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Zusammenfassung

In den letzten Jahren wurden beträchtliche Anstrengungen unternommen, um die Korrelation

zwischen der Struktur und den elektrochemischen Eigenschaften von Li- und Mn-reichen NCM

Schichtoxid Lithium-Ionen-Kathodenmaterialien besser zu verstehen. Insbesondere wurden Hoch-

energie Kathodenmaterialien mit der weit verbreiteten Li1.2Ni0.15Co0.1Mn0.55O2 (HE5050) Zusam-

mensetzung untersucht. Eine graduelle Umwandlung von einem trigonalen R3m Schichtoxid in

eine kubische Fd3m Spinellstruktur während der elektrochemischen Zyklierung (De-/Lithiierung)

führt zu einem unerwünschten Abfall der mittleren Lade- und Entladungsspannung, der auch

als ‘Voltage Fade’ bezeichnet wird. Dieser Umwandlungsprozess verläuft über eine metastabile

Struktur, die nach dem ersten Lade-/Entladezyklus (Formierung) vorliegt und durch einen Verlust

der lokalen Kationenordnung und der Bildung von Gitterfehlern im ursprünglich hochgeordneten

Material gekennzeichnet ist. In dieser Arbeit wurde der Ordnungs–Unordnungs-Übergang in

Li- und Mn-reichen Schichtoxiden detailliert auf einer langreichweitigen atomaren Skala durch

Röntgen- und Synchrotronstrahlungspulverdi�raktometrie sowie auf einer sehr lokalen atomaren

Skala mit 6,7Li-Kernspinresonanz- und Röntgenabsorptionsspektroskopie untersucht. Eine struk-

turelle ‘Neuordnung’ wurde durch eine thermische Behandlung (150 °C – 300 °C) in entladenen

(lithiierten) und geladenen (delithiierten) Proben induziert, welche entweder zu einer teilweisen

Wiederherstellung des hochgeordneten Ausgangszustands führte oder zu einer Intensivierung

der strukturellen Degradation hin zu einer spinelltypischen Kationenanordnung. Die so erhalte-

nen strukturellen Umordnungsvorgänge wurden erneut auf einer langreichweitigen und lokalen

atomaren Skala untersucht und mit den veränderten elektrochemischen Eigenschaften korre-

liert. Darüber hinaus wurde eine stark elektrochemisch ermüdete Probe (300 Zyklen), die einen

ausgeprägten Spannungsabfall zeigt, in ihrem entladenen Zustand thermisch behandelt. Dieses

Experiment führte zu einer teilweisen Wiederherstellung der pristinen hochgeordneten Struktur

und den damit verbundenen elektrochemischen Eigenschaften, einschließlich der Wiedererhöhung

der mittleren Lade- und Entladespannung. Abschließend wurden die Ergebnisse aller Messungen

zu einem kohärenten Modell zusammengefasst, das den Ein�uss der lokalen Kationenordnung,

der Gitterdefekte und des Sauersto�untergitters auf die elektrochemischen Eigenschaften, wie der

Sauersto�redoxaktivität und den Voltage Fade, erklären kann.
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Abstract

In recent years a considerable amount of e�ort has been put into a better understanding of the

correlation between structure and electrochemical properties of Li- and Mn-rich NCM layered

oxide lithium ion cathode materials, such as the widely spread Li1.2Ni0.15Co0.1Mn0.55O2 (HE5050)

composition. A gradual transformation from a trigonal R3m layered oxide towards a cubic Fd3m

spinel structure during electrochemical cycling (de-/lithiation) results in an unwanted decay of the

mean charge and discharge voltages, called ‘voltage fade’. This transformation process proceeds

via a metastable structure, which is present after the �rst charge/discharge cycle (formation) and is

characterized by a local ‘de’-arrangement of cations and the formation of various lattice defects in

the initially well-ordered material. In this work, the order-disorder transition in Li- and Mn-rich

layered oxides is studied in detail on a long-range atomic scale by X-ray and synchrotron radiation

powder di�raction as well as on a very-local atomic scale by 6,7Li nuclear magnetic resonance

and X-ray absorption spectroscopy. A structural ‘re’-ordering was induced by a mild thermal

treatment (150 °C – 300 °C) in discharged (lithiated) and charged (delithiated) electrodes, which

resulted either in a partial recovery of the well-ordered pristine state or in an intensi�cation of

the structural degradation towards a spinel-type cation arrangement, respectively. The structural

reordering processes thus obtained were again studied on a long-range and local atomic scale and

correlated with the altered electrochemical properties. Furthermore, a highly electrochemically

fatigued electrode (300 cycles) exhibiting a pronounced voltage fade was thermally treated in its

discharged state. This experiment resulted again in a partial recovery of the initially well-orderd

structure and the therewith associated electrochemical properties, including the re-increase of the

mean charge and discharge voltages, i.e. resetting the voltage fade. Finally, the �ndings from all

measurements were merged into a coherent model that is capable to explain the in�uence of the

local cation ordering, lattice defects and the oxygen sublattice on the electrochemical properties,

such as the oxygen redox activity and the voltage fade.
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1. Motivation

In the recent two decades, rechargeable lithium ion batteries have conquered the commercial

market for mobile energy sources, e.g. they are used in portable electronics and battery electric

vehicles, due to their outstanding gravimetric and volumetric energy densities. Current research

and development is focused on the reduction of the battery pack costs per kilowatt-hour as well as

solving safety and lifetime issues in order to pave the way for an economic and e�cient operation

in electri�ed vehicles, for example. In order to optimize already established or potential next

generation Li ion battery materials for longer lifetime, it is mandatory to gain knowledge about the

occurring degradation processes during operation and storage. Therefore, a correlation between

structure and electrochemical properties of the battery electrode materials is aspired, from which

degradation mechanisms, lifetime expectancies, and improvement strategies can be derived.

Layered transition metal (TM) oxides such as the ‘Li- and Mn-rich’ layered oxides, formed as solid

solutions between the end members Li2MnO3 and LiTMO2 (TM = Ni, Co, Mn) (NCM) are promis-

ing candidates for next generation Li ion battery cathodes that o�er high reversible capacities

(>250 mAh/g) and higher safety together with reduced costs [1]. So far, a gradual decay of the

mean charge and discharge voltage during electrochemical cycling called ’voltage fade’ as well

as a profound hysteresis between charging and discharging are major drawbacks of this material

class. A gradual cation rearrangement towards a cubic LiTM2O4-type spinel via a highly defective

metastable interim phase during cycling is supposed to cause these energy ine�ciencies [2].

Unlike conventional LiTMO2 cathode materials, the Li- and Mn-rich descendants present a pro-

nounced ‘formation’ or often called ‘activation’ process in the initial charge, which is manifested

by a long ‘plateau’ at around 4.5 V in the voltage vs. charge capacity curve. This formation

process leads to a structural rearrangement including the loss of the initially highly ordered cation

arrangement [3] and goes along with the depletion of electrochemical available lithium sites [4]

as well as the partial loss of oxygen [5, 6]. Moreover, this initial formation process provokes a

highly defective metastable structure, which is the onset for the gradual transformation towards
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1. Motivation

a spinel-type cation arrangement [7]. These defects can form in order to maintain the charge

balance during charge/discharge, e.g. by the oxidation of the oxygen lattice [8] and the formation

of peroxide species or oxygen dimers [9, 10]. Furthermore, they can compensate the resulting

lattice strain during de/-lithiation such as by the formation of tetrahedral TMs [11, 12, 13, 14],

Li/TM dumbbells [4, 12], oxygen vacancies [14, 15], Li+/H+-exchange [16], nano-twins [17, 18] and

dislocations [19]. These defects are presumably inducing the voltage and capacity fade as well as

the pronounced hysteresis in the Li- and Mn-rich cathode materials. However, so far a coherent

picture regarding the decisive processes involved in the initial order-disorder transition as well as

the subsequent far-reaching structural changes during cycling is still missing.

In order to emphasize the motivation and scienti�c issue of this work, two key observations are

now brie�y presented: A partially charged Li- and Mn-rich cathode sample (delithiated), which

experienced the initial formation cycle, was exposed to a mild thermal treatment inducing a cation

rearrangement in the highly defective metastable structure towards the thermal equilibrium. Sur-

prisingly, a very similar e�ect on the electrochemical properties was found in comparison to a

sample, which experienced many charge and discharge cycles. The result of this experiment is

illustrated in Figure 1.1a. Here, the cell voltage vs. normalized discharge capacity curves are plotted

for a fresh sample after formation as well as the electrochemically and the thermally fatigued

sample. The voltage fade is clearly observable in both samples and leads to a decrease of the

discharge voltage and therefore a loss of energy density, as highlighted by the area shaded in blue.

In a second experiment, a highly cycled sample that demonstrates a pronounced voltage fade was

thermally treated in a discharged state (lithiated). As apparent from Figure 1.1b, this induced a

partial recovery of the initially high discharge voltage, i.e. the voltage fade could be reversed as

emphasized by the green shaded area. Obviously, the involved processes are strongly depending

on the sample’s lithium content (state of charge) leading to a quite di�erent modi�cation of the

electrochemical properties.

The motivation of this work is to get more insight into the in�uence of cation ordering and defects

on the electrochemical properties. For this purpose, a Li- and Mn-rich NCM with a nominal

composition of Li1.2Ni0.15Co0.1Mn0.55O2 was transferred into a highly defective metastable state by

the initial formation process. This order-disorder transition was studied in detail on the long-range

atomic scale by X-ray powder di�raction (XRPD) as well as on a very-local atomic scale by 6Li

nuclear magnetic resonance (NMR) measurements and correlated with the modi�ed electrochemical

features. Moderate thermal treatments at temperatures ranging from 150 °C to 300 °C were con-

2



ducted on the highly defective metastable material (after formation) in order to induce a structural

reordering towards the thermodynamic equilibrium. These studies were carried out for di�erent

states of charge (degrees of delithiation) as well as for electrochemically fatigued samples after

300 cycles. The therewith-induced structural changes were investigated by synchrotron radiation

powder di�raction (SRPD), 6,7Li NMR and X-ray absorption spectroscopy (XAS). The observed

structural features were �nally correlated with the evolution of the electrochemical characteristics

and comprised in a model providing further insights in the mechanisms involved in the initial

formation and the subsequent degradation processes.

(a)

(b)

Figure 1.1.: Cell voltage vs. normalized discharge capacity of two key experiments regarding the

thermal treatment of charged (a) and discharged (b) Li- and Mn-rich cathode samples.
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2. Introduction

This chapter gives a brief introduction to the principle of lithium ion batteries (Section 2.1) and

the corresponding cathode materials (positive electrode) used for this type of battery, in particular

the Li- and Mn-rich materials (Section 2.2). Thereby the emphasis is put on the structural char-

acteristics of these materials. A detailed presentation regarding the electrochemical properties

will be given in the �rst part of the results section of this work (Section 5.1.1) on the basis of

self-synthesized Li ion cathode materials with varying Li-TM-O compositions (TM=Ni,Co,Mn).

Furthermore, terminologies regarding the electrochemical analysis are summarized in Section 2.3.

2.1. Lithium ion battery

Rechargeable batteries reversibly convert stored chemical energy into electrical energy during

discharging and contrariwise during charging. The amount of electrical energy, which can be

released by a battery depends on the quantity of transferred charge (capacity) and the potential

di�erence between the two battery electrodes, named cathode and anode. Lithium has a low

standard electrode potential, -3.04 V versus standard hydrogen electrode, as well as a high charge

to molar mass ratio, and thus is an adequate candidate for high energy density batteries.

Although non-rechargeable (primary) lithium metal anode batteries, e.g. with manganese dioxide

as opposing cathode material, were already commercialized in the 1970’s, safety and lifetime issues

prohibited the introduction of similarly designed rechargeable (secondary) lithium batteries [20].

Pure lithium metal anodes tend to form dendrites during electrochemical cycling, which leads to a

gradual capacity fade as a result of irreversible reactions with the electrolyte and �nally to short

circuits between anode and cathode [21]. The replacement of the lithium metal anode with Li

ion intercalation materials paved the way for the breakthrough of rechargeable Li ion batteries

and led to the commercial launch in 1991 by Sony Corporation [20], using LiCoO2 as cathode and

non-graphitizable carbon as anode material, respectively. Due to the fact that lithium dendrite
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2. Introduction

Figure 2.1.: Schematic illustration of a ‘rocking chair’ Li ion battery. Reprinted with permission

from [22]. Copyright(2013) American Chemical Society.

growth and electrolyte decomposition are signi�cantly reduced in this cell design, safety and

cyclability are improved remarkably. The reached gravimetric energy densities were as high as

120–150 Wh/kg and therefore two to three times higher than those of usual Ni–Cd or Ni-MH

batteries at that time.

A scheme of the LiCoO2/graphite lithium ion battery is illustrated in Figure 2.1. It is composed of

two electrodes, the graphite anode (negative electrode) and the LiCoO2 cathode (positive electrode),

which are deposited in a liquid Li ion conducting electrolyte. Anode and cathode side of the battery

are commonly de�ned in direction of discharge, i.e. the ‘electric energy releasing’ process. A

porous separator in between electronically isolates the two electrodes from each other. The pores

within the cell stack are wet with liquid electrolyte, which subsequently enables the ionic Li+

charge transport between the two electrodes. Current collectors on both electrodes �nally provide

the electronic contact to the appliance or charging device.

Common lithium ion batteries operate on the ‘rocking chair’ principle [23]: during the discharge

step, Li ions are deintercalated from the anode Li host and intercalated into the cathode Li host,

whereas the electrolyte provides the transport of ionic charge carriers between the two electrodes.

The electron charge compensation of the two Li hosts is carried out by the electron �ow through the

6



2.1. Lithium ion battery

current collectors and the consumer device. Since this de-/intercalation processes are in principle

highly reversible, the charging step proceeds vice versa.

The electrodes are usually fabricated in a wet mixing and coating process. Therefore the active

electrode materials are dispersed together with a binder (typically polyvinylidene �uoride (PVDF))

and conductive additives (carbon black, graphite), for instance, with N -Methyl-2-pyrrolidone (NMP)

as dispersing agent, coated on a current collector and compacted with a calender in order to adjust

the electrode porosity. Finally, electrodes and separators are placed into the cell casing, e.g. in

coin, pouch, prismatic or round cells, and wet with a liquid electrolyte. The liquid electrolytes

are composed of a Li ion conducting salt, an organic solvent or a mixture of various solvents as

well as electrolyte additives. As an example, the well-known LP30 electrolyte is composed out of

1 M lithium hexa�uorophosphate (LiPF6) in a 1:1 (w/w) solution of ethylene carbonate (EC) and

dimethyl carbonate (DMC).

Recent research and development activities have been focused on the introduction of novel high

energy density, low cost and environment-friendly cathode, anode and electrolyte materials such

as the replacement of the liquid electrolyte with a solid electrolyte [24] and high capacity anode

materials like the silicon-based anode materials instead of graphite [25]. In the following section,

the electrochemical as well as the structural characteristics of layered transition metal oxide Li ion

cathode materials will be pointed out in detail, in particular the Li- and Mn-rich layered oxides,

which are promising candidates for high energy and low cost next generation cathode materials.
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2. Introduction

2.2. Lithium ion battery cathodematerials

The pro�le of requirements for a suitable Li ion battery cathode material includes the following

points [27, 28]: i) The potential di�erence vs. Li/Li+ and the extractable lithium per formula unit

and molar mass of the cathode material should be high in order to maximize the storable speci�c

energy density. ii) The de/-intercalation processes should be highly reversible, i.e. the absence of

irreversible structural changes, which is mandatory for a good battery cyclability. iii) Besides a high

energy density, the power density plays an important role for the applicability. Therefore, a good

electronic and ionic conductivity of the Li ion host material is crucial for a feasible current rate.

iv) The oxidation potentials of the cathode should lie within the band gap of the used electrolyte.

v) The material should be inexpensive, environment-friendly and should provide a good chemical,

mechanical as well as thermal stability.

However, since not all requirements are exclusively provided by one material class, today’s Li ion

batteries are based on di�erent cathode materials, which are selected on the base of the required

pro�le of the speci�c application. Figure 2.2 shows an overview of di�erent types of typical cathode

materials and their speci�c discharge capacities as well as their potentials vs. Li/Li+. The presented

transition metal oxide and phosphate materials can be divided into three di�erent groups according

to the structural arrangement of the Li and TM ions in the anionic sublattice that form Li ion trans-

Figure 2.2.: Overview regarding the electrochemical properties and the structure of a selection of

various Li ion battery cathode materials. Based on [26].
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2.2. Lithium ion battery cathode materials

port channels of di�erent dimensionality: The 1D olivine, the 2D layered oxide, and the 3D spinel

materials. The LiTMO2-type NCM (TM=Ni,Co,Mn) layered oxides are the state of the art Li ion

cathode materials revealing higher reversible charge and discharge capacities than LiCoO2 together

with improved safety and lower costs. It is apparent that the Li- and Mn-rich materials (highlighted

in purple) exhibit even higher energy densities (nominal voltage multiplied by speci�c capacity)

and are therefore attractive for applications where batteries high in energy density are required.

For this reason, they are often termed ‘high energy’ NCM cathodes (HE-NCM). Furthermore, this

material composition exhibits a high manganese content, which is more abundant than nickel

and cobalt. Therefore it is suitable for the utilization in high-volume and cost sensitive product

segments, for instance, the automotive industry.

Li- and Mn-rich NCM cathode materials are described as solid solutions between x Li2MnO3 and

(1-x) LiTMO2 (TM=Ni,Co,Mn) [29, 30]. The corresponding unit cells of these end members are

illustrated in Figure 2.3 and are now discussed in detail. As summarized in Table 2.1, the LiTMO2-

type layered oxide crystallizes in the trigonal α-NaFeO2-type structure with space group R3m,

in which the octahedral sites of a slightly distorted cubic close packed (ccp) oxygen sublattice

with an ABC stacking sequence (O3-type) are alternately occupied by transition metal ions (3a

crystallographic site, TM layer) and lithium ions (3b crystallographic site, Li layer) [31]. This

occupation sequence leads to a layered-type cation ordering and a slight rhombohedral distortion

of the oxygen sublattice, due to the di�erent bond lengths between Li-O and TM-O.

Table 2.1.: Basis of the unit cell (hexagonal axes) corresponding to the trigonal LiCoO2 (LiTMO2)

structure (space group R3m, International Tables for Crystallography number 166).

ah=2.82 Å, ch=14.1 Å, γh=120° [32].

Atom Wycko� x y z Occupancy

Co 3a 0 0 0 1

Li 3b 0 0 0.5 1

O 6c 0 0 0.258 1
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2. Introduction

(a) (b)

Figure 2.3.: Unit cells of (a) layered LiNi0.375Co0.25Mn0.375O2 (R3m) and (b) monoclinic Li2MnO3

(C2/m). TM-O6 octahedra in purple, Li-O6 octahedra in green, oxygen atoms in red.

Drawn in Vesta [33].

Table 2.2.: Basis of the monoclinic Li2MnO3 unit cell (space group C2/m, International Tables for

Crystallography number 12). am=4.937 Å, bm=8.532 Å, cm=5.030 Å, βm=109.46° [34].

Atom Wycko� x y z Occupancy

Li1 2b 0 0.5 0 1

Li2 2c 0 0 0.5 1

Mn 4g 0 0.16708 0 1

Li3 4h 0 0.6606 0.5 1

O1 4j 0.2189 0 0.2273 1

O2 8h 0.2540 0.32119 0.2233 1
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2.2. Lithium ion battery cathode materials

The monoclinic Li2MnO3 with space group C2/m (see Table 2.2) is structurally closely related

to the R3m symmetry described above. It also possesses a slightly (now monoclinic) distorted

ccp oxygen sublattice, but exhibits a modi�ed cation composition and ordering. The alternative

notation Li[Li1/3Mn2/3]O2 already illustrates the partial substitution of Mn with Li in the TM

layers in comparison to the pure LiTMO2-type structure. Due to the rather high di�erence of the

oxidation states of Li(+I) and Mn(+IV) and the corresponding ion radii of 0.74 Å and 0.54 Å [35], an

in-plane Li-TM6 ‘honeycomb’ order forms within the TM layers in order to minimize the lattice

strain [36], as illustrated in Figure 2.4. The periodic stacking of these well-ordered layers along the

c axis leads to a lowering of the crystal symmetry (superstructure), either to the P3112 symmetry1

by creating a threefold screw axis or to the most common C2/m symmetry by generating mirror

planes along c, respectively [37]. This reduction of symmetry leads to the occurrence of additional

superstructure re�ections in the X-ray di�raction pattern, which are prominently emerging at

low 2θ angles. The presence of these additional re�ections is a strong indicator for the structural

integrity of the honeycomb order on a long-range scale and will be used as such in the upcoming

investigations.

The Li2MnO3 cathode materials typically come along with deviations from this ideal stacking

sequence, i.e. stacking faults are introduced [37, 38]. These stacking faults are crucially in�uencing

the electrochemical properties, in particular the extractable amount of Li per formula unit and

therefore the accessible charge/discharge capacities, which are usually increasing with higher

stacking fault density. The density of lattice defects can be tuned, for instance, by varying the

synthesis temperature [39, 40]. However, pure Li2MnO3 as cathode material su�ers from a poor

reversible cyclability and the initially high charge capacities (>350 mAh/g) are not recovered in the

subsequent discharge step, which makes it unattractive for commercial applications. This rapid

degradation of the electrochemical properties can be explained by a profound modi�cation of the

structure during the �rst charge, including the loss of active Li sites [41].

1International Tables for Crystallography number 141
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Figure 2.4.: Li-Mn6 honeycomb ordering in the transition metal layer of monoclinic Li2MnO3.

Mn-O6 octahedra in purple, Li-O6 octahedra in green, oxygen atoms in red.

It has been shown that the initially high capacity and the structural integrity of Li2MnO3 can be

maintained to a large extend by the admixture of LiTMO2 (TM=Ni,Co,Mn) [1, 42], i.e. the formation

of solid solutions between these end members. In these single-phase solid solutions, the Li-TM6

honeycomb ordering is not fully developed, due to the lower resulting Li:TM-ratio in the TM layers.

This leads to a mixed Li/TM-TM6-type honeycomb ordering within the TM layers, i.e. not all centers

of the TM6 honeycombs are occupied by Li ions. The here studied Li[Li0.2Ni0.15Co0.1Mn0.55]O2

composition, for instance, possesses a Li:TM-ratio in the TM layers of 1:4 in comparison to 1:2 for

pure Li2MnO3. Nevertheless, the formation of a long-range ordering (including stacking along c)

is also present in Li2MnO3-based NCM solid solutions and hence the occurrence of additional

superstructure re�ections in the X-ray di�raction pattern. However, these re�ections are now

attenuated in intensity.

In contrast to the picture of the formation of solid solutions between the end members Li2MnO3

and LiTMO2, which has been described so far there are other publications that claim to have found

evidence for a composite material, in which domains of Li2MnO3 are �nely dispersed within a

R3m matrix [43, 44, 45, 46]. It could be shown that the size of these domains strongly depends on

the synthesis route/conditions as well as on the composition itself [44, 47]. The non-conformance

in literature regarding the description of the micro-/nanostructure of Li- and Mn-rich layered

12



2.2. Lithium ion battery cathode materials

oxides might be due to slight di�erences in the individually prepared materials, for instance, the

composition, the synthesis route as well as the temperature pro�le during heating. However,

based on �ndings from electron microscopic and spectroscopic investigations a single-phased solid

solution is suggested for the commercially available TODA HE5050 Li- and Mn-rich NCM cathode

material, which was also used in this work [29]. Therefore, the single phase model will be adopted

for the hereinafter conducted analysis and discussion of the obtained results, respectively. A more

detailed discussion regarding the structural analysis of the long- (di�raction) and short-range

(NMR) atomic ordering and the correlation with electrochemical features will be carried out in

Sections 5.1.2 and 5.1.3. This also includes a comparison of the features with the end members, in

order to highlight the special characteristics of the solid solution ‘combinations’ of Li2MnO3 and

LiTMO2.

As already emphasized in the motivation of this work, the very-local ‘de’-arrangement of the initially

well-ordered cations plays a crucial role for the electrochemical features of the Li- and Mn-rich NCM

cathode materials. These structural modi�cations can be either reversible, for instance represented

by the electrochemical hysteresis or irreversible, like the initial formation or the voltage fade. The

continuous cycling with high degrees of delithiation leads to a gradual structural transformation

towards a cubic crystal symmetry. One possible ‘end state’ cation arrangement scenario in the ccp

oxygen sublattice is the cubic spinel-type cation ordering, for example represented by the LiMn2O4

spinel (Fd3m). The unit cell of this spinel is illustrated in Figure 2.5. As apparent from Table 2.3,

Mn is occupying the octahedral 16d crystallographic site, which represents half of the available

octahedral sites in the oxygen framework. The arrangement of Mn in the cubic spinel structure

Table 2.3.: Basis of the cubic LiMn2O4 spinel unit cell, origin choice 2 (space group Fd3m, Interna-

tional Tables for Crystallography number 227). as=8.2383 Å, [48]. The 16c site is vacant

in the pristine state, but can be occupied by Li via electrochemical insertion.

Atom Wycko� x y z Occupancy

Li1 8a 0.125 0.125 0.125 1

Li2 16c 0 0 0 0

Mn 16d 0.5 0.5 0.5 1

O 32e 0 0 0.263 1
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occurs in a three-dimensional manner without a clear cation separation in TM and Li layers (2D),

respectively. The tetrahedral 8a site is occupied by lithium and as already indicated in Table 2.3

lithium can also occupy the empty octahedral sites (16c site), for instance in electrochemically

overlithiated Li1+xMn2O4 and Li1+xNi0.5Mn1.5O4 spinels [49, 50, 51, 52, 53]. The electrochemically

induced overlithiation results in a two-phase transition from cubic spinel (Fd3m) to a tetragonal

symmetry (I41/amd)2, which can be observed by a �at voltage pro�le (plateau) around 3.0 V in the

electrochemical data. The tetragonal distortion of the crystal lattice originates from the reduction

of manganese from +IV to +III and the thereof resulting anisotropic Jahn-Teller distortion of the

TM-O6 octahedra.

Figure 2.5.: Unit cell of cubic LiMn2O4 spinel (Fd3m). Mn-O6 octahedra in purple, Li-O4 tetrahedra

in green, oxygen atoms in red.

