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Abstract

Nowadays, the electric automotive market requires an increase in the capacity of Li-ion
batteries to allow longer driving ranges, and also faster charging capability. The requirement
has fueled the development of Ni-rich LiNijxyCoxAlyO2 (NCA) and LiNijx.yCoxMnyO>
(NCM) cathode materials, in which the Ni content is beyond 80% (with respect to the overall
transition metal content). Academia and industry have the same interest in enriching these
materials in Ni, pushing the cathode systems toward LiNiO>. However, this effort is hindered
by the trade-off between capacity and stability. Approaching LiNiO> (high Ni content) results
in intrinsic stability issues from this classic layered material. Hence, there is huge interest in
refocusing on LiNiO2, which has been investigated for almost three decades. Much of our
understanding of the structure and property is based on excellent but relatively old studies. With
the improvements in advanced characterization methods, fresh perspectives on poorly
understood behaviors can be provided, and some theoretical assumptions have chances to be
checked. Therefore, in this Ph.D. work, some new insights are provided, highlighting the
Li/vacancy ordering structures and thermal stabilities at low temperatures. These new
perspectives are believed to facilitate the understanding of remaining challenges, in the hope
that they can be overcome someday. The thesis on the LiNiO»> is organized in two sections as

described below:

() New insights into lithium hopping and ordering in LiNiO2 during Li (de)intercalation.

Ex situ SLi and in situ "Li nuclear magnetic resonance (NMR) spectroscopy is applied to
monitor lithium mobility of LiNiO2 during Li-ion (de)intercalation. Experimental NMR shifts
are compared with the calculated shifts based on the theoretical Li/vacancy ordering models.
The observed shifts are somehow close to estimated values. A considerable line broadening is
first observed at a state of charge (SoC) of 20% (in this thesis, 100% belongs to the hypothetical
full delithiation of the material). The movement of Li hopping slows down just before the
ordering structure Lig.75NiO> appears. This first Li/vacancy ordering structure can strengthen
the Jahn-Teller effect, thus distorting the layered structure. The distortion further hinders the Li
diffusion and broadens the NMR signal. For the last three SoC states (75%, 80%, and 85%),
the NMR peaks remain at higher ppm positions. This suggests that the remaining Ni*" is located



preferentially in the vicinity of the remaining Li ions, fitting well with the calculation model of
Lio25sNiO»: each Li ion is surrounded by six Ni*" with the 180° configuration (Lia-O-Ni**-O-
Lig). Such a special Li-ordered and Ni**/ Ni*"-ordered structure corresponds to the single H2
phase and appears to be the necessary preparation step for the H2 to the H3 phase transition.
Galvanostatic intermittent titration (GITT) and in situ X-ray absorption spectroscopy (XAS)

were also conducted to monitor changes in Li mobility and the oxidation state of Ni.

(11) Investigation of structural and electronic changes induced by post-synthesis thermal
treatment of LiNiO>

LiNiO: is investigated with respect to the subtle structural and electronic changes induced by
a thermal treatment in air after synthesis in pure oxygen. These structure evolutions can also be
regarded as the reflection of thermal instabilities of LiNiO> at low temperatures. A combination
of thermogravimetry (TG), synchrotron radiation diffraction (SRD)/ X-ray absorption
spectroscopy (XAS), ’Li magic-angle spinning (MAS) NMR spectroscopy, magnetic
measurements, and transmission electron microscopy (TEM) were applied to identify such
subtle changes. These measurements reveal that Ni migration to the Li layers already starts at
200°C, later followed by reactions between LiNiO, and CO.. With the heat treatment
temperature increasing, strongly off-stoichiometric Li1-zNi1+,O2 phases and products of Li>COs
have been obtained. At 700°C, bulk decomposition occurs at a sluggish rate, suppressing the
reactions with CO». The decomposition corresponds to the increasing rate of Ni reduction and
preference of Ni?* for occupying the Ni sites. The extent of both reactions may not be
homogeneous through the material, a larger reaction rate is instead found at the surface. The
changes in Ni oxidation state and local Li environments are also monitored during the whole
process. In addition, mild thermal treatment at 360-380°C can improve the electrochemical
performance of LiNiO2 since a ferromagnetic cubic phase in the surface region can serve as a

protection layer.



Zusammenfassung

Heutzutage erfordert der Markt fiir Elektroautos eine Erhdhung der Kapazitét von Li-Ionen-
Batterien, um groBere Reichweiten zu ermoglichen. Diese Anforderung hat die Entwicklung
von Ni-reichen LiNijx.yCoxAlyO2 (NCA) und LiNixyCoxMnyO2 (NCM) Kathodenmaterialien
vorangetrieben, in denen der Ni-Gehalt iiber 80% betrdgt (in Bezug auf den
Ubergangsmetallgehalt). Wissenschaft und Industrie haben das gleiche Interesse daran, diese
Materialien mit Ni anzureichern und die Kathodensysteme in Richtung LiNiO> zu treiben.
Diese Bemiihungen werden jedoch durch den Kompromiss zwischen Kapazitit und Stabilitét
behindert. Die Anndherung an LiNiO> (hoher Ni-Gehalt) filihrt zu intrinsischen
Stabilitdtsproblemen dieser klassischen Schichtstruktur. Daher besteht groes Interesse, sich
wieder auf LiNiO; zu konzentrieren, das seit fast drei Jahrzehnten erforscht wird. Ein Grofteil
unseres Verstdndnisses seiner Struktur und Eigenschaften basiert auf hervorragenden, aber
relativ alten Studien. Mit den Verbesserungen bei fortschrittlichen Charakterisierungsmethoden
konnen neue Perspektiven auf wenig verstandene Verhaltensweisen bereitgestellt werden, und
einige theoretische Annahmen kdnnen so tiberpriift werden. In dieser Dissertation werden daher
einige neue Erkenntnisse geliefert, die die Li/Fehlstellen-Ordnungsstrukturen und die
thermische Stabilitdt bei niedrigen Temperaturen hervorheben. Es wird angenommen, dass
diese neuen Perspektiven das Verstdndnis der verbleibenden Herausforderungen erleichtern
werden, in der Hoffnung, dass sie eines Tages liberwunden werden konnen. Diese Doktorarbeit

zu LiNiO; gliedert sich wie folgt in zwei Abschnitte:

(I) Neue Einblicke in Lithium-Hopping und Ordnung in LiNiO, wéhrend der Li-
(De)Interkalation.

