(a) (b)

Figure 4.3.: (a): EEL spectrum of contaminated area indicated in Fig. 4.1a showing a
pronounced O K signal after 10 scans. (b): Mn valences from the particle
core and shell regions in the course of 10 consecutive scans over an identical
area. The electron fluence was calculated using the STEM beam current, the
scan grid size and the high-loss illumination time. Mn valence values were
evaluated using the O K pre-peak - Mn L3 distance.

The applied electron dose during one scan is necessary to gain surface spectra with
sufficient quality, which results in a total dose of 5 x 107 e/nm? in one scan. System-
atic Mn reduction was observed previously in different Mn oxides at lower electron
doses at 197 kV acceleration voltage. It was proposed that defects, domain boundaries
and surfaces increase the vulnerability for electron beam imposed defects.!'?*] Since,
the LiMn,Oy particles are single crystalline (see Section 4.2.2) a higher safe dose is
expected than reported by Livi et al.['** The safe dose of LiMn,Oy for EELS measure-
ments is two orders of magnitude larger than the dose of a single scan in this work.[*’]
Degradation of the crystal structure at the surface of nanoparticles was observed at
a much higher electron dose of 1.5 x 10!! e/nm?2.[*] Thus, it can be assumed that no
damage is induced to the crystal structure under the experimental conditions. Over ten
scans, the average Mn valence decrease per scan is 0.046 at core and surface, which is
smaller than the uncertainty of the valence measurement itself (see Section 3.3.3). The
overall decrease of the Mn valence after ten scans is 5 times larger than the standard
deviation of valence measurements of different pristine particles (see Section 4.2). That
indicates that the electron beam systematically lowers the Mn oxidation state. The core
and shell valence differences between the first two scans are much smaller than the

uncertainty of valence measurements.
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Figure 4.4.: (a) XRD diffractogram of pristine LiMn,O4 with support of Thomas Brede.
Peaks of cubic spinel are marked with red stars, whose y-axis positions
mark the measured relative intensity. Expected peak positions and relative
intensities for LiMn,Oy4 are marked with open squares. A magenta line in-
dicates the noise level. The bottom inlet displays an expected peak pattern
of tetragonal Mn3Oy. (b) Williamson-Hall plot based on FWHM= b val-
ues of peaks in (a) and the peak positions () including a lin. fit. Values of
FWHM and peak positions are in rad. Plane set indices (hkl) are indicated
for points that deviate from the linear fit.

As a summary, multiple scanning at one location leads to contamination formation. It
was ruled out, that contamination formation interferes with Mn valence measurements
based on O pre-peak - Mn L3 peak distances. Higher electron doses cause a systematic
reduction of the Mn oxidation state over the whole particle starting with the second
scan. A single particle can thus not be used for more than two scans. Otherwise,
it is not possible to disentangle Mn reduction as a sample effect from electron beam

induced variations.

4.2. Pristine Particles

The following section will focus on characterization of pristine nanoparticles with the

nominal composition of LiMn,Oy, as purchased from the manufacturer.
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4.2.1. XRD

The crystal structure of pristine particles was measured using XRD. Main peaks in
the 0 — 20 XRD diffractogram (Fig. 4.4a) can be indexed as cubic spinel. A lattice
parameter of 2 = 8.234(2) A was determined by peak fitting. This measurement
was repeated with two years distance (see Fig. A.2) yielding to a lattice constant of
a, = 8.234(3) A. That indicates that the crystal structure does not change when the par-
ticles are stored under atmosphere for longer time periods. The determined lattice con-
stants are in good agreement with literature values for Lij ;3MnyO495 (2 =8.236 A) [64]
or LiiMnj 94O4 (a =8.235 A),[74] but smaller than lattice constants that are reported for
stoichiometric LiMnyOy (¢ =8.242 A).[] Calculated peak intensities, using Vestal**]
(marked with black open squares), compare reasonably well with the integrated ex-
perimental peak intensity (red stars) after the background had been accounted for. The
measured (220) peak intensity (at 20 ~ 31° in Fig. 4.4a) exceeds the calculated value.
The effect of replacing Li with Mn on the 8a tetrahedral sites leads to a strong increase
in the (220) peak intensity, suggesting the presence of some tetrahedrally coordinated

Mn in the nanoparticles. [*"]

Additional unmarked peaks found in the X-ray pattern can be indexed as two cubic
phases with 2 =8.603(3) A and a =9.123(4) A with a volume fraction smaller than 1
%, assuming similar structure factors as the cubic spinel phase. The peak positions
were compared with data of a reference XRD library, but no matches with reported
structures were found. It should be explicitly mentioned that the unmarked peaks are
not consistent with tetragonal Mn3O4, which was reported to occur on LiMn,O4 par-
ticles and on thin film surfaces.[*'=%12° The expected peak positions and intensities
of Mn30O; are indicated below the XRD pattern in Fig. 4.4a. Peaks of a Mn3O4 phase
are only discernible in the diffractogram, if the peak maximum exceeds the noise level
of the measurement. The scattering, or integrated peak intensity is proportional to
the material volume however, the height of the peak maximum depends as 1/x on
the FWHM as well. As a first approximation, the upper limit of a Mn3zO4 to LiMnyOy4
volume ratio has been calculated using Eq. (3.10) by requiring that the intensity of the
Mn30O;4 (103) peak (which does not overlap with a LiMnyOy4 peak) exceeds twice the
noise level (0.04% of the LiMn,Oy (111) peak as indicated in Fig. 4.4a),which yields

VMn;04 < 0.08% - B111,LiMn,04
VLiMn,0s B103:Mn;04
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As a result, a maximum scattering volume share of 0.57% Mnj3Oy is estimated. Using
the Mn30y4 (224) peak results in a maximum volume share of 0.8%. The underlying
values for the calculation based on Eq. (3.10) are given in Table A.1. This estimation
assumes that the peak shape is similar to the LiMn;O4 peaks. However, a small crys-
tallite size like one of thin surface layers leads to peak broadening and thereby a re-
duction of the peak maximum at identical peak intensity. Thus, the detection limit of
very small Mn3Oy crystallites is higher due to Scherrer broadening. A crystallite size
of 4nm for example leads to FWHM 15 times larger than of the LiMnyO4 peaks. At
identical scattering intensity, a larger FWHM results in a smaller peak maximum and
thus, to a detection limit of 9% Mn3Oj4. As a result, presence of bigger crystallites of the
tetragonal Mn3Oy4 phase can be excluded by this measurement, although a higher vol-
ume of very small tetragonal areas would be difficult to identify in the diffractogram.
Presence of a thin layer of epitaxial Mn3O4 on particle surfaces can not be confirmed.
The c axis has the biggest distortion in the Mn3Oy4 tetragonal spinel compared to the
LiMnyOy cubic spinel, a minimum tensile strain of 1.1% is necessary to fit a plane in

1261 would re-

Mn;304-(a, b) direction to the cubic spinel. A Poisson ration of v = 0.33
sult in an expected compressive strain of 0.7%, and thus ¢ = 9.376 A The additional

peaks cannot be explained by this structure.

Values of the average particle size and inhomogeneous strain were evaluated using the
peak width b from fits (FWHM) via the Williamson-Hall method (see Eq. (3.13)). Each
data point in Fig. 4.4b corresponds to one reflex in the diffractogram, and thus to one
crystal plane set (hkl). Most data points follow a linear trend. At low and high re-
flection angles, however, deviations from a linear behaviour are observed. A broader
FWHM of some reflexes can either be explained by smaller crystallite sizes in these
directions or by a higher amount of inhomogeneous strain in these planes. Since the
particles have preferential surface orientations[”’], the resulting faceted shape might
cause different average crystallite sizes in certain crystallographic directions. The in-
dices (hkl) of the outlying reflexes, marked in Fig. 4.4b, do not indicate a systematic
deviation of specific crystal plane sets. A crystallite size of 74(6) nm using the y-axis
intercept and an inhomogeneous strain of 0.019(6)% using the slope was evaluated
from the linear fit to all data points. If the outliers are not included in the fit, these
values change to 81(4) nm for the crystallite size and 0.022(4)% for strain. Thus, the

outlying lattice planes do not change the evaluated values by orders of magnitudes.
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(a) (b) ()

Figure 4.5.: TEM images of pristine LiMnyO4 nanoparticles. Agglomerate showing
clearly faceted particles with differing sizes (a). High Resolution (HR)-TEM
image of an exemplary particle (c). Magnified image of (b) showing atomic
sized steps at the particle surface.

As a conclusion, these results show that the pristine material has the expected cubic
spinel crystal structure, that no intensity of tetragonal Mn3Oy is detected within the
resolution limits, and that no other additional identifiable phases were detected. Inho-

mogeneous strain was estimated to be smaller than 0.1%.

4.2.2. TEM Imaging

TEM images of pristine particles (Fig. 4.5) show that they are partially faceted single
crystals with diameters ranging from 20nm to 140nm. Larger particles show more
faceted shapes than the smaller particles and are mainly truncated octahedrons and
some truncated rhombic dodecahedrons. High resolution TEM images of Fig. 4.5b
confirm that the particles are single crystalline up to the surface. Surfaces are sharp and
exhibit atomic scale steps (Fig. 4.5¢). Single particles with diameters larger than 400 nm
were occasionally found. The diameter of 140 particles was measured in overview
TEM images as plotted in Fig. 4.5a using two perpendicular measures on each particle.
A mean diameter of 55(20) nm and a most frequent diameter of 45 nm were calculated
by fitting a log-normal distribution to the size distribution plotted in Fig. 4.6. Weighted
by the particle volume, a mean diameter of 62(66) nm is found.
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Figure 4.6.: Size distribution of pristine LiMn,Oy particles measured in TEM overview
images as plotted in Fig. 4.5a, including a fitted log-normal distribution.
The particle diameter is evaluated as the average length of one particle
measured in two directions.

4.2.3. STEM-EELS

STEM-EEL spectrum images were obtained from 12 different pristine particles that
were selected for their TEM transparency and position over holes in the TEM grid
carbon layer (Fig. 4.7a). The particles had different diameters, with a relative maximum
thickness t/ A between 0.18 and 0.81. All investigated particles show clear differences
when FEL O K- and Mn L-edge spectra are compared from surface and core regions.

Representative spectra are shown in Fig. 4.7b where the following systematic differ-
ences are apparent in surface spectra relative to core spectra: smaller O pre-peak inten-
sity (529 eV) compared to the second O 4sp peak (ca. 540 eV); shift to lower energies of
the O pre-peak (Fig. 4.8d); smaller O 4sp peak compared to the Mn L3 peak at 640eV;
shift to lower energies of the Mn L3 peak maxima (Fig. 4.8c); increase of the L3/L; in-
tensity ratio from L3 /L, = 2.13(5) to L3 /L, = 2.63(17) (Fig. 4.8¢); less pronounced low
energy shoulder on the Mn L3 peak. The plotted EEL spectra are a sum of multiple sin-
gle spectra from core or shell. EEL low-loss spectra in Fig. A.3 show only a weak Mn
and Li signal. As a tendency, a higher Mn/Li intensity ratio is found in core spectra.

These changes can be interpreted coherently as a reduction of the Mn oxidation state in
the surface region relative to the core (see Section 3.3.2). Fig. 4.8e and Fig. 4.8f display

01]

measures that have been established to calculate Mn valences.”>”*!V!] Maps over a

representative particle of these different measures illustrate the core-shell behaviour in
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Figure 4.7.: (a) STEM image of an exemplary pristine LiMn,O4 nanoparticle. Regions

indicate areas where core and shell spectra of (b) were extracted. (b) Av-
eraged O K and Mn L spectra from core and shell of one particle. The
intensities are normalized by the Mn L3 height. A simulated O K spectrum
for LiMn,Oy is included for comparison.

Figure 4.8.: Exemplary maps derived from STEM-EELS measurements of pristine par-
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ticles. (a) High Angle Annular Dark Field (HAADF)-STEM image from a
particle with maximum relative thickness t/A = 0.36, (b) Relative thick-
ness map of particle in (a), (c) Mn L3 peak position map (colour bar range
violet to red: 640.7-643.4 eV), (d) O pre-peak position map (528.9-532.1 eV),
(e) L3 /L, intensity ratio map (1.9-3), (f) Map of O pre-peak and Mn Lz-peak
energy difference (110-114.6 eV).
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terms of Mn oxidation state and allow quantifying the trends that have been observed
in summed spectra (Fig. 4.7b). Comparing the noise level in Fig. 4.8e and Fig. 4.8f con-
tirms the choice of the O pre-peak to Mn L3 peak distance as method for Mn valence
evaluation (see also Section 3.3.3). Fig. 4.20 (a) shows the resulting Mn valence. The
maps allow estimating the thickness of the shell layer as 2nm to 4nm. Core and shell
oxidation states of single particles were determined from summed core and shell spec-
tra, as shown exemplary in Fig. 4.7b. An average core oxidation state of Mn377(7)* and

a shell oxidation state of Mn291(21)+

were determined. Approximating the particles as
spheres with average diameter of 55nm, a 2nm to 4nm thick shell contributes to the

total particle volume by 12 % to 22 %.

The evaluated shell values are independent of the particle thickness, however very
thin particles have a smaller core valence. Even at measurement points at the particle
core, transmitting electrons will interact with the shell layers. In the preceding master
thesis,[°’] it was shown, that this shell contribution is of importance up to a total parti-
cle thickness of t/A = 0.36.°] Values of thinner particles were discarded from the Mn

valence evaluation of the core valence.