The spinel-type cation ordering can also be derived from a half-lithiated layered Li0.5TMO2-type

oxide by the migration of 1/4 of the TM ions from the TM layers to the Li layers in combination with

the migration of Li ions from octahedral into tetrahedral sites. These migration processes are likely

occurring in layered oxide cathode materials during long-term electrochemical cycling or can be

2International Tables for Crystallography number 141
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2.2. Lithium ion battery cathode materials

induced by heating of (partially) electrochemically delithiated states. For the Li- and Mn-rich NCM

cathode materials, this transformation towards a cubic spinel-type cation arrangement requires

the densi�cation of the crystal lattice, which includes the release of oxygen from the surface and

the migration of Mn and Li ions from the surface into the bulk, respectively. The densi�cation is

mandatory in order to remove excess oxygen and to reoccupy LiTM sites, which were introduced

by the Li2MnO3 ‘component’ and is demonstrated by Equation 2.1

Li0.4TM0.8O2
Densi�cation
−−−−−−−−−−→ 0.2O2 ↑ +Li0.4TM0.8O1.6 (i.e. LiTM2O4). (2.1)

This leads to a decrease of the O/TM ratio from 2.5 for the Li- and Mn-rich NCM material to 2,

which can be either dedicated to a layered LiTMO2-type structure or to a cubic LiTM2O4-type

spinel, respectively.
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2.3. Terminologies of the electrochemical analysis

Full cell setup: A full cell Li ion battery is characterized by an in operando design of the battery

cell close to the real application, for example with a graphite anode and LiCoO2 cathode. The cell

potential is determined by the (open circuit) potential di�erence between the cathode and anode

material.

Half cell setup: In a half cell Li ion battery, an anode or cathode material is cycled against a

lithium metal counter electrode in order to focus the electrochemical investigations on the material

to be examined. The cell potential is determined by the (open circuit) potential di�erence between

the inserted anode/cathode and the Li potential. In this work, the half cell setup is used for all

experiments.

dQ/dV plot: The di�erential capacity plot represents the �rst derivative of the galvanostatic curve

against the cell voltage. This type of plot emphasizes the single redox processes occurring during

charging and discharging.

Galvanostatic cycling: In this type of electrochemical characterization method the battery cell

is cycled between an upper (end of charge) and a lower (end of dicharge) cut-o� voltage with a

constant current (CC).

C-rate: The C-rate describes the ratio between the applied (speci�c) current and the (speci�c)

capacity of a battery cell and thus points to the expected duration for charge/discharge of a

battery cell. For example, a battery with a capacity of 1 Ah and an applied current of 2 A will be

charged/discharged in half an hour. However, at very high rates the extractable/inserted capacity

is signi�cantly lower than for lower rates due to kinetic reasons.

Speci�c capacity/energy: The speci�c capacity and energy describes the extractable charge/energy

per unit mass (gravimetric) or volume (volumetric) related to a complete battery cell including

passive components (cell casing, current collectors, electrode additives, etc.) or a single active

component, e.g. the anode and cathode material. In this work, the speci�c numbers are always

related to the active material only.

SEI: The solid electrolyte interphase (SEI) describes the passivation layer on the active material

particles, which is composed of reaction products from the electrolyte with the active material and

is predominantly formed during the �rst cycle (formation). This layer is (ideally) permeable for

Li ions and electronically insulating, which prevents a further decomposition of the electrolyte.

The SEI formation is very prominently occurring on the anode and its integrity is crucial for the
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2.3. Terminologies of the electrochemical analysis

long-term cyclability of a Li ion battery. However, due to crack formation in the SEI or the di�usion

of transition metals from the cathode to the anode (TMs act as catalysts), a further growth of the

SEI is facilitated. Thus, more and more Li ions are trapped in the SEI leading to loss of capacity

and increased SEI thickness leads to a rise of the internal cell resistance. The respective SEI on the

cathode side is termed cathode electrolyte interphase (CEI).

Formation: The �rst electrochemical cycle of a Li ion battery typically presents a slightly di�erent

voltage pro�le as well as a low coulombic e�ciency (discharge capacity divided by charge capacity).

This can be attributed to the formation of a SEI and a CEI when the electrolyte is in a unstable

voltage range during charging/discharging and is simultaneously accessible to electrons at the

electrodes. During a charge step, the electrolyte decomposes and precipitates at low potentials

(reduction) on the anode and at high potential on cathode (oxidation). These processes are also

‘consuming’ Li ions, which are irreversibly trapped in these interphases and thus are not longer

accessible for the energy storage process (loss of capacity). In addition, the active materials itself

(anode and cathode) can feature an irreversible structural modi�cation in the �rst cycle, which leads

to di�erent voltage pro�les and charge/discharge capacities in the following cycles. In this work,

the majority of the observed features in the formation cycle can be attributed to structural changes

in the investigated cathode materials, since lost Li ions can be reintroduced by the oversized Li

reservoir on the anode side (lithium metal).

Electrochemical hysteresis: The electrochemical hysteresis describes the path dependency of

the electrode/cell potential, i.e. the di�erence of the potential during charge and discharge. Similar

to the magnetic hysteresis, the electrochemical hysteresis leads to a loss of (electrical) energy

in each charge/discharge cycle. The hysteresis can be rate-dependent, e.g. due to ohmic losses

(polarization), and/or rather rate-independent, e.g. due to reversible structural changes (structural

hysteresis).

ex situmeasurements: This type of measurement procedure describes, for instance, the structural

characterization of a cathode sample outside the location of operation (battery cell). In order to

study the structural changes, for example induced by charging, the sample needs to be extracted

from the cell case. In contrast, in situ measurements are conducted while changing the physical

condition(s), e.g. cell voltage and temperature. These studies are often carried out in customized

environments in order to obtain ideal measurement conditions and are not fully representing the

real operating conditions (in operando). In this work, all experiments are executed ex situ.
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The primary objective of this work is the correlation of the electrochemical features with mod-

i�cations the in short- and long-range atomic ordering in the studied Li- and Mn-rich cathode

material. Of great interest are in particular the order-disorder transition in the initial formation

cycle, the reinstallation of a well-ordered state by heating of lithiated samples (discharged) as well

as the cation rearrangement towards a more cubic spinel-type symmetry in electrochemically and

thermally fatigued samples (heating of a delithiated state). In the following, the tasks of this work

are brie�y summarized.

Order-disorder transition during formation: The electrochemical features regarding the �rst

cycle (formation) of the Li- and Mn-rich 50:50 material (Li1.2Ni0.15Co0.1Mn0.55O2) was studied in

detail and compared with its end members Li2MnO3 and NCM as well as a 30:70 solid solution. For

the structural characterization, samples with selected charge/discharge states along the voltage

pro�le of the �rst cycle were prepared and analyzed ex situ by X-ray powder di�raction (XRPD)

including Rietveld re�nement of the obtained di�raction patterns and 6Li MAS NMR spectroscopy.

In order to obtain high quality 6Li NMR spectra the samples were self-synthesized and enriched

with the 6Li isotope. The results are presented in Section 5.1.

Thermal treatment of samples after formation in various states of charge: In this work

package, the impact of a mild thermal treatment on highly defective metastable materials (after

formation) in three charging states, 2.0 V - 4.2 V - 4.7 V, was carried out, respectively. Thereby, the

temperature was varied from 150 °C to 300 °C. The structural changes were studied by synchrotron

radiation powder di�raction (SRPD) including Rietveld re�nement of the obtained di�raction

patterns and 7Li MAS NMR spectroscopy, and �nally correlated with the modi�ed electrochemical

properties. Here, the commercial ’HE5050’ material (TODA) was chosen due to the high amount of

samples needed for the experiments and the higher cycling stability of the commercial cathode

material, respectively. It possesses the same nominal composition as the self synthesized 50:50

material. The results are presented in Sections 5.2-5.4.
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Thermal treatment of samples of electrochemically fatigued samples: In the introductory

experiment (see Chapter 1) it could be emphasized that the voltage fade present in a highly cycled

sample can be reversed by a thermal treatment. In order to obtain a more detailed insight into the

degradation processes during cycling as well as into the reordering processes during heating, the

structural changes after 300 cycles and after the heat treatment were studied using SRPD and 7Li

MAS NMR spectroscopy and correlated with the corresponding electrochemical data. The results

are presented in Section 5.5.

Mass loss of cathodes during heating: In order to track the thermal stability and a potential

oxygen loss of the cathode materials during heating, thermogravimetric analysis (TGA) was per-

formed on samples at di�erent charging states. Furthermore, the determined mass loss of the

electrodes in the listed heating experiments above was evaluated and an estimation of the released

amount of oxygen from the cathode was carried out. The results are presented in Section 5.6.

Scannung electronmicroscopy: Thermally treated cathodes were analyzed regarding alterations

of their particle surface or morphology. Therefore, scanning electron microscopy (SEM) images

of a pristine ‘HE5050’ electrode as well as of electrodes after heating and post thermal cycling

were taken. Since a signi�cant dissolution of TMs from the surface of the heated electrodes was

expected during the post thermal cycles, SEM and energy-dispersive X-ray spectroscopy (EDX)

were conducted on the respective lithium metal anodes used for these cycles. The results are

presented in Section 5.7.

X-ray absorption spectroscopy: Finally, the local geometric and electronic structure was inves-

tigated in detail using hard and soft X-ray absorption spectroscopy. Therefore, the modi�cations

after formation and after the thermal treatment process were monitored at the transition metal and

the oxygen K-edges. Furthermore, radial distribution functions (RDF) of the investigated elements

were derived from the EXAFS oscillations. The results are presented in Section 5.8.
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4.1. Synthesis of 6Li-enriched layered oxide cathodematerials

6Li-enriched pure Li2MnO3 and NCM (‘323’-ratio, LiNi0.375Co0.25Mn0.375O2) cathode materials

as well as their 50:501 (Li1.2Ni0.15Co0.1Mn0.55O2) and 30:702 (Li1.13Ni0.228Co0.152Mn0.489O2) solid

solutions were synthesized using a sol-gel method inspired by the synthesis route from Xu et al. [54].

The procedure was carried out as follows: citric acid monohydrate (≥99%, VWR) as chelating agent

was dissolved in type-1 ultrapure water while constantly stirring. Lithium, nickel (≥98%, Aldrich),

cobalt (≥98%, Alfa Aesar) and manganese (≥99%, Aldrich) acetate precursors were added according

to the intended stoichiometric composition. The concentration of the citric acid solution was

0.5 mol/L, the molar ratio of citric acid to metal ions 1.5:1, respectively. The 6Li acetate precursor

was prepared from 95 at.-% 6Li-enriched lithium metal chunks (Aldrich). The metal chunks were

dissolved in ultrapure water and an excess amount of acetic acid was added to the solution. Then,

the solvents were evaporated using a rotary evaporator until a white lithium acetate powder was

obtained. The powder was further dried under vacuum conditions at 120 °C for 24 h and stored in

a dry argon atmosphere afterwards.

After dissolving the acetates, the pH value of the solution was adjusted to 7.0 via the addition

of aqueous ammonia. Excess water was evaporated while stirring continuously at 80 °C, until a

viscous gel was obtained. This gel was transferred to a porcelain ceramic evaporating dish and

was further dried at 120 °C in a mu�e furnace (L5/12, Nabertherm) for 12 h. Afterwards, the gel

was calcined in air at 450 °C for 6 h (+1 h heat-up time, � 7 K/min) in a mu�e furnace (L5/12,

Nabertherm) in order to remove the organic species. The cooldown occurred without further

control of the temperature by turning o� the furnace. Then the precursor powder was ground

in a mortar, �lled into an alumina crucible and �nally tempered in a tube furnace (CTF18/300,

Carbolite) at 900 °C for 12 h (+5 h heat-up time � 3 K/min) in a continuous stream of oxygen gas.
1 Equal to 0.5Li2MnO3·0.5NCM323.
2 Equal to 0.3Li2MnO3·0.7NCM323
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The cooldown-rate was adjusted to 3 K/min until a temperature of 450 °C was reached; below the

cooldown occurred without further control. The ‘6-Li2MnO3’ active material powder was directly

used after the 450 °C step in order to enhance the electrochemical properties. A high structural

defect density typically increases the amount of electrochemically extractable lithium [39, 40]. The

typical batch size was 8 g of active material product and all active material powders were used as

received. The �nal cation stoichiometries were determined using ICP-OES (inductively coupled

plasma - optical emission spectrometry). The results are shown in Table B.1 and con�rmed the

expected values within the range of error. For clarity, all materials and their compositions used in

this work are summarized in Table 4.1.

Table 4.1.: Overview table of the materials and their compositions used in this work.

Abbreviation Composition Source Comments

6-50:50 Li1.2Ni0.15Co0.1Mn0.55O2 self-synthesized 95 at.-% 6Li-enriched

HE5050 Li1.2Ni0.15Co0.1Mn0.55O2 TODA America

6-Li2MnO3 Li2MnO3 self-synthesized 95 at.-% 6Li-enriched

6-NCM LiNi0.375Co0.25Mn0.375O2 self-synthesized 95 at.-% 6Li-enriched

6-30:70 Li1.13Ni0.228Co0.152Mn0.489O2 self-synthesized 95 at.-% 6Li-enriched

LMO LiMn2O4 Aldrich spinel

LNMO LiNi0.5Mn1.5O4 Aldrich spinel

4.2. Electrochemical characterization and thermal treatment

For the preparation of the cathode electrode sheets, a N -Methyl-2-pyrrolidone (NMP)-based slurry

of 87% (w/w) active material (AM), 7% (w/w) polyvinylidene �uoride as binder (PVDF, Solvay Solef

5130) and 6% (w/w) carbon black as conductive agent (CB, Timcal Super C65) was prepared as

follows: The active material and carbon black were ground in acetone, until a homogeneous slurry

was obtained. Then, the slurry was dried and the residual powder was added to a 4.11% (w/w)

PVDF-NMP solution. This slurry was stirred on a magnetic stirrer at approximately 1000 rpm

for 1 h. Afterwards, the slurry was die-coated on an aluminum foil, dried overnight at 80 °C and

calendered to a coating thickness of about 30 µm (approx. 5 mg/cm2 active material).

The electrochemical characterization was carried out in CR2032-type coin cells, assembled in an

argon-�lled glovebox (O2 < 5 ppm, H2O < 5 ppm) using ∅ 12 mm electrode sheets, two layers
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of Celgard 2325 as separator, 150 µL electrolyte and a 250 µm thick lithium foil as anode (99.9%,

MTI). The electrolyte (LP 30, BASF) was composed of 1 M lithium hexa�uorophosphate (LiPF6)

conducting salt in a 1:1 (w/w) solution of ethylene carbonate (EC) and dimethyl carbonate (DMC).

The cells containing 6Li cathodes were prepared with a 6Li-enriched electrolyte and lithium anode,

respectively. Therefore, a 1 M electrolyte solution was prepared with 6LiPF6 (98%, 95 at.-% 6Li,

Aldrich) in a 1:1 (w/w) solution of EC/DMC (BASF). 6Li anodes were prepared from 6Li-metal

chunks (95 at.-% 6Li, Aldrich).

Figure 4.1.: Scheme of the electrochemical protocol and the thermal treatment procedure.

The electrochemical characterization and thermal treatment of the commercial ‘HE5050’ active

material was carried out as illustrated in Figure 4.1. The cells were cycled �rst two times be-

tween 4.1 V and 2.0 V (wetting cycles), then two times between 4.7 V and 2.0 V (formation +

after formation cycle) and �nally adjusted to either 2.0 V (discharged/lithiated sample), 4.2 V (half

charged/lithiated sample) or 4.7 V (charged/delithiated sample). All tests were carried out with a

rate of C/10 (1C = 290 mAh/g) at 25 °C with a VMP3 potentiostat (BioLogic). In order to reduce

the duration for the preparation of electrochemically fatigued samples, e.g. with 300 cycles, the

rate was increased to C/5 after the �rst four cycles (2 x wetting, formation, after formation). The

last two cycles were carried out in a fresh cell (new anode, electrolyte, etc.) with C/10 in order to

identify the degradation features, which can be dedicated to the cathode material exclusively.

The cycled electrodes were carefully extracted from the cell stack within the glovebox and washed

with dimethyl carbonate (DMC) in order to remove electrolyte residues. For the thermal treatment,

the electrodes were placed in a sealable glass tube and transferred from the glovebox into a pre-

heated tubular oven (Büchi B-585). The experiments were carried out at temperatures of 150 °C,

200 °C, 250 °C and 300 °C for one hour, respectively. Additionally, the glass tube was connected to
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a vacuum gas manifold (Schlenk line) with a pressure relief valve in order to ensure a pressure

compensation during heating. After 1 hour the glass tube was directly removed from the tubular

oven and after a cool down to room temperature the samples were stored again inside the glovebox.

In order to determine a potential mass loss after heating, the electrodes were weighed before as

well as after the thermal treatment (the error was calculated according to the speci�cations of the

used balance). For the post thermal electrochemical characterization (relithiation) the electrodes

were once more assembled into coin cells, cycled �ve times and �nally discharged to 2.0 V. In order

to investigate the reproducibility, three samples of each combination (temperature and degree of

delithiation) were electrochemically characterized. For post mortem characterization, the cathode

was again extracted from the coin cell within the glovebox, rinsed with DMC and dried afterwards.

The cells containing the 6Li-enriched materials as well as LiMn2O4 (LMO) and LiNi0.5Mn1.5O4

(LNMO) spinel reference materials were cycled between 4.3 V and 2.0 V (LMO), 4.8 V and 2.0 V

(‘6-NCM’, ‘6-Li50:50’, ‘6-30:70’) as well as between 5.0 V and 2 V (LNMO, ‘6-Li2MnO3’) for two

cycles with C/50 (1C = 290 mAh/g). The samples for the post mortem characterizations (NMR,

XRPD) were prepared similarly according to the aforementioned procedure.

4.3. X-ray and synchrotron radiation powder di�raction

The self-synthesized 6Li materials were characterized using a STADI-P laboratory X-ray di�rac-

tometer (STOE) with a molybdenum anode (λ = 0.70932 Å), a germanium-111-monochromator and

a Mythen 1K detector (Dectris). The data collection was carried out in transmission geometry using

∅ 0.5 mm glass capillaries. Ex situ synchrotron radiation powder di�raction (SRPD) experiments of

the HE5050 samples were performed in ∅ 0.5 mm glass capillaries at the high resolution beamline

P02.1 [55] at PETRA III, DESY, at about 60 keV (λ = 0.2072 Å)3. A 2D �at panel detector (Perkin

Elmer amorphous silicon detector) with an exposure time of 60 seconds was used for obtaining

the di�raction images. Fit2D [56] was used for data conversion from 2D images to 1D data points

(intensity vs. scattering angle).

The Caglioti parameters (U, V, W ) describing the impact of the experimental setup on the re�ec-

tion pro�le shape and half widths were determined using a LaB6 standard. Finally, the Rietveld

3Exact wavelengths used for Rietveld re�nement: First beamtime in Nov. 2016: 0.207166(3) Å. Second beamtime in Oct.

2017: 0.207221(3) Å, includes the pristine and highly cycled HE5050 samples (300cyc, +heated, +relithiated).
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re�nements were carried out using the FullProf suite [57] (ver. 07/2017). The standard deviations of

the re�ned parameters have been multiplied with the Bérar-Lelann factor [58]. Powder di�raction

and NMR measurements were performed on the identical sample. Therefore, the electrode coating

was mechanically removed from the aluminum substrate and the obtained powder was transferred

into NMR rotors and glass capillaries. The preparation took place within the glovebox for the

self-synthesized 6Li materials and outside the glovebox for the ‘HE5050’ samples, respectively.

4.4. Nuclear magnetic resonance spectroscopy

Within this work, 6Li as well as 7Li magic angle spinning (MAS) nuclear magnetic resonance (NMR)

spectroscopy were carried out for the characterization of the local lithium environments. The

arguments for and against each lithium isotope regarding the resulting quality of the spectra are

discussed brie�y in the following. The typically very broad and featureless resonances in solid state

NMR spectra can be narrowed by spinning the sample container with a high frequency inside the

magnetic �eld (B0). Hereby, the spinning axis is tilted by the magic angle θm (54.7°) with respect to

the direction of B0. However, the MAS leads to the presence of spinning sidebands in the spectra,

which may overlap with the main resonances. The distance of the spinning sidebands ∆sb with

respect to the corresponding main resonance is given by Equation 4.1

∆sb = n ·
fspin

fL
, (4.1)

where n is the sideband number (± 1, 2, 3, ...), fspin is the spinning frequency and fL the Larmor

frequency of the observed nucleus. When comparing the Larmor frequencies of the 6Li nucleus

(29.4 MHz) and the 7Li nucleus (77.7 MHz) in a 4.7 T �eld, it is apparent that the resulting distance

of the spinning sidebands is higher in the 6Li spectra. A spinning frequency of 67 KHz leads to �rst

sideband distances of ±2279 ppm (6Li) and ±862 ppm (7Li), respectively. Since the NMR spectra

of Li-TM-O battery materials typically demonstrate a NMR shift of 0-2300 ppm [59], the 6Li MAS

NMR enables a better identi�cation of the main resonances as well as a more straightforward

quantitative analysis of the spectra. These theoretical considerations are clearly illustrated in

Figure 4.2. However, the natural abundance of the 6Li isotope is only 7.59 at.-%, requiring a 6Li-

enrichment of the material in order to obtain a high-resolution spectrum in an adequate amount of

time (approx. 20 h). This was carried out by synthesis of 6Li-enriched cathode materials and the

usage of a 6Li-enriched anode and electrolyte.
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For 6Li MAS NMR spectroscopy, a Bruker Avance 200 MHz spectrometer (4.7 T) with ∅ 1.3 mm

zirconia rotors and a spinning frequency of 67 kHz was used. The experiments were performed

at 283(1) K with a rotor synchronized Hahn-echo pulse sequence (π /2-τ -π -τ -acquisition, with

τ = 1/fspin), a π /2 pulse length of 0.95 µs and a recycle delay of 0.1 s at a frequency of 29.475 MHz.

An aqueous 1 M 6LiCl solution was used as the reference for the chemical shift (0 ppm). All

spectra were normalized according to the number of scans and the sample mass. Analogously,

the acquisition of the 7Li spectra was carried out at a frequency of 77.82 MHz, a π /2 pulse length

of 0.6 µs and a recycle delay of 0.2 s without further cooling of the probe. An aqueous 1 M LiCl

solution was used as the reference for the chemical shift. In order to enhance the quantitative

comparability, all measurements were carried out with the respective electrode-coating powder

(active material, binder, carbon). For data processing and analysis MestreNova (ver. 6.0.2, Mestrelab

Research) was used.

Figure 4.2.: Comparison of the 6Li and 7Li NMR spectra from cathode samples with the same

stoichiometry (Li1.2Ni0.15Co0.1Mn0.55O2), but di�erent lithium isotope. The spinning

sidebands (±861 ppm) of the 7Li NMR spectrum are highlighted by the arrows. Here,

the sidebands ‘×’ belong to the main resonance group 1 (MRG1), the sidebands ‘∗’ to

the main resonance group 2 (MRG2), respectively. The slight shift of the 6Li spectrum

towards higher values can be ascribed to a lower acquisition temperature (active cooling

of the probe to 283 K).
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4.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a STA Jupiter 449C thermal analyzer

(Netzsch), which was set up in an argon �lled glovebox. Therefore, electrode coatings of a pristine

‘HE5050’ sample as well as of samples after formation, charged to 2.0 V, 4.2 V and 4.7 V, respectively

were mechanically removed from the aluminum substrates in argon atmosphere and packed into

alumina crucibles. Afterwards, the samples were heated with 5 K/min up to 500 °C in a dynamic

argon atmosphere (20 mL/min). The data processing was carried out using the Proteus Analysis

software (ver. 6.0.0, Netzsch).

4.6. Scanning electronmicroscopy

Scanning electron microscopy (SEM) images were taken from the pristine ‘HE5050’ electrode as

well as of the electrodes after heating and relithiation. Furthermore, the corresponding lithium

anodes (used for the �ve relithiation cycles) were characterized using SEM and energy-dispersive

X-ray spectroscopy (EDX). Therefore, a FE-SEM Merlin microscope (Carl Zeiss) with an attached

Quantax XFlash 6|60 EDX spectrometer (Bruker) was used. The cathode samples were rinsed with

DMC in order to remove electrolyte residues. The lithium anodes were characterized as received.

All samples were placed on an adhesive carbon pad and mounted on a transfer-system, which

enables the transport of the samples to the SEM within inert argon atmosphere. The SEM images

were captured with the in-lens detector and the applied acceleration voltage is speci�ed directly in

the microscopy image. EDX measurements were carried out by hyper-mapping an area of approx.

1.5x1.1 mm2. For the subsequent quantitative elementary analysis only the elements of interest (C,

F, P, O, Mn, Ni, Co) were considered.

4.7. Hard and so� X-ray absorption spectroscopy

Hard X-ray absorption spectroscopy (XAS) experiments of the ‘HE5050’ electrode samples were

carried out at the applied X-ray absorption spectroscopy beamline P65 at PETRA III, DESY. The

spectra of Ni, Co and Mn K-edges were recorded in transmission mode and the reference spec-

trum for energy correction was simultaneously collected using the corresponding transition metal

foil. The data was processed and analyzed using Athena [60] (included in the Demeter-package,

ver. 0.9.25). Additionally, soft XAS measurements at the oxygen K-edge were performed at the
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WERA beamline for soft X-ray spectroscopy and microscopy at the Karlsruhe synchrotron light

source ANKA. The spectra were recorded using total electron yield (TEY) and �uorescence yield

(FY) mode. Energy calibration (using a NiO reference), dark current subtraction, division by I0,

background subtraction and data normalization were performed.

The sample preparation was carried out as follows: In an argon �lled glovebox, the samples to be

characterized were rinsed with DMC to remove the electrolyte and dried. For hard XAS measure-

ments the electrodes were placed on an adhesive Kapton tape, the aluminum substrate was removed

and a second Kapton tape was placed on top. The samples used for the soft XAS experiments

were kept intact, mounted on the sample holder and directly transferred to the beamline in a

transfer-vessel �lled with argon gas.
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5.1. Formation of Li- and Mn-rich NCMs

This section focuses on the comparison regarding the structure and electrochemical properties of

the end members Li2MnO3 and LiTMO2 (here, LiNi0.375Co0.25Mn0.375O2, ‘323’-ratio) as well as their

solid solutions, especially the 50:50 composition (Li1.2Ni0.15Co0.1Mn0.55O2). For this composition

the order-disorder transition in in the �rst cycle (formation) is investigated in detail on the long-

range atomic scale by X-ray powder di�raction (XRPD) as well as on a very-local atomic scale by
6Li nuclear magnetic resonance (NMR) measurements.

5.1.1. Electrochemical characterization

Figure 5.1a shows the cell voltage vs. speci�c capacity plot of the initial formation cycle starting

from pristine material, the cycle after formation as well as the 10th cycle of the self-synthesized
6Li-enriched ‘6-50:50’ cathode material. For a better illustration of the individual redox processes

occurring during charging and discharging, the corresponding derivative of the capacity (dQ/dV)

vs. cell voltage is plotted in Figure 5.1b. In the initial charge of the pristine material, the �rst

peak with maximum value located at about 4.0 V (‘NC’) also found for conventional NCM cathode

materials is attributed to the oxidation of the transition metal ions Ni and Co from +II/+III states

to +IV [61, 62, 63, 64]. It is assumed that manganese is already in +IV in the pristine material.

A charge capacity of 115 mAh/g is reached until 4.4 V, which is close to the theoretical value of

127 mAh/g under the assumption that all Ni and Co ions have been oxidized to +IV. So far, the

electrochemical delithiation (charging) process can be considered to be reversible and thus the

initial state can be reached again by lithiating (discharging) the material [65, 66].