Ex situ ®Li und in situ 'Li Kernspinresonanz (NMR)-Spektroskopie werden angewendet, um
die Lithiummobilitdt von LiNiO> wéhrend der (De)Interkalation von Li-Ionen zu iiberwachen.
Experimentelle NMR-Verschiebungen werden mit den berechneten Verschiebungen basierend
auf den theoretischen Li/Leerstellen-Ordnungsmodellen verglichen. Die beobachteten
Verschiebungen liegen nahe an berechneten Werten. Eine deutliche Linienverbreiterung ist erst
bei einem Ladezustand (SoC) von 20 % zu beobachten. Die Li-Hiipfbewegung verlangsamt
sich kurz bevor die geordnete Lio75NiO>-Struktur erscheint. Diese Struktur der ersten
Li/Leerstellen-Ordnung kann den Jahn-Teller-Effekt verstdrken und somit die Schichtstruktur
verzerren. Die Verzerrung behindert die Li-Diffusion weiter und verbreitert das NMR-Signal.

Fiir die letzten drei SoC-Zustande (75%, 80% und 85%) verbleiben die NMR-Peaks bei hoheren
iii



ppm-Positionen. Dies weist darauf hin, dass sich das verbleibende Ni*" vorzugsweise in der
Néhe der verbleibenden Li-Ionen befindet, was gut zum Rechenmodell von Lio2sNiO; passt:
Jedes Li-Ion ist umgeben von sechs Ni*" mit der 180°-Konfiguration (Lia-O-Ni**-O-Lig). Eine
solche spezielle Li/Leerstellen- und Ni**/Ni*"-geordnete Struktur entspricht der einzelnen H2-
Phase und scheint der notwendige vorbereitende Schritt fiir den Ubergang von der H2 in H3
Phase zu sein. Galvanostatische intermittierende Titration (GITT) und in-situ-
Rontgenabsorptionsspektroskopie (XAS) wurden ebenfalls durchgefiihrt, um Anderungen der

Li-Mobilitat und des Ni-Oxidationszustands zu uberwachen.

(IT) Untersuchung struktureller und elektronischer Verdanderungen, die durch die thermische

Behandlung von LiNiO; nach der Synthese induziert werden

LiNiO> wird auf subtile strukturelle und elektronische Anderungen untersucht, die durch
thermische Behandlung in Luft nach der Synthese in reinem Sauerstoff induziert werden. Diese
Strukturentwicklungen konnen auch als Ausdruck der thermischen Instabilitét von LiNiO> bei
niedrigen Temperaturen angesehen werden. Eine Kombination aus Thermogravimetrie (TG),
Synchrotronstrahlungsbeugung (SRD)/ Rontgenabsorptionsspektroskopie (XAS), ’Li Magic
Angle Spinning (MAS) NMR-Spektroskopie, magnetischen = Messungen  und
Transmissionselektronenmikroskopie (TEM) werden angewendet, um solche subtilen
Verdnderungen zu identifizieren. Diese Messungen zeigen, dass die Ni-Migration in die Li-
Schichten bereits bei 200°C beginnt, gefolgt von Reaktionen zwischen LiNiO> und CO,. Mit
zunehmender Wirmebehandlungstemperatur wurden stark nichtstochiometrische Lii-,Nii+,O2-
Phasen und Produkte von Li2COj; erhalten. Bei 700°C ist die Zersetzung der Hauptphase
langsam und unterdriickt Reaktionen mit CO.. Die Zersetzung entspricht der zunehmenden
Geschwindigkeit der Ni-Reduktion und der Priferenz fiir Ni**, die Ni-Plitze zu besetzen. Das
Ausmall beider Reaktionen ist moglicherweise nicht im gesamten Material homogen,
stattdessen wird an der Oberflache eine grofere Reaktionsgeschwindigkeit festgestellt. Die
Anderungen des Ni-Oxidationszustands und der lokalen Li-Umgebungen werden ebenfalls
wihrend des gesamten Prozesses iiberwacht. Dariiber hinaus kann eine milde

Wirmebehandlung bei 360-380°C die elektrochemischen Kenndaten von LiNiO> verbessern.
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Chapter 1 Introduction