Valence measurements of different single particles, which are nominally in the same
state, differ by a maximum of 0.23. The two core spectra of particles with highest and
lowest measured Mn oxidation state spectra are plotted in Fig. A.5. This allows esti-
mating to what extent variations of spectra from different particles can be expected.
The biggest apparent changes are changes in the O pre-peak height and a change in
the intensity distribution in the Mn Lz peak. A shift of the Mn L edge to different ener-
gies is not observed. Especially at the shell, a comparably large standard deviation is
observed if valence measurements from different particles are compared. These varia-
tions can either be induced by variations in the shell structure or by the method. The
particle orientation was random and the exact geometry, shape, and thickness with
respect to the electron beam varied from particle to particle. Thus, it is not straightfor-
ward to identify the shell regions in EELS maps and to guarantee that no core region
intensity contributes to shell spectra. Hence, it is likely that the observed variance of
shell valence measurements of 0.2 is caused by experimental difficulties in acquiring
pure core or shell spectra.

The measured average Mn oxidation state of particle cores deviates with Mn377(7)+
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from the expected value of Mn3°* for stoichiometric LiMnyQOj. This means that either
the particle cores are off stoichiometry or that the Mn valence calibration!'"'l is not
accurate for LiMnyOy. Therefore, a simulated spectrum of LiMn,O4, which has been
provided by Marco Eckhoff, is plotted next to a measured core spectrum in Fig. 4.7b.
The energy differences of peaks and shoulders agree well with the measured spectrum
however, a closer comparison finds that the pre-peak intensity compared to the O 4sp
peak is higher in the measured spectrum. This points out that particle cores are oxi-
dised compared to expected LiMn,Oy.

In summary, STEM-EELS experiments show, that a core-shell structure exists in the
characterized pristine LiMnyOy4 nanoparticles in terms of the Mn oxidation state. In a
2nm to 4 nm thick shell, Mn is significantly reduced, whereas it is found to be oxidized

in the core compared to the expected Mn oxidation state Mn>>,

4.2.4. XPS

Pristine powder has been investigated with XPS, which allows identifying which el-
ements are present in the sample. The fine structure of transition metal peaks allow
drawing conclusions about chemical states.

An overview spectrum of pristine powder is plotted in Fig. 4.9a. All peaks in the spec-
trum can be explained with the element set [Mn, O, Li, C]. The detection limit of trace
elements in a O matrix is smaller than 0.3 at.% for elements with atomic number Z > 4,
in a Mn matrix it is about 1at.% for Z < 17 and smaller than 0.3 at.% for Z < 17.1'']
Thus, possible contamination with transition metals is smaller than 0.3 at.%. Presence
of a high carbon amount is expected because of the sample preparation routine for

powder, where particles were embedded in a carbon tape (see Section 3.2.2).

The Mn/O stoichiometry was determined using Mn 2p and O 1s intensities. Using the
oxygen 1s peak is not trivial, since part of the signal arises from the oxygen containing
carbon tape that supports the powder. A spectrum of pure carbon tape shows a single
O 1s peak at 532 eV and carbon 1s peaks at 285eV (Fig. A.4a). With LiMn,;O4 powder
on carbon tape, two prominent peaks are found in the oxygen 1s spectrum in Fig. 4.9b.
The 1s peak energy of oxygen bound to manganese (O-Mn) is found at approximately
530 eV, independent of the Mn/O ratio,!'””] whereby the component at 532 eV can be
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Figure 4.9.: Overview XIS spectrum of pristine LiMn,O4 powder in (a) and spectrum
of the O 1s peak with intensity contributions of O-Mn and O-C bonds in(b).

ascribed to O-C bonds, which agrees with the O peak position of pure carbon tape. This
allows to separate the intensity contributions to the oxygen 1s peak and to subtract the
O-C signal from the total O intensity. As a result, a Mn/O stoichiometry of Mnj 39(1)O4
was calculated, which indicates a Mn excess. The Mn to Li ratio was determined by
peak fitting of the Mn 3p peak as well, where the Li peak appears as a shoulder at
55eV in Fig. 4.16b. The determined Li/Mn ratio of Li/Mn= 1.2(4) has a comparably
high uncertainty. Stoichiometry determination by XPS is considered being precise but
not accurate.l'”*l A test with a silver reference sample showed that stoichiometry vari-
ations of up to 4%, can be expected, which is much smaller than the difference of the
measured Mn/O ratio to the expected value of Mn/O= 2. Due to the high surface
sensitivity of this method with a probing depth of about 6 nm (see also Section 3.3.4),
Mn enrichment is detected in the materials surface layers.

Both, the Mn 3p (Fig. 4.16b) and 2p (Fig. 4.16a) peak, have a well pronounced fine

[129

structure, which is ascribed to the presence of different Mn oxidation states.!'””] Com-

parison with literature datal'”’l shows that an unexpected shoulder at low binding
energy is present in the pristine samples at 48 eV and 641 eV respectively. The energy
position of the low binding energy shoulder in the Mn 3p spectrum agrees with values

[>T This is also the case for the Mn 2p line, where inten-

2+ [130,131]

reported for Mn?" in spinels.
sity in the same energy range is attributed to the presence of Mn

An average Mn oxidation state of 3.2(3) was estimated using the Mn 2p peak centroid
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and the calibration curve presented in Section 3.3.4. This is lower than the expected
value of 3.5 which agrees with the presence of Mn?*, a species that is not expected in
stoichiometric LiMn;Oy4 spinels.

As a summary, these measurements indicate, that the pristine sample material is free
of contaminants within ca. 1at.% but has a significantly higher Mn/O ratio in the first
6 nm below the surface. In addition, analysis of the fine structure of Mn peaks shows
that Mn?* is present unexpectedly, the average Mn oxidation state is found to be lower
than the expected Mn®>*.

4.3. Delithiated Particles

Varying the lithium content is one way to systematically change the Mn oxidation state
in LiMnOy. In the following, it will be presented how electrochemical delithiation af-

fects the particle structure.

High-resolution TEM images of delithiated particles in Fig. 4.10 show that they have a
facetted shape, but that the surface roughness increased. Either delithiation lead to a
change of surface crystallinity or the particles are wrapped in residuals from the bat-
tery cell used for delithiation. In Fig. 4.10a and Fig. 4.10c, structures are displayed that
are absent in pristine particles and resemble carbon nano onions.!'*’ These are pre-
sumably remainders of carbon powder which is added to LiMn;O4 during assembly of
electrodes for delithiation. An image of a particle surface with higher magnification in
Fig. 4.10c shows that the crystal structure does not differ within a 1 nm distance to the
surface. As for pristine particles, the observed lattice fringes continue all the way from
the centre to the surface and thereby indicate that the particle is single crystalline. That
an atomic contrast is not discernible within 1 nm at the surface can be either attributed

to surface amorphization or due to residuals of the battery cell which cover the surface.

STEM-EELS experiments have been performed on two sets of delithiated particles with
nominal Li contents of x = 0.25 and x = 0.64 in Li,MnyOy4. The Li content x was
determined using the observed linear decrease of the lattice constant under delithia-

32,62]

tion. [ An according change of the average Mn oxidation state was checked by Max

Baumung measuring the Mn K-edge position using XAS.[**]
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Figure 4.10.: TEM images of Li,MnyOy4 particles after delithiation in a battery cell
showing that (a) particles are facetted but have higher surface roughness,
(b) structures with shapes of carbon nano onions!*?! are found and (c)
that the particles are single crystalline up to a 1 nm thick region at the sur-
faces.

The particles are still faceted after delithiation as can be seen exemplarily in Fig. 4.11.
Nonetheless, Fig. 4.11b and Fig. 4.11c show that the surface contrast is not as sharp as
in the pristine case and that clear particle silhouettes are hard to see at all. This will be
explained by remaining battery cell chemicals (see Fig. 4.14).

Valence measurements of particle cores (see Table 4.1) and core EEL spectra (see Fig. 4.12)
indicate a significant increase of the Mn oxidation state after delithiation. The spectra
have been aligned by the Mn L3 peak position for better comparison. Compared to the
spectrum of pristine LiMnyOy, delithiation results in an increased O pre-peak intensity
at 529 eV and in a shift of this peak to lower energies compared to the Mn L3 peak. The
Mn L3 peak has a less pronounced shoulder at low EEL and a smaller L3 /L, intensity

ratio, which is expected for Mn oxidation. [’*”%101]

Shell valence measurements do not show an expected increase of the Mn oxidation
state after delithiation. An exemplary Mn valence map in Fig. 4.13 shows that a shell
with reduced Mn oxidation state, similar to pristine particles, is still present. Valence
measurements in shells do not show a significant change of the Mn oxidation state
however, the standard deviation of the average is with 0.2 quite high (see Table 4.1).
Shell spectra of delithiated particles in Fig. 4.12b show that the O pre-peak intensity
decreases relative to the Mn L3 peak, but that no shift of the pre-peak position is ob-
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Figure 4.11.: Exemplary STEM images of delithiated particles with Li content of x=0.25
(a,c) and x=0.64 (b). Images (a) and (b) show that the particles have a
faceted shape. (c) shows an agglomerate of several particles in a contami-

nant.
Sample Mn valence | Mn valence | Mn valence | Bulk Valence
core (EELS) | shell (EELS) | Awv. (EELS) | (XAS/XRD)
x=1 3.72(6) 2.9(2) 3.6 3.51
x=1 OER 3.78(8) 3.5(2) 3.73 3.72
x=0.64 3.86(8) 3.012) 3.69 3.68
x=0.25 4.04(7) 2.9(2) 3.82 3.88

Table 4.1.: Comparison of evaluated Mn valence values of samples in different lithia-
tion state and after catalysing the OER. The averaged EEL Mn valence was
calculated using a model that assumes a shell volume fraction of 0.19 (see
Eq. (4.1)). The corresponding measurements of the average Mn valence by
XAS are reported by Baumung!**1.
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Figure 4.12.: EEL core spectra of pristine and delithiated particles in different lithiation
states. The energy axis was shifted so that Mn L3 peaks overlap as high-
lighted by a vertical line at 642eV in (a) All spectra are normalized by
the maximum intensity. A second line is drawn at the pristine pre-peak
position of 529 eV in (a) to point out the observed shift of the O pre-peak
position. The corresponding shell spectra are plotted in (b).

served. A smaller O pre-peak would indicate further Mn reduction (see Section 3.3.2),
but has to be considered as an artefact of spectrum normalization by the Mn peak
height and apparent contamination by battery residuals. This statement will be elabo-
rated in the following paragraphs.In addition, the Mn L, peak height decreases relative
to the Mn L3 peak maximum. However, the calculated L3 /L; intensity ratios from shell
spectra of delithiated samples which are an alternative measure for the Mn oxidation
98,1

state[”!"11 do only show variations from the value of pristine particles that are within

the standard deviation of single particles measures. A decreasing L3 /L, intensity ratio

indicates reduction and not oxidation. %10l

As depicted in Fig. 4.11c, a locally varying amount of contamination has been detected
in delithiated samples. The particles have been delithiated in a battery cell which con-
tains LiPFs with C3HgOs3 as electrolyte and carbon black to improve conductivity. [54]
These chemicals or degradation products partially cover the surfaces of the investi-
gated particles. An XPS overview spectrum of x = 0.25 particles is shown in Fig. 4.14,
where signals from F and P are observed. Mn 2p and 3p spectra could not be evalu-
ated in detail because of artefacts, presumably induced by charge accumulation during

these measurements.
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Figure 4.13.: A Mn valence map derived from EELS measurements of a delithiated par-
ticle with Li content x = 0.25 shows that reduced shell is still present after
delithiation.

To rule out that these residuals affect the Mn valence determination, Fig. 4.15a shows
a spectrum of a contaminated region where no Li,MnyO4 particle was discernible.
In contrast to the contamination that grew under the electron beam influence (see.
Fig. 4.3a), an unexpected Mn signal is found in the spectrum in Fig. 4.15a. The absence
of the O pre-peak indicates that this Mn signal does not come from Mn in Li,MnyOs.
Since LiMnQy is the only possible source of Mn in the battery cell, it has to be assumed
that Mn leached out of the particles during delithiation. This process has been ascribed
to Mn3* disproportionation in the presence of water or acids, which results in Mn?*
dissolution, "%l or by dissolution of tetrahedral Mn?* defects.[*’] The high observed
L3 /L, intensity ratio and the low Mn L peak positions are an indication that dissolved
Mn is found in a lower oxidation state than in particle shells. The Mn Lz peak maxi-
mum is shifted by 0.2 eV to lower energies compared to the shell spectra in Fig. 4.12b.