The second part of the initial charge is dominated by an extended ‘plateau’ at 4.5 V corresponding

to the so called ‘formation’ or ‘activation’ of the Li- and Mn-rich NCM, which includes the partial

loss of the initial electrochemical and structural features, i.e. order-disorder transition. These
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(a) (b)

Figure 5.1.: Cell voltage vs. speci�c capacity (a) and the corresponding di�erential capacity (dQ/dV)

plot (b) of the �rst, second and tenth cycle of the ‘6-50:50’ cathode material cycled

between 4.8 V and 2.0 V using a C/50 rate. The arrows in (b) illustrate the decay of

the mean charge/discharge voltage (voltage fade). Labels: ‘NC’ – Ni/Co redox activity,

‘O2p ’ – oxygen 2p band, ‘Odef’ – defect-associated oxygen redox activity.

irreversible modi�cations are most clearly indicated by the absence of the ’plateau’ for further

charge/discharge cycles and the disappearance of the C2/m superstructure re�ections in the

corresponding di�raction pattern as will be shown later on. Since the transition metal ions reach

an oxidation state of +IV at about 4.4 V, further charge compensation during the ‘plateau’ is now

carried out by the oxidation of the oxygen. This process is described by the reversible formation of

electron holes in the oxygen 2p band [5, 67] as well as the irreversible partial release of oxygen from

the crystal lattice, either as a gas and/or by reaction with the surrounding electrolyte especially

beyond the ‘plateau’ >4.5 V [5, 6, 68, 69]. Overall, the �rst charge reaches a capacity of 335 mAh/g

at 4.8 V.

Due to the irreversible structural modi�cations a reduction process corresponding to the ‘plateau’ of

the initial charging is no longer identi�able. Instead, two newly occurring processes are emerging

during discharge in addition to the reduction peak ‘NC’: i) the reduction peak at around 4.3 V, which

is commonly ascribed to the annihilation of electron holes in the oxygen 2p band (‘O2p’), which are

formed during the ‘plateau’ [5, 8, 67]; and ii) the new low-voltage process at around 3.3 V, which is

dedicated to a reversible anionic O2−/n−-contribution [2, 8, 11, 70, 71]. Interestingly, this anionic

redox process is exclusively appearing in the Li-rich materials and its emergence is obviously

directly connected with the initial formation process, which leads to a highly defective material with
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5.1. Formation of Li- and Mn-rich NCMs

a modi�ed electronic structure, i.e. newly formed electron energy states are occupied. Therefore,

this redox process is termed defect-related oxygen contribution ‘Odef’ in this work1. As a concluding

remark, this low-voltage process was initially ascribed to the Mn3+/4+ redox activity in a layered

LiMnO2-like structure, which is supposed to form during formation [72, 73, 74, 75]. However,

recent evidence disproved this mechanism, for instance, by investigating the evolution of the

manganese oxidation state during the formation using X-ray absorption spectroscopy [63, 76, 77].

Based on the �ndings obtained in this work, a more detailed discussion on the proposed LiMnO2

formation will be carried out in Chapter 6.

Af the end of discharge, a discharge capacity of 282 mAh/g at 2.0 V is reached leading to an

irreversible capacity loss (1st charge capacity - 1st discharge capacity) of 53 mAh/g. This can be

mainly attributed to the loss of electrochemically active lithium sites [4] besides ’electron-releasing’

side reactions during charge, for instance, the release of oxygen. In the second charging cycle,

the onset voltage of the �rst oxidation peak is lowered to 3.3 V. It represents the newly formed

reversible anionic redox process ‘Odef’, continued by ‘NC’ and ‘O2p ’. The same processes can be

observed during the second discharge in reversed order. After 10 cycles, the region ‘Odef’ becomes

more prominent at the expense of high-voltage region ‘NC’ (blue arrows) in the charge as well

as in the discharge step. As can be seen from the calculated mean charge and discharge voltages

provided within the dQ/dV plot, this leads to a decrease of the mean voltages with increasing

number of cycles and is commonly termed as voltage fade/decay. At the same time, the discharge

capacity only decreased slightly from 278 mAh/g in the cycle after formation to 270 mAh/g in

the 10th cycle, respectively. As will be shown later in Section 5.5, these degradation processes are

directly correlated to a gradual structural transformation towards a more cubic spinel-type cation

arrangement.

In order to get a more detailed picture on the electrochemical features of Li and Mn-rich NCMs,

the electrochemical characterization was repeated for the pure ‘6-Li2MnO3’ and ‘6-NCM’ materials

as well as a 30:70 solid solution (‘6-30:70’). The results are summarized in Figure 5.2. As can be

seen from the cell voltage vs. speci�c capacity plot of a ‘6-Li2MnO3’ electrode (Figure 5.2a), the

�rst charge starts with a strong rise of the voltage. Then, a rather long and pronounced ‘plateau’

1 It should be noted that the initial order-disorder transition might a�ect the entire charge compensation mechanism,

due to a modi�ed electronic structure and a clear separation of the single redox processes is rather di�cult. For

instance, Assat et al. [2, 8] suggested a reversible O2−/n− redox activity throughout the entire voltage window.

However, this work focuses on the rather ‘strong’ modi�cations of the electrochemical and structural features in

order to emphasize the main idea of this study and to interpret the here obtained results, respectively.
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is followed until reaching the charge cut-o� voltage at 5.0 V. Here, the �rst part of the charge

up to 4.5 V can be attributed to the oxidation of residual Mn3+ to an oxidation state of +IV. The

presence of Mn3+ in the pristine material can be ascribed to an oxygen de�ciency, which prevents

a full oxidation of manganese to +IV [78, 79]. Similar to the electrochemical curve of the ‘6-50:50’

material after the initial formation cycle, the subsequent charge and discharge steps of ‘6-Li2MnO3’

reveal a completely di�erent progression of the voltage in comparison to the initial charge. Most

interesting is the appearance of redox peaks at around 3.0/2.8 V during charge/discharge (Figure

5.2b), which are very similar to the redox activity in a LiMn2O4 spinel [80]. This observation

strongly indicates a profound structural rearrangement on the ’plateau’ towards a Mn3+/4+ redox

active spinel. In the literature, this process is described by an irreversible transformation towards a

spinel-type cation arrangement, e.g. like in the LiMn3O4-like defect spinel [41, 81], the release of

lattice oxygen [82] and the redox activity of manganese and oxygen in the post formation cycles

[41, 83].

Next, the electrochemical characterization of the non Li-rich ‘6-NCM’ (Li/TM=1) with a nominal

composition of 6LiNi0.375Co0.25Mn0.375O2, is shown in Figure 5.2c+d. Here, the charge/discharge is

dominated by the reversible oxidation/reduction of cobalt and nickel (‘NC’) as well as the formation

of electron holes in the oxygen 2p band (‘O2p ’)2 at high voltages. In contrast to the so far presented

Li-rich materials, the formation cycle does not indicate a considerable irreversible electrochemical

or structural modi�cation of the initial state. The electrochemical characterization of the ‘6-30:70’

cathode powder with a nominal composition of 6Li1.13Ni0.228Co0.152Mn0.489O2 is shown in Figure

5.2e+f. It is apparent that the initial charging curve reveals a higher contribution of nickel and

cobalt to the charge compensation (‘NC’) during delithiation as well as a shorter ‘plateau’ than the

charging curve of the ‘6-50:50’ sample. Furthermore, the corresponding dQ/dV plot demonstrates a

smaller contribution of the newly formed redox process ’Odef’ and a higher contribution of the

process ‘NC’ in the charge and discharge step, in comparison to the ‘6-50:50’ material. Similar to

the second cycle of the ‘6-50:50’ material, an onset of the voltage fade is already present in the

second cycle as highlighted by the green arrow.

The obtained charge/discharge capacities as well as the mean charge/discharge voltages of the

2 The formation of electron holes in the oxygen 2p band induces a huge mechanical stress and phase instability in

‘classical’ layered oxides, such as the LiCoO2. This results in a strong capacity fade, e.g. induced by the formation of

cracks in the particles or the release of oxygen [67]. For this reason, the end of charge voltage is set close to the end

of the oxidation peak ‘NC’ in the commercial application.
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examined materials are summarized in Figure 5.3. From graph (a) it can be seen that the initial

charge capacity as well as the irreversible capacity loss increases with higher Li/TM ratios. This

observation is directly related to the drop of the mean charge voltage in the second charge (after

formation) in comparison to the initial charge (formation) as indicated by the green arrow in graph

(b). Furthermore, also the mean voltage between charge and discharge (hysteresis) signi�cantly

increases with higher Li/TM ratios. The origin of the electrochemical hysteresis can be explained by

di�erent lithium site energies for delithiation and lithiation, respectively. Thus, a path-dependency

is present, which is caused by the reversible migration of TM ions, e.g. to tetrahedral sites or former

octahedral Li sites in the Li layers during charge and discharge. Therefore, the environments of

the Li sites are varied continuously (structural hysteresis), which results in di�erent site energies3

[12, 14]. However, the structural alterations during cycling are partially irreversible leading to

a gradual decrease of the Li site energies (voltage fade) and probably also of the availability of

electrochemically active Li sites (capacity loss).

In summary, it can be noted that the initial capacity loss as well as the present electrochemical

degradation after formation (voltage and capacity fade) is prominent in pure ‘6-Li2MnO3’ and

almost absent in pure ‘6-NCM’. However, the electrochemical properties of the ‘6-30:70’ and ‘6-50:50’

materials cannot be described by a simple linear combination of the according electrochemical

properties of the end members ‘6-Li2MnO3’ and ‘6-NCM’. As can be seen from a comparison of

the gravimetric energy densities in Figure 5.4, the ‘6-50:50’ sample reveals the highest charge

and discharge energies in the cycle after formation. It is interesting to observe that the high

energy density is signi�cantly falling o� for higher Li/TM ratios, like for the pure ‘6-Li2MnO3’.

Nevertheless, the 10th cycle of the ‘6-50:50’ cathode powder already presented a clearly apparent

drop of the mean charge/discharge voltages and the capacity (see Figure 5.1). These observations

lead to the hypothesis that the high initial energy density is achieved at the cost of the long-term

stability. The signi�cant electrochemical and structural modi�cations of pure ‘6-Li2MnO3’ towards

a LiMn2O4-like spinel during the formation cycle are just ‘postponed’ in the high-energy 50:50

composition, i.e. the structure is in a metastable state. This hypothesis will be evaluated in the

following sections by investigating the material’s response to long-term electrochemical cycling as

well as thermal treatment, respectively.

3 Here it should be noted, that the aforementioned mechanism may overlap with a ‘polarization hysteresis’, e.g. due to

Li ion concentration gradients and ohmic losses, especially at high current densities. By contrast, the structurally

induced hysteresis in Li- and Mn-rich NCMs is also present at near-zero currents.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.2.: Cell voltage vs. speci�c capacity (a, c, e) and the corresponding di�erential capacity

(dQ/dV) plots (b, d, f) of the ‘6-Li2MnO3’, ‘6-NCM’ and ‘6-30:70’ layered oxide cathode

materials. Labels: ‘NC’ – Ni/Co redox activity, ‘O2p ’ – oxygen 2p band, ‘Odef’ – defect-

associated oxygen redox activity.
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(a)

(b)

Figure 5.3.: Speci�c charge/discharge capacities (a) as well as the mean charge/discharge voltages

(b) of the self-synthesized materials obtained from the formation cycle and the cycle

after formation, respectively. Additionally, the degradation processes associated with

Li- and Mn-rich materials are highlighted. The lines are inserted as a guide for the eye.
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Figure 5.4.: Speci�c charge/discharge energies of the self-synthesized materials obtained from

the formation cycle and the cycle after formation, respectively. Additionally, the

degradation processes associated with Li- and Mn-rich materials are highlighted. The

lines are inserted as a guide for the eye.
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5.1.2. X-ray powder di�raction

Figure 5.5a shows the X-ray powder di�raction patterns of the sol-gel synthesized materials with

varying composition and in particular considerably di�erent Li/TM ratios. The pure ‘6-NCM’

layered oxide powder (purple pattern) crystallizes in the trigonal α-NaFeO2-type structure with

space group R3m. Here, the octahedral sites of the rhombohedrally distorted oxygen framework

are alternately occupied by lithium (3b sites) and transition metal ions (3a sites) in a well separated

manner as has been shown in Section 2.2. When the Li/TM ratio is greater than 1, the TM sites

are partially substituted by Li ions leading to a Li/TM-TM6-type honeycomb ordering in the TM

layers and the occurrence of additional monoclinic C2/m superstructure re�ections. These are

predominantly appearing in the low 2θ range (9-13°) as emphasized by Figure 5.5b. The intensities

and the pro�le shapes of these re�ections strongly depend on the percentage of Li ions in the

TM layers, the degree of ordering within the TM layers as well as the variations in the stacking

sequence (stacking faults) along the c axis. The latter factor leads to an asymmetric ‘Warren-shaped’

(a) (b)

Figure 5.5.: X-ray powder di�raction patterns (a) of the ‘6-Li2MnO3’ and ‘6-NCM’ electrode pow-

ders as well as their ‘6-30:70’ and ‘6-50:50’ solid solutions. The C2/m superstructure

re�ections are emphasized in (b). *Li2CO3-associated re�ections with space groupC2/c

(International Tables for Crystallography number 15). Re�ection-subscripts: m – mon-

oclinic setting, h – hexagonal setting.
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pro�le broadening, with a characteristic gently sloping �ank on the right side of the re�ections

[37, 44]. Furthermore, it is obvious that the C2/m superstructure re�ections are more pronounced

for compositions with higher Li/TM ratios, as expected from the considerations above.

In order to follow the structural changes occurring within the initial formation cycle on a long-range

atomic scale, ex situ X-ray di�raction patterns of electrode powders with de�ned charge/discharge

voltages along the voltage pro�le of the �rst cycle were recorded. The results are presented in

Figure 5.6. The complementary characterization of the very-local Li environment will be presented

in the next section using 6Li MAS NMR spectroscopy. As apparent from the �rst three di�raction

patterns, the intensity of the C2/m superstructure re�ections only declines slightly until 4.4 V,

indicating that the integrity of the long-range honeycomb ordering is almost unchanged. As a

concluding remark, the decrease of the Li occupancy in the TM layers does not necessarily lead to

a lowering of the C2/m superstructure re�ection intensities, since lithium does not considerably

contribute to the di�raction process of X-ray radiation. The disappearance of these re�ections can

be rather described by a slight displacement of the TM ions and/or a change of their positions

in the lattice (migration). Thus, the integrity of the long-range honeycomb ordering might not

directly be a�ected by the removal of Li ions to a certain extend.

Furthermore, a comparison of the half widths of the neighboring re�ections 018h and 110h indicates

an increasing anisotropic lattice strain in hexagonal c direction (variations of the lattice parameter

ch). This anisotropic strain leads to a pronounced broadening of ch-dependent re�ections, e.g. the

aforementioned 018h re�ection and will be veri�ed by Rietveld re�nement later on. When the cell

voltage is increased above 4.4 V, the ’plateau’ is present in the electrochemical data. From Figure

5.6b it is apparent that the increase of the voltage to 4.5 V leads to a signi�cant decline of theC/2m

superstructure intensity and at the end of charge (4.8 V) these re�ections are totally absent. As

indicated by the gradual broadening of the 018h re�ection during charge, the anisotropic lattice

strain increases with a higher degree of delithiation reaching a maximum at 4.8 V. During the

subsequent discharge step, this re�ection broadening, respectively the anisotropic strain decreases

again. Most interestingly, there is no reappearance of theC/2m superstructure re�ections at the end

of discharge, which clearly proves the irreversible loss of the long-range Li/TM-TM6 honeycomb

ordering and thus an order-disorder transition during the irreversible formation process on a long-

range atomic scale. The respective post formation X-ray di�raction patterns of the end members

‘6-Li2MnO3’ and ‘6-NCM’ as well as of the ‘6-30:70’ powder are attached in Figure C.6.
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(a) (b)

Figure 5.6.: ex situ X-ray powder di�raction patterns (a) of ‘6-50:50’ electrode powders, which

were charged/discharged to de�ned voltages along the voltage pro�le of the �rst cycle

(formation). The evolution of the C2/m superstructure re�ections is emphasized in (b).

Re�ection-subscripts: m – monoclinic setting, h – hexagonal setting.

For a more detailed analysis of the di�raction data Rietveld re�nement was carried out in order

to follow the evolution, for instance, of the lattice parameters and the lattice strain. The results

and the underlying structural model are presented in the following. Even though the di�raction

pattern of the pristine ‘6-50:50’ material clearly shows additional monoclinic C2/m re�ections, a

structural model based on the rhombohedral R3m lattice was used for crystallographic simplicity

and in order to emphasize the alteration of the re�ned structural parameters. This model is titled

‘Model A’ and is de�ned as follows (a summary of the atom positions and the re�ned parameters is

shown in Table 5.1):

i) One single layered oxide R3m phase (space group 166).

ii) The starting composition was set to Li1.2Ni0.15Co0.1Mn0.55O2.

iii) The lattice parameters ah and ch (h = hexagonal setting) as well as the z coordinate

zO of the oxygen site (6c) were re�ned.

iv) Depending on the state of charge, the Li occupancy was adapted according to the

reached charged/discharge capacities in the electrochemical data (parameterd in Table 5.1.

The determined capacity was completely attributed to lithium ion extraction/insertion,

39



5. Results

neglecting side reactions. The Li and TM layers were delithiated equally with the same

percentage.

v) The migration of nickel ions from the TM layers to the Li layers was described by

a direct exchange of one Ni from the 3a site with one Li from the 3b site (parameter e

in Table 5.1). Since with XRD elements with similar electron density as Ni, Co and Mn

cannot be clearly distinguished from each other, nickel was chosen as representative

in the structural model, due to the rather similar ion radius as compared to Li+. The

actual migration of cobalt and manganese to the Li layers is of course still possible and

cannot be evaluated by this method. The overall Ni content was �xed according to the

chemical formula. In order to simulate a lattice densi�cation (migration of transition

metals from the particle surface into former Li sites of the TM layers along with the

release of oxygen), the Mn occupancy on the 3a site was re�ned independently. The

cobalt occupancy on the 3a site was �xed according to the nominal composition. The

oxygen occupancy on the 6c site was �xed to full occupation.

vi) The average apparent size as well as the average maximum strain σmax were re�ned

(parameters Y and X in FullProf). Furthermore, an anisotropic strain model for a hexago-

nal setting (strain model 8) was introduced in order to capture the variation of the lattice

parameter ch with a Gaussian distribution.

viii) The Rietveld re�nements were carried out using the FullProf package. Here, the peak

pro�le was described by a pseudo-Voigt function (pro�le function 7, T-C-H pseudo-Voigt)

and the Caglioti parameters (U, V, W ), which describe the impact of the experimental

setup on the re�ection pro�le shape and half widths were determined using a LaB6 stan-

dard. The background of the di�raction pattern was �tted using a linear interpolation

between selected data points in non-overlapping regions. The superstructure re�ections

in the low 2θ range (9-13°) were excluded from the re�nement (excluded region).

Figure 5.7 shows selected re�ned parameters of various de�ned states of charge/discharge within

the formation cycle of the ‘6-50:50’ material. The delithiation of the material up to a voltage of

4.4 V, which can be considered to be a fully reversible process, leads to a decrease of the lattice

parameter ah and an increase of ch. The decrease of ah can be explained by the oxidation of the

TM ions and thus a decrease of the ion radii. The lattice parameter ch strongly depends on the Li

occupancy in the Li layers (3b). The delithiation of these layers leads to a repulsive force between

the now directly opposing oxygen layers and thus to an elongation of the lattice along the ch axis.
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5.1. Formation of Li- and Mn-rich NCMs

Table 5.1.: ‘Model A’: On the R3m symmetry based structural model used for the Rietveld re�nement

of di�raction patterns belonging to ‘6-50:50’ cathode samples. Re�ned parameters are

tagged with *. d - degree of lithiation, e - exchange of Li/Ni.

Atom Wycko� x y z Occupancy

Li1 3a 0 0 0 (0.2·d)+e*

Ni1 3a 0 0 0 0.15-e*

Co 3a 0 0 0 0.1

Mn 3a 0 0 0 0.55*

Li2 3b 0 0 0.5 (1·d)-e*

Ni2 3b 0 0 0.5 0+e*

O 6c 0 0 0.258* 1

With further delithiation between 4.4 V and 4.8 V, the ch parameter remains almost unchanged.

The evolution of the ch parameter reveals a ’dip’ at 4.8 V, which is induced by the electron hole

formation in the oxygen 2p band and thus leads to a lowering of the repulsion force between

the oxygen layers [67]. Interestingly, when the electrode is charged beyond 4.4 V (‘plateau’), the

re�ned Ni occupancy in the Li layers (3b) increases signi�cantly from 0(1)% at 4.4 V up to 11(1)%

at the end of charge (4.8 V). As already indicated by the broadening of the 018h re�ections in the

di�raction patterns, the average maximum strain σmax and its ch anisotropy continually increase

during charge. The anisotropy is induced by a variation of the ch parameter within the material

and might be due to a non-homogeneous delithiation of the material resulting in a di�erent local

density of Li atoms, either from grain to grain or even within a grain. In the subsequent discharge

step, the lattice parameters are shifting back towards of their initial values. The Ni occupancy in the

3b site decreases to 5(1)% at 2.0 V suggesting a partially irreversible migration of transition metals

from the TM layers into the Li layers within the formation cycle [84]. This migration process is

supposed to be directly related to the electrochemical features of Li-and Mn-rich NCMs such as

hysteresis (reversible migration) and voltage fade (irreversible migration) [12]. Last, the lattice

strain decreases again and �nally is close to the initial value, which indicates a homogeneous

relithiation of the lattice.
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5. Results

Figure 5.7.: A selection of re�ned values belonging to the ex situ di�raction patterns of ‘6-50:50’

electrodes, which were charged/discharged to de�ned voltages along the voltage pro�le

of the �rst cycle (formation). The Rietveld re�nement bases on ‘Model A’ (see Table

5.1), which includes a pattern analysis with one layered oxide phase (R3m). The dashed

lines are inserted as a guide for the eye. 3a – TM layer, 3b – Li Layer, zO – z coordinate

of the oxygen 6c site, σmax – average maximum strain and ch anisotropy (vertical bars).
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5.1. Formation of Li- and Mn-rich NCMs

5.1.3. 6Li MAS NMR

In this section, the changes regarding the very-local atomic structure of the ’6-50:50’ cathode

material are investigated using 6Li NMR spectroscopy. The measurements were performed on

the same electrode powders, which were used for the ex situ di�raction experiments. Before the

results are shown, the di�erent lithium environments are explained on the basis of the spectrum of

the pristine ‘6-50:50’ powder, the end members ‘6-Li2MnO3’ and ‘6-NCM’ as well as the ‘6-30:70’

powder, respectively.

Figure 5.8.: 6Li MAS NMR spectrum of the ‘6-50:50’ powder with a detailed assignment of the

individual resonances. The spectra of the end members ‘6-Li2MnO3’ and ‘6-NCM’ as

well as of the ‘6-30:70’ sample are drawn to support the assignment of the resonances.

For presentation purposes the spectrum of the ‘6-Li2MnO3’ sample is not drawn to

scale. Li-Mn6 / Li-Mn5(Ni,Co)1 – Li in the TM layers connected to 6 Mn / 5 Mn + 1 Co,Ni

ions via 12 Li-O-TM interactions in the �rst coordination shell with bond angles of

approximately 90°.
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As can be seen from Figure 5.8, the 6Li MAS NMR spectrum of the pristine ‘6-50:50’ sample reveals

three main groups of lithium environments:

i) The resonance around 0 ppm, which represents diamagneticaly embedded lithium

Lidia, e.g. LiOH, Li2CO3, components of the cathode electrolyte interphase (CEI) and/or

residues of the electrolyte salt (LiPF6).

ii) The group between 300 ppm and 1000 ppm belongs to Li in the Li layers (LiLi) in a

paramagnetic environment (TMs with unpaired d electrons). From the spectra of pure

‘6-Li2MnO3’ and ‘6-NCM’ it can be deduced that the spectrum of the ‘6-50:50’ powder

is composed of a rather sharp resonance around 741 ppm (Li2MnO3-like) and a broad

resonance with with a large variety of di�erent Li environments in the �rst and second

coordination shell, rather similar to the spectrum of pure ‘6-NCM’ (NCM-like) [4, 85]. A

summary of the di�erent nearest-neighbor con�gurations is appended in Table C.2.

iii) The second paramagnetic group between 1300 ppm and 1550 ppm belongs to Li in the

TM layers (LiTM). The rather sharp resonances at 1495 ppm (Li2MnO3-like) and 1398 ppm

can be directly attributed to the well-ordered Li-Mn6 (1495 ppm) and Li-Mn5(Ni,Co)1
(1398 ppm) honeycomb environments [4, 86, 87]. Here, the Li ions are surrounded by

6 TM ions (both in the TM layer) via 12 Li-O-TM bonds with a bond angle of about 90°.

Determined by integration of the particular areas, this group represents 18% of the overall

lithium content (integration of the areas), which is very close to the theoretical value of

17% received from the nominal composition (0.2 out of 1.2 Li).

Figure 5.9 shows the evolution of the 6Li MAS NMR spectra for speci�ed states of charge/discharge

on the voltage curve belonging to the initial formation cycle of the ‘6-50:50’ material. As apparent

from the decline of the resonance intensities in spectra of the �rst two partially delithiated samples

during charging (4.05 V and 4.4 V), the delithiation takes place in both paramagnetic groups of

resonances, i.e. in the Li and in the TM Layer. The initially well-separated LiTM resonances start to

broaden indicating a slight modi�cation of the very-local Li-TM6 ordering until a charging voltage

of 4.4 V. These observations are well in agreement with a slight decrease of theC2/m superstructure

re�ections intensities up to a charging voltage of 4.4 V in the corresponding di�raction patterns

(see Figure 5.6).

The spectrum of the ‘6-50:50’ sample that has been charged to 4.5 V, which corresponds to a partially

delithiated state approximately in the middle of the ’plateau’, shows profound changes concerning

both groups of paramagnetic resonances. The intensity of the resonances associated with the
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5.1. Formation of Li- and Mn-rich NCMs

(a)

(b)

Figure 5.9.: 6Li MAS NMR spectra of ‘6-50:50’ samples, which were charged (a) and (b) discharged

to de�ned voltages along the voltage pro�le of the �rst cycle (formation). The insets

show the related dQ/dV plots with labels corresponding to voltages at which NMR

spectra were acquired. LiTM – Li in TM layer, LiLi – Li in Li layer.
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lithium in the TM layers decreased signi�cantly close to zero value and a clear distinction of these Li

environments is no longer apparent. As can be seen from the resonances corresponding to lithium

in the Li layers, the signal at 741 ppm disappears at a charging voltage of 4.5 V indicating the (full)

delithiation or a profound structural modi�cation of Li2MnO3-like environments. Accordingly, all

resonances, which can be linked to well-ordered lithium environments vanished. By reaching the

end of charge (4.8 V), the LiTM signal completely vanished, which indicates an entire delithiation of

the TM layers. This observation matches well with the disappearance of the C2/m superstructure

re�ections in the corresponding di�raction patterns (see Figure 5.6) and altogether indicates the

loss of the distinct honeycomb ordering on a long-range as well as on a very-local atomic scale. At

the end of charge, a broad signal associated with NCM-like environments remains and represents

approximately 12% of the initially available lithium content in the pristine sample. Generally, the

center of the LiLi resonance has moved gradually towards lower NMR shift values during charging.