1.1 Li-lon Batteries

Stimulated by the projects of net-zero carbon emissions and an urgent switch from fossil fuels
to sustainable “green” energy sources, rechargeable lithium-ion batteries (LIBs) have gained
enormous interest from both academia and industry. Since the first commercialization by Sony
in 1991, market opportunities for LIBs have grown beyond consumer electronics to electric
vehicles (EVs). In the last decades, the number of EVs has increased substantially from 17 000
to 7.2 million, and, with an annual growth rate of ~30%, near 140 million EVs will be on the
road by the end of the next decade.! Ni-based layered transition metal oxides have played vital
roles in chosen cathode materials in LIBs for EVs powering.>? In the early days of 2012, all
batteries used to power EVs are based on LiNii;3Co13Mni302 (NCM111) cathode materials.
However, the growing demand for higher specific energy motivates the development towards
cathodes with higher Ni-content, i.e. Ni-rich cathodes. Enriching Ni in the compositions can
increase the specific energy, hopefully approaching the goal of 350 Wh kg™! at a cell level by
2025.* In addition, cobalt is a key ingredient in the present cathode chemistry and its price has
tripled in recent years because of the supply chain constraints.® With millions of EVs being
manufactured by 2050, the global cobalt reserves will not satisfy the Co demand for battery
production before 2045.° Therefore, a transition to Co-free or low-Co cathodes is necessary to
reduce LIB cost and to make the growth of the EVs market sustainable.!> Considering the issues
of cobalt price and high-energy-density batteries, academic and industrial attention is paid to
the adoption of Co-free Ni-rich cathodes, such as LiNixMnyAl;.x.yO2 and LiNixFeyAli.xyO>. The
substitution content should be kept at a low level as the redox-inactive nature of Mn and Al ions
decreases the specific capacity. Clearly, compositions enriched in Ni are equivalent to
approaching their parent material, LiNiO2. A capacity/stability tradeoff is then established since
LiNiO; suffers from severe intrinsic stability issues.>*’ Therefore, the structure-property
relationship of LiNiO; needs to be revisited, with the aim of pointing out challenges of this
“old” material to be addressed. The stability problem can be overcome or mitigated hopefully
by using as little modification as possible, without much sacrifice on capacity. Adoption of such
“LiNiO; analogs” will significantly reduce battery costs for EVs ($8500 total pack cost, $3500
material cost) in comparison to battery systems using NCM cathodes ($10 000 total pack cost,
$5000 material cost).



1.2 Fundamentals of Batteries

A battery, consisting of an array of electrochemical cells, is a device converting chemical
energy into electrical energy during discharge. Regarding a rechargeable or secondary battery,
this energy conversion process is reversible. A cell can be regarded as two separate reactions
of chemical species, in which the ions and electrons move separately. The chemical species are
named electrodes, which must be conductive or coated onto a conductive substrate. The
electrical potential produced by the cell is determined by the different chemical potentials of

the electrodes.

AGOr =-ZFVoc (1- 1)

Equation (1.1) describes the present balanced energy for batteries under open-circuit
conditions (there is no external circuit and no flowing current). AG°r is the standard Gibbs free
energy, describing how much energy would be liberated when the two electrodes react together
under standard conditions. The equation is balanced by electrostatic energy, where Voc
corresponds to the open-circuit voltage of the battery, F'is the Faraday constant, and z represents

the charge number of the ions transported in the reaction.

The mediation process of the flow of ions between the two electrodes is conducted by an
electrolyte. Acting as a separator, the electrolyte must be electronically insulating, driving the
electrons to flow through an external circuit. In addition, the electrolyte must not be reactive
with either electrode. Figure 1.1 presents a schematic of the energy levels in the electrodes and
the electrolyte of an electrochemical cell.!® The energy separation E4 between the reduction and
oxidation potential is the thermodynamic stability window of the electrolyte. The two electrodes
are electronic conductors with electrochemical potentials fie-, Anode @nd fle-, cathode. AN anode with
fie- , Anode @bove the reduction potential will reduce the electrolyte unless a passivation layer
creates a barrier to electron transfer from the anode to the electrolyte. On the other hand, a
cathode with fie- | cathode below the oxidation potential will oxidize the electrolyte unless a

passivation layer blocks electron transfer from the electrolyte to the cathode.
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Figure 1.1 Schematic open-circuit energy diagram of an electrolyte. -e[EReduciion] and -
e[Eoxidation] are the reduction and oxidation energies of the electrolyte. Eg is the electrochemical
stability window of the electrolyte. [, anode and [le-, canode are the electrochemical potentials of

anode and cathode, respectively. V. is the open-circuit voltage. Figure adopted from Hubert

H. Girault et al.”’

1.3 Intercalation Chemistry

An open framework structure is possessed by most electrode materials for rechargeable
batteries. The mobile guest species (for example, Li") can be inserted or extracted into such
frameworks. These stable hosts, such as the aforementioned LiNiO,, often have a layered
structure with interlayer space, which can be occupied by the guest species. Removal (or
insertion) of the guest species can occur by two diverse thermodynamic mechanisms: a solid-
solution reaction, corresponding to the smooth increase of the guest concentration in the host

structure. No interface or phase separation can be caused throughout the whole structure. On



the other hand, a second phase may be formed by the insertion of the chemical species. When
more guest species are intercalated, this phase (ordered or disordered) nucleates and gradually
replaces the original one by phase transformations (Figure 1.2). These two mechanisms
correspond to the different electrochemical responses. The chemical potential of the products
of reactions between the two electrodes determines the potential of the cell: for a solid solution,
the continuously changed compositions result in a monotonic variation in the electrochemical
potential. Hence, a sloped response is expected. However, a voltage plateau with constant
potential reflects a two-phase transition process since the composition of the structure, which
accepts chemical species, does not change. Only the relative fraction of two phases changes,

until the phase transition process comes to an end.

There is a free-energy barrier in two-phase reactions as a result of the coherency strain energy
and interfacial energy between the two phases.!! Therefore, a voltage hysteresis is observed
(more obvious on a faster lithiation/delithiation process), causing a reduction in the reversible
capacity (voltage window is fixed) and energy efficiency.!? The free-energy barrier can also
induce the inhomogeneous distribution of the current on different electrode particles, leading
to the over-charge of individual particles. The mechanical stability of the particles is also
influenced by the insertion/extraction mechanism. Regarding a solid solution, a Li
concentration gradient inside a particle can induce stress and strain, sometimes even the
formation of cracks. The situation is getting even worse when a sharp lattice expansion or
contraction occurs during Li insertion/removal. Such stress and strain are thought to be larger
at the interface in two-phase reactions, giving rise to more pronounced mechanical degradation.
The rate of the two-phase reaction is determined by the rate of nucleation and movement of the

phase boundary inside the particles.
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Figure 1.2 Schematic diagram of intercalation of guest species into host structures via or solid-
solution reaction or two-phase reaction. The corresponding response of the potential in the
potential profile is also displayed. The newly formed second phase during a two-phase reaction

can be ordered or disordered.