When particles are covered in residuals, dissolved Mn will contribute to some extent
to the shell Mn L spectrum and might induce peak intensity and position changes that
might lead to misinterpretation of the Li,Mn,Oy shell oxidation state. In order to esti-
mate how the Mn valence calculation in particle shells is affected, Fig. 4.15b evaluates
how delithiated shells deviate from pristine ones. Therefore, a linear combination of
the pristine shell spectrum (ratio: 0.63) with the contamination spectrum Fig. 4.15a
(ratio: 0.37) is compared to a shell spectrum of the x = 0.25 sample. The combined
spectrum reproduces the O pre-peak intensity, the Mn L edge shape and the L3/L,
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Figure 4.14.: XPS overview spectrum of delithiated particles with Li content x = 0.25
showing F and P peaks which are interpreted as residuals of the battery
electrolyte used for delithiation. Unmarked peaks are less intense transi-
tions of Mn and O.
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Figure 4.15.: EEL spectra of area from contamination in delithiated sample set where
no particle contrast is apparent (a). Shell spectrum of a delithiated particle
compared with a linear combination of the spectrum in (a) with a shell
spectrum of a pristine particle.
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peak height of the delithiated spectrum well. Differences in the two spectra are com-
parable to the differences between two pristine particles, which are nominally identical
(see. Fig. A.5). A lower intensity of the oxygen edge at 539 eV in the delithiated sample
can be explained by a smaller amount of oxygen containing contaminants on the par-
ticle, compared to the spectrum of the contaminated area. That the combination of a
pristine shell spectrum and of contamination is able to reproduce the shell spectrum of
a delithiated sample is a clue that particle shells do not oxidise when the whole sample
is delithiated. However, it can not be stated definitely that the shell structure and va-
lence is unchanged by delithiation since spectrum shape and Mn valence calculation
can be (partially) affected by Mn containing contaminants. Nonetheless, shell Mn va-
lence values do still differ significantly from the core. Although a change of the shell
valence by 0.2 can not be resolved due to the large standard deviation of measurement
points, it can be stated that a reduced shell is still present after delithiation. This aligns
well with literature reports that show that delithiation leads to formation of a reduced

surface layer by incorporating tetrahedral Mn defects. [*!/%%%]

Based on the core-shell geometry, which is still present after delithiation, average Mn
valence values have been calculated and compared to XAS measurements in Table 4.1.
The average EELS based Mn valence Vrg;s was calculated as the average of the core

and shell valence measurements weighted by the volume shares:

VEELS = PShell = Vsnelr + (1 — psnelr) - Vore- (4.1)

The parameter p was optimized to minimize the deviation of averaged EELS valence
measurements from XAS ensemble measurements. The optimum was found for a shell
volume share of pgj.;; = 0.19, which agrees well with the estimated shell volume share
of 0.12, to 0.22, based on the particle geometry. Application of this model gives rea-

sonably well agreements with the average valence measurements by XAS.

As expected, Mn oxidation is detected after delithiation in particle cores. The measured
core valence values exceed the average values, which were derived from XAS and XRD
measurements by Baumung!**]. However, Mn valence measures of particle shells do
not illustrate signs of oxidation. Instead, the measured average value of the shell Mn
oxidation state after delithiation lies well within the standard deviation of the single

measurement points. The uncertainty of measurements is with 0.2 quite high so that
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oxidation state changes of this size can not be resolved That means that it can not be
stated if the shell Li content and /or Mn oxidation state changes according to the bulk.
Nonetheless, a clear difference between core and shell spectra and Mn oxidation state
is observed and a core-shell structure with reduced shell still exists after delithiation.
Average Mn valence values that were calculated using EELS data and the core-shell
model with a shell volume fraction of 0.19 both agree well with corresponding average

measurements by XAS, [**]

4.4. Particle Structure Evolution after OER Catalysis

Pristine LiMn,O4 was used as OER catalyst in RRDE experiments.[”'l The following
section will cover experiments that resolve if and how the material changes during

OER experiments.

4.4.1. XPS

XPS spectra have been taken from an identical electrode before and after catalysing
the OER using Cyclic Voltammetry (CV) in ten cycles. XPS measurements have been
performed in a time frame of two hours after OER catalysis. An overview spectrum in
Fig. A.4b of a cycled electrode shows residuals of the electrolyte used for CV (NaOH).
The Na 1s peak at 1070 eV and Na Auger peak at 495 eV clearly indicates that a signif-
icant amount of Na is detected on the surface of the electrode. Comparison of the Na

and Mn peak intensities allows estimating the ratio of Mn/Na~ 2.

After electrochemical cycling, the fine structure of Mn 2p (see Fig. 4.16a) and 3p (see
Fig. 4.16b) peaks changes. A shoulder that is present in pristine material at low binding
energies, which was interpreted as Mn?" signal in Section 4.2.4, is reduced in intensity,
so that the centre of gravity of the Mn 2p3/, peak at 642 eV shifts by 0.6eV to higher
binding energies, thereby indicating that Mn is oxidised after OER. Using Eq. (3.6),
a valence shift by 0.63 to Mn>8* is detected. The high amount of C and Na in the
sample prevents to determine the Mn/O stoichiometry, since intensity contributions
of Mn, Na and C coordinated with O cannot be deconvoluted out of the O 1s peak.

Repeating the experiment after the sample was kept in air for approximately 5d shows
that the just described trends are partially reversed, as can be seen in Fig. 4.17. The

57



CHAPTER 4. RESULTS

1.6 |— Pristine ' o] 3t " — Pristine
— OER -
~1.4} 1 =~ OER
> o
2 M T2
2 10f { @
S o3 5
O o6k o
0.4}
660 655 650 645 640 635 60 50 40
Binding Energy (eV) Binding Energy (eV)

(a) (b)

Figure 4.16.: XPS Mn 2p spectrum of pristine and electrochemical cycled LiMnyO4
powder (a) and of the Mn 3p region of (b).

low energy shoulder at the Mn 2p3,,, which was ascribed to Mn?", increases in in-
tensity compared to the measurement conducted within 2h after OER catalysis. The
peak centroid shifts to lower binding energies by 0.2, thereby indicating Mn reduction
to Mn®>®4+. That means that pristine particle surfaces, which oxidized directly after
catalysing the OER, partially return to a more reduced state.

Surface sensitive XIS measurements on pristine particles show that the amount of
Mn?" is smaller after OER catalysis and that the average Mn oxidation state is in-
creased. If the sample is stored in air, these changes partially reverse on a timescale of
days.

4.4.2. STEM-EELS

In addition to the XIS ensemble measurements of the catalyst behaviour under OER
catalysis, imaging and spectroscopic measurements have been performed in the TEM

that allow to follow the structure evolution with high spatial resolution.

Eight particles have been studied post-mortem after OER catalysis, out of which two
particles exhibited cracks and increased surface roughness (see Fig. 4.18). Six out of
eight particles display systematic changes of shell EEL spectra (see Fig. 4.19b), while
core spectra remained unchanged compared to pristine particles in all cases (see Fig. 4.19a).

After electrochemical cycling, apparent differences between core and shell spectra are
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Figure 4.17.: XPS Mn 2p spectrum of pristine LiMn,O4 powder measured 2 h (red) and
5days (purple) after catalysing the OER.
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Figure 4.18.: HAADF-STEM images of LiMn204 particle surfaces after catalysing the
OER showing cracks and roughened surfaces.
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Figure 4.19.: STEM-EEL O K and Mn L edge spectra of representative core and shell
regions of the OER cycled material compared with the pristine case. Core
spectra are plotted in (a) showing that el. chem. cycling does not alter the
core electronic structure, while (b) shows that the surface spectra of cycled
particles change compared to pristine material.

diminished. The shell O pre-peak intensity at 529 eV is increased in particle shells,
whereas the intensity at 535 eV, that has been ascribed to tetrahedral Mn (see Fig. 5.4),
decreases. That is concomitant with a shift of the Mn Lz maximum to higher energies,
and an increased Mn L, peak intensity relative to the L3 peak, all of which indicate an
oxidized shell Mn oxidation state after OER catalysis (see also Section 3.3.2).

The average shell Mn valence of particles exhibiting surface oxidation increased from
Mn2°(2) in a pristine state to Mn>5(2) after OER, while the bulk oxidation state does
not change within the experimental uncertainty by the standard deviation of single
measurements (Pristine: Mn3'72(6); after OER: Mn378(8). Although, the uncertainty in
shell Mn valence determination is with 0.2 comparably high the measured shell va-
lence increase of 0.6 is three times higher than the standard deviation. An influence of
the shell Li content on the Mn oxidation state change cannot be studied because of the
noise level in the EEL low-loss spectra (see Fig. A.6).

That two particles did not show surface Mn oxidation, opposed to the general trend,
can be explained with the known heterogeneous activity of composite electrodes. A
poor electrical connection or limited access to the electrolyte can hinder that all parti-

cles contribute to the catalytic process.!'*]
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Figure 4.20.: Mn valence maps of representative particles in pristine state (a), after con-
tact with NaOH containing electrolyte for 5 min (b) and after catalysing
the OER in ten cycles (c). Maps are based on STEM-EELS spectrum im-
ages, the valence values have been evaluated at each pixel out of the O
pre-peak Mn L3 peak distance. Note the different map and pixel sizes.

Oxidation of Mn in particle shells can be illustrated in valence maps. Out of a STEM-
EELS spectrum image, the Mn valence values can be plotted with spatial resolution
across representative particles (see Fig. 4.20). Comparison with a pristine particle
(Fig. 4.20) shows that the Mn valence gradient at particle surfaces is much smaller after
OER (Fig. 4.20 (c)). In addition, a map of a non cycled particle is presented, that has
been immersed in NaOH containing electrolyte (pH13) as used for RRDE experiments
(Fig. 4.20(b)). It shows that a reduced surface layer still exists after 5 min of electrolyte

3.04(18)

contact. After contact with the electrolyte, an average Mn valence of Mn was

measured at the surfaces, which is within the uncertainty of pristine particle shells.

The core valence of Mn37>(8)

agrees well with the values of pristine and cycled states,
thereby indicating that both core and shell electronic structures are unaffected by elec-

trolyte contact.

Based on the finding that shell EEL spectra contain less intensity of tetrahedral Mn af-
ter OER catalysis, and that the shell oxidation state of Mn is increased by 0.6 to Mn>>T,
it can be assumed that tetrahedral Mn leached out of the shell. This would lead to the
composition of Lig5sMnyO4 with an expected Mn oxidation state of Mn375*, which is
higher than the measured value. A possible explanation is that Li from the core (par-
tially) occupies the empty tetrahedral sites, or that tetrahedral Mn is not fully leached
out.

Summarized, using LiMn;O4 nanoparticles as OER catalyst induces structural changes
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to particle shells. Shell oxidation of Mn has been detected by STEM-EELS measure-
ments that coincide with the finding of XPS that the Mn?* content decreased in shells.

4.5. In-Situ Surface Effects during ETEM Experiments

4.5.1. Imaging

The evolution of LiMn,Oy4 particle surfaces under the influence of water and electric
potential was studied in imaging and spectroscopic ETEM experiments. Being precise,
the conditions of electrochemical experiments could not be simulated in these experi-
ments. However, they enable to study in-situ how the material behaviour is affected
by the presence of a water atmosphere (and inevitably an electron beam).

The experimental set-up, which is described in Section 3.2.1, allows controlling the
partial water pressure around the sample as well as to change the electrical potential
versus the electron microscope chamber. Two experiments have been carried out fo-
cusing on high resolution imaging and on EELS.

High resolution videos of one particle (size 35nm), that was oriented in (10-1) zone
axis, were taken under different conditions. In high vacuum, the particle shows clear
periodic contrasts that extend to sharp, faceted surfaces that have sporadic steps with
3.5 A size (Fig. 4.21) which is preserved under ongoing illumination. The zone axis was
determined from a Fourier transform of the image in Fig. 4.21a.

Introducing water in the microscope chamber leads to contrast changes in the centre
and at the surface (Fig. 4.22), while the grid was held at the potential of the TEM cham-
ber. A periodic structure is still visible in the centre, but surface layers with thickness
up to 14 A formed where the periodicity is not continued (Fig. 4.22b). Additional con-
trasts overlay the lattice structure in the centre. The initial facets of the particle are
still present in the same orientation, but particle edges are less sharp and the surface
roughness increased. Ongoing illumination with the electron beam did not lead to no-
ticeably progression of these effects. Possible explanations for the observed contrast
changes in water atmosphere are surface amorphization, recrystallization of domains

in the particle, or carbon contamination formation.
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(a) (b)

Figure 4.21.: High resolution TEM image of a LiMn,O4 particle in pristine state in (10-
1) zone axis under high vacuum conditions (a) and detailed view of bot-
tom right corner showing surface structure (b).

(a) (b)

Figure 4.22.: High resolution TEM image of a LiMn,Oy4 particle in pristine state in (10-
1) zone axis in water vapor (0.2 mbar (a) and detailed view of bottom right
corner showing surface structure (b).
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(a) (b)

Figure 4.23.: High resolution TEM image of a LiMn,O4 particle in pristine state in (10-
1) zone axis in water vapor (0.2 mbar with applied potential of 2V (a) and
detailed view of bottom right corner showing surface structure (b).

Applying a potential of 2V causes a further decrease of periodic contrast in the centre
of the particle and an extension of the disordered surface regions to 25A. A detailed
view of the particle corner is shown in Fig. 4.23b. Changes of the crystal structure have
been mapped by measuring the lattice plane distance d in Fourier transformed images.
Therefore, the distance of two sets of opposing reflexes was measured in the first and
last image of taken image series (see Fig. 4.24a). The lattice constant was determined
using the relation Eq. (3.8), a possible mismatch of the microscope’s magnification cal-
ibration was corrected such that the average lattice constant of measurements in high
vacuum state matches the one determined by XRD in pristine state. Fig. 4.24b plots the
evolution of the lattice constant measurements versus the experiment time. The pres-
ence of water in the microscope chamber is marked by colour, measurements while a
potential was applied to the sample are indicated by a dot-pattern.