Two possible explanations for this observation might be the oxidation of nickel to the diamagnetic

+IV state4 and/or the di�usion of lithium from octahedral into tetrahedral sites, respectively [14, 86].

However, a preferred delithiation of distinct Li environments, which are associated with higher

NMR shift values, might be also a suitable explanation.

In the subsequent discharge step, both layers are relithiated without the return of the well-ordered

Li environments, which are represented by the 741 ppm, 1398 ppm and 1495 ppm signals. Overall,

the NMR spectra show a profound general peak broadening and an overlap of the former clearly

distinguishable resonances of the Li and TM layers, respectively. This can be explained by the

irreversible order-disorder transition during the initial charge (‘plateau’) and thus the creation of a

large variety of new Li environments (defects) particularly in former well-ordered Li2MnO3-like

environments. This leads to a rather large variety of NMR shifts.

At the end of the formation cycle, approximately 84% of the initial Li content has been relithiated

(derived from the integrals of the NMR spectra). This is well in accordance with the value derived

from the electrochemical data (86%). The progression of the Li content within the formation cycle

is illustrated in Figure 5.10a. The values are derived from the electrochemical data as well as from

the integrals of the 6Li NMR spectra. As emphasized by the red arrow, the �rst cycle shows a

signi�cant path-dependency of the de-/lithiation process induced by an irreversible structural

rearrangement along with the depletion of electrochemically available Li sites (purple arrow).

4 The decline of the amount of unpaired d electrons in the transition metal ions leads to a lowering of the ‘paramagnetic

character’ in the Li environment and thus to a shift of the NMR signal/s towards lower values.
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5.1. Formation of Li- and Mn-rich NCMs

In Figure 5.10b the evolution of the Li content during charging is plotted individually for the Li

and the TM layer, respectively. Apparently, the Li extraction takes place in both layers from the

beginning. Based on this observation, an exclusive delithiation of the LiTM sites, for instance, on

the ‘plateau’ can be excluded at this point. However, the major part of LiTM sites are depleted on

the ‘plateau’, which might lead to a high lattice strain and �nally to the collapse of the honeycomb

ordering in the TM layers.

Taken together, the investigations focusing on the initial formation process of a Li- and Mn-rich

NCM clearly presented the irreversible structural transition from a well-ordered towards a highly

defective material, which can be associated with the ‘plateau’ in the voltage pro�le of the �rst

charge. As aforementioned, this is indicated by the disappearance of the C2/m superstructure

re�ections as well as the distinct 6Li NMR resonances, which both correspond to the Li/TM-TM6

honeycomb ordering in the TM layers, respectively on a di�erent atomic scale. This newly formed

highly defective material is in a metastable state, which exhibits an additional reversible anionic

low-voltage redox process (‘Odef’) and a gradual decrease of the mean charge and discharge voltages

with increasing number of cycles, respectively.

47



5. Results

(a) (b)

Figure 5.10.: Correlation of the cell voltage with the lithium content throughout the formation cycle

(a). The lithium content was determined on the basis of the reached charge/discharge

capacity neglecting side reactions (label ‘EC’) as well as by the integration of the

corresponding NMR spectrum (label ‘NMR’). The data point of the pristine sample

was placed according to the onset voltage of the �rst oxidation peak (3.75 V) in the

electrochemical data. Graph (b) shows the evolution of the lithium content during

charge individually for the Li and the TM layer. Therefore, the peak areas of the LiLi

and the LiTM resonances were integrated separately.
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5.2. Thermal treatment of discharged samples (2.0 V)

5.2. Thermal treatment of discharged samples (2.0 V)

In this section, the in�uence of a thermal treatment on discharged ‘HE5050’ cathode samples (2.0 V)

is investigated. These samples experienced the initial formation cycle and thus are featuring a

highly defective metastable structure. The impact of the thermal treatment was studied in detail

by characterizing the electrochemical properties as well as the structure (di�raction and NMR)

starting with the highest temperature of 300 °C. In a further series of experiments, the procedure

was repeated with temperatures of 150 °C, 200 °C and 250 °C in order to follow the temperature

dependence of the processes occurring during heating. As a remark, the commercial ‘HE5050’

(TODA) was chosen for the following investigations due to the high amount of samples needed for

the experiments and the higher cycling stability of the commercial cathode material, respectively.

The reproducibility of the heat treatment as well as a summary of all cells regarding the discharge

capacity and the mean charge/discharge voltage is presented in the Appendix A.1.

5.2.1. Electrochemical characterization

Figure 5.11a shows the cell voltage vs. speci�c capacity of the formation cycle and the cycle after

formation as well as the �rst and �fth cycle after the heating step (post thermal) of the commercially

available Li- and Mn-rich ‘HE5050’ cathode material. The corresponding dQ/dV vs. cell voltage

curves are plotted in Figure 5.11b. As apparent from the graphs, the ‘HE5050’ material shows similar

electrochemical characteristics like the self-synthesized ‘6-50:50’, which has the same stoichiometry

but is probably prepared by a di�erent synthesis route and heating procedure. A comparison of

‘HE5050’ and ‘6-50:50’ regarding the �rst two cycles is appended in Figure C.4. During the initial

charge, the �rst oxidation peak ‘NC’ located at about 4.0 V is attributed to the oxidation of the

transition metal ions Ni and Co from +II/+III states to +IV delivering a capacity of 106 mAh/g until

4.4 V. The second part of the charging curve with an extended ‘plateau’ at 4.5 V belongs to the

oxidation of the oxygen and an irreversible formation of the Li- and Mn-rich NCM. This induces a

loss of the initial electrochemical and structural features of the pristine material as has been clearly

demonstrated in the last section (Section 5.1). In summary, the overall charging step possesses a

capacity of 305 mAh/g until 4.7 V.

In the �rst discharge, there is no reduction process corresponding to the ‘plateau’ present, due

to the irreversible structural modi�cations. Instead, the two newly occurring redox processes
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5. Results

(a) (b)

Figure 5.11.: Cell voltage vs. speci�c capacity (a) and the thereof derived di�erential capacity

(dQ/dV) plot (b) corresponding to the thermal treatment experiments of discharged

‘HE5050’ cathode samples (2.0 V). The measurements were carried out with a rate

of C/10 and an end of charge and discharge voltage of 4.7 V and 2.0 V, respectively.

Labels: ‘NC’ – Ni/Co redox activity, ‘O2p ’ – oxygen 2p band, ‘Odef’ – defect-associated

oxygen redox activity, ‘SMn’/‘SNi’ – Mn/Ni redox activity in a LNMO-like spinel.

with maximum peak position around 4.3 V (‘O2p ’) and 3.3 V (‘Odef’) are present in addition to

the reduction peak ‘NC’, which was already observable during the initial charge. At the end of

discharge a capacity of 251 mAh/g is reached, which leads to a capacity loss of 54 mAh/g. In the

subsequent cycle after formation, the onset-voltage of the �rst oxidation peak is lowered to 3.3 V.

It represents the defect-associated anionic redox contribution ‘Odef’, followed by ‘NC’ and ‘O2p ’.

Analogously, these processes are occurring in reversed order in the second discharge. Also the

‘HE5050’ sample reveals a decrease of the mean charge/discharge voltages with increasing numbers

of cycles (voltage fade) as can be seen by comparing the discharge curves of the formation cycle and

the cycle after formation. The low-voltage region ‘Odef’ becomes more prominent at the expense

of high-voltage region ‘NC’ leading to a decrease of the mean voltage as highlighted by the blue

arrow.

A discharged electrode (2.0 V) after formation was heated at 300 °C for 1 h in argon atmosphere,

reinserted in a fresh coin cell and electrochemically characterized for �ve further cycles (post

thermal). The most surprising observation emerging from the �rst post thermal charge is the

reoccurrence of the ‘plateau’ at about 4.5 V and thus indicates the (partial) recovery of initially

well-ordered structure of the pristine material. Generally, the electrochemical features are very
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5.2. Thermal treatment of discharged samples (2.0 V)

similar to the pristine material: The �rst oxidation process ‘NC’ starts again at 3.7 V compared to

3.3 V for the sample after formation and is attributed to the oxidation of Ni and Co to +IV. Until

4.4 V a charge capacity of 112 mAh/g is reached, which is similar to the 106 mAh/g reached in

the initial charge. This is followed by a less pronounced and shorter ‘plateau’ in comparison to

the initial charging curve leading to an overall charge capacity of 226 mAh/g. Analogous to the

formation cycle of the pristine material, the ‘plateau’ vanishes after the �rst post thermal charge.

Instead, the redox processes ‘Odef’ and ‘O2p ’ reappear again in the following charge and discharge

steps.

Interestingly, the �rst post thermal discharge and also the following cycles show an additional

redox process (‘SMn’) at around 2.7/3.0 V (charge/discharge). The second post thermal charging

curve as well as the following cycles after heat treatment reveal another newly arising oxidation

peak (SNi) around 4.5-4.7 V as highlighted in the graph by the orange circle. The corresponding

reduction peak is probably overlapping with the reduction peak ‘O2p ’. These �ndings strongly

suggest the reversible de-/lithiation of a second phase, which has very similar electrochemical

features as a LiNi0.5Mn1.5O4-type spinel (LNMO). As will be shown in detail in Section 5.3, the

high-voltage peak ‘SNi’ is associated with the redox activity of Ni2+/4+ and the low-voltage peak

with Mn3+/4+ in a cubic spinel-type environment. The existence of a second phase with a cubic

symmetry after the thermal treatment of a discharged sample will be con�rmed by the evaluation

of the di�raction measurements following this section. As indicated by the arrows in the dQ/dV

plot, region ‘Odef’ develops a stronger contribution to the capacity during the �ve post thermal

cycles and overcompensates the capacity loss at region ‘NC’ (voltage fade). This leads to an increase

of the discharge capacity from 213 mAh/g to 225 mAh/g within �ve cycles.
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5.2.2. Synchrotron radiation powder di�raction

Figure 5.12 shows the ex situ synchrotron radiation powder di�raction (SRPD) patterns of the

pristine ‘HE5050’ cathode powder as well as that of the samples after formation, heating and

relithiation (post thermal cycles). Additionally, selected re�ned parameters will be presented in

Figure 5.17 in Section 5.2.5 later on. Similar to the ‘6-50:50’ material, weak C2/m superstructure

re�ections are apparent in the low 2θ range around 2.8° for the pristine material. However, the

re�ections are less pronounced in comparison to the pattern of the self-synthesized material as

(see appendix Figure C.5). This indicates a less pronounced honeycomb ordering on a long-range

atomic scale within the commercial ‘HE5050’ material [44].

After the formation cycle, the di�raction pattern clearly reveals structural changes, which are

ascribed to the irreversible structural modi�cations during the ‘plateau’: The C2/m superstructure

re�ections disappeared and thus the long-range Li/TM-TM6 honeycomb ordering. Furthermore,

a comparison of the half widths of the neighboring re�ections 018h and 110h indicates a strong

anisotropic lattice strain in direction of ch (variations of the ch parameter). The re�ned Ni content

in the Li layers increases from 0.8(3)% in the pristine sample to 4.7(6)% in the sample after formation.

Figure 5.12.: SRPD patterns corresponding to the thermal treatment experiments of discharged

(2.0 V) ‘HE5050’ cathode samples. The C2/m superstructure re�ections (represent the

long-range honeycomb ordering) are magni�ed in the inset. Re�ection-subscripts:

m – monoclinic setting, h – hexagonal setting, s – spinel.
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This suggests an irreversible TM migration from the octahedral sites of the TM layers (3a) to the

octahedral sites of the Li layers (3b) during the formation cycle.

After heating at 300 °C for 1 h, three major changes are apparent in the di�raction pattern high-

lighted by the orange arrows: i) The most striking observation is the reappearance of the C2/m

superstructure re�ections as clearly shown in the inset of Figure 5.12. This �nding explicitly points

to the (partial) recovery of the Li/TM-TM6 honeycomb ordering on a long-range perspective. ii)

The half width of the 018h re�ection is narrowed again suggesting a reduction of the ch-anisotropic

lattice strain. iii) Some re�ections reveal a specious asymmetric broadening most clearly seen

for the 110h re�ection. The structural analysis of the di�raction data attributed the origin of the

‘broadening’ to the formation of a second phase, which can be assigned to a cubic spinel with Fd3m

symmetry. Since the exact composition of the newly formed phase cannot be derived from the

data, for simpli�cation the LiMn2O4 spinel is used hereinafter for Rietveld re�nement. Of course,

this phase may also contain cobalt and/or nickel. The phase content of LiMn2O4 in the sample

after heating was re�ned to 16(3)% (w/w), with an average apparent domain size of approximately

4 nm. After heating, a mass loss of 2.2(6)% (w/w) was determined for the electrode coating, which

includes the active material, binder and carbon, respectively. Commonly the observed mass loss in

layered oxide cathode materials during heating is ascribed to oxygen release with a simultaneously

occurring structural phase transition towards an oxygen-poor phase, for instance, the observed

spinel formation [88].

After the �ve post thermal cycles (relithiation), similar changes appear in the di�raction pattern

as already discussed for the di�raction pattern of the pristine sample after formation including

the disappearance of the C2/m superstructure re�ections. However, the nano-spinel phase is

still present (re�ned to 14(3)% (w/w), 5 nm). This observation is well in agreement with the re-

versible redox activity of a LMNO-type spinel represented by the redox peaks ‘SMn’ and ‘SNi’ in the

electrochemical data (see Figure 5.11).
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5.2.3. 7Li MAS NMR

As shown in Figure 5.13, the 7Li MAS NMR spectrum of the pristine ‘HE5050’ powder consists

of three groups of lithium environments. The diamagnetic resonance around 0 ppm and the two

paramagnetic groups between 300 ppm and 1000 ppm (Li in Li layers) and between 1300 ppm and

1500 ppm (Li in TM layers). However, the main resonances are strongly overlapping with several

spinning sidebands from all three groups, which complicates the quantitative analysis (detailed

discussion in Section 5.1.3). For this reason, the NMR spectra are qualitatively discussed based on

the evolution of: i) the rather sharp peaks at 711 ppm, 1351 ppm and 1442 ppm associated with the

well-de�ned Li coordinations in a highly ordered environment similar to that in pure Li2MnO3 and

ii) the broad resonance ranging from 300-1000 ppm associated with a large variety of di�erent Li

environments similar to those in pure NCM (see Figure 5.8).

Figure 5.13.: 7Li MAS NMR spectra corresponding to the thermal treatment experiments of dis-

charged ‘HE5050’ samples (2.0 V). Labels: LiLi – Li in Li layers, LiTM – Li in TM layers,

Lidia – diamagnetic embedded lithium. The spinning sidebands (±861 ppm) are shown

exemplarily in the spectrum of the pristine sample: + (Lidia), × (LiLi) and ∗ (LiTM). For

presentation purposes the intensity of the spectrum belonging to the pristine sample

is damped by factor 1.5.
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After the formation (light blue spectrum, AF 2.0 V), the resonances are signi�cantly broadened as

emphasized by the blue arrows, due to the loss of local ordering, i.e. an order-disorder transition.

Associated therewith is the creation of many di�erent Li environments particularly in previously

well-ordered Li2MnO3-like environments. This observation is in good agreement with the loss of

the long-range Li/TM-TM6 honeycomb ordering after formation, which has already been proved by

the disappearance of the C2/m superstructure re�ections in the corresponding di�raction pattern

(see Figure 5.12). The distinct peaks at 1442 ppm and 1352 ppm, which are associated with the

Li-Mn6 and Li-Mn5(Ni,Co)1 honeycomb ordering in the transition metal layers, almost vanished.

Whether these LiTM sites remain primarily unoccupied after formation or whether their environ-

ment has changed considerably is not clearly apparent, since the LiTM resonances strongly overlap

with the spinning sidebands from the LiLi resonances. However, the high resolution 6Li MAS NMR

spectrum of the ‘6-50:50’ sample clearly shows the relithiation of the TM layer at the end of the

�rst cycle, although without a distinct ordering (shown previously in Figure 5.9).

Very interestingly, the thermal treatment of a sample after formation led to a pronounced reap-

pearance of the LiTM resonances at 1442 ppm and 1351 ppm. These are directly related to the local

Li-TM6 honeycomb ordering in the TM layers. In conjunction with the return of the 711 ppm

resonance, this clearly indicates the (partial) recovery of the well-ordered pristine state in the entire

bulk material. In contrast to the results from the di�raction and electrochemical measurements,

the NMR spectrum shows no direct evidence for the formation of a second phase (spinel). From the

superimposition of the spectra of the pristine sample and the sample after heating it is apparent

(see Figure 5.16b, will be shown in Section 5.2.5), that the LiTM peak areas have a decreased contri-

bution to the overall spectrum in the sample after heating. Additionally, a slight broadening of the

LiLi resonance remained after the heat treatment. These observations suggest a non-completed

restoration of the pristine ordering, most probably due to the irreversible loss of lithium after

formation.

After the �ve post thermal electrochemical cycles (relithiation), the 7Li NMR spectrum is again

similar to that of the sample after formation including the loss of local ordering and an overall peak

broadening. Here as well, no direct indication for a lithiated spinel phase was found. The spectral

features that can be ascribed to the spinel lithium sites are supposed to be ‘buried underneath’ the

broad LiLi resonance of the layered phase [4, 85].
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5.2.4. 6Li MAS NMR

In order to obtain a more detailed picture on the changes of the local Li environments after heating

the thermal treatment experiments were repeated with the self-synthesized ‘6-50:50’ cathode

powder and high resolution 6Li MAS NMR spectra were obtained as shown in Figure 5.14. It is

apparent that the LiTM resonances are less pronounced in the spectrum of the sample after heating

and a slight broadening of the LiLi resonances remained in comparison to the spectrum of the

pristine sample. An integration of the spectra revealed that about 84% of the initial lithium content

is present in the sample after formation and 82% in the sample after heating, respectively.

These results clearly illustrate the non-completed restoration of the pristine well-ordered state,

which is well in agreement with the corresponding di�raction patterns in Figure 5.14b. The inten-

sity of theC2/m superstructure re�ections is signi�cantly damped, which indicates a high stacking

fault density of the ‘honeycomb layers’ along the c axis and/or the non-completed restoration of the

(a) (b)

Figure 5.14.: 6Li MAS NMR spectra (a) belonging to the thermal treatment experiments of self-

synthesized discharged ‘6-50:50’ samples (2.0 V). Labels: LiLi – Li in Li layers, LiTM –

Li in TM layers, Lidia – diamagnetic embedded lithium. The magni�cation of theC2/m

superstructure re�ections of the corresponding di�raction patterns (λ=0.70932 Å) and

the electrochemical data (cycled with C/50, 4.8 V - 2 V) of the samples are shown in (b).

The di�raction patterns showing an extended 2θ range are appended in Figure D.7.
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Li/TM-TM6 ordering within the TM layers. However, these features are not surprising, due to the

lithium loss within the initial formation cycle (capacity loss). Overall, these structural modi�cations

are strongly correlated with the occurrence of a shorter and less pronounced ‘plateau’ in the �rst

post thermal cycle of the heated sample in comparison to the initial charging curve of the pristine

sample as shown in Figure 5.14b. In contrast, the �rst part of the charging curve is rather similar

in both samples.
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5.2.5. Electrochemical and structural changes below 300 °C

The so far presented results strongly suggest the partial recovery of the pristine well-ordered state

in a discharged sample after heating at 300 °C for 1 h. However, the irreversible loss of lithium

after formation results in a lithium de�ciency in the material, which prevents a full restoration of

the pristine state. Instead, a small fraction of a Li-poor spinel is formed within the layered R3m

matrix to compensate the Li de�ciency and to provide lithium for the restoration of the Li-rich

main phase, respectively.

In order to get a detailed picture concerning the reordering processes and the onset temperature of

the spinel formation, the heating experiments were repeated at a temperature of 150 °C, 200 °C

and 250 °C, respectively. The results of the electrochemical characterization (�rst and �fth cycle

post thermal cycles) are presented in Figure 5.15. As apparent from the dQ/dV plot of the �rst

post thermal cycle (b), the peak area belonging to the anionic defect-related oxygen contribution

(‘Odef’) is continuously declining with increasing temperature. Obviously, this process is directly

correlated with the rising emergence of the ‘plateau’ at 4.5 V, i.e. a disappearance of the ‘Odef’ peak

area after thermal treatment goes along with a reappearance of the ‘plateau’ at 4.5 V. Until 250 °C,

the restoration of the electrochemical features towards the initial pristine state is not linked to the

formation of a redox active spinel phase as suggested by the absence of the redox peaks ‘SMn’ and

‘SNi’. As evident from the �fth post thermal cycle (d), the majority of the capacity loss after thermal

treatment can be allocated to the redox process ‘Odef’ and is increasing for higher temperatures.

The observations in the electrochemical data are further supported by the corresponding di�raction

patterns in Figure 5.16a, where no indication for the nucleation of a second phase is found up to

250 °C. Instead, a gradual recovery of the local ordering can be observed as indicated by: i) the

continuous narrowing of the 7Li NMR resonances (highlighted in Figure 5.16b), ii) the decrease

of the re�ned lattice parameters ah and ch towards the initial values of the pristine material

(Figure 5.17), iii) the decrease of the re�ned lattice strain and its ch-anisotropy (highlighted by the

red arrows), and iv) a very weak reoccurrence of the 020m superstructure re�ection.

From these �ndings it can be concluded, that the initial ordering of the Li- and Mn-rich material is

gradually restored on a very-local scale below 300 °C. The dominant process might be the thermally

induced ‘healing’ of defects, i.e. a kind of ‘annealing’ process. This might include, for example, the

depletion of tetrahedral sites that are partially occupied by lithium and/or transition metal ions

after formation [11, 12, 13]. These structural modi�cations are directly correlated with the gradual
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disappearance of the redox peak ‘Odef’ and the reoccurrence of the ‘plateau’ in the �rst post thermal

charge. As aforementioned, this is followed by a more profound reorganization (disorder-order

transition) on a long-range atomic scale at 300 °C including the segregation into a Li-rich and a

Li-poor phase (spinel).

(a) (b)

(c) (d)

Figure 5.15.: Thermal treatment of discharged ‘HE5050’ samples (2.0 V) at various temperatures

ranging from 150 °C to 300 °C: Cell voltage vs. speci�c capacity plots of the �rst (a)

and �fth (c) post thermal cycles and the thereof derived dQ/dV plots (b,d). Labels:

‘NC’ – Ni/Co redox activity, ‘O2p ’ – oxygen 2p band, ‘Odef’ – defect-associated oxygen

redox activity, ‘SMn’/‘SNi’ – Mn/Ni redox activity in a LNMO-like spinel.
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(a)

(b)

Figure 5.16.: Structural analysis regarding the thermal treatment experiments of discharged

‘HE5050’ samples (2.0 V) at various temperatures from 150 °C to 300 °C: ex situ SRPD

patterns (a) with a magni�cation of the C2/m superstructure re�ections in the inset

and ex situ 7Li MAS NMR spectra (b) normalized with respect to the 711 ppm peak

height. Re�ection-subscripts: m – monoclinic setting, h – hexagonal setting, s – spinel.

Labels NMR: LiLi – Li in Li layers, LiTM – Li in TM layers, Lidia – diamagnetic embedded

lithium. The spinning sidebands (±861 ppm) are shown exemplarily in the spectrum

of the pristine sample: + (Lidia), × (LiLi) and ∗ (LiTM).
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Figure 5.17.: Selected parameters from the Rietveld re�nement corresponding to the thermal treat-

ment experiments of discharged ‘HE5050’ samples (2.0 V) at various temperatures

ranging from 150 °C to 300 °C. The underlying structural model (Model SRox) of the

re�nement is described in Section 5.3.3. The dashed lines are inserted as a guide for

the eye. 3a – TM layer, 3b – Li Layer, zO – z coordinate of the oxygen 6c site, σmax –

average maximum strain and ch anisotropy (vertical bars).
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5.3. Thermal treatment of samples charged to 4.7 V

In this section, the impact of a thermal treatment on charged ’HE5050’ cathode samples (4.7 V) is

investigated. These samples also experienced the initial formation cycle and thus are featuring a

highly defective metastable structure combined with a high degree of delithiation. The in�uence

of the thermal treatment was studied in detail by characterizing the electrochemical as well as the

structural alterations (SRPD and NMR) starting with the highest temperature of 300 °C. Special

emphasis is put on the development of a suitable structural model for the Rietveld re�nement of the

emerging spinel-related re�ections in the di�raction patterns. In a further series of experiments,

the procedure was repeated with temperatures of 150 °C, 200 °C and 250 °C in order to follow the

temperature dependence of the processes occurring during heating.

5.3.1. Electrochemical characterization

As shown in Figure 5.18, the thermal treatment of a charged electrode after formation at 300 °C for

1 h led to a strong degradation of the electrochemical properties, similar to those of highly cycled

samples [89]. As highlighted by the red arrow in Figure 5.18a, the �rst post thermal discharge

curve (red dotted line) starts at a lower voltage of 3.2 V. Thus, the discharge directly started in the

‘Odef’ region and skipped the reduction processes ‘O2p ’ and ‘NC’, respectively. This is followed

by two reduction peaks at 2.7 V (‘SMn’) and 2.1 V (‘SMn2’), which again can be attributed to the

lithiation of a LNMO-like spinel including an active Mn3+/4+ redox couple. The origin of ‘SMn2’ will

be discussed below on the basis of the LNMO spinel reference shown Figure 5.19. The discharge

capacity signi�cantly decreased from 247 mAh/g before to 122 mAh/g after heating, which suggests

a profound loss of electrochemically active Li sites after thermal treatment.