1.4 The Crystal Chemistry of LiNiO>

The structure of LiNiO, was first reported in 1954 with a typical O3 structure (space group
R3m).!* The layered structure contain an fcc array of oxygen anions with AB CA BC stacking
sequence, and alternating layers are occupied by the TM ions and Li ions.'* The “O” in O3
represents the octahedral coordination environment of the lithium, and the number 3 denotes
how many slabs of TMO: are stacked along the (hexagonal) ¢ axis in the unit cell. A symmetry
reduction from R3m to C2/m is often observed for LiNiO, with a distorted O3 structure. The
symbol of O’3 is used to denote such monoclinic phases (M) and to distinguish them from the
O3 structure, while emphasizing that the stacking of O3 is remained (Figure 1.3). Upon charge
and discharge, most phase transitions in LiNiO2 occur with this stacking sequence being
preserved. A second notation system, therefore, is used to describe such phase transformations.
The phases are labelled by a letter, which represents the symmetry of the unit cell, and a number
that gives information about the sequence in which each phase of certain symmetry appears on
charge. In this system, structures are typically denoted as “H” (hexagonal) rather than “R”
(rhombohedral), since hexagonal lattice settings are usually adopted to describe structures in

the rhombohedral lattice system: the layers are perpendicular to the ¢ direction and parallel to

5



the ab plane. The pristine state of LiNiO: is labelled as “H1”” and the next phase appearing in
the O3 structure on charging is “H2”, etc. The observed order of phases for LiNiO; is Hl - M

— H2 — H3, which will be discussed in the next section below in detail.

During the synthesis, LiNiO, always exhibits a deviation from ideal stoichiometry with a
formula of Li;,Nii+,O2, in which z denotes the amount of Ni located in the Li layer.!> A z value
of 0.01-0.02 is usually observed, although the synthetic conditions are well controlled. The
crystallization with ideal stoichiometry is challenging partly due to the harsh conditions of the
oxidation environment needed to stabilize Ni**. On the other hand, the decomposition already
occurs towards Li;,Nii+,02 during synthesis due to the loss of Li, and because the annealing
times are too long or the temperature is higher than the value for decomposition.!® The
decomposition reaction will be introduced in the section below. The actual value of z can be
obtained by a Rietveld refinements in a reproducible way.!> For the off-stoichiometry Li;.
Ni+/O2, a negative value for the isotropic thermal displacement parameter at the lithium site
(B(L1)) is obtained, because the electronic density is larger in the material than in the actual 2D-
structural hypothesis. Therefore, when B(Li) is fixed, the amount of Ni at the Li site can be
refined. For charge compensation, the average oxidation state of Ni in Lii.Nii+O2 is 3-2z,
which indicates the presence of 2z Ni** within the material. Half of the Ni** ions are located in
the Li layers, while the other half are also formed in the Ni slab, yielding the formula [Li;-
NiZ*,3[Ni2F Ni**1,]3a[O2]6c. 1> Another possible model for Li/Ni arrangement is the formation
of paired anti-site defects, i.e., an amount of z Li per formula unit occupying Ni sites and vice
versa. Notice that, it is challenging to get results about the absence of Ni ions in the Ni slab by
XRD. However, neutron diffraction experiments show that the Li/Ni mixing only appears in
the most off-stoichiometry phase (z = 0.25 in Li;,Nii+,02).!” For Mn-substituted LiNi;.yMnyO>,
increasing the y value also induces Li/Ni cation mixing with Li[Lii;3Mn3]O: being formed.
In this thesis, the model of Li;,Nij+,O> is used to facilitate discussion. The amount of z Ni*" in
the Li layers strongly influences almost all of the properties of LiNiO», including magnetic
behavior, phase transformation route, electrochemical performance, and overall stability, as

discussed in the following sections.
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Figure 1.3 lllustration of crystal structures relevant to layered LiNiO:. They are labelled using

the crystallographic family they belong to ((a) hexagonal and (b) monoclinic) and Delmas’s
notation (in brackets). The stacking sequences are indicated by labelling the oxygen planes.
Unit cells are displayed in orange (hexagonal) and blue (monoclinic). Li, Ni, and O atoms are

shown in yellow, light green, and red, respectively.

The off-stoichiometry z has a strong influence on the magnetic properties of LiNiO».!>*° The
electron configuration of Ni** is 3d’ and the crystal field splitting in octahedral coordination

induces (2¢)°(eg)' occupation with a doublet electronic configuration (S = %4). An effective

paramagnetic spin-only magnetic moment of ,LteNfif3+ = ZJm,uB = 1.73ug is therefore
expected. For Ni located on a triangular lattice in ideal LiNi1O,, a paramagnetic behavior rather
than long-range order arises, because of the quantum mechanical frustration of the
antiferromagnetic coupling.?! However, when Ni** with the configuration of S = 1 is placed on
the Li sites, a transition to a long-range magnetic ordering occurs, together with a rapid increase
of the magnetic susceptibility.?? The Ni*" in the Li layers couple antiferromagnetically with the
Ni in the neighbouring Ni slabs and, as a result, locally ordered magnetic clusters (possibly
ferrimagnetic) are formed. Thus, the temperature, where the magnetic transition happens,
increases with increasing amount z of Ni?* on the Li sites. This characteristic has also been used

as the reliable tool to determine the stoichiometry of LiNiO».