Although the uncertainty of the lattice constant measurement increases because the
noise in the Fourier pattern increases with degrading atomic contrasts, a systematic
trend to smaller lattice constants is apparent if water is introduced in the microscope
chamber and more pronounced if an external potential is applied. Because of the un-
certainty of the diffraction spot position determination, the lattice constants are less
exact than XRD.
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Figure 4.24.: High resolution TEM image of a LiMn,O4 particle in pristine state in (10-

1) zone axis in water vapour (0.2 mbar with applied potential of 2V (a)
and detailed view of bottom right corner showing surface structure (b).

4.5.2. Spectroscopy

A second ETEM experiment focussed on locally resolved STEM-EELS to investigate
the influence of water and potential on the particle’s structure. Since the particles are
not stable under high electron doses (see Section 4.1), no more than 3 scans should
be performed on a single particle. Therefore, suitable particles were selected on the
sample, characterized in high vacuum state and then either measured under water or
water-potential influence.

EEL spectra in high vacuum, plotted in Fig. 4.25a, from particle surfaces show iden-
tical behaviour as previous measurements of pristine particles (see Section 4.2). This
indicates, that the shell defect structure with Mn defects in tetrahedral sites is present
at the start of this experiment. Bulk spectra differ from previous measurements of pris-
tine particles by a shift of the O K and Mn L edge to higher energies (see Fig. 4.25b) by
approx 1eV and by an increase of the O pre-peak intensity. In addition, an increase of

402(7)+ is found, while the values of surfaces increase

the average bulk valence to Mn
to Mn>1()+_ Both values are higher by 0.3 than obtained in previous experiments in

high vacuum on the identical sample material (see Section 4.2).

Scanning particles in water atmosphere lead either to particle degradation or to shell
oxidation. Particle degradation appears as a strong change of the shape, including loss
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Figure 4.25.: EEL spectra of pristine LiMn,O4 particles in high vacuum. Representative
spectrum of one particle during pre-characterization in the ETEM exper-
iment, showing a core-shell structure (a). Comparison of core spectra of
(a) with an EEL core spectrum from previous STEM measurements (b)

of facets and a reduction in particle volume. An example of a degrading particle is
depicted in Fig. 4.26. Initially, a hollow sphere is observed around the particle, that is
similar to previously observed effects of contamination (see Fig. 4.3a). This is accom-
panied by a significant reduction of the Mn oxidation state at the core (see particles 3
and 5 in Fig. 4.27b) and an increase of the particle diameter from 33 nm in high vac-
uum to 35 nm in HyO before scanning with the electron beam and finally to 30 nm after
scanning in H>O, including the contrast of contamination.

Particles showing degradation have not been investigated further in ETEM experi-
ments because it is not possible to study the influence of an applied potential sys-
tematically on these cases. However, particles that did not show signs of degradation,
consistently showed surface oxidation when scanned with the electron beam in wa-
ter atmosphere, while the core oxidation state remained unchanged. Shell oxidation
is indicated by an increase of the O pre-peak intensity and a shift of the Mn L3 inten-
sity to higher energies (see Fig. 4.27a) as well as in Mn valence values. The average
Mn valence changes at the surface of stable particles to Mn*%7(2)+ and at the core to
Mn#*06(2)+ Spectra and valence values show that the surface valence approaches the
core state. (Fig. 4.27b). Major differences between core and shell are that the O K-edge
at energies of 540 eV has twice the intensity compared to the core and high vacuum
state.
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(b)

Figure 4.26.: EEL spectra of LiMn,Oy particles used in ETEM experiment during pre-
characterization in high vacuum. Representative core-shell spectra of one
particle (a) and comparison of the core spectra with previous measure-
ments on the same material(b).
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Figure 4.27.: EEL core and shell spectra of LiMn,O4 in water atmosphere of 2.7 mbar(a).
Evaluated Mn valence measurements of core and shell in high vacuum
state (open squares) and after second measurement in water atmosphere
(crosses) (b). Particles 6 and 7 have not been characterized in water, parti-
cles 3 and 5 showed degradation as depicted in Fig. 4.26.
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Figure 4.28.: EEL core spectra of a LiMn;O4 particle in water atmosphere of 2.7 mbar
under application of a potential sequence of [0V,10V, 0V, —10 V]. Inten-
sity differences of spectra with applied potential and the initial spectrum
in water.

The reaction of the particles to an electric potential, that was applied on the support-
ing grid, was studied on one particle that showed good stability after a scan in water.
Potentials were applied in a sequence of [0V, 10V, 0V, —10V]. Particle cores do not
show changes bigger than differences observed between measurements on different
particles, if a potential is applied (Fig. 4.28a). The maximum intensity change is 5% at
the O K-edge and 9% at the Mn L3 edge (Fig. 4.28b). The Mn L peaks shift to slightly
higher energies, and the intensity of the low energy shoulder at the Mn L3 peak de-
creases. This is reflected by an increase of the O pre-peak and Mn L3 peak distance,
which is translated to an increasing Mn valence: [3.99; 4.08; 4.08; 4.17].

Similar trends are observed at the particle surface in Fig. 4.29, with the exception that
the O intensity at 540 eV increases by a factor of two with an applied potential of —10V.
The Mn valence values for the potential sequence are [4.06; 4.12; 4.19; 4.20] which is
slightly higher than the bulk values. It has to be pointed out that the apparent decrease
of the oxygen pre-peak intensity when a potential is applied has to be considered as
an artefact. All spectra are normalized by the intensity maximum, which is the Mn
L3 peak. A higher amount of contamination leads to an increase of the background
intensity, which is not corrected for before normalization. A higher background at the
Mn edge will thus lead to an artificially decreasing relative O pre-peak height.

Previous studies reported that the electron beam itself induces a potential in the sam-

ple due to secondary electron emission.!'*>*] Thus, it has to be considered, that the
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Figure 4.29.: EEL shell spectra of a LiMn,Oy4 particle in water atmosphere of 2.7 mbar
under application of a potential sequence of [0V,10V,0V, =10 V].

effects observed in water atmosphere are partially caused by electron beam effects. As
a consequence, particles were studied after the microscope reached high vacuum state
again, to be able to differentiate to what extent the electron beam causes the observed
reaction in water.

Images and spectra of two particles showing different behaviour are presented in Fig. 4.30.
In one case, the typical core-shell structure that is present in pristine particles is still
found after potential application in water atmosphere (see Fig. 4.30a, and Fig. 4.30b).
The Mn oxidation state changes accordingly to Mn®?2* in the shell and Mn3%** in the
core, which is in the range of values of the pre-characterization in high vacuum state.
The shell spectrum however has a higher intensity at O K-edge energies at 535eV to
550 eV that can be attributed to contamination formation as discussed in Fig. 4.3a.

A different behaviour is observed in Fig. 4.30c, and Fig. 4.30d. The intensity is not
homogeneous across the particle and compared to the initial characterization in high
vacuum, the diameter increased from 33.8nm to 36.7nm. Combined with the high
shell O K edge intensity and the absent O pre-peak (as inFig. 4.15) a high amount of
contamination formation is expected. The core Mn valence changed from Mn3*%* to
Mn327* after the experiment, while the shell valence could not be measured because
of the missing O pre-peak.

ETEM experiments in water atmosphere show that LiMnyOy particles behave differ-

ently under the influence of an electron beam in water atmosphere than in vacuum.

Effects that have been observed are a change of surface contrast of a single crystalline
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Figure 4.30.: STEM images and EEL spectra of particles at the end of theETEM experi-
ment after the instrument was set in high vacuum state again. Both par-
ticles had not been illuminated with the electron beam in the water atmo-
sphere. The particles of the spectra in (b) and (d) are marked in (a) and

(©).
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particle either due to contamination formation, amorphization or domain formation,
while shell oxidation was observed in STEM-EELS experiments. In addition to particle
shell oxidation, particle degradation has been observed when particles were scanned
with the electron beam in water atmosphere. Particles that were stable under the elec-
tron beam did not show a clear reaction to an applied potential. While shell oxidation
did not occur without the influence of the electron beam, particle degradation has been
observed, although the material has not been scanned with the electron beam in water
atmosphere.
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5. Discussion: Particle Structure

5.1. Shell Structure of Pristine and Delithiated Particles

Pristine and delithiated particles have a core-shell structure. EELS and XPS measure-
ments show that Mn is in a reduced oxidation state in a 2nm to 4 nm thick shell layer.
It was found that the Mn /O ratio in the shell is higher than expected for bulk LiMn,O4,
that Mn is present as Mn?", and that the fine structure of the O K edge in shell EEL
spectra differs notably from core spectra. In the following paragraphs, the structure of
the shell will be explained as an epitaxial layer that contains tetrahedrally coordinated
Mn?t.

Mn reduction at LiMn,O4 surfaces has been observed in several publications and at-
tributed to O vacancy formation!*"] or the occupation of tetrahedral sites by

Mn?2+, [B1=83,85125, 1371 1t was proposed that MngOy formation explains formation of Mn
rich surfaces. Mn3Oy shares the close-packed oxygen lattice with cubic spinel LiMnyOy4
(see Fig. 2.7). In contrast to LiMn;O4, Mn resides in both octahedral and tetrahedral
sites in Mn3Oy. Tetrahedrally coordinated Mn has the oxidation state Mn2t, while

1351’ As a conse-

octahedral sites are populated by Mn3*, which is Jahn-Teller active.!
quence, the unit cell has tetragonal symmetry with lattice mismatches of 1% (a, b)
and 14.6% (c), concerning the cubic spinel (a=b=c).1”’] If Mn30y4 forms on LiMn,Oy4
surfaces, it should be discernible by its tetragonal crystal structure. However, except
after several cycles of electrochemical de-/lithiation, a direct observation of the MnzOy4
crystal structure in the LiMn,O4 phase has not been made. [53] XRD measurements pre-
sented in this work (see Fig. 4.5) did not show any indication of tetragonal MnzO4
peaks albeit having high quality. In combination with high resolution TEM measure-
ments and shell EEL spectra discussed in the next paragraphs, tetragonal Mn3Oy4 for-

mation at surfaces in not a conclusive explanation.

Instead, high resolution TEM images show that an epitaxial relation exists between
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Figure 5.1.: Relative changes of the Mn-Mn distance in a tetrahedral Mn containing
surface layer and in a tetrahedral Mn free region deeper in the sample. The
region where tetrahedral Mn contrast was present in HAADF images is
marked blue. Plotted data is extracted from Fig. 3e in ref. [82].

core and shell, indicating that the shell has the cubic spinel crystal structure. That
an epitaxial relation exists between core and surface agrees with a previous analysis
on identical samples!”’l and with other TEM studies of LiMnyOg.1%"#>%%1%71 An anal-
ysis of the lattice fringes in Fig. 4.5b reveal that the mismatch of in- and out of plane
lattice constants comparing core and shell does not differ by more than 2%, which is
much smaller than expected mismatches of Mn3zO4. In addition, Fig. 5.1 shows a plot
of Mn-Mn distances in out of plane direction that were extracted from STEM images
of LiMn,QOy surfaces reported by Gao et al.[*’l. In proximity of the surface, Mn pop-
ulates tetrahedral sites, indicated in blue. Except for the topmost layer, no significant
difference of Mn-Mn distances was found compared to the tetrahedral Mn free region,
thereby ruling a tetragonal distortion out. That Mn3O4 formation is unlikely a suffi-
cient explanation for Mn rich shells in this case is also highlighted by the fact that the
measured shell Mn oxidation state of Mn??t does not fit to MnZ®*, which is the av-
erage Mn valence in Mn3Oj. Thus, an alternative model has to be found to explain the

structure of particle shells within the cubic spinel structure.

XPS measurements ruled out that significant contamination with other elements than
Li, Mn and O is an explanation for Mn reduction. That means, that the observed shell
oxidation state of Mn??(2)* can only be explained by stoichiometry variations of Li,
Mn and O. To identify what explains the shell structure best, EEL. O K-edge spectra of
possible defect structures have been simulated by Marco Eckhoffl'*"l using DFT com-
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Figure 5.2.: Simulated EEL O K edge spectra to investigate the influence of O vacancies
in LiMnyO4_; (a) and the Li occupation on tetrahedral sites (b) on spectra.
The underlying stoichiometry for simulations is included next to the spec-
tra, in case of O vacancies 4 — ¢ is depicted in the graph. Shown data was
provided by Marco Eckhoff.

bined with scattering cross-sections, comparable to the approach of Sotoudeh et al.!'""]
These are: O vacancies, Li content in tetrahedral sites and Mn defects on tetrahedral
sites. Simulated spectra are compared to measured shell spectra by fingerprinting, en-
abling to rule out oxygen vacancies and lithium content as the main reason.

Oxygen vacancies are a phenomenon which is broadly discussed in transition metal
oxide surfaces.[*!“l The effect of oxygen vacancies on EEL spectra of LiMnyO,_; was
simulated by partially removing O from the unit cell down to the formula LiMn,O35,
which corresponds to Mn®*, while the lattice constant was held at the measured 8.234 A.
Introducing oxygen vacancies does affect the O pre-peak intensity slightly but does not
lead to the pre-peak shape changes observed in shell spectra, e.g. an intensity increase
at 534 eV (see Fig. 5.2a and Fig. 5.3). As a consequence, O vacancies alone can not ex-

plain the shell spectrum shape.