The subsequent charging step begins with the oxidation peak ‘SMn’, which has its peak maximum

at a cell voltage of 3.0 V, followed by one comparably weak oxidation peak at 3.9 V (‘NC’) and

one above 4.3 V (‘SNi’), which were absent in the preceding discharge step. Overall, a charge

capacity of 171 mAh/g is reached leading to an ‘overcapacity’ of 49 mAh/g, since only 122 mAh/g

were discharged (lithiated) before. As it is apparent from the dQ/dV plot, this ‘overcapacity’ is

mainly originating from the high-voltage region ‘SNi’, which is associated with the Ni2+/4+ redox

activity and the de-/lithiation of a cubic LNMO-like Li environment. This observation is surprising,

since there is no indication that nickel (+IV in the charged state) has been reduced within the �rst

post thermal discharge. Accordingly, nickel would be rather incapable of being oxidized in the
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5.3. Thermal treatment of samples charged to 4.7 V

(a) (b)

Figure 5.18.: Cell voltage vs. speci�c capacity (a) and the thereof derived di�erential capacity

(dQ/dV) plot (b) corresponding to the thermal treatment experiments of charged

‘HE5050’ cathode samples (4.7 V). Cycling parameters: C/10, 4.7 V - 2 V. Labels: ‘NC’ –

Ni/Co redox activity, ‘O2p ’ – oxygen 2p band, ‘Odef’ – defect-associated oxygen redox

activity, ‘SMn2’/‘SMn’/‘SNi’ – Mn/Ni redox activity in a LNMO-like spinel.

subsequent charge. These �ndings lead to the conclusion, that Ni must have been reduced from

+IV to +II during the heating procedure. Results of X-ray absorption spectroscopy measurements

(see Section 5.8.1) support this conclusion by showing a clear shift of the Ni K-edge towards lower

absorption energies and therefore a reduction of the oxidation state after thermal treatment. The

charge compensation for this reduction process is carried out by the release of oxygen, which will

be discussed in detail in Section 5.6. After the �ve post thermal cycles, the electrode exhibits a

continued decline of the charge and discharge capacities along with an increasing overpotential as

indicated by the divergence of the charge and discharge potential levels of the redox peaks ‘SMn’

and ‘SNi’ in the dQ/dV plot (highlighted by the red arrows).

In order to determine the existence of a high-voltage activity beyond 4.7 V, the upper cut-o�

voltage was increased to 5.3 V as shown in the dQ/dV plot in Figure 5.19. In the �rst post thermal

cycle (after the preceding discharge), broad oxidation/reduction peaks appear at around 4.7/4.5 V

followed by electrolyte decomposition (‘ED’) beyond 5.1 V. These �ndings correlate well with

the electrochemical characteristics of the LiNi0.5Mn1.5O4 (LNMO) spinel reference (purple area),

which crystallizes in the cubic Fd3m symmetry5. Here, the high-voltage redox activity of Ni2+/4+

5 Strictly speaking the ‘disordered’ LNMO spinel. The ‘ordered’ version has the P4332 symmetry [90] (International

Tables for Crystallography number 212).
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is associated with the reversible de-/lithiation of tetrahedral 8a Li sites and the low-voltage activity

of Mn3+/4+ with the (reversible) de-/lithiation of octahedral 16c Li sites, respectively. Since the

Li occupancy of the 16c sites involves a Jahn-Teller active Mn3+/4+ redox couple, this leads to a

distortion of the Mn-O6 octahedron accompanied by a tetragonal distortion of the cubic cell. This is

commonly described as ‘overlithiation’ and leads to a rather fast electrochemical degradation of the

material [51, 52]. The small reduction peak at 2.1 V (‘SMn2’) can be attributed to the formation of a

second tetragonal phase, which corresponds to the lithiation of LNMO-domains with a pronounced

Ni/Mn-disorder [53, 91]. As indicated by the absence of the corresponding oxidation peak, this

phase is highly unstable and slowly transforms to the �rst tetragonal phase, for instance, during a

resting period.

Figure 5.19.: High-voltage extended dQ/dV plot of a ‘HE5050’ electrode, which was thermally

treated in the charged state (4.7 V). The sample was cycled between 5.3 V and 2.0 V

with a rate of C/10. For comparison, the 2nd-cycle redox peak positions of LiMn2O4

(LMO), LiNi0.5Mn1.5O4 (LNMO) and ‘6-Li2MnO3’ reference materials are incorporated

(not true to scale). They were cycled with a rate of C/50 (1C = 290 mAh/g). Labels:

‘SMn2’/‘SMn’/‘SNi’ – Mn/Ni redox activity in a LNMO-like spinel, ED – electrolyte

decomposition.
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5.3.2. Synchrotron radiation powder di�raction

From the ex situ synchrotron radiation di�raction pattern of the charged sample after formation

(AF 4.7 V) in Figure 5.20 it can be seen that the pattern of the charged material can still be well

described with a rhombohedral R3m setting. Thus, the delithiation itself does not induce a long-

range alteration of the crystal structure, for example, towards a lithium-poor phase. The even more

pronounced broadening of the 018h re�ection (light blue pattern) in comparison to the discharged

sample indicates an increase of the lattice strain along with a strong ch-anisotropic component

after the delithiation of the layered lattice. This observation is con�rmed by the corresponding

results from the Rietveld re�nement as will be shown in Figure 5.28 in Section 5.3.5.

After the thermal treatment at 300 °C for 1 hour, clearly visible ‘shoulders’ appeared at the 003h

and the 101h re�ections. These ‘shoulders’ can be ascribed to the 111s and the 311s re�ections

of an additional nano-sized spinel phase, which was already observed in the di�raction patterns

of discharged samples after heating (see Section 5.2.2). The phase content was re�ned to 49(5)%

(w/w) and further increased to 64(4)% (w/w), after the material had been relithiated. The average

apparent domain sizes were re�ned to approximately 5 nm. A closer look at the 222s and 400s
re�ections reveals that these show a much lower size-induced broadening than the 111s and

Figure 5.20.: SRPD patterns corresponding to the thermal treatment experiments of charged (4.7 V)

‘HE5050’ cathode samples. Re�ection-subscripts: h – hexagonal setting, s – spinel.
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311s re�ections for example. Interestingly, these narrower re�ections are strongly related to the

oxygen sublattice. In order to include this observation in the structural model, the pro�les of

the oxygen-associated re�ections were re�ned individually with a Lorentzian-type broadening.

The extended model led to an improvement of the �t quality and is discussed in detail in the

next section (Section 5.3.3). These results can be interpreted by the local formation/nucleation

of nano-sized domains with a spinel-type cation arrangement, which are coherently embedded

within a continuous oxygen matrix. The nano-domains and the matrix share the same (slightly

distorted) cubic closed packed (ccp) oxygen sublattice, which explains the absence of a size-induced

broadening in the oxygen-associated re�ections. Overall, these �nding are well in agreement

with the analysis of the corresponding electrochemical data, where a LNMO-like redox activity

was found after the thermal treatment (redox processes ‘SMn’ and ‘SNi’). However, no indication

was found for the presence of a tetragonal phase in the relithiated sample, which is typical for

electrochemically overlithiated LMO/LNMO-type spinels [51, 53].
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5.3.3. Structural model of the additional spinel phase

In this section the underlying structural model for the Rietveld re�nement of thermally and

electrochemically fatigued samples is discussed in detail with a primary focus on the re�nement of

the additional spinel phase. Therefore, the development of the structural model is demonstrated

exemplarily on the basis of the di�raction pattern of a charged ‘HE5050’ sample (4.7 V), which

was heated (300 °C, 1 h) and relithiated (post thermal cycling). As already presented before, the

di�raction pattern of this sample clearly shows the presence of a nano-sized spinel phase and thus

represents a perfectly suited example for the re�nement procedure.

First, the LiMn2O4 spinel with space group Fd3m was added as a second phase to the existing

one-phase (R3m) model ‘Model A’ as already described in Table 5.1 in Section 5.1.2. The re�nement

was carried out using additional parameters concerning the second phase (compare Table 5.2): the

lattice parameter as, the coordinates of the oxygen 32e site, the exchange of Li/Mn on the 8a/16d

sites and the parameters associated with the microstructure (size and strain). This two-phase

model (R3m + Fd3m) is now titled ‘Model B’. Figure 5.21 shows the measured SRPD pattern (red) in

Figure 5.21.: Exemplary Rietveld re�nement of the SRPD pattern belonging to a charged ‘HE5050’

sample (4.7 V) after heating and relithiation using ‘Model B’. The deviations between

the experimental data and the simulated pattern are highlighted by the red arrows.

Re�ection-subscripts: s – spinel.
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Table 5.2.: ‘Model B’ and ‘Model BSRox’: Basis and occupancies of the additional Fd3m phase used

for re�nement of di�raction patterns belonging to highly electrochemically/thermally

fatigued samples. Re�ned parameters are tagged with *. f - exchange of Li/Mn.

Atom Wycko� x y z Occupancy

Li1 8a 0.125 0.125 0.125 1-f *

Mn1 8a 0.125 0.125 0.125 0+f *

Li2 16d 0.5 0.5 0.5 0+f *

Mn2 16d 0.5 0.5 0.5 1-f *

O 32e 0.26232* 0.26232* 0.26232* 1

comparison with the calculated pattern (black) and the resulting di�erence of the intensities (blue).

A closer look at the highlighted re�ections reveals (dotted reference lines), that the calculated size-

and strain-induced broadening of these re�ections is too pronounced (red arrows). As already

mentioned before, these re�ections are strongly associated with the oxygen sublattice and are

shared by the cubic and the trigonal phase. Since their half widths are rather narrow in comparison

to other spinel-related re�ections, the oxygen sublattice of the nano-sized spinel phase is obviously

not signi�cantly a�ected by the size-induced re�ection broadening. This can be interpreted as a

coherently embedded nano-sized spinel phase (domains) sharing the same oxygen sublattice as the

R3m matrix. Or in other words, on the basis of one coherent (slightly distorted) close cubic packed

(ccp) oxygen lattice, the cation ordering varies locally with either a more spinel-type or a more

layered-type cation arrangement, respectively.

In order to improve the initial ‘Model B’, individual pro�le parameters (Lorentzian-type pro�le

broadening) for the 222s, 400s, 440s and 622s re�ections were introduced in a modi�ed model,

labeled ‘Model BSRox’. In the FullProf suite, this was realized by the addition of ‘special re�ections’ to

the program code of the second phase. The resultant calculated pattern as well as the corresponding

discrepancy to the measured pattern (blue line) is shown in Figure 5.22. A comparison of selected

re�ned parameters is presented in Table 5.3. Most importantly, the determined spinel content

increases noteworthy (‘Model B’ to ‘Model BSRox’) from 52(4)% to 64(4)% (w/w), which clearly

emphasizes the impact of the selected microstructural model on the evaluation of the experimental

data of such an intergrown layered-spinel system. A visual comparison of the two models regarding

the Fd3m phase is given in Figure 5.23.
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Figure 5.22.: Exemplary Rietveld re�nement based on the enhanced ‘Model BSRox’ of the SRPD

pattern belonging to a charged ‘HE5050’ sample (4.7 V) after heating and relithiation.

Re�ection-subscripts: s – spinel.

Table 5.3.: Comparison of selected re�ned parameters using ‘Model B’ and ‘Model BSRox, obtained

from the Rietveld re�nement of SRPD patterns belonging to a charged ‘HE5050’ sample

(4.7 V) after heating and relithiation.

Model B Model BSRox

χ 2 1.01 0.817

Phase R3m Fd3m R3m Fd3m

Bragg R-factor 2.98 3.21 3.83 3.44

Phase fraction / % (w/w) 48(4) 52(4) 36(4) 64(4)

σmax 〈anisotropy〉 / 10−4 80 〈8〉 28 82 〈10〉 34

Average apparent size / Å - 52 - 46
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Figure 5.23.: Comparison of simulated patterns regarding the Fd3m phase using ‘Model B’ and

‘Model BSRox’, obtained from the Rietveld re�nement of SRPD patterns belonging to a

charged ‘HE5050’ sample (4.7 V) after heating and relithiation. Re�ection-subscripts:

s – spinel.

A deconvolution of the calculated pattern using ‘Model BSRox’ into the single phases and the pure

oxygen framework6 is shown in Figure 5.24. The enhanced structural model (‘Model BSRox’) was

used for the re�nement of all ‘HE5050’ samples in this work. Of course, this enhanced model only

a�ects the re�nement of di�raction patterns of highly fatigued samples, which show an additional

spinel phase. Regarding the R3m phase, this model is identical with ‘Model A’, which was used for

the analysis of the structural changes during the initial formation cycle of the ‘6-50:50’ material

(shown in Section 5.1.2).

6 The simulation (FullProf jobtype 2) of the oxygen framework was carried out by setting the occupancy numbers of

Li, Ni, Co and Mn to zero.
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(a)

(b)

Figure 5.24.: Deconvolution of the calculated di�raction pattern (‘Model BSRox’) into the single

phases (a) as well as a simulation of the pure oxygen framework (b). Re�ection-

subscripts: s – spinel.
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5.3.4. 7Li MAS NMR

As shown in Figure 5.25, the 7Li MAS NMR spectrum of the charged sample after formation is

dominated by the broad LiLi resonance indicating an almost complete delithiation of the TM layer.

The center of this resonance moved from 615 ppm in the discharged state towards lower NMR

shift values of around 555 ppm in the charged state as highlighted by the blue arrow. As already

emphasized in Section 5.1.3, three possible explanations for this observation might be: i) the

oxidation of Ni, ii) the migration of Li from octahedral to tetrahedral sites, or iii) the preferred

delithiation of ‘high NMR shift’ environments. Additionally, two residual Li2MnO3-like peaks at

711 ppm and 1442 ppm are still present in the spectrum of the charged sample. Most probably, the

formation (order-disorder transition) has not been fully completed within the �rst two full cycles.

After the heat treatment, the broad LiLi resonance moves back towards higher NMR shifts of

approximately 630 ppm. Moreover, the almost symmetric and featureless appearance of the signal

Figure 5.25.: 7Li MAS NMR spectra corresponding to the thermal treatment experiments of charged

‘HE5050’ samples (4.7 V). Labels: LiLi – Li in Li layers, LiTM – Li in TM layers, Lidia

– diamagnetic embedded lithium. The spinning sidebands (±861 ppm) are shown

exemplarily in the spectrum of the pristine sample: + (Lidia), × (LiLi) and ∗ (LiTM). For

presentation purposes the intensity of the spectrum belonging to the pristine sample

is damped by factor 4.
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might be an indicator for a more random distribution of the surrounding transition metals [92].

However, whether the remaining lithium is still occupying octahedral sites in a layered-type envi-

ronment or whether it moved to tetrahedral sites in a spinel-type environment during the thermal

treatment cannot be deduced from the data. At least a distinct composition, e.g. of an ordered

and well crystallized LiNi0.5Mn1.5O4 or LiMn2O4 spinel can be excluded at this point, since these

would appear as rather sharp resonances at 925 ppm or 520 ppm [59]. Furthermore, the signals at

711 ppm and 1442 ppm are absent in the sample after heating pointing to the dissolution of the

aforementioned Li2MnO3-like residues.

Interestingly, the spectrum of the relithiated sample (after �ve post thermal cycles, discharged)

features a broad ‘bump’ at around 250 ppm as highlighted by the red vertical arrow. Due to the broad

character, a distinct allocation of the newly formed Li environment(s) is di�cult. Two possible

explanations might be: i) the occupancy of octahedral 16c sites in a Fd3m spinel, which was already

observed for overlithiated LNMO [93] and LMO [59, 94] as well as for activated Li2MnO3 [41],

and/or ii) the occupancy of under-coordinated tetrahedral sites (CN<4) due to oxygen vacancies in

a still maintained layered framework [15]. Moreover, the spectrum shows a signi�cant increase and

broadening of the signal around 0 ppm, which is associated with lithium embedded in a diamagnetic

environment. This can be attributed to DMC-insoluble reaction products from the electrolyte salt

and/or the post mortem reaction products with air, since the NMR rotors were �lled outside the

glovebox.
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5.3.5. Electrochemical and structural changes below 300 °C

Up to this point, the presented results clearly demonstrate the electrochemical and structural

degradation of a charged sample after heating at 300 °C for 1 hour. The electrochemical charac-

teristics are dominated by a LMNO-like spinel along with a profound structural rearrangement

towards a cubic symmetry. In order to get a more detailed insight into the transformation process,

the experiments were repeated at 150 °C, 200 °C and 250 °C, respectively. Figure 5.26 shows the

electrochemical data regarding the initial discharge after heating as well as the �fth post thermal

cycle. From the results it is apparent, that the electrochemical degradation intensi�es with increas-

ing temperature and can be divided in three di�erent characteristic features: i) The area of the

‘Odef’ region increases gradually at the expense of the higher-voltage regions ’NC’ and ‘O2p ’ in the

charge and discharge (voltage fade). ii) The di�erence between the mean charge and discharge

voltage increases (hysteresis), which is most clearly demonstrated by the gradual shift of reduction

peak ‘NC’ towards lower voltages as highlighted by the red arrow, whereas the position of the

corresponding oxidation peak is rather una�ected. iii) The LNMO-like spinel redox peaks (‘SMn2’,

‘SMn’, ‘SNi’) appear for heating temperatures of 250 °C and 300 °C.

Generally, these observations in the electrochemical data are strongly correlated with determined

structural changes, for instance, the appearance of additional spinel-associated re�ections in the

di�raction patterns, the increase of the re�ned Ni occupancy in the Li layers as well as the de-

termined mass loss of the electrode after heating (oxygen release). As shown in Figure 5.27, the

nano-sized spinel phase is clearly apparent in the in the di�raction patterns of the 250 °C and the

300 °C sample as highlighted by the red arrows. In the following a detailed analysis of selected

re�ned parameters is conducted, which are presented in Figure 5.28. The focus is thereby put

on the relithiated samples (�ve post thermal cycles, discharged) which are represented by the

triangular-shaped data points. For the 250 °C and the 300 °C sample spinel contents of 23(5)% and

64(4)% (w/w) were re�ned with average apparent sizes of 2 nm and 5 nm, respectively. A small

amount of spinel was also determined for the 150 °C and the 200 °C sample after heating. However,

after the post thermal cycles the re�ned spinel content decreased to zero again. Interestingly, the

emergence of the spinel phase in the di�raction pattern goes along with noteworthy structural

changes in the layered R3m phase starting at 250 °C as indicated by the red arrows. These alterations

are strong indicators for a gradual transformation towards a more spinel-type cation arrangement

and a densi�cation of the lattice, i.e. the initially layered phase can now be rather described as kind
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(a) (b)

(c) (d)

Figure 5.26.: Thermal treatment of charged ‘HE5050’ samples (4.7 V) at various temperatures

ranging from 150 °C to 300 °C: Cell voltage vs. speci�c capacity plots of the �rst (a)

and �fth (c) post thermal cycles and the thereof derived dQ/dV plots (b,d). Labels:

‘NC’ – Ni/Co redox activity, ‘O2p ’ – oxygen 2p band, ‘Odef’ – defect-associated oxygen

redox activity, ‘SMn2’/‘SMn’/‘SNi’ – Mn/Ni redox activity in a LNMO-like spinel.
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of intermediate spinel-layered structure [12, 95]. The signi�cant alteration of the re�ned structural

parameters can be interpreted as follows:

i) The re�ned ah parameter of the layered R3m phase increases from 2.8666(1) Å after

formation (discharged) to 2.8982(3) Å and 2.8921(4) Å after heating at 250 °C and 300 °C

followed by relithiation (discharged), respectively. Since the increase of ah is an indicator

for the expansion of the TM ion radii, in sum a lower oxidation state of the transition

metal ions is suggested. Most probably, this also includes the partial reduction of Mn

from +IV to +III, which is also found in the corresponding dQ/dV plot of the post thermal

cycles (redox process ‘SMn’) and indicated in the Mn K-edge and the O K-edge spectra

(shown later in Section 5.8).

ii) The drop of the ch/ah ratio indicates a decrease of the rhombohedral lattice distortion

leading to a more cubic symmetry (ch/ah ratio of approximately 4.9).

iii) The determined Ni occupancy in the Li layers raises from 4.7(6)% before to 10.3(6)%

and 15.4(9)% after heating at 250 °C and 300 °C followed by relithiation, respectively. This

�nding suggests a profound migration of transition metals from the TM into the Li layers

and thus forming a more cubic cation arrangement. The re�ned TM occupancy within

the TM layers increases signi�cantly at 300 °C (orange arrow in Figure 5.28), which might

be due to a densi�cation of the lattice including the release of oxygen from the surface

(will be shown in Section 5.6.2) and the migration of cations from the surface to the bulk.

iv) A further indicator of the transition from a layered to a cubic symmetry is the zO

coordinate of the oxygen 6c site, which is 0.25 for an ideal ccp oxygen lattice. Here, the

initially rhombohedral distortion along ch direction resulting in two di�erent oxygen

layer distances along ch vanishes, due to a similar Li/TM ratio in the former Li and TM

layers. From 250 °C on, a decrease of zO coordinate in direction of a more cubic cation

arrangement (0.25) is apparent.

v) The determined lattice strain increases from 250 °C on, which might be due to the

formation of nano-sized spinel domains within the layered matrix (compare Section 5.3.3).

A simultaneous increase of the ch-anisotropy of the lattice strain is not observable.

vi) Importantly, these structural changes are well correlated with the mass loss of the

electrode coating (active material, binder, carbon) after heating. Whereas up to 200 °C

almost no mass loss (<1% w/w) could be determined, the value increases remarkably for

the 250 °C sample to 3.3(6)% and to 9.9(7)% (w/w) for the 300 °C sample, respectively.
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Figure 5.27.: ex situ SRPD patterns belonging to the thermal treatment experiments of charged

‘HE5050’ samples (4.7 V) at various temperatures ranging from 150 °C to 300 °C.

Re�ection-subscripts: h – hexagonal setting, s – spinel.

In conclusion, these �ndings clearly indicate a more spinel-type cation arrangement with increasing

temperature: by the increase of the re�ned spinel content and the more ‘cubic character’ of the

layered phase, respectively. This goes along with release of oxygen (mass loss), which is mandatory

for the formation of a fully developed spinel phase. These structural changes lead to a profound

voltage and capacity fade as it is apparent from the electrochemical data.
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Figure 5.28.: Selected parameters from the Rietveld re�nement corresponding to the thermal treat-

ment experiments of charged samples (4.7 V) at various temperatures ranging from

150 °C to 300 °C. The underlying structural model (Model SRox) of the re�nement is

described in Section 5.3.3. The dashed lines are inserted as a guide for the eye. 3a – TM

layer, 3b – Li Layer, zO – z coordinate of the oxygen 6c site, σmax – average maximum

strain and ch anisotropy (vertical bars).
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5.4. Thermal treatment of samples charged to 4.2 V

In this section the results of heating experiments that were conducted on samples that were

charged to 4.2 V after formation are presented. Since the main electrochemical and structural

features originating from the thermal treatment procedure were already described in detail in the

preceding sections, only the most important outcomes are presented and discussed in the following.

5.4.1. Electrochemical and structural changes at 300 °C

Electrochemical characterization: Figure 5.29a shows the cell voltage vs. speci�c capacity of

the cycle after formation and the charge step to 4.2 V as well as the �rst and �fth cycle after

heating (300 °C, 1 h). In order to emphasize the single redox processes, the corresponding dQ/dV

vs. cell voltage curves are plotted in Figure 5.29b. The �rst post thermal charge starts with the

oxidation peak ‘NC’ at a cell voltage of about 3.7 V belonging to the oxidation of Ni and Co. The

oxidation peak ‘SNi’ beyond 4.5 V can be assigned to the oxidation of Ni along with the delithiation

of LNMO-like spinel environments. In the subsequent discharge step, the dQ/dV plot reveals only a

rather weak redox activity until 3.2 V, where the reduction peaks ‘Odef’ and followed by ‘SMn’ start

to appear. In the second post thermal cycle, the dQ/dV plot clearly demonstrates the reversible

de-/lithiation of LMNO-like spinel environments as indicated by the redox peaks ‘SMn’ and ‘SNi’. In

contrast to the sample which was heated after charging to 4.7 V (see Figure 5.18), the oxidation

peaks belonging to the processes ‘NC’ and ‘O2p ’ are stronger. However, these processes reveal a

profound hysteresis and a shift of the corresponding reduction peaks of about 1 V towards lower

potentials (highlighted by the red arrow). Furthermore, the capacity fade and the gradual increase

of the overvoltage, for instance, indicated by the divergence of the oxidation/reduction peaks of

process ‘SMn’, are much weaker in comparison to the post thermal cycles of the samples heated at

a charging state of 4.7 V (see Figure 5.18). In sum, these observations suggest the presence of a

LNMO-like spinel after heating in coexistence with a still layered phase, which is more pronounced

than in the sample heated at a fully charged state (4.7 V). Most probably, this leads to a higher

stability of the capacity and just a slight increase of the overvoltage during cycling, respectively.

Structural characterization: The analysis of the structure before and after the thermal treatment

was carried out by SRPD and 7Li MAS NMR measurements as shown in Figure 5.29c+d. From the

di�raction pattern of the sample after heating (red line) the emergence of a second phase can be
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(a) (b)

(c) (d)

Figure 5.29.: Cell voltage vs. speci�c capacity (a) and the thereof derived di�erential capacity

(dQ/dV) plot (b) corresponding to the thermal treatment experiments of ‘HE5050’

cathode samples charged to 4.2 V, which completed the initial formation cycle. Cycling

parameters: C/10, 4.7 V - 2 V. The corresponding SRPD patterns and the 7Li MAS

NMR spectra are shown in (c) and (d). Labels EC: ‘NC’ – Ni/Co redox activity, ‘O2p ’

– oxygen 2p band, ‘Odef’ – defect-associated oxygen redox activity, ‘SMn2’/‘SMn’/‘SNi’

– Mn/Ni redox activity in a LNMO-like spinel. Re�ection-subscripts: h – hexagonal

setting, s – spinel. Labels NMR : LiLi – Li in Li layers, LiTM – Li in TM layers, Lidia –

diamagnetic embedded lithium. The spinning sidebands (±861 ppm) are highlighted

exemplarily in the spectrum of the pristine sample: + (Lidia), × (LiLi) and ∗ (LiTM). For

presentation purposes the intensity of the spectrum belonging to the pristine sample

is damped by factor 2.
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identi�ed. Most clearly indicated, for instance, by the appearance of the 311s re�ection. The second

phase could be assigned, here as well, to a nano-sized spinel with a re�ned phase content of 47(7)%

(w/w) and a domain size of about 3 nm (re�ned as LiMn2O4 with ‘Model BSRox’, see Section 5.3.3).

After the �ve relithiation cycles, the re�ned phase content of the spinel reduces to 39(3)% (w/w)

and a domain size increases to approximately 5 nm. For comparison, the spinel content of fully

charged sample (4.7 V) after the thermal treatment was re�ned to 49(5)% and to 64(4)% (w/w) after

relithiation, respectively. A more detailed presentation of selected re�ned parameters will be given

below.

The 7Li MAS NMR spectrum (see Figure 5.29d), which correspons to the sample after the thermal

treatment (red line) only shows minor changes in comparison to the spectrum of the sample before

heating (light blue line). The position of the broad signal associated with the LiLi environments

only moved slightly towards higher NMR shifts and a small residue of the distinct Li2MnO3-like

resonances is still identi�able (711 ppm and 1442 ppm). After the subsequent relithiation cycles

(light red line), these distinct peaks remain and the entire spectrum becomes signi�cantly broad-

ened. Furthermore, a broad ‘bump’ is emerging at around 250 ppm as highlighted by the red arrow.