1.5 The Structural Evolution during Cycling of LiNiO:

The phase behavior of LiNiO; has been investigated by many authors, particularly by means
of operando X-ray diffraction (Figure 1.4).>2° As lithium is extracted from the material, phase
transitions follow a sequence of HI — M — H2 — H3. These can also be associated with the
multiple plateaus in the corresponding voltage profiles, indicating behaviors of two-phase
reactions.?® In detail, the pristine LixNiO» (H1) exhibits a solid-solution behavior until x = 0.8,
after which a phase transition from H1 to a monoclinic structure (M) is observed. This M phase
is evidenced by a splitting of the 101 and 104 Bragg reflections, giving rise to 201,110 and
202,111 reflection pairs, respectively. The monoclinic symmetry extends to x =~ 0.4, where a
second phase transformation named M to H2 occurs between x ~ 0.4 and 0.36. H2 is stable up
to high states of charge (x = 0.25), where a first-order H2-H3 transition is observed in the range
of x = 0.25-016. The H3 phase, having a much smaller ¢ parameter, is characterized by a new
003 reflection at around 8° (not shown in the figure). The stacking sequence of O3 is maintained
in H3, while stacking faults have been observed from the broadening of 018 reflections.!* Up
to now, the driving force for the H2/H3 phase separation is under discussion, because the
biphasic process induces a highly strained interface. Notice that, some discrepancies about the
Li content where the transitions occur, exist in the literature. This is attributed to the different

off-stoichiometry of LiNiO; and cycling conditions.?” %

The evolution of cell parameters can be obtained by the Rietveld refinement against operando
X-ray diffraction patterns. The hexagonal lattice setting is typically adopted for convenience.
The anex keeps decreasing monotonically through the delithiation as the oxidation of Ni*" to
Ni*" induces a contraction in the NiOs octahedra. The variation of chex follows a two-section
behavior. During the process of the Hl — M — H2 transitions, an increase is observed as a
result of the increased O-O electrostatic repulsion. When Li is continuously removed from the
lattice, the screening effect is less effective. In the H2-H3 biphasic region, chex sharply decreases
since the structure becomes more covalent, behaving like transition-metal sulfides. The O
anions are less electronegative with less electrostatic repulsion between each other. The steric
effect causes the contraction of the Li layers. A significant strain is induced at the interface
when shrinkage of the unit cell is introduced during the H2/H3 two-phase reactions.>® This

makes the transition less reversible as well as introduces the formation of cracks during cycling.
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Figure 1.4 Contour maps of in situ synchrotron diffraction of LNO collected during the first
cycle. (a) Cell voltage as a function of state of charge or discharge of the 1°' cycle, which is
aligned with the diffraction patterns, XRD patterns of selected scattering angle regions: (b)
4.68°-5.48°, (c) 9.59°-10.45° and (d) 11.36°-12.26°. The phases in each region are labelled in
(a). The peak splitting for phase M is also indicated in (c¢) and (d). Reprinted from my own

publication.’!

The origin of lowering in symmetry from hexagonal to monoclinic has been the subject of
substantial investigation. The nature of the monoclinic phase has been associated with various
domains, where Li-vacancy orderings are stabilized. These structures (Figure 1.5), at
compositions of x = 3/4, 5/8, 1/2, 2/5, and 1/4 in LixNiO2, can be experimentally observed as
the minima in dQ/dV curves.!* Such Li-vacancy ordering structures are possibly stabilized by
both the in-plane Li-Li repulsion and interplane 180° Lia-O-TM-O-Lig chains with a Jahn-
Teller (JT)-active Ni*" centre.’* The structure of x = 1/2 is extensively reported with alternating

33,34

rows of fully occupied and vacant Li sites.”””" x = 3/4 has a similar ordering, where now the Li

sites of the empty row are alternatively vacant and occupied.® Another stable structure



appearing between the above-mentioned orderings is x = 5/8. It can be regarded as a filled row
of Li alternating with another row with one out of three occupied Li sites.!* An enlarged unit
cell needs to be constructed to describe such an ordering, matching the discovery from electron
diffraction.’® Other ordering structures, such as x = 2/5 and x = 1/4, have never been proved
experimentally. However, they correspond to the end of the monoclinic and the H2 phase
region, respectively. The Li ordering can be disrupted by the local disorder, including off-
stoichiometry and Ni substitution. A smoother voltage profile will also replace the one with

multiple voltage plateaus.

~ AV

LiNiO, Li4NiO, Li5gNiO,

] sl /7

Figure 1.5 Li/vacancy ordering structures with Li ions and vacancies labelled as yellow and
grey spheres, respectively. Unite cells are outlined with solid black lines. Figure adapted from

Mock.>°

z Ni** ions located on Li sites in LiiNii+,O> have a profound influence on the initial
Coulombic efficiency, i.e. they result in a large difference in the initial charge and discharge
capacity (10-15%). Upon the first charge, Ni** in the Li layers can be oxidized to Ni**, causing
alocal collapse of the interlayer. The six lithium sites around each of these Ni** ions are difficult
to be occupied by Li* on lithiation'® because the local smaller interlayer space causes poor Li
diffusion kinetics. Although at a very low rate these sites can still be activated, the reversibility
of the material is strongly affected, resulting in an inhomogeneous distribution of Li, i.e.
lithiation gradients (a small number of phases are over-lithiated). Notice that, except for the
hindrance from zNi*" in the Li layers, LiNiO, suffers from slow kinetics at high Li

concentrations.’” It can be recognized from the voltage plateau close to 3.5 V. Two factors
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contribute to the increase of the activation barrier for Li diffusion. Firstly, there are not enough
di-vacancies in the Li layers allowing for fast Li diffusion at higher Li content because the
lowest energy barrier corresponds to the diffusion via di-vacancies®® Secondly, Li diffusion
between adjacent octahedral sites is via an intermediate tetrahedral site.>® Ni*" in the Li layers
and the high Li concentration upon discharge induce a smaller interlayer spacing, therefore

decreasing the tetrahedron height and increasing the activation barrier for Li diffusion.*