The Li content can be systematically varied by electrochemical de-/lithiation in LiMn,Oy,
which directly leads to a change of the Mn oxidation state.[*’] Thus, a variation of the
Li content in the shell has been considered as a possible explanation for the observed
shell spectrum profile. Li contents greater than x = 1 in LiyMnyOy lead to a strong
tetragonal distortion of the spinel unit cell,[*’l which has been accounted for in simu-

lations. Increasing the Li occupancy on tetrahedral sites leads to a shift of the oxygen
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pre-peak to higher energies and a reduction of its intensity (see Fig. 5.2b) since less un-
occupied Mn 3d states are available. Nonetheless, the observed high intensity shoulder
3 eV above the O pre-peak onset in measured shell spectra cannot be reproduced by an
increased Li occupation, so that this cannot explain the shell structure.

Mn usually resides in octahedral sites of the cubic spinel structure with oxidation states
of Mn3" and Mn**, but has been reported to occur as Mn?" in tetrahedral sites of

B1-85,85,125, 1411931 Therefore, starting with A-Mn,O4 with totally un-

surfaces as well.l
occupied tetrahedral sites, tetrahedral sites have been partially filled with Mn and Li.
Increasing the tetrahedral Mn content leads to systematic changes in the simulated EEL
spectra that are displayed in Fig. 5.3, which are comparable to changes in shell spectra:
the O pre-peak onset shifts to higher energies, the O pre-peak height decreases relative
to the O 4sp peak and the intensity of the high energy shoulder at 534 eV on the con-

voluted O pre-peak increases relative to the pre-peak intensity.

The observed intensity increase at 534 eV by tetrahedral Mn defects can be explained
by comparing calculated DOS plots of LiMn,O4 (Fig. 5.4a) with [Mng 5]tMnyOy4 (Fig. 5.4b),
where octahedral Mn has an identical nominal oxidation state in both structures. Pale
colours indicate occupied states, while brighter colours indicate the unoccupied states
relevant for EEL spectra calculations. Eg and to, states of tetrahedral Mn are marked

in orange and turquoise, and in yellow and green states for octahedral Mn states. Ad-
ditional unoccupied e; and tp, states of tetrahedral Mn are located at higher energy
than the ones of octahedrally coordinated Mn. Thus, intensity in shell EEL spectra at
534 can be attributed to the presence of tetrahedral Mn?.

A comparison of simulated EEL spectra with the observed shell spectrum in Fig. 5.3 al-
lows identifying, which tetrahedral site occupation can reproduce the measured shell
spectrum the best. The pre-peak onset energy, its relative intensity to the main O K
peak, and the pre-peak shape are used as criteria. A Mn occupation of 0.5 results
in the measured pre-peak shape, meaning that intensity at 534 eV is smaller than at
530eV, but the pre-peak height compared to the O 4sp peak is too high. Tetrahedral
Mn occupation larger than 0.5 lowers the pre-peak intensity, but the spectrum shape
agrees less with the experimental surface spectrum. Thus, the observed shell spectra
are best explained with a mixed occupation of Mn and Li on tetrahedral sites. Based

on the displayed spectra in Fig. 5.3, the best agreement is found with the composi-
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Figure 5.3.: Effect of tetrahedral Mn on the simulated EEL O K edge before (dotted
lines) and after (solid lines) convoluting with the experimental energy un-
certainty. The energy axis of the simulated spectra are shifted to align with
the experimental O 4sp peak (dashed vertical line) shown at the bottom of
the plot. The nominal average (Av) and octahedral (Oh) Mn valences are
indicated for each spectrum. Shown data was provided by Marco Eckhoff.
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Figure 5.4.: Calculated DOS for LilMn204 (a) and [Mng 5]7Mn,O4 (b) showing the in-
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fluence of replacing Li by Mn on tetrahedral sites. Pale colours indicate
occupied states. Mn 3d states of tetrahedrally coordinated Mn are plotted
in separate colours to be distinguishable from octahedral 3d states. The
displayed data was provided by Marco Eckhoff.
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tion [LipsMng 5]tMnyOy. This structure has an octahedral Mn valence of Mn32°* and
an average valence of Mn®*, which is well within the standard deviation of the mea-
sured value of Mn??®)* by EELS. An optimum agreement with the measured aver-
age shell Mn oxidation state is found for the mixed occupation of tetrahedral sites of
[Lig3sMng 2] TMn2Oy4. This is close to the best fitting simulated EEL spectrum. It has
to be noted that it is not possible to determine an exact shell composition due to the
comparably large scatter of the shell valence measurements. Because the particles are
aligned differently with respect to the electron beam, the variations in measured shell
compositions might also be caused by a varying contribution of core signal to the shell
spectra due to different particle orientations. That would mean, under the assumption
that all shells have an identical structure, that the minimum measured shell valence

reflects the shell structure best.

An increase of the Mn/O ratio in the surface has been confirmed by XPS, where a sto-
ichiometry of Mn, 304 was evaluated in pristine particle shells. This is lower than the
proposed Mn; 6,04 by fingerprinting EEL spectra, but can be explained by the fact that
the probing depth of XIS is higher than the shell layer thickness. At the same time, XS
spectra of Mn edges showed clear evidence that a low Mn oxidation state is present,
which could be attributed to Mn%T. Thus, tetrahedral Mn defects are a suitable expla-
nation for the shell structure in good agreement with the experimental data.

The impact of delithiation on the shell structure could not be refined with high accu-
racy. Contamination as residual from the delithiation experiments which also includes
Mn makes it hard to estimate if and how particle shells change under delithiation. Still,
the core-shell structure in terms of the Mn oxidation state is present after delithiation
and particle shells are significantly reduced. Similar points, which lead to the exclusion
of O vacancies and increased Li content in particle shells, make those possibilities un-
likely as explanation for Mn reduction in shells after delithiation. Thus, it is expected
that tetrahedral Mn is still present in particle shells, which aligns well with a number
of literature reports. These state that delithiation leads to an increased population of
tetrahedral sites by Mn.[%'=]

Different possible explanations for the observed Mn reduction in particle shells have

been tested with the help of DFT based EELS simulations performed by Marco Eck-

hoff.['*1 Tt was identified that only Mn defects on tetrahedral sites are able to explain
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both, effects of shell EEL spectra and the reduced Mn oxidation state. A composition
of [Lip3sMng 62]7TMnyOy is the best fitting tetrahedral site occupation that explains the
observed shell spectrum shape and the experimentally measured Mn oxidation state.

5.2. OER Impact on Shell Structure

Mn oxidation of particle shells and an increase of the average oxidation state after us-
ing the particles for catalysing the OER has been observed by XAS, XPS, and EELS.
The spatial resolution of STEM-EELS allows locating the oxidation state increase in
the particle shells that contain tetrahedral Mn?* in pristine state. Both, XPS and EELS
measurements show that the concentration of tetrahedrally coordinated Mn?* is de-
creased after catalysing the OER. This will be explained by dissolution of tetrahedral
Mn defects out of particle shells, which occurs as a parasitic reaction during OER ex-

periments, in the following paragraphs.

Fig. 5.5 shows electrical currents observed in catalytic experiments of pristine particles.
The experimental details of this experiment are summarized in Section 3.1.3, the exper-
iments were performed by Max Baumung.**”’l Disk currents, presented in Fig. 5.5a,

include all electrical currents that pass through the electrode that contains the catalyst.

The disk currents, which are normalized by the geometric electrode area, are increased
in the potential window of 1.3V to 1.6V in the first three positive going half cycles of
the ten scans. In later cycles a steady state behaviour is approached where the expo-
nential current-potential relationship at E > 1.58 V coincides with the current onset

3,90

of oxygen evolution.[”>”"] This behaviour is consistent with previous catalytic exper-

iments on this material where manganese dissolution was identified as cause for the

increased disk currents predominantly in the first 3 cycles.[?*7%!]

Currents caused by Mn dissolution have been estimated by subtracting the j — E-curve
of the tenth cycle, where a steady state behaviour and OER dominated currents are as-
sumed, from the first three cycles. Mn loss currents during the first three cycles are
plotted in Fig. 5.5b. A total charge of 16.3 mC is ascribed to Mn dissolution by integrat-
ing the summed currents of the first three cycles. 3.5mC (21% of the total charge) have
passed the electrode before the oxygen evolution started in the first cycle at 1.58V,
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Figure 5.5.: Pristine LiMn;O4 RRDE electrocatalysis of OER. (a) Disk current normal-
ized to the geometric disk area (jsx) for cycles 1, 2, 5 and, 10 of OER in
NaOH (pH13) with an electrode ink containing the pristine powder. (b)
Estimated Mn current density obtained by subtracting the tenth cycle from
the previous ones (jzisk; — jaisk10)- The vertical line indicates the start of
OER at a disk potential of 1.58 V. Experiments were conducted by Max
Baumung.

which is indicated by a vertical line in Fig. 5.5b.

When Mn is dissolved out of the particles, formation of MnO4~ is predicted by an
E-pH diagram of Mn-H,Ol'**l in the alkaline electrolyte. This necessitates transfer of
(7 — x) electrons from the dissolved Mn*" species via the reaction

Mn*" +80H™ — Mn’"O, +4H,O + (7 — x)e~, (5.1)

where x describes the initial Mn oxidation state prior to dissolution. To confirm Mn?*
dissolution from the shell as cause for shell oxidation, the total amount of Mn dissolu-
tion has to be estimated.

The shell volume share was previously estimated with 20%. The overall composition,
including core and shell, was assumed to be stoichiometric LiMn;O4, which agrees
with the measured average Mn oxidation state of Mn3-52 by XAS (see Table 4.1). Thus,
the average molar weight of the nanoparticles is 179.82 gmol~'. A portion of 5.59 x
10~8 mol belongs to the surface layer when the total catalyst loading is 2.8 x 10~ mol.
Based on the shell composition of [Lip3sMngg2]rMnyO4 the amount of tetrahedral
Mn?T in the catalyst is 2.8 x 10~® mol. According to Faraday’s law, a total charge trans-
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fer Q is necessary in an electrochemical reaction with a charge transfer of z and amount

of material n,,,,;,,

Q =Fz- Noles (52)

where F is the Faraday constant. If all tetrahedral Mn?* is leached out of the shell
(z = 5), a charge transfer of 16.4 mC would be expected, which agrees very well with
the measured 16.3 mC Dissolution of other Mn species is less plausible. Loss of Mn**
would not be able to explain the observed reduced amount of tetrahedral Mn and dis-
agree with shell oxidation. The amount of Mn3" dissolution, that would result in the
measured shell oxidation state, makes a charge transfer of 9.53 mC necessary. That
agrees less with the exhibited currents and the fact that EEL O K spectra and XPS Mn

2p spectra indicate coherently a reduced amount of Mn?*.

This current analysis supports the picture that the majority of tetrahedral Mn defects
gets dissolved out of the shell during electrochemical cycling in the potential window
of 1.4eV to 1.7eV, which causes an increase of the average and octahedral Mn oxi-
dation state. Dissolution of all tetrahedral Mn would lead to a shell composition of
[Lip3sMngo]tMnyO4 and to an average valence of Mn381+  which deviates more than
the standard deviation of the measured Mn oxidation state of Mn>>)* by EELS of
cycled particles. Because Li prefers to maximise the distance between individual ions

[32,33,6(

in the structure, Tit might be preferred that Li diffuses from the core to the shell,
if tetrahedral sites are made available by Mn dissolution. Reported Li diffusion co-
efficients range from 1 x 10~ cm?/s to 1 x 10712em?/s in LiMnyOy. #5141 Thus,
diffusion lengths of approximately 2 um are possible within two hours, which is ap-
proximately the time between electrochemical cycling and the TEM experiments. The
distance from core to shell of 30 nm can be covered by Li ions within 0.2 s, whereas one
cycle in OER experiments takes 50s. A study by Erichsen et al.['"*] tracked lithiation
kinetics in LiMn,O4 and showed that a lithiation front in LiMn,O4, which involves a
tetragonal phase transformation, moves on micrometer scale in the time of one OER
scan. This means that complete Li redistribution is possible across one nanoparticle in
that time. Based on the assumption of a Li content on tetrahedral sites of x = 0.38 in
the shell and of x = 1 in the core prior to catalysis, a homogeneous Li content on all
available tetrahedral sites of x = 0.88 is expected after Mn?* leached out the shell. This

leads to an estimated shell composition of LipggMnyO4 with an average Mn valence of
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Mn3+ after OER catalysis, which fits the measured Mn3>" well. An increase of the
core oxidation state of 0.06 is expected if Li diffuses out of the core. This agrees well

3.72+

with the measured slight increase of the Mn core oxidation state from Mn prior to

catalysis to Mn378" after OER catalysis.

When tetrahedral Mn is present, it contributes to an average valence value that is mea-
sured by EELS. Under the assumption that tetrahedral sites are either occupied by Li
or Mn in pristine particles, hence [Lil,tMn%Jr]Mny TQy, the effect of tetrahedral Mn on
the octahedral valence y can be calculated via the measured average oxidation state

Vmn with the charge neutrality condition.

5
Vit — 1
f

y=35-; (5.4)

t= 2 (5.3)

EELS shell valence values predict a shell composition change from [Li0_38Mn322]Mn3'19+O4
to [LiolggMn5+]Mn3'56+O4 after OER, which involves a change of the octahedral Mn ox-
idation state by 0.37.