This feature was already identi�ed and discussed for the spectrum of the relithiated sample, which

was heated at the fully charged state (4.7 V, see Figure 5.25). The occupancy of octahedral 16c

sites in a Fd3m spinel Li environment and/or the occupancy of under-coordinated tetrahedral sites

(CN<4) due to oxygen vacancies, were listed as possible explanations.
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5.4.2. Electrochemical and structural changes below 300 °C

Figure 5.30 shows the electrochemical characterization of thermally treated ‘HE5050’ cathode

samples charged to 4.2 V, which completed the initial formation cycle. The temperature was varied

in 50 °C steps ranging from 150 °C to 300 °C. From the cell voltage vs. speci�c capacity plot of the

�rst and �fth post thermal cycle (a+c) it is apparent that the voltage and capacity fade intensi�es

with increasing temperature. Furthermore, the hysteresis is more and more present as indicated by

the red arrow. The most signi�cant alteration of the electrochemical properties occurs at the step

from 250 °C to 300 °C: whereas until 250 °C no spinel redox activity is identi�able in the dQ/dV

plot, the curve of the �fth cycle belonging to the sample heated at 300 °C clearly shows the peaks

associated with a LNMO-like spinel (‘SMn’ and ‘SNi’). This observation can be directly linked to a

profound structural modi�cation including the formation of a nano-sized spinel and the release of

oxygen as will be shown in the following.

The di�raction patterns and a selection of re�ned parameters corresponding to the thermal treat-

ment of samples charged to 4.2 V are plotted in Figure 5.31 and Figure 5.32, respectively. Only for

the samples heated at 300 °C, a clear signature of the spinel phase is apparent in the di�raction

patterns as highlighted by the red arrow. This observation is well in agreement with a re�ned

spinel content of 39(3)% (w/w) in the relithiated sample and is again correlated with a signi�cant

mass loss of the electrode coating (oxygen release).

To sum up, in this section it was demonstrated, that the thermal treatment of Li-rich ‘HE5050’

samples charged to 4.2 V leads to an obvious degradation of the structure and the electrochemical

properties towards a more spinel-type appearance. Similarly to the �ndings in the previous Section

5.3 (Thermal treatment of samples charged to 4.7 V) the degradation process can be divided into

two steps: i) the increase of the voltage fade and the hysteresis along with an increased disorder in

the material (migration of TMs from TM into Li layers and increased lattice strain) up to 250 °C,

and ii) the formation of nano-sized spinel domains along with the release of oxygen at 300 °C. As

a complementary remark, the formation of spinel domains was already obvious at 250 °C in the

di�raction patterns as well as in the corresponding dQ/dV plot of the fully charged sample (4.7 V)

after heating and relithiation suggesting a higher phase stability of the partially delithiated (4.2 V)

electrodes.
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(a) (b)

(c) (d)

Figure 5.30.: Thermal treatment at various temperatures from 150 °C to 300 °C of ‘HE5050’ cathode

samples charged to 4.2 V, which completed the initial formation cycle: Cell voltage

vs. speci�c capacity plots of the �rst (a) and �fth (c) post thermal cycles and the

thereof derived dQ/dV plots (b,d). Labels: ‘NC’ – Ni/Co redox activity, ‘O2p ’ – oxygen

2p band, ‘Odef’ – defect-associated oxygen redox activity, ‘SMn2’/‘SMn’/‘SNi’ – Mn/Ni

redox activity in a LNMO-like spinel.
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Figure 5.31.: ex situ SRPD patterns belonging to the thermal treatment experiments of ‘HE5050’

samples charged to 4.2 V at various temperatures ranging from 150 °C to 300 °C.

Re�ection-subscripts: h – hexagonal setting, s – spinel.
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Figure 5.32.: Selected parameters from the Rietveld re�nement corresponding to the thermal treat-

ment experiments of ‘HE5050’ samples charged to 4.2 V at various temperatures

ranging from 150 °C to 300 °C. The underlying structural model (Model SRox) of the

re�nement is described in Section 5.3.3. The dashed lines are inserted as a guide for

the eye. 3a – TM layer, 3b – Li Layer, zO – z coordinate of the oxygen 6c site, σmax –

average maximum strain and ch anisotropy (vertical bars).
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5.5. Thermal treatment of fatigued samples (300 cycles)

In this section, the in�uence of a thermal treatment on electrochemically fatigued ’HE5050’ cathode

samples after 300 cycles (discharged to 2.0 V) is studied. The structure and the electrochemical

properties before and after heating are investigated in detail using electrochemical characterization,

SRPD and 7Li MAS NMR.

5.5.1. Electrochemical characterization

Based on the �ndings from the thermal treatment of discharged and charged electrodes after forma-

tion, the heating experiments were repeated with electrochemically fatigued samples (300 cycles).

As can be clearly seen from Figure 5.33a, the extensive cycling resulted in a pronounced voltage

and capacity fade. The discharge capacity dropped from 251 mAh/g after formation to 202 mAh/g

after 300 cycles, the mean discharge voltage from 3.6 V to 3.2 V, respectively. Overall, this leads to

a loss of energy density concerning the discharge step of about 28%.

In the corresponding dQ/dV vs. cell voltage plot in Figure 5.33b, the voltage fade (dashed arrows)

and the hysteresis (dotted arrow) are emphasized. The contribution of the low-voltage redox

(a) (b)

Figure 5.33.: Cell voltage vs. speci�c capacity (a) and the thereof derived di�erential capacity

(dQ/dV) plot (b) corresponding to the thermal treatment experiments of electrochemi-

cally fatigued ‘HE5050’ cathode samples. Cycling parameters: 4.7 V - 2 V, C/10 (C/5

for the fatigue-cycles, not shown). Labels: ‘NC’ – Ni/Co redox activity, ‘O2p ’ – oxygen

2p band, ‘Odef’ – defect-associated oxygen redox activity, ‘SMn2’/‘SMn’/‘SNi’ – Mn/Ni

redox activity in a LNMO-like spinel.
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processes ‘Odef’ and ‘SMn’ increases at the expense of the high-voltage process ‘O2p ’ leading to a

decrease of the mean charge/discharge voltage (voltage fade). Whereas in the charging step the

oxidation peaks ‘Odef’ and ‘NC’ are clearly separated, the reduction peak ‘NC’ completely shifts

inside the area of the reduction peak ‘Odef’ in the discharge step. This leads to a charge/discharge

voltage di�erence of the redox process ‘NC’ of about 0.8 V and thus to a more pronounced hysteresis

than in the cycle after formation. After 300 cycles, the spinel-associated redox peak ‘SMn’ emerged,

but is rather weak and not well-separated from peak ‘Odef’ in comparison to the dQ/dV curves of

thermally fatigued samples. The high-voltage redox peak ‘SNi’ associated with the formation of a

LNMO-like spinel is not identi�able.

Similar to the experiments presented above, the electrochemically fatigued electrode was thermally

treated at 300 °C for 1 hour. Most surprisingly, also the cycled Li- and Mn-rich material partially

regenerated towards the pristine state as evident from the �rst post thermal charge (dark green line).

The oxidation peaks ‘SMn’ and ‘Odef’ are signi�cantly damped in comparison to the cycle before

heating and the ‘plateau’ reoccurs. This observation already indicates the partial recovery of the

highly ordered state, however the ‘plateau’ is less pronounced than in the �rst post thermal charge

of the sample, which was heated directly after formation (compare with Figure 5.11, Section 5.2.1).

Another very remarkable �nding is the signi�cant intensi�cation of reduction peaks ‘O2p ’ and

‘NC’ in the subsequent discharge step in comparison to the dQ/dV curve of the fatigued sample.

This is directly correlated with the damping of the low-voltage regions ‘Odef’ and ‘SMn’. In other

words: The voltage fade and the profound hysteresis have been partially reversed by the thermal

treatment.

Again, the partial recovery of the pristine properties is directly connected with the formation of a

LMNO-spinel like phase, as apparent from the rise of the spinel-related redox processes ‘SMn’ and

‘SNi’. As a reminder, the spinel formation is mandatory for the restoration of the pristine-like phase

in order to compensate the lithium de�ciency in the material. This de�ciency is induced by the

initial formation cycle (irreversible capacity loss) and by long-term cycling, respectively. Finally,

the �rst post thermal cycle reached a charge capacity of 182 mAh/g and a discharge capacity of

169 mAh/g. After the �ve post thermal cycles, two modi�cations are apparent in the dQ/dV plot: i)

the redox activity in the ‘NC’ area is decreasing again and is intensi�ed in the ‘Odef’ region (voltage

fade), and ii) the redox activity of the spinel phase increases within the �ve cycles, as clearly

indicated by the expansion of the area ‘SMn’. Overall, this leads to an increase of the discharge

capacity from 169 mAh/g in the �rst to 191 mAh/g in the �fth post thermal cycle. Furthermore,
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(a) (b)

Figure 5.34.: Speci�c capacity (a) and mean voltage decay (b) with increasing number of cycles.

Each set of data points (charge/discharge) represents a di�erent electrode, which was

cycled with a rate of C/5 after the formation (C/10) to the desired number of cycles.

The last two cycles were again recorded with a rate of C/10 in a new cell in order

to exclude a contribution to the detected degradation features, for instance, from

the electrolyte and the Li-anode. The electrochemical data regarding the thermal

treatment of samples after formation and after 300 cycles is added in red.

the mean discharge voltage increased to 3.4 V in comparison to 3.2 V for the fatigued sample as

highlighted by the dyed areas in Figure 5.33a. Figure 5.34 emphasizes the decay of the capacity

and mean voltage of the charge/discharge step with increasing number of cycles. Additionally, the

impact of the thermal treatment on samples after formation and after 300 cycles is shown (red

data points). It is clearly apparent, that the initial mean charge/discharge voltage can be partially

recovered by a thermal treatment of an electrochemically fatigued sample. However, the recovery

of the high initial capacity is obviously not achievable.
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5.5.2. Synchrotron radiation powder di�raction

The data obtained from the di�raction measurement of the electrochemically fatigued electrode

powder is presented in Figure 5.35. Selected re�ned parameters are plotted in Figure 5.36. The

di�raction pattern corresponding to the highly cycled sample (dark blue line) reveals a general

broadening of the re�ections in comparison to the pattern of the sample after formation (light blue

line). Especially the emergence of the 311s re�ection already indicates the partial transformation

of the sample to spinel. The Rietveld re�nement provided a spinel phase content of 34(16)% (w/w)

with an average apparent domain size of about 2 nm. This indicates a very �ne dispersion of these

spinel domains in the layered matrix. Furthermore, the re�nement returned a high lattice strain

and a strong ch-anisotropy of the lattice strain in the R3m matrix, which is also indicated by the

broadened 018h re�ection in the di�raction pattern. This suggests a large variety of locally di�erent

degrees of lithiation and probably cation arrangements and/or the loss of electrochemically active

lithium sites due to the high degree of disorder in the material.

After the heating procedure, theC2/m superstructure re�ections reappear in the di�raction pattern

Figure 5.35.: SRPD patterns corresponding to the thermal treatment experiments of electrochemi-

cally fatigued (300 cyc) ‘HE5050’ cathode samples. The C2/m superstructure re�ec-

tions are magni�ed in the inset. *Li2CO3 associated re�ections with space groupC2/c .

Re�ection-subscripts: m – monoclinic setting, h – hexagonal setting, s – spinel.
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(dark green line) and the 018h re�ection narrows, which clearly demonstrates the partial restoration

of the initially well-ordered atomic structure on a long-range scale. The Rietveld re�nement

provides a spinel content of 21(7)% (w/w) with an apparent domain size of 2 nm, suggesting that

within the range of estimated standard deviations no additional material was converted to spinel

or the spinel content even decreased during heating. This �nding is surprising, since a mass loss of

about 4.7(10)% was determined for the electrode coating and therefore suggests the loss of oxygen

and the formation of an oxygen-poor phase during the thermal treatment. One explanation could

be the very local arrangement of cations in a spinel-type manner without a profound loss of oxygen

due to kinetic reasons. Accordingly, this ‘excess oxygen’ is released during heating. Probably, these

results are directly correlated with the �ndings from the electrochemical characterization (see

Figure 5.33). Therefore, no clear evidence was found for a spinel redox activity (represented by ‘SMn’

and ‘SNi’) after cycling, but clearly appeared after the thermal treatment. A second contribution

to mass loss after thermal treatment might be the thermal decomposition of cathode electrolyte

interphase (CEI) species.

The overall lattice strain and its ch-anisotropy decreased to values close to those determined for the

sample after formation (emphasized by red arrows), which indicates a pronounced reorganization

of the cations in order to reduce high lattice strain, which was clearly apparent before heating. This

reorganization process probably also includes a more pronounced segregation of the material into

a lithium- and oxygen-rich pristine-like and a lithium- and oxygen-poor spinel phase, respectively.

After �ve post thermal cycles (light green line), the 020m superstructure re�ection vanishes again

indicating the loss of the long-range Li/TM-TM6 honeycomb ordering. The spinel phase content

was re�ned to 27(5)% (w/w) with an average apparent domain size of 4 nm.
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Figure 5.36.: Selected parameters from the Rietveld re�nement corresponding to the thermal treat-

ment experiments (300 °C, 1 h) of electrochemically fatigued samples (300 cyc). The

underlying structural model (Model SRox) of the re�nement is described in Section 5.3.3.

The dashed lines are inserted as a guide for the eye. 3a – TM layer, 3b – Li Layer, zO –

z coordinate of the oxygen 6c site, σmax – average maximum strain and ch anisotropy

(vertical bars).
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5.5.3. 7Li MAS NMR

The 7Li NMR spectrum belonging to the electrochemically fatigued sample (300 cycles) shown in

Figure 5.37 reveals three prominent spectral changes in comparison to the spectrum of the sample

after formation (AF 2.0 V): i) all resonances associated with the Li2MnO3-like Li-environments

(711 ppm, 1351 ppm, 1442 ppm) disappeared, which indicates a completed formation of the entire

material and the loss of the Li-TM6 honeycomb short-range ordering, ii) a newly formed broad

resonance aroused at around 250 ppm as highlighted by the blue arrow, and iii) the signal at 0 ppm,

which represents the diamagnetic embedded lithium Ldia increased signi�cantly. Most interestingly,

the ‘bump’ at around 250 ppm and an increase of the 0 ppm peak area were also observed in the

spectrum of a charged electrode after heating and relithiation (compare with Figure 5.25). In order

to emphasize the similarities of these spectra, they are superimposed in Figure 5.38a (compare

spectrum ‘After 300 cycles’ with ‘Heated at 4.7 V, relithiated’). The overlap of the LiLi and LiTM

resonances as well as the emergence of the ‘bump’ at around 250 ppm (blue and red arrows) suggest

Figure 5.37.: 7Li MAS NMR spectra corresponding to the heating experiments of cycled ‘HE5050’

samples (300 cycles). Labels: LiLi – Li in Li layers, LiTM – Li in TM layers, Lidia

– diamagnetic embedded lithium. The spinning sidebands (±861 ppm) are shown

exemplarily in the spectrum of the pristine sample: + (Lidia), × (LiLi) and ∗ (LiTM). The

intensity of the spectrum belonging to the pristine sample is damped by factor 1.5.
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a rather similar local Li environment in both samples. These �ndings are very interesting, since

both samples share similar features, e.g. a pronounced voltage fade and a trend towards a more

spinel-type cation arrangement in the (slightly distorted) ccp oxygen sublattice as revealed by the

SRPD measurements. However, the electrochemically fatigued sample still reveals the ability to

restore the pristine-like ordering. Most probably, this restoration is possible due to the still intact

oxygen sublattice, which suggests no profound oxygen loss during cycling.

Despite the profound structural and electrochemical degradation, the heat treatment of the fatigued

sample led to an almost entire recovery of the pristine local ordering in the whole bulk material. As

can be clearly seen from the dark green spectrum in Figure 5.37, the resonances associated with the

local Li-TM6 honeycomb ordering in the transition metal layers reappear (1351 ppm and 1442 ppm),

which is well in agreement with the return of theC2/m superstructure re�ections as shown before.

In addition, the 711 ppm resonance, which represents the Li2MnO3-like environments in the Li

layers is present again. Interestingly, the ‘bump’ at 250 ppm vanished (dark green arrow) and

does not reappear after the relithiation cycles. Obviously, the Li environments observable at

low-ppm values around 250 ppm (‘bump’) are directly linked with a decrease of the mean charge

and discharge voltages (voltage fade). This hypothesis is also valid after the subsequent �ve post

thermal cycles. The spectrum is broadened again and distinct Li2MnO3-like signals vanished. The

‘bump’ does not reappear, which is well in agreement with the corresponding electrochemical

properties, where the defect-associated low-voltage process ‘Odef’ is signi�cantly damped.

Figure 5.38a+b show a comparison of the 7Li NMR spectra of pristine-like and relithiated samples.

The local Li environment still appears rather similar in each set (b,c) of spectra unregarded of the

sample’s history, which is surprising due to the high re�ned spinel content in the electrochemically

fatigued sample. Overall, this comparison suggests a rather intricate nano-/microstructure in

the thermally and electrochemically fatigued samples, which needs to be further investigated by

transmission electron microscopy imaging methods. As a general remark, changes in the local

Li environment, due to heating or electrochemical cycling, a�ect the 7Li NMR spectrum as a

whole, i.e. (almost) the entire bulk material is modi�ed. Thus it can be concluded that the thermal

treatment does not lead to a signi�cant amount of electrochemically inactive cathode particles,

for instance, due to the loss of the electrical connection between active material and conductive

carbon. Therefore, the observed capacity fade for electrochemically and thermally fatigues samples

can be mainly ascribed to structural changes within the cathode material itself.
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(a)

(b)

(c)

Figure 5.38.: Normalized 7Li MAS NMR spectra corresponding to the thermal treatment experi-

ments of electrochemically fatigued ‘HE5050’ samples (300 cycles) in comparison with

samples, which were heated directly after formation. Labels: LiLi – Li in Li layers,

LiTM – Li in TM layers, Lidia – diamagnetic embedded lithium. The spinning sidebands

(±861 ppm) are shown exemplarily in the spectrum of the pristine sample: + (Lidia),

× (LiLi) and ∗ (LiTM). The spectra were normalized with respect to the 600 ppm (a),

711 ppm (b) and 703 ppm (c) peak height.
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5.6. Mass loss during heating

5.6.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed for the pristine ‘HE5050’ electrode as well as for

electrodes charged to 2.0 V, 4.2 V and 4.7 V, which experienced the formation cycle. The results are

shown in Figure 5.39. From the data it is apparent, that the curve corresponding to the fully charged

electrode (4.7 V) shows a stronger mass loss and an earlier onset of the gas release in comparison

to the curve of discharged electrode (2.0 V). These �ndings clearly demonstrate a higher thermal

instability of the Li- and Mn-rich materials at high degrees of delithiation. Especially the curve

of the fully charged electrode (4.7 V) suggests a highly thermally unstable structure with two

signi�cant drops of the sample mass at around 300 °C and 400 °C, respectively. As highlighted in

the graph, the polymer binder (PVDF) starts to decompose above 375 °C according to the data sheet

of the material manufacturer. Therefore, it is considered that a thermal treatment of electrodes

up to 300 °C does not signi�cantly a�ect the integrity of the electrode compound (active material,

binder, carbon) regarding electronic conductivity as well as mechanical stability.

Figure 5.39.: TGA curves obtained for a pristine electrode and electrodes after formation charged

to 2.0 V, 4.2 V and 4.7 V (sample mass = active material, carbon, binder, 87:7:6 mass

ratio) until 500 °C in argon atmosphere.
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Commonly the observed mass loss in layered oxide cathode materials is ascribed to an extensive

oxygen release with a simultaneously occurring structural phase transition. This was demon-

strated, for instance, by Bak et al. in a combined in situ di�raction and mass spectroscopy heating

study for a overcharged Li0.1Ni0.8Co0.15Al0.02O2 cathode [88]. With increasing temperature, the

material undergoes a phase transition from the layered R3m to the cubic Fd3m spinel and �nally to

cubic Fm3m7 rock salt symmetry along with the release of oxygen (detected as O2 and CO2). The

quantitative analysis of the released oxygen is a rather di�cult task, since the measured mass loss

or quantity of released gas may also partially origin from electrolyte residues, electrode additives

(carbon and binder) and/or their reaction products. Nevertheless, a rough estimation of the released

oxygen is carried out in the next Section 5.6.2.

Figure 5.40.: ex situ SRPD patterns belonging to electrode powders used for the thermogravimetric

analysis, which reached a maximum temperature of 500 °C. Re�ection-subscripts:

m – monoclinic setting, h – hexagonal setting, s – spinel.

After the TGA measurements, the thereof derived electrode powder was further analyzed by SRPD.

The results are presented in Figure 5.40. In the di�raction pattern of the sample heated after

discharge (2.0 V), two main phases can be identi�ed: the initial layered phase as well as a newly

occurring nano-sized cubic rock salt phase with space group Fm3m, which is highlighted by the

orange arrows. The re�nement determined a weight fraction of the cubic phase of 35(9)% with

7International Tables for Crystallography number 225
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5.6. Mass loss during heating

an average apparent domain size of 4 nm. The corresponding plot of the experimental and the

simulated pattern is appended in Figure E.8. Additionally, the presence of the C2/m superstructure

re�ection 020m indicates the partial recovery of the long-range Li/TM-TM6 honeycomb ordering.

As a reminder, the C2/m superstructure re�ections are absent in respective pattern of the material

before heating, due to the loss of long-range ordering after the formation cycle (see Section 5.2.2).

The di�raction patterns, belonging to the samples heated at higher charging states (4.2 V and

4.7 V), clearly present the layered to spinel transformation. The emergence of the 220s and the 422s

re�ection suggests the occupancy of the spinel tetrahedral 8a sites (Fd3m) with transition metal

ions. As a remark, these re�ections are exclusively associated with the occupancy of the 8a site

with ions high in electron density, i.e. the occupancy with lithium does not lead to a noticeably

increase of the re�ection intensity. This observation suggests a strong ion exchange between the

8a site (predominantly Li) and the 16d site (predominantly Mn) and/or the partial densi�cation of

the lattice towards a TM3O4-type spinel.
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5.6.2. Cathodemass loss a�er heating

Table 5.4 shows the determined mass loss after thermal treatment (300 °C, 1 h) of a pristine

‘HE5050’ electrode, of electrodes after formation charged to 2.0 V, 4.2 V and 4.7 V as well as of an

electrochemically fatigued sample (300 cycles). These values directly belong to the samples which

were used for the post thermal electrochemical characterization and the structural characterizations

(SRPD and NMR), respectively. In the following, a rough estimation of the oxygen loss during the

thermal treatment and the resulting oxygen to transition metal ratio (O/TM) in dependence of the

selected lithium content x is derived. For the estimation two di�erent approaches were utilized.

First, the oxygen loss was directly determined from the mass loss of the respective electrode, while

neglecting further gas-releasing decomposition reactions. Since the exact species of the released

gas(es) is unknown, the calculation was carried out with CO2 (lower limit) and O2 (upper limit)

as released molecules, respectively. In a second approach, the oxygen loss during heating was

determined based on the restoration of the initial oxidation states present in the pristine state

(Ni+II, Co+III, Mn+IV, O-II). The overall increase of the oxidation state (concerning TM and O)

in dependence of the degree of delithiation is −x per formula unit, where x is representing the

selected lithium content per formula unit. It is assumed, that 1.2 − x electrons per formula unit are

provided by the release of oxygen during heating in order to reduce the transition metals and the

oxygen, as demonstrated by Equation 5.1:

+1
Lix

−x
[Ni0.15Co0.1Mn0.55O2]

300 °C
−−−−→

+1
Lix
+2
Ni0.15

+3
Co0.1

+4
Mn0.55

−2
O2−δ + (1.2 − x)/4

0
O2 ↑, (5.1)

where x is the lithium content and δ the oxygen loss per formula unit, which is equal to (1.2−x)/2.

The lithium contents x are derived from the electrochemical data neglecting side reactions (the

reached charge/discharge capacities are fully dedicated to Li extraction/insertion). The thereof

derived oxygen loss δ and the resulting O/TM ratio are presented in Table 5.4.

By comparison of the values is is apparent, that both approaches deliver a rather similar result,

which supports the hypothesis regarding the restoration of the initial oxidation states present in

the pristine material. This will be further investigated in detail by X-ray absorption spectroscopy

studies presented in Section 5.8. As already suggested by the TGA measurements, the mass loss

during heating is more pronounced for higher states of charge and leads to a signi�cant release of

oxygen, for example, about one quarter of the initial oxygen content for the sample heated after

charging to 4.7 V.
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Table 5.4.: Estimation of the oxygen loss δ and the O/TM ratio after the heating step (300 °C, 1 h)

in LixMn0.55Ni0.15Co0.1O2−δ in dependence of the selected lithium content x . The error

of the mass loss was calculated according to the speci�cations of the used balance.

Derived from mass loss

as CO2 / O2

Expected from charge

compensation

Sample Mass loss / % x δ O/TM ratio δ O/TM ratio

Pristine electrode 0.9(6) 1.2 0.04 / 0.05 2.5 / 2.4 0 2.5

AF charged to 2.0 V 2.2(6) 1.05 0.10 / 0.13 2.4 / 2.3 0.07 2.4

AF charged to 4.2 V 5.8(6) 0.525 0.24 / 0.33 2.2 / 2.1 0.34 2.1

AF charged to 4.7 V 9.9(7) 0.25 0.44 / 0.60 2.0 / 1.8 0.47 1.9

Fatigued, 300 cycles 4.7(10) 0.9 0.20 / 0.28 2.3 / 2.2 0.15 2.3

In order to obtain a more detailed picture regarding the structural transformations during heating,

the above described calculations (�rst approach) were repeated for the whole set of data ranging

from 150 °C to 300 °C. Figure 5.41 shows the measured mass loss of the electrodes in dependence

of the heating temperature and Figure 5.42 illustrates the thereof derived oxygen content as well

as the O/TM ratio. A profound change of the O/TM ratio can be an indicator for the transition

of the Li- and Mn-rich material towards a ‘densi�ed’ layered LiTMO2 and/or a spinel LiTM2O4

stoichiometry with O/TM = 2. Except for the last data points (300 °C) belonging to the sample

charged to 4.7 V after formation, all other data points can be still assigned to an oxygen-rich

stoichiometry with O/TM ratio larger than 2. Interestingly, these samples demonstrate the typical

Li- and Mn-rich electrochemical features, e.g. a profound hysteresis and an oxygen redox activity

(‘Odef’ and ‘O2p ’ redox peaks). After reaching the O/TM ratio of 2 or even lower, the material loses

the Li- and Mn-rich characteristics and is similar to a LNMO-like spinel, i.e. the redox processes

‘SMn’ and ‘SNi’ are dominating the charge compensation during de-/lithiation.
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Figure 5.41.: Measured mass loss of electrode samples charged to 2.0 V, 4.2 V and 4.7 V in dependence

of the selected heating temperature. Sample mass = active material, carbon, binder,

87:7:6 mass ratio. The data points represent the mean value and the corresponding

standard deviation calculated from three identically treated samples. The dashed lines

are inserted as a guide for the eye.

Figure 5.42.: Estimation of the O/TM ratio in dependence of the selected heating temperature

for electrode samples charged to 2.0 V, 4.2 V and 4.7 V. The two data points of each

con�guration represent the assumed released gas species (CO2 and O2). The lines are

inserted as a guide for the eye.
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5.7. Scanning electronmicroscopy

In this section, thermally treated cathodes are analyzed regarding alterations of their particle

surface or morphology. Therefore, scanning electron microscopy (SEM) images of a pristine

‘HE5050’ electrode as well as of electrodes after heating and post thermal cycling were taken. Since

a signi�cant dissolution of TMs from the surface of the heated electrodes was expected during the

post thermal cycles, SEM and energy-dispersive X-ray spectroscopy (EDX) were conducted on the

respective lithium metal anodes used for these cycles.