1.6 The Synthesis and Decomposition of LiNiO:

Different methods have been adopted to synthesize LiNiO; with high quality. The solid-state
reaction is the typical and commonly employed method over the years. Precursors of solid
nickel and lithium salts are mixed and calcined. The formation of LiNiO> from rock salt NiO
occurs in two steps.*! Firstly, there is a random distribution of Ni and Li in the Ni sublattice up
to a composition of Lio3Nio70.* The lithium amount is increasing and Ni is oxidized in this
process. The unit cell volume decreases to a point, where the octahedral sites are so small that
further random distribution of Li and Ni is not possible any more. To reduce the steric effect,
segregation of Li* and Ni** occurs with alternating Li and Ni planes along the cubic [111]
direction, causing a rhombohedral distortion of the original cubic lattice system.*! As a result,
the newly formed LiNiO: has an increasing amount of vacancies in the Ni layers. In the next
step, N1 migrates to these empty sites and a fast Li diffusion and occupation occur at the sites
where vacancies are formed in Li layers by migrated Ni. As the annealing temperature
increases, local layered domains grow into a long-range crystalline LiNiO2 with reduced
amount of defects. Throughout the synthesis, oxygen must be incorporated into the lattice and
the O stacking ((006)r replaces (111)c) is preserved upon LiNiO» crystallization. The steric
effect is the driving force for the transition in LiNiO; synthesis, i.e. from cubic to hexagonal.
The size difference between Li and Ni is increasing as Ni is oxidized from divalent to trivalent
(n(Li")=0.76 A, r(Ni*") = 0.69 A, r(Ni*'Ls) = 0.56 A based on Shannon*’ LS = low spin). Ni**
and Li* are better placed in small slabs (thickness S = (2/3-2zo) ¢ = 2.11 A) and larger slabs
(thickness I = (c/3-S) = 2.62 A), respectively, i.e. Li/Ni layering. When the amount of 2z Ni*"
in Li1.N11+,O> increases (as discussed, half of them are located in the Ni slabs and half in the
Li slabs), the larger ionic radius of Ni** increases the slab thickness (S). However, the interslab

thickness (/) is decreased because of the smaller Ni*" (vs Li*).!3

11



Controlling some key factors is essential for obtaining LiNiO> with ideal stoichiometry. An
air or Oy flow is necessary for transporting the decomposition products of precursors and
removing H>O and CO,. The choice for the annealing temperature is extremely important.
Using high temperatures (not smaller than 800°C) is beneficial for obtaining a well-crystallized
sample, as well as full oxidation to Ni**. However, decomposition may already happen at a high
calcination temperature, leading to an off-stoichiometric LiiNii+,02.* On the other hand, low
temperatures are also possible for synthesis, but give rise to products with impurities and poor
crystallization. Long calcination time is also necessary as a result of the sluggish crystallinity
process. Trade-offs at temperatures of 600 and 700°C are then frequently employed as
optimum.**¢ The choice for Li precursors is also of importance. The decomposition
temperature of the precursor must be lower than the temperature, where Li>O loss occurs. That
way lithium can incorporate into the NiO lattice promptly. Lithium hydroxides,
oxides/peroxides, and nitrides are preferred under such a consideration. Li loss is a vital issue
because of the high vapor pressure of Li>O. The product from the reaction between Li>O and
02, e.g. L1203, is more prone to vaporization at high temperatures. Hence, it is typical to use an
excess of Li precursor to compensate for the Li loss and to obtain a close-to-ideal stoichiometric

product.

Coprecipitation is another method to produce LiNiO; and has the advantage of homogeneity
and scalability. An aqueous solution containing nickel (sulfate or nitrate) is pumped into a
continuously stirred tank reactor (CSTR). NaOH is subsequently added to obtain a precipitate
of Ni(OH)2. An NH4OH solution can be used as a chelating agent (particularly important to
allow co-precipitation of other metal hydroxides for doped LiNiO»). The temperature, stirring
speed, pH value, and solution concentration need to be carefully controlled to allow
homogeneous coprecipitation. The hydroxide precursors are mixed with Li precursors and
calcined in a way similar to the solid-state method. By using such a modern method with better-
controlled synthesis conditions, LiNiO; with superior quality can be obtained. The first charge
capacity is close to the theoretical value (255 mAh g') with a much smaller irreversible
capacity.*’” Other synthesis ways, including sol-gel, combustion, and hydrothermal method, are

seldom used.*¥°

As discussed before, the decomposition of LiNiO2 can occur even during synthesis if high
annealing temperatures are adopted. LiNiO> decomposes in a way opposite to the synthesis
process, i.e. a hexagonal to cubic phase transition. A group of factors, including annealing
temperature, atmosphere, and duration, can influence the pace and extent of such a

12



transformation.*! Based on the observation by TG,>! the decomposition has occurred at 700°C
and proceeds at a large rate at 800°C. Moreover, the decomposition rate is increased in an
atmosphere of Ar but it occurs slower in air or Oz. The lattice parameter a increases during
decomposition, while ¢ barely varies. The reduction of Ni** to Ni** in the Ni slabs decreases a.
The change of ¢ is an interplay between Li loss, Ni reduction, and thermal expansion. Li loss
can cause Ni2" occupying vacant sites in the Li layers (decrease in c), while Ni reduction and
thermal expansion exhibit an opposite effect. These three factors compete with each other,

resulting in a small variation in total.
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1.7 Motivation and objectives of the thesis