As average over the whole particles, an increase of the bulk Mn oxidation state by 0.2
after electrochemical cycling has been observed in XAS measurements as well, while
EELS indicates that the particle core remains close to the pristine oxidation state of
Mn372t, As depicted in Fig. 5.6, a core-shell model, with an assumed shell volume
share of 20%, results in good agreement between the calculated average Mn valence

values from EELS compared to ensemble XAS valence measurements.

In addition to Mn loss from LiMn,Oj in electrocatalytic experiments,”*”"”!] Mn leach-
ing is predominantly discussed, when this material is used as cathode in battery cells,
as acid induced disproportionation of Mn®*. It is assumed that Mn?* is dissolved in
the electrolyte via the reaction:

3+ 2+ 4+
2Mn_ ., — Mn +Mn_ ., (5.5)

solution

where octahedrally coordinated Mn3t leaches out of LiMn,O, surfaces.[?/135147-150]

This reaction is often discussed as being initiated by F-Mn3* bond formation, which

133,148,151-153

weakens Mn adhesion to the crystal.| 1Tt has to be mentioned that the con-
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Figure 5.6.: Comparison of FELS and XAS based Mn valence calculations versus the
measured Li content of the composition LiyMnyO4. The average valence
of EELS was calculated using a core-shell model with a shell volume share
of 19%. XAS valence values of delithiated samples are taken from Bau-
mung!**]. Valence measurements of pristine particles after catalysing the
OER with nominal x = 1 are depicted in the right panel. XAS experiments
were conducted by Max Baumung.

ditions under which Mn loss was observed in OER experiments cannot be compared
to the ones in battery cells. Instead of using an organic, non-aqueous and acidic elec-
trolyte as in battery cells, the OER experiments are carried out in alkaline, aqueous con-
ditions. Mn dissolution was attributed to Mn?*, which is already built in the crystal
structure, instead of Mn®* disproportionation. Since the free energy of Mn?* dissolu-
tion in neutral water is approximately half of that of Mn3", it is expected that tetrahe-
drally coordinated Mn?* is preferentially dissolved out of LiMnyOy surfaces.!'>'l This
is in full agreement with the presented picture about the origin of Mn dissolution OER.

Formation of tetrahedral Mn in LiMn,O4 surface regions has been reported in bat-
tery experiments as well if LiMn,Oy is delithiated. This was described as a reversible

process, where the concentration of tetrahedral Mn decreased after subsequent lithia-

-83

tion.["=] The mechanism of reversible formation of tetrahedral Mn containing surface

layers under de-/lithiation is not understood in detail yet. It is assumed that such sur-

face defects form because LiMn,O4 surfaces are not stable thermodynamically, [27,81,154]

or that population of tetrahedral sites by Mn is induced by strain.[*’]

Two possibilities
have been discussed for the reversible formation of defect surface layers, which are

either complete decomposition in the battery electrolyte, or dissolution of Mn on tetra-
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hedral sites only.l"'l The calculated parasitic currents during OER catalysis agree well
with the latter, if Mn rich surfaces are degrading. However, a reaction of tetrahedral
Mn only can not explain how a Mn rich surface layer can initially form, if no Mn source
is available. It can be stated, that dissolution of tetrahedral Mn requires a charge trans-
fer and happens only at potentials greater than 1.3V in RRDE experiment. The test

experiments show that Mn defects in the shell are a stable in the alkaline electrolyte.

As a result, dissolution of tetrahedral Mn defects, predominantly in the first three cy-
cles of OER catalysis, explains the observed oxidation of Mn in the shell well. Disso-
lution of tetrahedral Mn leads to an increase of the average Mn oxidation state in the
shell by 0.6 and of the octahedrally coordinated Mn by 0.37.

5.3. Core Effects and Induced Shell Strain

XRD measurements showed that pristine particles have the expected cubic spinel struc-
ture. However, the measured core oxidation state of Mn>72* in pristine particles devi-
ates from the expected Mn3°*. In the following paragraphs, it will be discussed how
the increased core oxidation state can be explained and what amount of strain is ex-
pected from an epitaxial core-shell relationship.

Lattice constants that were reported for stoichiometric LiMn,Oy4 are larger than the
measured a; = 8.234(2) A. An average of 8 published lattice constants gives a =
8.241(8) A with a range of [8.225 A:8.251 A].[%>455,57,58,75,155,1501 759, of the reported
values are larger than 8.24 A. Differences larger than 0.07 A are bigger than the exper-
imental uncertainties. It could be demonstrated that Mn valence altering bulk defects,
such as O over- or under- stoichiometry or replacement of Mn by Li on octahedral sites,
affect the lattice constant of LiMnyOy4. As an approximation, a linear relationship exists
between the lattice parameter and the Mn3* content!'”] or the Mn valence. Higher Mn
oxidation states lead to smaller lattice parameters, which was summarized for a num-
ber of defect structures in Fig. 2.7. The high amount of scatter shows the difficulty to
determine the exact defect structures, stoichiometry and the resulting Mn oxidation
state.

A core oxidation state of Mn3”* was measured by EELS, which is higher than the ex-
pected Mn32* for stoichiometric LiMn,Oy4 and means, that a smaller lattice constant
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between a = 8.19 A and a = 8.22 A is expected on the basis of the just mentioned trend.
This is smaller than the measured a = 8.234(3) A. As described in Section 2.3.2, both Li
replacing Mn on tetrahedral sites and cation vacancies can account for an increased Mn
oxidation state in spinel bulk structures. [7475] Bagsed on the Mn oxidation state, a value
of x = 0.15 would be expected in the case of Li rich Li;,Mny_,Oy spinels. A Li rich
core would not only explain the observed oxidation state, but also that no orthorhom-
bic transition was identified in temperature dependent XRD measurements.[*’1. A shift
of the transition temperature of the cubic to orthorhombic transition to lower values

was observed with increasing Mn** concentration.[*]

At the same time, a smaller average Mn oxidation state of Mn?“* was found in particle
shells. Based on the trend in Fig. 2.7, an equilibrium lattice constant of ag,;; = 8.3 Ais
extrapolated for this oxidation state in the cubic spinel system. A shell stoichiometry of
[Lig38Mng 62]TMnyO4 was estimated by fingerprinting EEL spectra and the measured
average shell oxidation state of Mn. Since an epitaxial relationship exists between core
and shell, the difference between the expected core and shell equilibrium lattice con-
stants leads to compressive in-plane strain in the shell and tensile strain in the core. The
amount of strain was estimated using a strain model for spherical core-shell nanopar-
ticles.['51 A particle with a diameter d = 65 nm, a shell thickness of dgj,;; = 4nm and a
Poisson’s ratio of 0.311°"1 was used in the calculations. This results in an expected strain
of 0.12% for the core and an in-plane stress in the shell of -1% and an out of plane stress
of 0.93%. Combined, the expected lattice constant of the core is a¢yre = 8.215 A and an
in-plane lattice constant of agp;—;, = 8.215 A. The resulting lattice parameters are still
smaller than the experimentally determined value, but still in the range of the scatter
oa = 0.03 A of reported lattice constants for one oxidation state in Fig. 2.7. The neg-
ligible in-plane lattice constant mismatch fits well to the amount of inhomogeneous
strain that was evaluated from XRD data (see Fig. 4.4b). The out of plane lattice con-
stant mismatch of 2% compared to the core is larger than the strain estimated by XRD,
while the estimated core strain fits well to the amount of measured inhomogeneous
strain. That the estimated variation of lattice constants by the FWHM of XRD peaks
did not indicate this strain component is likely explained by the small scattering vol-
ume of the shell. According to Scherrer broadening a FWHM = 2.6° is expected by
the out of plane shell size of 4nm, which is much larger than the FWHM of the main
peaks of about 0.15°. As a result of the small scattering volume of the shell, it is not

possible to resolve the shell strain components by XRD, which has been confirmed in
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personal communication with Dr. Helmut Klein and Dr. Heidrun Sowa. The estimated

strain values are smaller than the resolution limit of strain measurements by HRTEM
of 2%, [160]

The shell Mn oxidation state and defect structure of particle shells did not exhibit
significant changes after delithiation, while the core oxidation state increased due to
delithiation. This means that the difference between core and shell oxidation state in-
creases, which should lead to an increase of strain in the shell. A lattice constant of
Ay_0025 = 8.0907 A was reported for the x = 0.25 sample. If that value is taken as the
core lattice constant, a core strain of 0.28%, a shell in-plane strain of —2.3% and a shell

out of plane strain of 2.1% is estimated using the particle strain model.

A shell volume share of 20% was estimated by comparison of valence measurements
by XAS which represent an average over a bulk set of particles with calculated average
values on the basis of EELS measurements. The composition of core and shell of the
particles needs to deviate from LiMn;Oy to explain the measured oxidation states. A
core composition of Lij ;5Mn; g504 and a shell composition of [Lip3sMng 2]7MnyOy4
were estimated as a possible explanation for core and shell structure. In the core-shell
model, this leads to an average composition of Lig 996Mny 0904O4, which is very close to
the nominal composition of LiMn;Oy4 given by the manufacturer.

5.4. ETEM Experiments

In-situ ETEM studies show identical behaviour after a water atmosphere has been in-
troduced in the microscope chamber (see. Fig. 4.27) along with a significant increase of
the Mn oxidation state in the shell. An increase of the Mn oxidation state is the oppo-
site of electron beam induced effects in high-vacuum, where repeated scanning leads
to a reduction instead of an oxidation of Mn (see Fig. 4.3). Therefore, this behaviour
does not need to be discussed as an artefact of the measurement, but as an effect of the

water atmosphere.

Core spectra of particles in water atmosphere do not change under the presence of wa-
ter, but have a lower intensity in the range of 535eV to 545 eV compared to the shell.
The particle thickness is lower in the shell by a factor of three, so that a thin layer

of water or contamination will have more weight in the normalized spectrum signal.
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This signal increased significantly after a potential of —10V was applied to the sample
grid, which indicates that the layer thickness increased due to a potential effect (see
Fig. 4.29). The same particle has been illuminated with the electron beam beforehand,
using identical beam conditions, which did not lead to an intensity increase. An elec-

tron beam influence alone thus can not explain the sudden rise in the fourth scan.

An increased O intensity in this energy region has been observed in high vacuum and
was attributed to electron beam induced contamination (see Fig. 4.3a and Fig. 4.1b).
Since LiMn;O4 EEL spectra have a pronounced fine structure at energies of 535eV to
545eV, the additional intensity that is observed in shell spectra under water atmo-
sphere was extracted by subtracting the core from the shell spectrum of Fig. 4.27 and
compared to Fig. 4.3a, which is plotted in Fig. 5.7 along with a reported EEL spectrum
of water at room temperature. The extracted signal agrees very well with the EEL O
edge of contamination, which built up after repeated scanning with the electron beam
(see Section 4.1). At the same time, the peak position of water agrees well with the
signal in Fig. 5.7a, so that the origin of the additional intensity can not be attributed
solely to water and/or electron beam induced contamination based on the spectrum

shape.

The oxygen atom number density in LiMnzO4 of 0.1 mol/cm? is comparable with the
one of water (0.11mol/cm?®). Under the assumption that the intensity in the energy
range of 535eV to 545eV of the O K-edge is proportional to the density of oxygen
times sample thickness, it can be estimated how thick a water layer has to be to cause
the additional signal of Fig. 5.7a. It is assumed that the O/Mn ratio is equal in core and
shell after water contact, since presence of additional tetrahedral Mn contradicts the
measured Mn valence state of Mn**. The additional oxygen signal is defined here as
area difference of integrating a normalized core and shell spectrum (in Fig. 4.27) from
535eV to 550 eV. The O intensity is higher by a factor of 1.9 in the shell. If due to water,
a water layer with thickness ty,0 = 0.45 - tjvn,0, Would be necessary to explain the
additional signal. The relative sample thickness /A in shell regions is extracted from
the low-loss spectra, where A describes the inelastic mean free path of the electrons,
which is 155nm in LiMn,O4 and 210 nm in H,O (simulated using QUASES!'°l) and
300kV acceleration voltage. The average thickness of the shell in Fig. 4.27 was cal-
culated to be 18.6 nm using A of LiMn,Oy4, of which 4.4nm would correspond to the
thickness of a water layer on top and bottom of the particle.
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Figure 5.7.: Difference of normalized core and shell EEL spectra shown in Fig. 4.27 (a)
(black) compared to a spectrum of contamination that built up in high vac-
uum EELS experiments. Both spectra were normalized and smoothed for
better comparison. (b) Reported EELS O K edge of water encapsulated
in graphene. Reprinted with permission from ref. [161] Copyright 2019
American Chemical Society.

Formation of thin water layers at pressures lower than the equilibrium water pressure
has been studied on manganites.!'°>'%’] Thereby, the water coverage depends on the
surface energy of the manganite surface,['*’l which is dependent on the termination
and orientation of the surfaces in LiMnyOy4 but has a maximum of 1.3]/m2.1”’1 At the
experimental water partial pressure of 2.4 mbar, a coverage of 3.6 monolayers of water
is expected as maximum.!'*’] The thickness of a monolayer of water was determined to
be 0.25nm.['%’] This means, that the water layer thickness, that can explain the higher
oxygen signal in shell EEL spectra, is approximately four times higher than the upper
limit of expected water layer thickness formation. As a consequence, the additional in-
tensity has to be explained to a bigger extent by contamination formation, presumably

by amorphous carbon deposition, than by an expected water layer.