5.7.1. SEM imaging of cathodes

Figure 5.43 shows an overview SEM image of a ‘HE5050’ cathode after heating at a charging state

of 2.0 V and post thermal cycling. The particles are arranged in a hierarchical structure with

micrometer-sized secondary particles composed of nano-sized primary particles. The manufacturer

(TODA) provided a D10 and D908 (secondary) particle diameter of 2.9 µm and 4.6 µm as well as a

surface area of 3.9 m2/g, respectively.

Figure 5.43.: Overview SEM image of a ‘HE5050’ electrode (electrode compound with binder and

carbon) after heating at a charging state of 2.0 V and post thermal cycling. The

electrode was rinsed in DMC and dried in advance of the measurement.

8 D10/D90 is the (secondary) particle diameter at which 10%/90% of the sample’s mass is comprised of particles with a

diameter less than this value.
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(a) (b)

(c) (d)

Figure 5.44.: SEM images of a pristine (a) ‘HE5050’ sample (electrode compound with binder and

carbon) as well as cathodes after heating at charging states of 2.0 V (b), 4.2 V (c) and

4.7 V (d) followed by post thermal cycling (relithiation). The electrodes were rinsed in

DMC and dried in advance of the measurements.

Figure 5.44 shows the SEM images of ‘HE5050’ electrodes after heating and relithiation as well

as a pristine sample for comparison. From the primary particles in (b)-(d) it is apparent, that the

initial formation, thermal treatment and/or the relithiation process caused a roughening of the

particle surface. This is most clearly identi�able for particles which are more deeply embedded in

the compound. Probably, the still smoothly appearing particles on the top of the electrodes are

electrochemically inactive due to a lack of electronic connection to the conductive carbon particles.
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5.7.2. SEM imaging of Li anodes

The lithium counter electrodes corresponding to the above investigated cathodes revealed a thick

and black ‘coating’ on the lithium surface after the �ve post thermal cycles, in particular the

samples heated at a charging state of 4.2 V and 4.7 V as shown in Figure 5.45. This �nding was

unexpected, since the growth of a thick SEI layer and lithium dendrites on the anode surface was

only observed for highly cycled lithium anodes before (e.g. for the electrochemically fatigued

cell after reaching 300 cycles). The anode samples were extracted from the cell stack inside an

argon-�lled glovebox and transferred to the SEM within an argon-�lled transfer-container. The

samples were analyzed as received, without rinsing in DMC.

(a) (b)

(c) (d)

Figure 5.45.: SEM images of lithium anodes after �ve post thermal cycles against ‘HE5050’ cathodes,

which were thermally treated at a charging state of 2.0 V (a+b), 4.2 V (c) and 4.7 V (d).
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The Li anode cycled against a cathode heated in the discharged state (2.0 V) was rather inho-

mogeneously covered by the SEI as presented by the two spots: blank (a) and covered (b). The

SEM images of Li anodes cycled against cathodes heated in a charge state (4.2 V and 4.7 V) show

a coverage of the entire lithium anode. Additionally, the SEM image labeled (d) reveals several

notches, which were probably induced by the pull o� of the well-sticking separator (ingrown

lithium dendrites).

5.7.3. SEM-EDX analysis of Li anodes

In order to derive the elemental distribution of the deposits on the lithium anodes, energy-dispersive

X-ray spectroscopy (EDX) measurements were carried out. The excited surface directly corresponds

to the area shown in the respective SEM image (Figure 5.45). The results of the EDX analysis are

summarized in Table 5.5.

Table 5.5.: Mass-related elemental distributions (% w/w) obtained from EDX measurements of

lithium anodes after �ve post thermal cycles against ‘HE5050’ cathodes, which were

thermally treated at a charging state of 2.0 V, 4.2 V and 4.7 V.

Sample C O F P Mn Co Ni

2.0 V, spot a 8(1) 10(1) 78(8) 4(1) 0.2(1) - -

2.0 V, spot b 8(1) 17(2) 71(7) 4(1) 0.3(1) - -

4.2 V 16(2) 31(3) 45(5) 2(1) 4.8(2) 0.3(1) 0.4(1)

4.7 V 18(2) 36(4) 36(4) 1(1) 7.2(2) 0.6(1) 0.6(1)

The blank surface (spot a) and the deposit (spot b) of the ‘2.0 V’ lithium anode sample are mainly

composed of residues (F, P) from the PF−6 electrolyte anion as well as residues and/or decomposition

products (C, O) from the electrolyte solvent (EC/DMC). Furthermore, a small amount (<1% w/w) of

manganese was detected on both spots. The elemental distribution of the ‘4.2 V’ and the ‘4.7 V’

sample clearly shows a trend towards a higher content of residues and/or decomposition products

(C, O) originating from the electrolyte solvent at the expense of the PF−6 electrolyte content (F, P)

and most interestingly a profound rise of the transition metal content. The ‘4.2 V’ sample shows

a manganese content of about 5% (w/w), the ‘4.7 V’ sample even 7% (w/w). Additionally, both

samples reveal traces of nickel and cobalt (<1% w/w). This observation clearly points out the

dissolution of transition metals from the cathode surface in the electrolyte and the redeposition
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within the SEI of the lithium anode. Since the disproportionation reaction of Mn3+ into Mn2+/Mn4+

and the subsequent dissolution of Mn2+ in the electrolyte is a known degradation mechanism for

LNMO and LMO spinels [96], these �ndings further support the redox activity of manganese in

the samples after heating. Apparently, the amount of manganese on the anode surface directly

correlates with the re�ned spinel content and the redox activity of the spinel phase, respectively.

Moreover, the existence of Mn2+ in the electrolyte may also explain the rather thick coverage of

the lithium anode with a SEI. Recent evidence suggests that the growth of the SEI is signi�cantly

catalyzed by a manganese contaminated SEI [97, 98], which is well in agreement with aforemen-

tioned observations.

105



5. Results

5.8. X-ray absorption spectroscopy

In order to study the element-speci�c changes of oxidation states and the local structural environ-

ments of the transition metal ions after the formation cycle as well as after the thermal treatment

experiments, hard X-ray absorption spectroscopy (XAS) was performed at the Mn, Co, and Ni

K-edges. Here, the oxidation states of the transition metal ions were examined by the evaluation of

the normalized near-edge structure (XANES) and the local structure was investigated by the analy-

sis of the extended X-ray absorption �ne structure (EXAFS), respectively. This was complemented

by soft XAS measurements at the oxygen K-edge.

5.8.1. Transitionmetal K-edge XANES

Introduction: Figure 5.46 shows the normalized near-edge structure (XANES) spectra of the Mn,

Co and Ni K-edge belonging to the ‘HE5050’ material in pristine state and charged to 2.0 V, 4.2 V

and 4.7 V after having completed the initial formation cycle. The transition metal K-edge can be

divided into three di�erent edge features: the pre-edge, region ‘A’ and the white line ‘B’. The weak

pre-edge is associated with electric quadrupole and formally forbidden electric dipole transitions

from TM 1s to TM 3d orbitals for transition metal ions located in an ideal octahedral environment.

With increasing distortion of the octahedral framework or the occupation of tetrahedral sites (both

Figure 5.46.: XANES spectra at Mn, Co and Ni K-edges of the pristine ‘HE5050’ as well as of samples

after formation charged to 2.0 V, 4.2 V and 4.7 V. The pre-edge of the manganese

K-edge is magni�ed in the inset. Labels: pre-edge – TM 1s-3d electron transition,

‘A’ – TM 1s-4p electron transition combined with a ligand-to-metal charge transfer

(shake-down), ‘B’ – TM 1s-4p electron transition, ‘TP’ – turning point.
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leading to a 3d-4p orbital mixing), the electric dipole transition gets more and more allowed and

the pre-edge gains in intensity [99, 100]. Due to the rhombohedral distortion of the ccp oxygen

sublattice (R3m) the intensity of the pre-edges are already elevated in the initial state in contrast,

for example, to an undistorted cubic unit cell. Since the transition probability strongly depends

on the amount of unoccupied 3d orbitals the pre-edge peak intensity changes as a function of the

number of 3d electrons with min/max values at d10 and d0, respectively [100]. Region ‘A’ represents

the TM 1s to 4p electron transition combined with a ligand-to-metal charge transfer (shake-down)

process and the white line ‘B’ the direct TM 1s to 4p transition [99, 101].

An oxidation of a TM ion accompanied by a loss of 3d electrons is generally observable by a shift of

the edge towards higher energies. This is because the 1s core electrons feel a stronger attraction of

the now higher e�ective nuclear charge relative to the weakly bound and screened valence levels,

which leads to an increase of the transition energies. At this point it should be mentioned, that the

K-edge (1s-4p transitions) delivers an indirect feedback about the oxidation state of the investigated

TM, whereas the L-edge (soft XAS) directly monitors the number of TM 3d electrons by probing

the 2p to 3d transitions. Nevertheless, the metal K-edge spectroscopy delivers additional in-depth

information about modi�cations of the local structure and thus was preferred in this study.

Electrochemical formation: By comparing the spectra of ‘HE5050’ in pristine state (black line)

and discharged after formation (grey line) shown in Figure 5.46, it can be concluded that formation

induces no considerable shifts of the edge energies. This observation suggests similar oxidation

states for all transition metal ions in both states. However, the increase of the Mn pre-edge intensity

(highlighted by the grey arrow) indicates an increased distortion of the octahedral symmetry and/or

a potential migration of Mn ions into tetrahedral sites. A gain in pre-edge intensity by further

oxidation of Mn beyond +IV and thus a decrease of the amount of 3d electrons can be excluded at

this point, which was veri�ed by Mn L-edge XAS measurements [63, 77]. These �ndings support

the clear trend towards a decreased order on a local atomic scale in the samples after formation as

already exempli�ed before by the detailed analysis of the 7Li NMR data.

The charging of an electrode after formation to 4.2 V and 4.7 V leads to an obvious shift of the Ni

K-edge towards higher energies and thus to an oxidation from +II to +IV [63, 99]. In contrast, no

clear shift of the manganese edge as a whole is observed for higher charging states, but instead

an alteration of the edge’s shape. In fact, this modi�cation can be described as a kind of torsion

around the turning point ‘TP’ as emphasized in the plot. Oishi et al. demonstrated [63], that the

torsion of the Mn edge is not linked to the increase of the oxidation state by comparing the results
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from Mn K- and L-edge (2p–3d transition). Instead, these observations in the Mn K-edge are mainly

attributed to variations of the local environment of Mn during de-/lithiation. The signi�cant rise of

the pre-edge intensity with increasing charging state suggests a highly distorted Mn-O6 octahedron

and/or the partial migration of Mn ions into tetrahedral sites. The spectra belonging to the Co

K-edge do not show a shift of the entire edge after charging to 4.2 V and 4.7 V. This observation

suggests a modi�cation of the local environment in combination with or even without a change of

the oxidation state [99]. An increase of the oxidation state cannot be veri�ed at this point.

Heating of a discharged sample: As can be seen from Figure 5.47, the thermal treatment (300 °C,

1 h) of a discharged ‘HE5050’ sample (2.0 V), which completed the initial formation cycle, leads to

no considerable changes in the TM K-edge energies and edge shapes (compare blue dashed with

orange solid line). However, the decline of the Mn pre-edge intensity (highlighted by the orange

arrow) suggests the partial recovery of the initial pristine octahedral symmetry and probably

the restoration of the Li/TM-TM6 honeycomb ordering within the TM layers. After the �ve post

thermal cycles (relithiation) the pre-edge intensity is increased again.

Figure 5.47.: XANES spectra at Mn, Co and Ni K-edges corresponding to the thermal treatment

experiments (300 °C, 1 h) of discharged (2.0 V) ‘HE5050’ cathode samples. The pre-

edge of the manganese K-edge is magni�ed in the inset. Labels: pre-edge – TM 1s-3d

electron transition, ‘A’ – TM 1s-4p electron transition combined with a ligand-to-metal

charge transfer (shake-down), ‘B’ – TM 1s-4p electron transition.

Heating of a charged sample: The experiment was repeated with a charged sample (4.7 V),

which completed the initial formation cycle, as presented in Figure 5.48. After the heating step

(compare blue dashed with red solid line), the Ni K-edge shifts back to the position it had for the

pristine state indicating a reduction of the Ni ions from +IV to +II. Furthermore, the low-energy
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region ‘A’ of the Co K-edge shows a slight shift to lower energies, whereas the position of the white

line ‘B’ is una�ected. This observation provides no direct evidence for a change of the oxidation

state. Nevertheless, a comparison with the spectrum of a Co3O4 spinel reference (see Figure 5.49a)

suggests the reduction of cobalt to a mixed Co2+/Co3+ valence state. The tetrahedral 8a sites of

the cobalt spinel with space group Fd3m are occupied with Co2+ ions, the octahedral 16d sites

with Co3+ ions, respectively [102]. The formation of a spinel, where Co is (partially) occupying the

tetrahedral sites, was also observed within in situ thermal studies of overcharged NCM and NCA

cathodes by Nam et al. [103]. As a complementary remark, the occupation of these 8a sites with

transition metal ions can also be observed in the di�raction pattern, for instance, by the emergence

of the 220s re�ection (compare Figure 5.20).

Aside from the decline of the pre-edge intensity, the Mn K-edge shows no changes at all. Overall,

these �ndings correlate well with the determined mass loss of the sample after heating (see Section

5.6.2) and the structural transition from the initial layered to spinel structure (see Section 5.3). The

immense release of oxygen during heating (2O2−→O2+4e−) leads to the reduction of Ni and Co,

whereas the oxidation state and the structural framework of manganese shows a high thermal

stability.

The subsequent �ve post thermal cycles ending with a discharge to 2.0 V (relithiation, compare

red and red dashed line) lead to a shift of the manganese K-edge towards lower energies beyond

Figure 5.48.: XANES spectra at Mn, Co and Ni K-edges corresponding to the thermal treatment

experiments (300 °C, 1 h) of charged (4.7 V) ‘HE5050’ cathode samples. The pre-edge of

the manganese K-edge is magni�ed in the inset. Labels: pre-edge – TM 1s-3d electron

transition, ‘A’ – TM 1s-4p electron transition combined with a ligand-to-metal charge

transfer (shake-down), ‘B’ – TM 1s-4p electron transition, ‘TP’ – turning point.
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the turning point ‘TP’, which suggests a reduction of the Mn ions. This outcome accords well

with the observed Mn3+/4+ redox activity around 3 V in the corresponding dQ/dV plot (see Figure

5.18) of the �ve post thermal cycles. As already mentioned in the introduction part of this section,

the slight decrease of the pre-edge intensity can be explained either by the reduction of lattice

distortions as well as a lower transition probability due to a reduction of Mn (less empty 3d orbitals).

Furthermore, the Co K-edge as a whole moved towards lower absorption energies, whereas for the

Ni K-edge only a shift of the white line ‘B’ can be observed. To sum up, the charge compensation

for the lithiation (discharge) of a sample thermally treated in the charged state (4.7 V) is conducted

by the reduction of manganese and cobalt, since nickel has already been reduced during heating.

This hypothesis will be further supported later on by soft XAS oxygen K-edge measurements (see

Section 5.8.3)

Heating of a cycled sample: The extended electrochemical cycling (300 cycles) of a ‘HE5050’

cathode led to a twist of the Mn K-edge (Figure 5.49b) around ‘TP’ similar as in the spectrum of

the charged sample. Furthermore, the intensity of the pre-edge is signi�cantly increased. These

�ndings indicate a highly distorted Mn environment and/or the occupancy of tetrahedral sites.

However the there is no clear indication for the reduction of manganese identi�able in the spectrum.

After heating (300 °C, 1 h), the pre-edge intensity decreases as highlighted by the green arrow,

which emphasizes a relaxation of lattice distortions. These �ndings are well in accordance with

the corresponding di�raction data. Here, weak C2/m superstructure re�ections reappeared as

well as the re�ned lattice strain and the ch anisotropy decreased noteworthy after heating (see

Figure 5.36). Furthermore, the edge twists slightly towards the initial pristine position. However,

the edge features are still far away from the pristine state suggesting a less pronounced recovery

towards the pristine state in comparison to the discharged sample (2.0 V), which was directly

heated after formation.
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(a) (b)

Figure 5.49.: XANES spectrum of the Co K-edge (a) showing a comparison of the heated Li- and

Mn-rich sample with a CoO and a Co3O4 reference. XANES spectrum at the Mn

K-edge (b) corresponding to the thermal treatment experiments (300 °C, 1 h) of elec-

tromagnetically fatigued (300 cycles) ‘HE5050’ cathode samples. The pre-edge of the

manganese K-edge is magni�ed in the inset. Labels: pre-edge – TM 1s-3d electron

transition, ‘A’ – TM 1s-4p electron transition combined with a ligand-to-metal charge

transfer (shake-down), ‘B’ – TM 1s-4p electron transition, ‘TP’ – turning point.
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5.8.2. Transitionmetal K-edge EXAFS

Introduction: For local structure investigations around the transition metal ions, the element-

speci�c radial distribution functions (RDF) were extracted9 from the extended X-ray absorption

�ne structure (EXAFS) oscillations and plotted in Figure 5.50. The strong �rst and second ampli-

tudes correlate to the single scattering paths of the observed metal with the closest oxygen atoms

(M-O) as well as with the second shell (M-M), respectively occupied with metal atoms. In the �rst

instance, the amplitudes are proportional to the coordination number (CN) of the observed atom

in the corresponding shell. However, an increased disorder within the material can reduce the

amplitude due to a variation in bond distances (destructive interference) within the scattering shell.

This variation is commonly described by the Debye-Waller factor σ 2. Higher distances including

further single and multiple scattering processes are generally less pronounced, because the EX-

AFS amplitude decreases with 1/R2. However, the intensity of these weak amplitudes provides

information regarding the coherent ordering on a mid-range scale. A correlation of the RDF ampli-

tudes with the type and number of bonds is illustrated in Figure F.9 using the Mn RDF as an example.

Figure 5.50.: Radial distribution functions (RDF) obtained from the Mn, Co and Ni K-edge EXAFS

data of the pristine ‘HE5050’ as well as of samples after formation charged to 2.0 V,

4.2 V and 4.7 V. Labels: M-O – metal-oxygen single scattering, M-M – metal-metal

single scattering, M-M-M – collinear multiple scattering.

9It should be noted that the given radial distances are not phase corrected and therefore do not represent the correct

crystallographic atomic distances.
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Electrochemical formation: As shown in the Mn RDF of the discharged sample (2.0 V), the most

apparent change induced by the formation of the Li-rich ‘HE5050’ is a signi�cant decline of the �rst

and second Mn-O amplitude (compare black and grey line). In contrast, the Ni-O amplitudes do

not show a noteworthy change, whereas the Co-O amplitudes show a slight decline. Some possible

explanations might be the distortion of the M-O6 octahedron (higher σ 2), the formation of oxygen

vacancies (lower CN) and/or the migration of Mn/Co to a tetrahedral environment (lower CN).

The charge process to 4.2 V and 4.7 V leads to the decrease of the M-M amplitudes around 4.5 Å in

the RDFs of all three transition metals. This observation suggests a modi�cation of the coherent

ordering and was already observed in previous studies [61, 62, 104]. Interestingly, the collinear

M-M-M con�gurations (5.5 Å) are almost una�ected from the delithiation process (slight change

for Ni). However, a direct assignment of the changes at 4.5 Å and 5.5 Å to a distinct structural

alteration has not been obtained so far.

Heating of a discharge sample: Figure 5.51 shows the RDFs derived from the Mn , Co and Ni

EXAFS oscillations corresponding to the thermal treatment experiments of samples discharged

to 2.0 V after formation. The most signi�cant change after heating is the increase of the Mn-O

amplitudes towards the value it had in the pristine state. Apparently, the Co-O bonds are una�ected

by the thermal treatment. These observations suggest a strong contribution of the relaxation of

the distorted Mn-O6 octahedrons to the restoration of the initially well-ordered pristine material

and the reoccurrence of the ‘plateau’ in the �rst post thermal charge. Additionally, the elimination

Figure 5.51.: Radial distribution functions (RDF) obtained from the Mn, Co and Ni K-edges EXAFS

data corresponding to the thermal treatment experiments (300 °C, 1 h) of discharged

samples (2.0 V). Labels: M-O – metal-oxygen single scattering, M-M – metal-metal

single scattering, M-M-M – collinear multiple scattering.
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of Mn undercoordinations with a CN<6 (oxygen vacancies or migration into tetrahedral sites) can

be considered here as well. The subsequent relithiation of the heated electrode leads again to a

decrease of the Mn-O amplitudes (compare orange and orange dashed line), which is in accordance

with the preceding results, e.g. the disappearance of the C/2m superstructure re�ections in the

corresponding di�raction pattern (see Figure 5.12).

Heating of a charged sample: It is obvious, that the thermal treatment of a charged sample

(Figure 5.52) does not lead to a restoration of the initial state. The M-O amplitudes are declining in

the Co and Ni RDFs suggesting a profound distortion of the M-O bonds, oxygen vacancies and/or

the migration of TMs in tetrahedral sites. The latter mechanism is indicated in the Co RDF at a

radial distance of about 3.3 Å (orange arrow). In order to verify this observation, a Co3O4 spinel

reference was added to the RDFs as can be seen in Figure 5.53a. Furthermore, a histogram of

the bond distances (the type and number of bonds versus the bond distance) is plotted in Figure

5.53b. As can be seen from the histogram, the signal around 3.3 Å �ts well with scattering paths

originating from the occupation of tetrahedral sites. As a complementary remark, the occupation

of tetrahedral sites with Co2+ ions was already suggested by the analysis of the corresponding

XANES spectrum of the Co K-edge (see Figure 5.49a). A more detailed interpretation of the post

thermal RDFs is not straight forward and thus should be further supported by simulations based

on corresponding structural models and reference materials. However, this is challenging due to

the complex structural features that are not fully identi�ed yet.

Figure 5.52.: Radial distribution functions (RDF) obtained from the Mn, Co and Ni K-edges EXAFS

data corresponding to the thermal treatment experiments (300 °C, 1 h) of charged

samples (4.7 V). Labels: M-O – metal-oxygen single scattering, M-M – metal-metal

single scattering, M-M-M – collinear multiple scattering.
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(a) (b)

Figure 5.53.: Comparison of the Co RDFs (a) of a charged sample after heating with the Co3O4

spinel reference as well as a histogram (b) of the bond distances in the Co3O4 spinel,

which were extracted from a Crystallographic Information File [105]. The Co RDF

of the Co3O4 spinel is inserted in the background of (b) and its radial distances were

slightly shifted in order to match the histogram. Labels: Co-O – cobalt-oxygen single

scattering, Co-M – cobalt-metal single scattering.

115



5. Results

5.8.3. Oxygen K-edge

Introduction: Figure 5.54 shows the oxygen K-edge XAS spectra of the ‘HE5050’ material in

pristine state and charged to 2.0 V, 4.2 V and 4.7 V after having completed the formation. The

spectra were obtained in the �uorescence yield (FY) mode, which provides information about

changes in the bulk (probing depth > 1000 Å) as well as the total electron yield (TEY) mode, which

is more surface sensitive (probing depth ≈ 40 Å) [106]. The pre-edge peaks (A*, A, B*, B) below

534 eV belong to the electron transitions from O 1s into unoccupied hybridized states of TM 3d

and O 2p orbitals (TM3d–O2p ) [107, 108, 109]. A rise of their intensities can be attributed to a

higher oxidation state of the transition metals leading to an increase of the number of d hole

states in the TM 3d orbitals that are hybridized with the O 2p orbitals as well as to a higher bond

covalency of the TM-O bond. The broad peak ‘C’ beyond 534 eV has been associated with electron

transitions from O 1s into hybridized TM 4sp and O 2p orbitals [107, 110]. These transitions are

sensitive to changes in the metal-oxygen bond lengths and show an upward energy shift for smaller

bond lengths. Since Mn4+ (3d3) is the dominant TM ion in the ‘HE5050’ material and o�ers seven

unoccupied 3d electron states (Ni2+: 2, Co3+: 4), the obtained spectra are determined to a large

extend by transitions from O 1s into Mn3d–O2p orbitals. Consequently, profound alterations in

the oxygen K pre-edge can be attributed preferably to the reduction/oxidation of Mn ions and/or

signi�cant alteration of the TM-O bond covalency [5].

(a) (b)

Figure 5.54.: Oxygen K-edge absorption spectra of the pristine ’HE5050’ as well as of samples after

formation charged to 2.0 V, 4.2 V and 4.7 V, measured in FY (a) and TEY (b) mode.

Labels: ‘A*’, ‘A’, ‘B*’, ‘B’ – electron transitions from O 1s to TM 3d–O2p, ‘C’ – electron

transitions from O 1s to TM 4sp–O2p.
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Electrochemical formation: Beginning with the half and fully charged states at 4.2 V and 4.7 V,

the spectra measured in FY mode (Figure 5.54a) clearly point to the oxidation of the transition

metals during charging. As highlighted by the blue arrows, newly formed electron transitions rise

at the position ‘A*’ as well as at ‘B*’ and position ‘C’ shifts to higher values due to a decline of the

TM-O bond lengths. Qiao et. al [111] demonstrated for the LiNi0.5Mn1.5O4 spinel, that the evolution

of peak ‘A*’ can be attributed to the oxidation of Ni from +II to +IV generating two additional

low-energy transitions. However, soft XAS studies on (partially) delithiated LiCoO2 [112, 113, 114],

LiCo0.5Ni0.5O2 [115], LiCo1/3Ni1/3Mn1/3O2 [99] and Li2MnO3 [83] cathode materials suggest a

more complicated picture consisting of a superposition of many new transitions at ‘A*’ and ‘B*’,

respectively.

Interestingly, the FY spectra of the 4.2 V as well as the 4.7 V state are rather similar indicating

no further modi�cations in the hybridized TM3d–O2p orbitals beyond 4.2 V. The corresponding

spectra obtained in the surface sensitive TEY mode (Figure 5.54b) show additional electron hole

states at position ‘A’ and ‘B*’ after increasing the charge voltage from 4.2 V to 4.7 V. This indicates a

slightly di�erent charge compensation mechanism in the surface and bulk of the electrode material

during the charge process. In the discharged state (gray lines), the intensity at position ‘A*’ and ‘B*’

drops close to the value of the pristine state. The intensity of peak ‘A’ is generally decreased after

formation (highlighted by the gray arrows), predominantly in the TEY spectra . An explanation for

it could be the reduction of manganese, e.g. due to the development of a spinel-like surface layer

during formation [6, 116].