Lithium-ion batteries (LIBs) are still the most reliable, widely-used, cost-effective, and
convenient candidates for decades to enable electromobility, although substantial efforts have
been made to develop “beyond-lithium” rechargeable batteries.’? The state-of-the-art cathodes
for electric vehicles (EVs) are layered solid solutions derived from LiNiO> through the
substitution of Ni with other elements. Common representatives are called nickel-cobalt-
manganese (NCM) and nickel-cobalt-aluminum (NCA), respectively. Al and Mn ions enhance
the structural and thermal stability of the material, while it comes at the expense of their
gravimetric capacity.’® Recently, the need for batteries with higher energy densities for the
automotive market has stimulated efforts to increase the Ni content in NCA and NMC
materials.*’>* Some aggressive strategies even suggest compositions of Ni above 95%. Clearly,
enriching in Ni is equal to approaching their parent material, LiNiO2. As discussed above,
LiNiO> suffers from substantial intrinsic stability issues. Hence, under the background of
pushing cathode materials in the direction of LiNiO2 chemistry, the necessity to reinvestigate
the structure issues of LiNiO with modern characterization methods appears. This essay only
aims to revisit some points, especially the one (Li/vacancy ordering structures) requiring
experimental pieces of evidence. A fresh perspective is also placed on an overlooked topic
(thermal stability of LiNiO> at low temperatures). The same points can be regarded as starting

points for further investigations on Ni-rich compositions of practical interests.
The research objectives of the thesis are the following:

1) To investigate the existence of Li/vacancy ordering structures during Li-ion
(de)intercalation of LiNiO; cathodes, through in situ "Li and ex situ °Li NMR spectroscopy. In
addition, in situ XAS, GITT, and in situ XRD are also used to jointly capture changes during

the Li-ion deintercalation process.

2) To uncover the structural and electronic changes caused by the post-synthesis thermal
treatment of LiNiOg, i.e. the thermal stability in the pristine state at low temperatures. A
combination of characterization methods is used, including in situ and ex situ XRD, ex situ

measurements of magnetic properties, and ex situ 'Li NMR spectroscopy.
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Chapter 2 Solid State Nuclear Magnetic Resonance

2.1 The Basics of NMR

Nuclear Magnetic Resonance (NMR) spectroscopy is based on transitions between nuclear
spin energy levels. For a nucleus with a spin quantum number /, there will be 2/ + 1 spin states
and each state has a certain magnetic quantum number m; = (-7, -I+1...+[). When an external

field By is applied to a nucleus, the nuclear Zeeman interaction induces energy separation:

AE = -hyBo (2.1)
Where 7 denotes the reduced Planck’s constant and y| represents the gyromagnetic ratio of the

nucleus. The Lamor frequency ax is given by the combination of Bo and y, defining the energy

of transitions between certain Zeeman states (Am; = +1)

-11Bo = mo (2.2)

At thermal equilibrium, the nuclear spins are distributed over the energy levels based on
Boltzmann’s distribution law. Lower levels are preferentially occupied, giving rise to an
equilibrium magnetization M parallel to the applied field Bo. M is typically labelled in the z
direction (Figure 2.1a). During an NMR experiment, the equilibrium in the nuclear populations
is disrupted by applying an alternating magnetic field perpendicular to the By field via a radio
frequency (RF) pulse. A nutation of M about the B field is then induced by the pulse and the
flip angle can be adjusted by controlling the duration and field strength of the applied pulse.
The RF pulse is arranged to produce an oscillating field perpendicular to z and Bo. Such an
oscillating field can be regarded as two components rotating clockwise and counter-clockwise
around Bo. The two components have frequencies of £@,. Only the component (Bi(t)) which
rotates in the same direction as the precession of M has a significant effect on the magnetization.
The effect of such a component can be better understood when a rotating frame of reference is
created. The new reference rotates at frequency w,s around Bo. In this frame B appears as a
static field with no time dependence and the apparent Larmor frequency is given by Q = ay -
. We can infer that the effective static field along z is Q/y). If the value of Q is small and
hence the effective static field is small, the B; field can induce the precession of the nuclear
magnetization. Regarding the simplest NMR experiment, i.e. one-pulse experiment, the

magnetization M is rotated by 90° into the xy-plane by applying a 90° RF pulse and
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subsequently the magnetization M relaxes back to the equilibrium state, i.e. along the z direction
(Figure 2.1b). The free induction decay (FID) measured in the time domain by the RF coil is
transformed into the frequency domain, giving the NMR spectrum (Figure 2.1¢). Two time
constants describe the process in which M returns to equilibrium. 77 corresponds to the return

of M in z direction, while 7> corresponds the decay of the xy-components.

Z (By) Z (AB) Z (AB)
(a) (b) (c)
WgF 0
T 2 (B:) /
Yy -y -y
Laboratory frame Rotating frame

Figure 2.1 “Grapefruit” diagram displaying the evolution of the bulk magnetization M during
a one-pulse NMR experiment. (a) the equilibrium magnetization M (red arrow) is aligned along
the direction of the By field z. (b) a n/2 pulse is applied along Bl (x) and the magnetization is
rotated into the xy-plane. (c¢) the Magnetization precesses in xy-plane (purple arrows) and this

precessing magnetization induce a voltage signal in the RF coil. Adapted from reference.>