Comparing of Fig. 4.26a and Fig. 4.27a shows that the water atmosphere in the micro-
scope enhances contamination formation at particle surfaces, which is accelerated if a
potential is applied (see Fig. 4.29). The observed contrast changes in high resolution
experiments after water has been introduced in the microscope chamber, which got

more pronounced after a potential was applied to the sample, have to be considered
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being caused by formation of dirt, rather than by amorphization of the surface.

Oxidation of particle shells has not been observed in high vacuum conditions, which
highlights that water has to be part in this reaction. If scanned with the electron beam
in water atmosphere, the shell oxidises similar to what has been observed due to OER
catalysis. Indeed, exposure to the electron beam is critical to cause this reaction. This
is highlighted by the data presented in Fig. 4.30b. Although, the particle experienced
water atmosphere and applied potential, no shell oxidation was found when scanned
with the electron beam only in high vacuum. Electron beam dependent chemistry has

[135,136,

been observed in previous ETEM experiments. 4] Generation of secondary elec-
trons in the sample can lead to accumulation of positive charge and thus to potential

formation in the sample.

The electrochemical conditions in the ETEM deviate to a great extent from RRDE ex-
periments by the absence of an electrolyte and uncontrolled pH of the sample envi-
ronment. While OH™ dominates in conducted cyclic voltammetry experiments using
a NaOH solution with pH= 13, positively charged H3O™ is the more frequent species
under ETEM conditions. Thus, a direct comparison to the effects of electrochemical

experiments cannot be made.

5.5. Summary Particle Structure Effects

LiMn,Oy4 nanoparticles that were used in this work exhibit a complex microstructure,
which reacts differently to electrochemical treatments. This behaviour is summarized
in Fig. 5.8. It was shown that pristine particles are single crystalline but have a core-
shell structure in terms of stoichiometry, site population and Mn oxidation state. The
shell contains Mn defects that replace Li on approximately 2/3 of the 8a-tetrahedral
sites and lead to a reduction of the average Mn oxidation state and the one of octa-
hedrally coordinated Mn. This kind of defect structure is a frequently observed be-

g [81-83,85]

haviour in LiMn;O4 surface region Mn in the core of the particles is oxidised

compared to the expected oxidation state of Mn®>>*. That was attributed to a Li rich
phase in the core, that is frequently observed in cubic spinel LiMnyQy.[>%747%/165-167]
The dependency of the lattice constant of the Mn oxidation state causes strain of about
1% in the shell due to the epitaxial relationship between core and shell.

Electrochemical delithiation led to the expected increase of the core Mn oxidation state,
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Figure 5.8.: Summary graph of how different electrochemical treatments affect the core
and shell Mn oxidation state and strain.

however the defect structure of the shell remained. Since delithiation involves lattice

contraction,*’! an increase of strain in the shell up to 2.3% is expected.

An opposite behaviour was found if the particles were used to catalyse the OER. The
significant increase of the shell Mn oxidation state could be attributed to dissolution of
tetrahedral Mn?" in the first three electrochemical cycles, leading to a smaller differ-
ence of core and shell Mn oxidation state. The core oxidation state did only increase
slightly after OER catalysis, which was explained by reordering of the Li distribution
over tetrahedral sites. As a result of the better agreeing core and shell Mn oxidation

states, a smaller amount of shell strain is expected after OER catalysis.
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6. Discussion: OER Activity and Bulk
Descriptors

An established approach to understand what influences the activity of a material that
is used for catalysing the OER and ORR, is to assess the binding energies of reaction
intermediates of OER /ORR on the surface of the catalyst.[''*>°%1%] This is condensed
in the Sabatier principle, which states that an optimum catalyst surface binds neither
too weak nor too strong to important reaction intermediates. Assuming a linear rela-
tionship between binding energy and overpotential leads to a volcano shaped activity
relationship with the binding energy. Since binding energies are difficult to determine

g[15,16

in experiment °I correlations between material and binding energies or catalytic

behaviour have been established so far to describe a material’s catalytic activity and

to predict highly active catalysts. Those descriptors often base on electronic properties

%151 number of outer electrons, °] oxygen 2p-band centre, 2051 or
y

[10,4

like eg-occupancy,[

%1 But also crystal structure based descriptors, e.g. metal-
17]

metal-oxygen covalence.
oxygen bond length or angle, have been taken into consideration. !

) b}
[910,12,16] and a clear

Often, these correlations are based on the catalysts bulk properties
statement about how these are connected to the properties of the surface is elusive.
Since catalysis is a process that is happening at the catalysts surface, it has to be as-
sumed that surface properties play the major role for effectively transferring electrons
to or from the adsorbed reaction intermediates. The results presented in this work
show that bulk and surface properties can differ vastly in LiMnyOy4. The surface stoi-
chiometry, electronic structure and strain state do not only differ from the bulk or core,
they also evolve differently under electrochemical treatment. Delithiation changes the
bulk Mn valence and hence the e, occupancy, but no significant shell oxidation could
be detected. On the other hand, the e; occupancy changes under electrochemical cy-
cling in the shell, whereas it stays constant in particle cores. Thus, using for example

16

bulk Mn e, occupancy, which is an established descriptor in spinels,['°! will inevitably
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mislead the interpretation of catalytic activity of this material because surface proper-

ties are independent of the bulk.

Furthermore, it was concluded that the surface Mn e; occupancy changes significantly
in the first three cycles, which shows that the value of a descriptor can change during
catalysis. This clearly limits the reliability of a steady state bulk descriptor. Other ex-
amples show that the surface termination of LaNiOj3 thin films has a large impact on
the measured activity,[”’! although the underlying bulk structure is identical. The fact
that activity of RuO, and IrO, depends on the surface orientation[*’"'”"l also highlights
that a single bulk descriptor is not able to describe the catalytic activity of a surface

accurately.

From this perspective, it is surprising that application of bulk material properties has
been successful in establishing activity-property correlations in specific material sys-
tems. In fact, the bulk and surface structure are to some extent connected, which en-
ables to find correlations between bulk properties and catalytic activity. In this case,
the shell crystal structure obeys the core through an epitaxial relationship, meaning
that structural parameters like bond lengths are likely to be similar at particle surfaces.
In contrast, the e occupancy varies and predicts a tetragonal shell structure. Thus, the
core imposes compressive in-plane stress to the shell. Since strain alters the electronic
structure of transition metal oxides, e.g. the O 2p band centre or preferential occupa-
tion of ey orbitals (details in Section 2.2.5), the shell electronic properties are affected
by the core influence. Other examples, where bulk measures relate to surface proper-
ties, are correlations of the adsorption energies with the bulk formation energies of a
material,['”] or between the bulk and surface O 2p band centre position relative to the

['71] Nonetheless, these correlations have only been tested for stoichiomet-

Fermi level.
ric surfaces, but did not take into account that the equilibrium structure at the surface

of a material might favour defect formation as found in this work.

Overall, bulk descriptors have been employed successfully in different material classes
to describe, screen and predict the catalytic activity of materials and led to develop-
ment of materials with high activity. (9101 This work highlights, however, that the sur-
face electronic structure and stoichiometry of a catalyst can behave very differently. As
a consequence, bulk based descriptors are less accurate and the direct connection to an

activity determining mechanism at the surface of a catalyst is elusive. For the rational
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design of highly effective catalysts, mechanistic insight about the OER is needed to

develop material design guidelines.

6.1. OER Activity of LiMn,0,

Since the OER happens at the surface of a catalyst, the measured activity should be
dependent on the properties of the catalyst surface. It was shown previously that the
shell Mn valence and hence the Mn e, occupancy changes during catalytic cycling,
but does not change during delithiation within the standard deviation of the measure-
ments. Since the valence determination of particle shells by EELS is not very accurate
with measured standard deviations of single measurements of 0.2 a larger or smaller
Mn valence change than indicated by the averaged numbers is possible during OER,
ranging from 0.2 to 1.0. Nonetheless, the EEL and XPS spectra in conjunction with
the estimated amount of dissolved Mn clearly indicate oxidation of particle shells and
thereby a decrease of the Mn e; occupancy due to Mn loss. If Mn e, occupancy is ac-
tivity determining, it is expected, that the measured OER activity changes significantly
during electrochemical cycling. The following paragraphs highlight that the measured
activity change during cycling is smaller than expected from the shell e, occupancy
change, which indicates that Min e, occupancy as a single descriptor is not sufficient to
govern OER mechanisms in this case.

RRDE measurements allow detecting O or Mn as reaction products via the ring elec-
trode.!”’ Fig. 6.1 shows the measured oxygen product current of the cycles 1, 5 and 10.
The measured currents are proportional to the amount of evolved oxygen, "'l and thus,
are a more reliable measure of the OER activity than the corresponding disk currents

in Fig. 5.5a, which also contain processes like Mn dissolution.

Comparison of cycle 1 and 10 in Fig. 6.1 shows that the O detection current at a disk
potential of 1.6 V decreases with a step from cycle one to cycle two and then gradually
in total by 44%. Decreasing O evolution currents can either be caused by a decreasing
intrinsic activity of the catalyst or by a reduction of the active surface area of the cata-
lyst. The latter can be caused by formation of oxygen bubbles in catalyst pores which,

23,172-174

block active sites from electrolyte contact! I'or by mechanical detachment of ac-

tive material during catalysis.!'””]
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Figure 6.1.: Ring currents set to O detection of cycles 1, 5, and 10 of the CV experiment
(Disk currents plotted in Fig. 5.5). The inset shows the measured currents
for each cycle evaluated at a disk potential of 1.6 V. The electrochemical ex-
periments have been performed by Max Baumung, currents are total prod-
uct currents and not normalized to the electrode or oxide surface area.

Detachment of a large amount of material would result in a sudden drop of the disk

[172]

currents which was not observed in Fig. 5.5a. The effect of O bubble formation

[172=1741 Accumulation of

was studied using electrodes containing IrO, nanoparticles.
oxygen bubbles leads to decreasing disk and O detection currents at a set potential
but the currents (partially) recover, if accumulated O bubbles are removed.['”>'7*] Tt
was observed that the amount of active surface passivation through O bubbles scales
with the applied current density, and that a relatively small critical disk current den-
sity of 0.45mA/cm? already affects the measured O detection currents. Although,
this critical current depends presumably on the electrodes” microstructure and poros-
ity 1751
ing OER experiments in Fig. 5.5a. Holding an electrode at disk current densities of

its value is one order of magnitude smaller than the applied disk currents dur-

5mA/cm? lead to a decrease of oxygen detection currents by 20% due to bubble for-
mation within 30s.l'”% In the electrochemical experiments, disk current densities of
more than 3mA /cm? were exceeded for approximately 40 s, meaning that bubble for-
mation is a possible explanation for the measured 22% decrease of oxygen detection

currents.

The surface area of the sample used for catalytic experiments (Fig. 6.1) has not been
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16]

measured with the same protocol that Wei et al.l'®] used. This means that measured

data can only be compared qualitatively to literature data. An analysis by Omeshwari

19T (E =1.6 V) compared to measured activity

Bisen of the reported eg-activity trend
of different LiMn,O4 samples showed that a change of the e; occupancy of Ae; = 1
results in a current change by a factor of 100 (unpublished). This trend was also con-
tirmed by scaling the measured O product currents to the total disk currents.[23, 34, 90]
Since the O product currents (ring currents) are a more direct measure of the O evolu-

tion, they are discussed further on.

Due to dissolution of tetrahedral Mn defects, an e, occupancy change of 0.29 of octahe-
dral Mn was estimated on basis of EELS and measured Mn product curents from OER
onset to complete tetrahedral Mn dissolution. An analysis of the data of Wei et al.l'°]
by Omeshwari Bisen shows an exponential relationship between measured catalytic
currents at a disc potential of 1.6 V and the e, occupancy of the catalyst. A change of
Aeg = 1yields to a catalytic current change by a factor of approximately 100 and thus
a dependency of:

la1ey = o - 100%%.

Applying the literature eg-activity trend to particle shells leads to an expected O cur-
rent decrease by a factor of 3.9 from cycle one to ten. If one includes the uncertainty of
valence determination of particle shells, a current decrease by factor between 1.6 and
9.6 is within the range of the standard deviation. At the potential of 1.6 V, an O prod-
uct current drop from 0.684nA to 0.17 pA would be expected using the measured e,
change. This is larger by a factor of 2.2 than the measured current decrease by a factor
of 1.8 from 0.684 pA to 0.373 nA at cycle ten on the basis of the estimated shell composi-
tion change based on averaged Mn valences. Thus, the OER activity change is smaller
than expected from the estimated shell e, occupancy change. With bubble formation as
possible reason for an activity decrease, that means that the shell Mn ey occupancy has
a small or almost no influence on the OER activity of pristine particles. Interestingly,
the core Mn e, occupancy scales with the measured OER activity during cycling. The
core Mn valence stayed constant within the measurement uncertainty during electro-
chemical cycling and accordingly, the OER activity stayed approximately constant as

expected. ']
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This raises the question, whether octahedral e, occupancy is a well suited descriptor
for the OER activity of LiMnyO4. Within the limits of the shell structure model that
comprises all measurements but lacks capability to resolve the surface structure with
high accuracy it is indicated that Mn e, occupancy does not describe the OER catalytic
behaviour of LiMn,O4 well. In the following paragraphs the consequences of Mn e,
occupancy as a descriptor will be discussed under the assumption that the constructed
model of shell structural changes is valid.