Heating of a discharge sample: After the thermal treatment of a discharged sample (Figure 5.55),

the pre-edge of the FY spectrum shows slight modi�cations towards the pristine state (see positions

A*, A, dip). The corresponding spectrum of the relithiated sample shows again similar features as the

spectrum of the sample after formation. Interestingly, the TEY spectrum reveals a signi�cant drop

of the intensity at position ‘A’ after the relithiation (highlighted by the dashed arrow). As already

mentioned before, this drop suggests a reduction of manganese during discharge predominantly at

the surface, most probably in a spinel-like surface layer. In reviewing the literature, a considerable

similarity with the spectrum of Mn2O3 was found [117], which further supports the existence of

Mn3+. In summary, these �ndings are well in agreement with the so far presented results. The

bulk properties of initial Li- and Mn-rich material are restored after the thermal treatment of a

discharged sample. Nevertheless, as already presented in detail in Section 5.2.5, the irreversible

loss of lithium in the �rst formation cycle leads to a lithium de�ciency inhibiting a full restoration
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(a) (b)

Figure 5.55.: Oxygen K-edge absorption spectra belonging to the thermal treatment experiments of

discharged samples (2.0 V), measured in FY (a) and TEY (b) mode. Labels: ‘A*’, ‘A’, ‘B*’,

‘B’ – electron transitions from O 1s to TM 3d–O2p, ‘C’ – O 1s to TM 4sp–O2p.

of the pristine state. This de�ciency is compensated by the formation of a lithium-poor spinel

phase, which has been veri�ed for instance by the emergence of spinel-associated re�ections

in the corresponding di�raction patterns (see Figure 5.12). Obviously, this process is occurring

dominantly at the surface as suggested by the intensity drop in the surface sensitive TEY spectrum

of the relithiated sample.

Heating of a charged sample: After the heat treatment of a charged sample (4.7 V), three major

changes can be observed in the FY spectrum as shown in Figure 5.56: i) the pre-edge peak ‘A*’

vanishes, the intensity at position ‘A’ and ‘B*’ declines slightly, ii) the TM-O bond lengths increase

as indicated by the shift of ‘C’, and iii) the intensity at the ‘dip’ signi�cantly increased. These

observations can be explained by the reduction of the bulk TM-ions during the heat treatment

leading to a decline of free states in the hybridized TM3d–O2p orbitals. Most probably, nickel is

reduced predominantly as demonstrated by the shift of the Ni K-edge towards lower energies

close the position of the pristine state (see Figure 5.48). The corresponding TEY spectrum reveals

similar changes, however the drop of the intensity at ‘A’ and ‘B*’ is more pronounced suggesting a

reduction of Mn ions within the surface layer. Again, these �ndings can be well correlated with

the preceding results. The reduction of TM ions is induced by the loss of oxygen from the bulk

during heating, which is accompanied by the structural rearrangement towards a more spinel-like

cation ordering. One unanticipated feature in the spectra is the arise of new electron transitions

within the ‘dip’. However, the origin of these newly formed transitions remains unclear so far, but
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indicates a profound structural alteration during the thermal treatment of a charged sample.

The subsequent relithiation (red dashed line) leads to a further decline of the pre-edge intensity,

especially at position ‘A’. The decline is apparent in both the TEY as well as in the FY spectrum,

which points to a reduction of Mn ions located in the surface and in the bulk during discharge.

This is in coincidence with the Mn3+/4+ redox peaks in the corresponding dQ/dV plots as well as

the shift of the Mn K-edge towards lower energies, respectively (see Figures 5.11 and 5.48).

(a) (b)

Figure 5.56.: Oxygen K-edge absorption spectra belonging to the thermal treatment experiments of

charged samples (4.7 V), measured in FY (a) and TEY (b) mode. Labels: ‘A*’, ‘A’, ‘B*’,

‘B’ – electron transitions from O 1s to TM 3d–O2p, ‘C’ – O 1s to TM 4sp–O2p.

119
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In this chapter, the most important �ndings of the presented experiments are summarized and

merged into a coherent picture regarding the correlation of structure and electrochemical properties

of the investigated Li1.2Ni0.15Co0.1Mn0.55O2 layered oxide as a typical representative for Li- and

Mn-rich high energy cathode materials. Special focus is put on the modi�cations of the ordering

phenomena either induced electrochemically or thermally as well as on electrochemical features

such as the ‘plateau’ and the voltage fade.

6.1. Formation – order-disorder transition

The �rst part of the discussion focuses on the processes involved in the initial formation cycle of

Li- and Mn-rich NCMs and in particular those with a composition of about 0.5Li2MnO3·0.5LiTMO2

(50:50). Common hypotheses found in literature will be identi�ed and compared with the key

�ndings of this work. Based on this evaluation a more detailed picture will be derived regarding the

structure – electrochemical property relationship during the initial charge. First publications that

studied the mechanism of the formation, also referred to as ‘activation’ of Li- and Mn-rich NCMs,

suggested an irreversible extraction of lithium and oxygen when the material is charged above

4.4 V on the ‘plateau’ [72, 73, 74, 75]. This is demonstrated in Equation 6.1 taking pure Li2MnO3

for simpli�cation:

Li2MnO3
Charge >4.4V
−−−−−−−−−−−→ 2Li+ + 2e− +MnO2 + 0.5O2 ↑ . (6.1)

This is followed by a lithiation of the newly formed material during the subsequent discharge step

as exempli�ed by Equation 6.2:

MnO2 + Li+ + e−+
Discharge
−−−−−−−→ LiMnO2. (6.2)
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The proposed mechanism would lead to the following consequences:

i) The migration of transition metal ions to former lithium sites within the TM layer and

a release of oxygen from the surface, i.e. a densi�cation of the lattice. This ‘densi�ed’

lattice is supposed to be isostructural to a non Li/O-rich layered oxide, e.g. LiCoO2,

which includes a strict separation of Li and TM ions into pure Li and TM layers. This

process is considered to be irreversible and a reconstruction of the pristine ordering

can be excluded, in particular the reoccupation of TM sites with Li and the Li/TM-TM6

honeycomb order within the TM layers.

ii) The formation of LiMnO2 in the subsequent lithiation step after the initial charge and

thus to the activation of a Mn3+/4+ redox couple for charge compensation, which includes

a Jahn-Teller distortion of the Mn-O6 octahedra and probably the dissolution Mn2+ in

the electrolyte leading overall to a fast degradation of the cell capacity.

These hypotheses are in strong contrast to the key observations made in this work, in particular to

the �ndings obtained by thermal treatment experiments of discharged samples after formation

(2.0 V) as well as electrochemically fatigued samples also in the discharged state (300 cycles):

i) By heating a lithiated sample at 300 °C for 1 h, a (partial) reconstruction of the initial

pristine well-ordered structural arrangement was induced. This included a pronounced

recovery of the long-range Li/TM-TM6 honeycomb ordering in the TM layers, as clearly

demonstrated by the reappearance of the C2/m superstructure re�ections in the corre-

sponding di�raction patterns, and the recovery of the highly ordered local Li environ-

ments as suggested by the reappearance of the distinct Li2MnO3-like resonances in the
6/7Li NMR spectra.

ii) The presence of bulk Mn3+ after the formation cycle could not be con�rmed by the

conducted XAS measurements at the Mn K-edge nor at the O K-edge. Similar results

were obtained by other groups [63, 76, 77]. Furthermore, a rapid decay of the capacity,

due to a manganese +III/+IV redox activity, was not observed during cycling.

In strong contrast to Equations 6.1 and 6.2, the results of this work strongly imply the integrity of

the oxygen sublattice to a large extend and the absence of a profound migration of TM ions into

former lithium sites within the TM layer (densi�cation) after the formation cycle or even after a

high number of cycles. This accords well with recently published studies, which demonstrated that

only a small proportion of the formerly proposed amount of oxygen is actually released from the

material [5, 6, 69].
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The question that now arises is, which processes can be linked with the formation above 4.4 V

during �rst charge instead?

The obtained results of this work suggest the following mechanism: The 4.5 V ‘plateau’ can be

directly associated with a order-disorder transition of the initially well-ordered material. The

ex situ XRPD and 6Li NMR measurements (see Section 5.1), at de�ned charging states along the

voltage pro�le of the �rst cycle, clearly underpins the loss of the Li/TM-TM6 honeycomb ordering

on a long-range as well as on a very-local atomic scale. Until a charging state of 4.4 V the C2/m

superstructure re�ections (di�raction) and the distinct Li2MnO3-like resonances ( 6Li NMR) are

still well-identi�able indicating the integrity of the honeycomb ordering up to this point. After the

‘plateau’ these features completely vanish and thereupon a highly defective metastable structure is

formed which gradually transforms towards a more spinel-type cation arrangement with increasing

number of cycles or by moderate heating in a charged state, respectively. As it has clearly been

shown, the honeycomb ordering and the therewith-associated spectral features do not reappear

after the subsequent discharge nor in the following charge/discharge steps.

Interestingly, in pure Li2MnO3 this transformation is almost completed after the �rst cycle as it was

emphasized in Section 5.1.1. The voltage pro�le of the second cycle belonging to pure Li2MnO3

can be directly correlated to a Mn3+/4+ redox activity (redox peaks around 3.0 V, ‘SMn’) as already

suggested by Equations 6.1 and 6.2 shown above. In literature this was con�rmed, for instance,

by soft XAS measurements at the Mn L-edge and at the O K-edge [83, 118]. It can therefore be

concluded that the cation rearrangement processes during cycling of Li- and Mn-rich NCMs can

be described as a kind of postponed transformation towards a densi�ed lattice over many charge

and discharge cycles. This gradual transformation is manifested in a continuous decrease of the

mean charge and discharge voltage, respectively.

The initial ‘de’-ordering process during the �rst charge of Li1.2Ni0.15Co0.1Mn0.55O2 material leads

to the emergence of a reversible anionic contribution to the charge compensation at low redox

potentials, in this study termed defect-related oxygen contribution ‘Odef’. Apparently, this redox

process replaced the initially occurring ‘plateau’ and was considered to be irreversible so far. The

presented results clearly demonstrate the gradual suppression of this redox process ‘Odef’ after the

thermal treatment of lithiated samples (discharged to 2.0 V) with increasing temperature (150 °C

- 300 °C). These observations can be linked to the recovery of the initial binding conditions and

therefore the restoration of the initial electronic structure and is observable, for instance, by the

reappearance of the ‘plateau’ around 4.5 V in the electrochemical data (see dQ/dV Figure 5.2.5).
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The evolution of the observed structural features revealed that the gradual suppression of the

redox process ‘Odef’ can be attributed to the transition of the highly defective state towards the

well-ordered pristine state. This disordered-ordered transition takes place as a function of tem-

perature in a two-step mechanism (see Section 5.2.5): First, lattice defects are compensated on

a very-local scale at temperatures from 150 °C to 250 °C. This is most clearly indicated by the

decrease of the re�ned lattice strain as well as a narrowing of the resonances in the 7Li NMR

spectra. The �rst recovery-step could involve, for instance, the depletion of tetrahedral sites, which

are presumably occupied by Li and TM ions after formation [11, 12, 13, 14]. However, due to the

loss of Li in the formation cycle a full recovery of the entire material cannot be achieved. For this

reason, the second recovery-step is characterized by a phase separation that occurs at a heating

temperature of 300 °C. This includes the formation of a pristine-like lithium- and oxygen-rich

phase and a lithium- and oxygen-poor spinel phase, respectively. This assumption was con�rmed

by the post thermal electrochemical and structural characterization, where two newly occurring

spinel-related redox peaks (‘SMn’ and ‘SNi’) were identi�ed in the dQ/dV plot of the post thermal

cycles and spinel-related additional re�ections emerged in the corresponding di�raction pattern.

These re�ections are signi�cantly broadened, which originates from a rather �ne dispersion of the

newly formed spinel domains (re�ned to about 5 nm) within the layered matrix.
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6.2. Spinel formation and oxygen loss

The investigations regarding the thermal treatment of partially delithiated electrodes (charged to

4.2 V and 4.7 V) demonstrated a profound degradation towards a spinel-type cation arrangement

associated with the release of oxygen (see Sections 5.3 and 5.4). In the following, the main �ndings

are summarized and, based on that, a suitable mechanism is proposed. Especially from the TM

K-edge XAS measurements (see Section 5.8), it is apparent, that the oxidation state of the transition

metals reduces during heating towards the pristine con�guration (Ni+II, Co+III, Mn+IV). Most

probably, the reduction process is also valid for the compensation of the electron holes on the

oxygen, which were introduced during charging. The proposed reaction mechanism during heating

is demonstrated by Equation 6.3 using the fully charged electrode (4.7 V) as an example:

+1
Li0.25

+4
Ni0.15

+4
Co0.1

+4
Mn0.55

−2
O2

300 °C
−−−−→

+1
Li0.25

+2
Ni0.15

+3
Co0.1

+4
Mn0.55

−2
O1.53 + 0.24

0
O2 ↑, (6.3)

where the Li content was derived from the electrochemical data neglecting side reactions, for this

and the subsequent equations, respectively. The thereof derived amount of released oxygen �ts

well to the estimated values being based on the electrode mass loss after heating (see Section 5.6.2).

There an oxygen loss of 0.22 or 0.3 O2 per formula unit were determined by assuming a degassing

as CO2 or O2, respectively. The thus obtained oxygen loss leads to an O/TM ratio smaller than 2

indicating a full densi�cation towards a LiTMO2-type layered and/or LiTM2O4-type spinel cation

arrangement. This includes a more uniform occupancy of the Li and TM layers with Li and TM

ions and therefore a disappearance of the layered character. The thereof derived hypotheses is

clearly con�rmed by the analysis of the corresponding SRPD patterns. After heating, a spinel phase

content of 50(5)% (w/w) was derived from the Rietveld re�nement of a sample charged to 4.7 V

before. Since Ni and Co are probably already in their +II and +III ground state the �rst post thermal

discharge includes the reduction of manganese, as emphasized by Equation 6.4:

+1
Li0.25

+2
Ni0.15

+3
Co0.1

+4
Mn0.55

−2
O1.53

Discharge +0.4 Li
−−−−−−−−−−−−→

+1
Li0.65

+2
Ni0.15

+3
Co0.1

+3.3
Mn0.55

−2
O1.53. (6.4)

This reduction of manganese leads to an active Mn3+/4+ redox couple identi�able at around

3.0 V/2.7 V (ox/red) in the corresponding dQ/dV plot and is rather similar to the low-voltage plateau

in LMO- or LNNO-type spinels (compare Figure 5.19). The related dissolution of Mn2+ in the

electrolyte, the consequent deposition on the anode (proved by SEM-EDX, Section 5.7.2) and the

strong capacity fade provided further evidence for the Mn3+/4+ redox activity. In the subsequent
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delithiation step (charge), �rst Mn3+ is oxidized to Mn+4 followed by the high-voltage redox activity

of Ni as presented by Equation 6.5:

+1
Li0.65

+2
Ni0.15

+3
Co0.1

+3.3
Mn0.55

−2
O1.53

Charge -0.55(0.65)Li
−−−−−−−−−−−−−−→

+1
Li0.1(0)

+3(3.7)
Ni 0.15

+3
Co0.1

+4
Mn0.55

−2
O1.53. (6.5)

Since there is still lithium available and not all transition metal ions are fully oxidized, the material

can be further reversibly delithiated beyond 4.7 V as illustrated by the values in the round brackets

in Equation 6.5. Most probably, this high-voltage activity is originating from the delithiation of

tetrahedral sites and the oxidation of Ni rather similar to the LNMO-type spinel. A redox activity

of cobalt probably takes place at higher voltages beyond 5.0 V in a spinel-type environment and is

therefore presumably not contributing to the charge compensation during de-/lithiation [92].

The variation of the heating temperature (150 °C, 200 °C, 250 °C, 300 °C) clearly underpins the

importance of oxygen release for the spinel formation (see Section 5.3.5). Up to 200 °C no signi�cant

mass loss was observed for the charged electrode (4.7 V) after heating and the corresponding dQ/dV

curves revealed no spinel-type redox contribution to the charge and discharge capacity. However,

the mean charge/discharge voltage decreased (voltage fade), which can be ascribed to the very-local

rearrangement of cations towards a more cubic con�guration. Probably, the migration of a small

percentage of TM ions to tetrahedral sites and/or to the Li layers is su�cient in order to induce the

voltage fade [14]. From 250 °C on, the spinel-associated redox peaks emerge in the electrochemical

data (dQ/dV), and a nano-sized spinel phase appears in the related di�raction patterns, respectively.

In addition, a considerable amount of oxygen was released from the electrode (determined by mass

loss), which clearly emphasizes the direct link between spinel formation and oxygen loss in Li- and

Mn-rich NCM cathode materials.
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6.3. Degradation processes in highly cycled cathode samples

Continuous cycling results in unwanted voltage fade and increase of the hysteresis attributed to

cation rearrangement, which is evident from the structural investigations of the electrochemically

fatigued sample (300 cycles). For example, this is demonstrated by the emergence of a spinel phase

and the increase of the re�ned lattice strain as well as the appearance of new Li-environments

in the 7Li NMR spectra. The analysis of the corresponding di�raction data revealed a re�ned

spinel phase content of about 30% (w/w). However, the electrochemical data di�ers from thermally

fatigued samples, which also showed the appearance of a spinel phase in the di�raction patterns,

especially after heating in a charged state. Interestingly, spinel-associated redox peaks are not

clearly identi�able in the dQ/dV curve of the 300th cycle (see Figure 5.33), but rather an intensi�-

cation of the low-voltage redox process ‘Odef’. The Mn K-edge of the fatigued sample shows no

shift of the entire edge and therefore does not support a signi�cant Mn3+/4+ redox activity in the

material. Overall, this seems to be rather contradictory to the �ndings in the di�raction data and

needs to be further investigated. One possible explanation will be given below.

After heating an electrochemically fatigued sample (300 °C, 1 h), the pristine well-ordered state is

partially recovered as exempli�ed by the reappearance of the C2/m superstructure re�ections, the

narrowing of the 7Li NMR resonances in combination with the return of the distinct Li2MnO3-like

resonances as well as the reappearance of the 4.5 V ‘plateau’ in the �rst post thermal charge.

Furthermore, the defect-associated redox process ‘Odef’ decreases signi�cantly in the post thermal

cycles and the high-voltage peaks are reactivated, i.e. the formation of a pronounced voltage fade

and hysteresis has been partially reversed. Furthermore, the re�ned spinel content did not change

in range of error after the heat treatment. Interestingly, the spinel-associated redox peaks ‘SMn’

and ‘SNi’ are now clearly identi�able in the electrochemical data (dQ/dV) of the post thermal cycles.

These observations suggest a partial formation of a spinel-type transition metal cation ordering

within the 300 charge/discharge cycles. Probably, due to the excess of oxygen in the material as

well as the high lattice strain, the formation of a LNMO-like spinel is obviously not fully developed,

i.e. a clear structure – electrochemical property correlation is not apparent.

One explanation for this phenomenon might be the formation of nano-twins [17, 18, 47] within

the �rst cycle as well as in the following cycles in order to compensate the resulting lattice strain

in highly delithiated states. It has recently been shown that nano-twin boundaries exhibit a cation

arrangement that is close to the spinel-type ordering, but are still embedded in the initial oxygen
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framework [17]. Perhaps, these nano-twins might lead to a rather similar X-ray di�raction pattern

and are misinterpreted. The emergence of spinel-type re�ections in the di�raction patterns after

a high number of cycles might be due to an increased twin density. After heating, the structure

probably separates in a Li/O-rich pristine-like phase and a spinel phase along with the release of

oxygen (partial densi�cation) and the reduction of the lattice strain. This ‘post thermal’ spinel

phase is full-featured including the clear appearance of the high-voltage redox peak ‘SNi’ and the

low-voltage peak ‘SMn’, respectively. In order to complement the observed structural changes and

to monitor a possible contribution of manganese to the charge compensation during de-/lithiation,

for instance, transmission electron microscopy imaging and soft XAS at the Mn L-edge would be

appropriate methods.
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The �ndings of this work clearly emphasize the structural processes involved in the formation

cycle as well as the subsequent electrochemical degradation in the investigated Li- and Mn-rich

NCM cathode material (Li1.2Ni0.15Co0.1Mn0.55O2) with increasing number of cycles including the

disappearance of the 4.5 V ’plateau’ and a pronounced voltage fade. It could be shown that the

initially well-ordered layered structure and in particular the Li/TM-TM6 honeycomb ordering

within the transition metal layers disappears during �rst charge and is replaced by a highly de-

fective metastable state. This order-disorder transition was monitored on a long-range as well

as on a very-local atomic scale by the combination of complementary characterization methods:

synchrotron radiation powder di�raction (evolution of theC2/m honeycomb superstructure, lattice

parameters and size/strain), 6/7Li MAS NMR spectroscopy (local Li-TM6 honeycomb ordering and

detection of newly formed Li environments) and X-ray absorption spectroscopy (evolution of the

TM oxidation states and local TM environments). The newly formed highly defective material

exhibits a modi�ed electronic structure and in particular an additional low-voltage redox process

‘Odef’ in comparison to non Li-rich NCM cathodes. It could be shown that this redox process can

be ascribed to the disappearance of the honeycomb ordering within the TM layers.

The mild thermal treatment at temperatures ranging from 150 °C - 300 °C of these highly defective

materials (after formation) induced either the partial recovery of the pristine well-ordered state in

discharged samples (lithiated), or a strong degradation towards a spinel-type cation arrangement

in charged electrodes (delithiated). In the �rst case, the electrochemical property – structure

relationship was clearly exempli�ed by the reappearance of the �rst charge 4.5 V ‘plateau’, the

disappearance of the redox process ‘Odef’ and the partial reversion of the voltage fade. In the second

case, the highly defective metastable material was converted to a more thermodynamically stable

cubic spinel phase, which included the loss of the layered cation ordering and a densi�cation of the

lattice along with the release of oxygen. It could be shown that this structural transformation led

to the emergence of LNMO-like spinel redox processes in the corresponding electrochemical data.
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7. Conclusion and Outlook

These �ndings contribute to a more coherent picture regarding the decisive processes involved in

the initial order-disorder transition as well as the subsequent far-reaching structural changes during

cycling. Complementary investigations by using, for instance, transmission electron microscopy

and in situ methods in combination with a thermally induced modi�cation of the material might be

useful for completing this picture regarding the the very-local and the long-range atomic ordering

and the thereof related electrochemical properties. Furthermore, a rapid benchmarking procedure

via the here demonstrated thermal treatment route might be useful for identifying electrochemically

stable material compositions, coatings, dopings or synthesis routes in order to arrest the energy

fade during cycling and to pave the way towards the commercialization of high energy Li- and

Mn-rich NCM cathode materials.
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A. Appendix

A.1. Reproducibility of the thermal treatment

(a) (b)

(c) (d)

Figure A.1.: Cell voltage vs. speci�c capacity belonging to the �rst and �fth post thermal cycles of

samples heated in the discharged (a,b) and the charged (c,d) state. In order to illustrate

the reproducibility of the procedure, the electrochemical data of three identically

treated samples is plotted in each graph. Cycling parameters: 4.7 V-2.0 V, C/10. The

�rst sample of each set is analyzed in detail in the chapter of results.
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(a) (b)

Figure A.2.: Speci�c discharge capacity (a) and mean charge/discharge voltage (b) vs. heating

temperature regarding the �fth post thermal cycle of samples heated in the discharged

(2.0 V) and the charged (4.2 V and 4.7 V) state. Each data point represents the mean

value and the corresponding standard deviation of three cells. Cycling parameters:

4.7 V-2.0 V, C/10.

Figure A.3.: Charge/discharge hysteresis vs. heating temperature regarding the �fth post thermal

cycle of samples heated in the discharged (2.0 V) and the charged (4.2 V and 4.7 V) state.

Each data point represents the mean value and the corresponding standard deviation

of three cells. Cycling parameters: 4.7 V-2.0 V, C/10.
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A.2. Appendix to Chapter 4

Table B.1.: Actual and nominal composition of the commercial ‘HE5050’ (TODA) and the self-

synthesized 6Li cathode materials determined by elementary analysis using ICP-OES

(inductively coupled plasma - optical emission spectrometry). The mean value and the

corresponding standard deviation represent the results from a three-fold determination.

The 6Li/7Li isotope ratio was determined and considered for the calculations.

HE5050 6-50:50 6-Li2MnO3 6-NCM 6-30:70

Li 1.207(13) 1.2 1.195(4) 1.2 2.002(10) 2 0.998(5) 1.0 1.126(3) 1.13

Ni 0.154(1) 0.15 0.150(1) 0.15 - - 0.375(1) 0.375 0.229(1) 0.228

Co 0.101(1) 0.10 0.101(1) 0.10 - - 0.251(1) 0.25 0.153(1) 0.152

Mn 0.538(5) 0.55 0.554(2) 0.55 0.998(5) 1 0.375(1) 0.375 0.492(1) 0.489
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A.3. Appendix to Section 5.1

Figure C.4.: A comparison regarding the cell voltage vs. speci�c capacity of the �rst and second

cycle of the self-synthesized ‘6-50:50’ and the commercial ‘HE5050’ cathode materials.

Figure C.5.: Comparison of the X-ray powder di�raction patterns of the self-synthesized ‘6-50:50’

and the respective commercial ‘HE5050’ cathode material. Re�ection-subscripts: h –

hexagonal setting, m – monoclinic setting.
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A.3. Appendix to Section 5.1

Figure C.6.: X-ray powder di�raction patterns of the self-synthesized 6Li-enriched cathode powders

as well as of the respective samples after two cycles (light-colored lines). *Li2CO3-

associated re�ections with space group C2/c . Re�ection-subscripts: h – hexagonal

setting, m – monoclinic setting.

Table C.2.: Nearest-neighbor Li-O-TM con�gurations for the lithium ions in the di�erent sites in

Li2MnO3 (space group C2/m) and the corresponding observed paramagnetic Li NMR

shifts according to Lee et al. [87].

Wycko� Li-O-TM bond angle / ° Number of bonds Li NMR shift / ppm

2b (TM layer) 90 12 1460

2c (Li layer) 90 8 755

180 4

4h (Li layer) 90 4 734

180 8
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A.4. Appendix to Section 5.2

Figure D.7.: X-ray powder di�raction patterns of the ‘6-50:50’ powder in the pristine state as well

as of the respective patterns after formation (AF 2.0 V) and after heating (300 °C, 1 h).

Re�ection-subscripts: h – hexagonal setting, m – monoclinic setting.
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A.5. Appendix to Section 5.6

Figure E.8.: Experimental SRPD pattern of a discharged ‘HE5050’ sample after the thermogravimet-

ric analysis (up to 500 °C) with simulated pattern from the Rietveld re�nement and the

thereof resulting di�erence curves (blue).
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A.6. Appendix to Section 5.8

Figure F.9.: Histogram of the bond distances in the Li- and Mn-rich NCM cathode material (‘HE5050’

composition, R3m) in comparison with the measured Mn RDF. The radial distances were

slightly shifted in order to match the histogram. The bond distances base on re�ned

lattice parameters originating from the di�raction pattern of the pristine ‘HE5050’

material. A Li/Ni exchange is not considered here. Labels: Mn-O – manganese-oxygen

single scattering, Mn-M/Li – manganese-metal single scattering, M-M-M – collinear

multiple scattering.
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