As a consequence, Mn e; occupancy is either not a suitable descriptor in this case and
thus is not able to relate to OER mechanisms in general, or surface properties are less
important and OER activity is rather governed by bulk properties. Since OER cata-
lysis is happening at the particle surfaces, the shell properties ought to be superior
to bulk properties in determining OER activity. On this account, it has to be con-

[16

cluded that ey occupancy!'®l does not determine activity as single descriptor which

is supported by literature studies where activity either failed to correlate with e; occu-

),175]

pancy,!'%'7] or where a better agreement with other structural or electronic descriptors
was found.l'*!”701771 As a consequence, bulk ey occupancy might indeed correlate
with OER activity in limited cases, but cannot fully explain the mechanisms of the

OER.

Since descriptors are established as property-activity correlations,['”!! they are not nec-
essarily cause-effect relationships. Thus, it is difficult to distinguish between material
parameters that directly affect the OER reaction mechanisms from ones that just corre-
late with activity in certain cases. This is even more challenging if multiple parameters
are changed at the same time, which is the case for the particle shell in this study. Since
different properties of transition metal oxides, like e occupancy, are interlinked with
each other activity-property correlations can exist without being linked to the reaction
mechanisms. In LiMnyOy for example, the lattice constants and thereby bond dis-
tances change when the Mn e, occupancy and Mn-O covalencel'’l change by delithi-

n[32,62

atio I or by bulk defects (see Fig. 2.7). Another example is mechanical strain that

leads to a shift of the metal d-band centre!***° or to splitting and preferential occupa-

[46

tion of certain eg orbitals I while changing bond distances.

Examples that do not show a clear relation between descriptor and reaction mecha-

nism are the bulk formation energy!'’! or the proposed descriptor 3/t. Here u and ¢

98



CHAPTER 6. DISCUSSION: OER ACTIVITY AND BULK DESCRIPTORS

Mn e, _’ Delt\::::::\‘:n ‘_ Further
Occupancy Property 9 Parameters

Mn e,
Occupancy

Activity
Further
Parameters

(b)

Figure 6.2.: Sketch of two possible relations of Mn e, occupancy as OER descriptor.
(@) Mn occupancy correlates with the actual activity determining material
property. (b) Multiple properties determine activity together, the effect of
ey occupancy is partially mitigated by e.g. strain.

are the octahedral and tolerance factors and p/t surpasses e; occupancy by describ-
ing activity with higher statistical significance.!'’”l Both factors are calculated using
the ionic radii and are defined for perovskites only. But no direct connection can be
established, why a change of y/t should impact a step in the OER reaction mecha-
nism.!'*] Presumably, an activity governing parameter is correlated with u/t. That
different descriptors are correlated with each other is also pointed out by a statistical
analysis of 51 perovskites.['”] 14 activity-property correlations including metal-oxygen
bond lengths, e, occupancy, or charge transfer energy!'’l were identified. Out of the
91 possible descriptor pairs, a strong correlation between two descriptors was found
in 21 cases. Interestingly, the oxidation state exhibits the most correlations with other
descriptors. Complex correlations between different descriptors impede to establish
direct connections to activity determining factors.!'’] Since no single descriptor was
able to embrace the OER activity of all tested perovskite samples reliably and a set
of seven descriptors was necessary to yield good statistical significance!'”1 it is either
not possible to universally link the complex OER reaction kinetics to a single material

property at all, or a potential universal descriptor was not covered in the analysis.

The lack of correlation between e; occupancy and OER activity in this case can be
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seen as a clue that e; occupancy does only affect the catalytic mechanisms indirectly.
This would suggest that e, occupancy is related to a/the activity determining prop-
erty but that it is not activity determining itself, as highlighted in Fig. 6.2a. If multi-
ple descriptors are necessary to describe OER activity precisely, another possibility is
that the influence of e; occupancy is surpassed or mitigated by other factors, which
are depicted in Fig. 6.2b. Due to the epitaxial core-shell relationship, the shells are
strained if the e, occupancy differs from the core. That strain has an impact on ac-
tivity governing properties like intermediate adsorption energies*****>*%l or directly

176-1801 has been investigated in a number of studies and ap-

on catalytic activity[*”
plied to tune the activity of a specific material. The effect of compressive or tensile
strain on the activity of a catalyst is hard to predict.l'*] If adsorption energies of re-
action intermediates increase or decrease by strain depends on the B-site occupation
in perovskites,[*’l meaning that the effect of strain has to be calculated for an individ-
ual system. Thus, it is difficult to estimate how the 1% compressive shell strain will
alter the activity of LiMnyO4 nanoparticles. An analysis of strained LaNiOs films by
Antipin and Risch!'*] shows that strain of 1% increases the overpotential at a constant
current by 20mV, which would lead to a current change of a factor of 2.2 assuming a
Tafel slope of 60 mV /decade.!'"] The influence of strain on oxygen adsorption energies
can vary by a factor of 5 comparing different perovskite samples,**l which means that
different material systems can not be compared a priori. However, this value can be
taken as a guideline for the magnitude of strain effects. The observed current mismatch
of a factor of 2.2 between the measured O product current decrease and the expected
current decrease by the e, descriptor is of the same size. If compressive in-plane strain
leads to a decreasing OER activity in LiMn;Oy, it will partially counteract the expected
activity change when tetrahedral Mn increases the octahedral e, occupancy in pristine
particle shells.

This highlights that e, occupancy has to be questioned being a robust descriptor for
OER activity. Due to the complicated core-shell geometry of the investigated LiMn,Oy4
nanoparticles, multiple factors change when the particles catalyse the OER. Other
than Mn e, occupancy and the core-shell crystal structure and stoichiometry, further
changes in the electronic structure can not be resolved by the conducted experiments,
which makes it difficult to elucidate what other material properties can explain the
observed catalytic behaviour. The O 2p-band centre for example, that recently gained

13,169,171,1

attention as a more universal electronic structure based descriptor, ! 1 requires
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band structure calculations to be measured. In order to establish reliable connections
between simulated quantities and measured activity, the surfaces of the catalyst must
be investigated with high resolution to ensure that the simulations reflect the actual

surface structure.
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7. Conclusion

Identifying correlations between a material property and its efficiency as a catalyst for
the OER is an established approach used to identify guidelines for the design of envi-
ronmentally friendly, abundant and favourably priced catalysts.[/'0/10/17,263L 1711811 1
order to establish reliable correlations between the OER activity and the catalysts mate-
rial properties, so-called descriptors, a thorough investigation of the catalysts structure
is necessary. Experiments that resolve the microstructure of LiMn;O4 nanoparticles,
which are used as an OER model catalyst, were discussed and presented in this the-
sis. Within the associated research project C05 of the SFB1073, LiMn,O4 has been used
to investigate how different factors like the particle size,["’! electrolyte pH,[”'l or the
manganese oxidation state!’*l impact the OER catalytic behaviour and activity of this
material. Complementary to these experiments with focus on electrochemistry, this
thesis focused on resolving the crystal and electronic structure of LiMn,O4 nanopar-
ticles with TEM as a core method. The structure of LiMn,;O4 nanoparticles has been
investigated in pristine state, after delithiation and after OER catalysis.

The main findings are:

¢ Pristine LiMnyO4 nanoparticles have a core-shell structure in terms of the Mn
oxidation state, where Mn has a lower valence in a 3nm thick shell. With the
help of EELS simulations, it could be resolved that Mn defects, which partially

replace Li on tetrahedral sites, cause the observed shell reduction.

¢ Although, Jahn-Teller distortions are expected for the measured shell oxidation
state of Mn2?(2)*, the shell crystal structure is still cubic spinel and epitaxially
connected to the particle’s core. This induces compressive in-plane strain in the
shell.

¢ FElectrochemical delithiation leads to the expected core oxidation. However, a
reduced shell is still present.

* Tetrahedral Mn is dissolved out of shells of pristine particles during OER cata-
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lysis, predominantly in the first three cycles, thereby causing an increase of the

shell Mn oxidation state.

¢ Comparing measured activity changes during OER catalysis of pristine LiMnyO4
with the shell e, occupancy raises the question whether shell octahedral e; occu-
pancy is a sufficient descriptor for OER activity.

The fact that stoichiometry, defect structure and as a result the Mn oxidation state in the
shell differ from the particle core, highlights the need to investigate the catalysts” sur-
face structure if property-activity correlations are to be established. Often bulk prop-

/16,26 byt the surface properties should have su-

erties are linked to catalytic activity, '
perior influence on the mechanisms of the catalytic reaction. The results of this thesis
clearly demonstrate that bulk properties do not a priori describe the surface of a cata-
lyst accurately. Thus, it has to be questioned if it is possible to draw conclusions about

the mechanisms of the OER by previously reported bulk property-activity correlations.

Particle shells transform when used for OER catalysis. Tetrahedral site population
and Mn oxidation state change by dissolution of Mn?* defects. This could be stated
by ex-situ TEM and XPS measurements of particles used for OER catalysis and by an
analysis of the product currents measured during the reaction. It was evaluated that
these changes happen predominantly in the first three out of ten cycles, which means
that surface structure changes happen instantly when this material is used to catalyse
the OER. Even if the surface structure of a catalyst has been investigated prior to OER
catalysis, it cannot be assumed that the catalyst’s state when activity is measured (e.g.
in the third cycle!'“l) is identical to the state during pre characterization. Thus, not
characterizing the catalyst after electrochemical cycling imposes an additional possi-
ble error in governing the properties of the catalyst during OER, and not prior to OER.
To understand the surface structure changes in more detail, one approach could be to
perform TEM and XPS experiments after each cycle to monitor the Mn dissolution and
valence changes with higher resolution in time.

Comparison of the structural changes of the particle shells with the OER activity trend
leads to the idea that either Mn e, occupancy, which has been proposed as OER de-
scriptor, /1l does not have a direct influence on the OER mechanism or that its effect is
mitigated by other important parameters like strain and strain induced band shifts,*"!]

or suppressed Jahn-Teller distortions.['®’] The epitaxial core-shell relationship prevents

104



CHAPTER 7. CONCLUSION

the shell structure to form its equilibrium crystal structure, which can be seen as a clue
for the importance of connections between electronic and crystal structure of a catalyst.
To further support the hypothesis that an expected activity change due to tetrahedral
Mn defects is mitigated by constraining the crystal structure, it is necessary to under-
stand how tetrahedral Mn defects and mechanical strain affect the electronic structure
or O* adsorption energies of LiMnyOy4. That calls for further DFT calculations of this

material with explicit focus on connections of crystal and electronic structure.

The hypothesis that surface e occupancy is not directly related to OER activity calls for
further investigation of the shell structure evolution during OER of delithiated parti-
cles. This might lead to a better understanding about how significantly the investigated

9,161 and about what factors determine activ-

particles contradict the literature trends, !
ity of LiyMn,Oj. Interestingly, Mn defects are preserved in the shell after delithiation
and Mn dissolution was detected during OER on delithiated samples as well, albeit
less pronounced. [54] Although the surface stoichiometry of delithiated Li,Mn,Oy4 par-
ticles is identical to pristine ones, the OER activity is smaller.[*!l Being able to resolve
how the surfaces of delithiated particles differ from pristine ones when catalysing the
OER might thus be a guideline towards understanding what governs OER activity in

Lile’l204.

It was possible to deduce, that the shell structure of LiMn,O4 particles changes when
used for catalysing the OER from ex-situ experiments. Although, it is not possible
to make statements about the structure of particle surfaces when they are actively
catalysing the OER. It has been shown that in-situ ETEM experiments are able to re-
solve ad-atom surface dynamics of a catalyst in a water atmosphere, thereby gaining a

(193] A first step in this direction

more direct picture of the active surface of a catalyst.
are the TEM experiments in water atmosphere that have been presented in this thesis.
They have been successful in reproducing surface oxidation, but time resolution or a
gradual change of surfaces could not be resolved yet. Therefore, further in-situ exper-
iments are a promising approach in relating the catalytic activity of LiMnyOy to the

properties of an active surface.
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A. Appendix

Material | LiMny;Oy4 | Mn3zOy4 | MnzOy4
Peak 111 103 224
|F| 189.876 | 127.199 | 213.584
p 8 8 8
20 18.6493 | 32.3945 | 59.9381

Table A.1.: Values for XRD peak intensity calculation to calculate the maximum Mn3zOy4
volume share in the used LiMn,O4 powder.
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Figure A.1.: STEM overview image after the tenth scan of repeated EELS measure-
ments at one particle location.
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Figure A.2.: Comparison of two XRD diffractograms of pristine LiMn,O4 powder
taken with a time delay of approximately two years.
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Figure A.3.: Representative EEL low-loss spectra after background subtraction of core
and shell from a pristine particle showing the Mn M and Li K edge.
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Figure A.4.: XPS spectra of carbon tape used as support for powder measurements (a)
and XPS overview spectrum of electrochemical cycled LiMn,O4 powder

(b).
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Figure A.5.: EEL spectra of pristine particle cores from the particles with highest and

Intensity [a.u.]

lowest measured Mn oxidation state. The intensity has been normalized
to 1.
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Figure A.6.: STEM-EEL low-loss spectra of two cycled particles of core and shell re-
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gions displaying the Mn M edge at 50 eV and the Li K edge at 60eV. Both
spectra are collected from particles that where surface changes were found
after electrochemical cycling.
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