2.2 The Hahn-Echo

As the simplest NMR experiment, the one-pulse sequence has several drawbacks. The coil is
used for both sending the RF pulse and acquiring the induced signal. A dead time of few ps
exists when the electronics needs to be switched from the application of the pulse to acquisition
mode. Therefore, part of the signal is obviously lost during this period. In addition, after
switching off the RF pulse some ringing can cause distortions of the acquired signal and thus
distortions of the baseline of the Fourier transformed spectrum. A so-called Hahn-echo pulse
sequence can mitigate the aforementioned problems of signal loss and baseline distortions. The
sequence begins with a 90° pulse followed by a delay 1. A 180° pulse is then applied, flipping
the spins around the B axis. After another delay 1, M is refocused in the xy-plane and the coil
starts acquiring the signal. In the period of the first 1, the individual spins start to dephase in the

xy-plane, resulting from their precessions with slightly different Lamor frequencies as a result
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of inhomogeneities in the local fields. These phases are inverted when the 180° pulse inverts
the spin ensemble. In the period of the second T, the relative phases of all spins are decreasing,
although each of the spins precesses at their own frequencies. When the signal is detected after
the second delay period, the inverted phases have been canceled out and all precessions occur
with similar phase. No signals is lost if the dead time for the data acquisition is shorter than .
The distortion of the baseline is also avoided. In addition, background signals from the probe
are suppressed because the 180° pulse mostly affects signals origination from within the signal.
The Hahn-Echo sequence is widely applied for the measurement of fast relaxing samples since
the initial points of the FID which are highly important must not be lost. This method is also
useful for acquiring signals with poor signal/noise ratios owing to the suppression of baseline
distortion and background signals. Therefore, all spectra in this thesis were measured using the

Hahn-echo pulse sequence.
2.3 Magic-Angle Spinning

In solution-state NMR, most of the orientation-dependent interactions (dipolar, chemical shift
anisotropy, and quadrupolar) are averaged out as a result of the rapid time-averaged molecular
motion owing to the thermal energy. For the case of the solid-state NMR, crystallites have a
fixed orientation with respect to the applied field and such interactions still take effect. Hence
the total shift for an individual nucleus depends on the relative orientation of its crystallite.
Regarding a powder, crystallites exist in all orientations leading to broad line shapes. The
broadening makes it difficult to distinguish even single chemical environments in the crystal.
Many anisotropic interactions have a 3cos?6-1 dependence, where 6 is the angle between the
applied By and the main axis of the spin interaction tensor. Although 8 takes any values between
0° and 180°, there is a certain relation between 6 (the angle between the rotation axis and the

external field) and 6°%:

3cos?0-1 = % (8cos?6z-1) (3cos?p — 1) (2.3)
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Figure 2.2 The magic-angle spinning experiment.>® The sample is spun fast in a cylindrical
rotor around a spinning axis orientated at the magic angle (Or = 54.74°) with respect to the
applied magnetic field Bo. The spin interaction tensor is represented by an ellipsoid and it is
fixed with respect to the corresponding molecule/crystal and thus rotates with the sample. The
angle 0 is the angle between By and the principal z-axis of the spin interaction tensor; f is the

angle between the z-axis of the spin interaction tensor principal axis and the spinning axis.

where f denotes the orientation of the spin interaction tensor with respect to 8z. Similar to 6,
there is no certain value for 5. However, if the sample is spun at an angle (6r) of 54.74° (magic
angle), the time-averaged orientation dependence equals zero (Figure 2.2). It means that
rotating the sample at the magic angle, as long as the frequency is comparable to or higher than
the anisotropy spin interaction, can remove the anisotropy. Three interactions, including nuclear
dipolar interaction, the chemical shift anisotropy (CSA), and the 1% order quadrupolar coupling
can be averaged by magic-angle spinning (MAS). One condition is that the spinning rate is
three or four times larger than the anisotropic interaction frequency.’® Furthermore, a set of
spinning sidebands appears in the spectra. These are sharp lines separated from the isotropic

resonance frequency by a multiple of the spinning rate.
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2.4 Paramagnetic NMR

All battery cathodes are based on the redox activities of transition metals. It means that at
some specific states paramagnetic ions exist in the sample. The localized unpaired electrons of
these paramagnetic ions can couple to nuclear spins (“hyperfine” coupling), giving rise to
paramagnetic effects in NMR spectra, leading to both shift and broadening. This can be “spin
only” case, however, the coupling of the spin angular momentum (S) and the orbital angular
momentum (L) may exist if it is not quenched. The induced “pseudo-contact” NMR shift is
typically much smaller than the shift caused by the Fermi-contact shift (discussed below) and
will not be considered in this work.’” The hyperfine coupling can be described by the

Hamiltonian Hjs.
Hs=1T-A-S (2.4)

Where [ and S correspond to the nuclear spin and electron spin operators, respectively. 4
represents the hyperfine coupling tensor, which can be divided into two components: the
electron-nuclear (e-n) dipolar interaction and the Fermin-contact interaction. The relaxation
times of electrons (1078 to 10712 s) are much shorter than the NMR (T)) relaxation times (ca. 10-
107 5).>® Hence, the nuclear spins couple to the z-component of the time-averaged electron spins
(S2). In addition, the gyromagnetic ratio of the electronic spins is much higher than that of any

nuclear spin. Consequently, the effects of hyperfine coupling are typically large.
2.5 Fermi Contact Interaction

Fermi contact interaction is the magnetic interaction between the orbitals having unpaired
electrons and the nucleus of interest. The s-orbitals of the nucleus accept the transferred
unpaired electron spin density through the intervening orbitals because only s-orbitals have a
finite probability at the nucleus.”® Such transferred electron spin density at the nucleus causes
an additional magnetic field and a variation in the nuclear energy levels. The shift is determined

by the isotropic hyperfine coupling constant Aiso.

h -
Aico = UOUB?:Ze lea ﬁ(RN) (2.5)
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Where uois the permeability of free space, ug is the Bohr magneton, ge represents the electron
g-factor, y represents the gyromagnetic ratio of the nucleus, S represents the formal electron
spin and p®® is the unpaired spin density at the nuclear position R~. The Fermi contact shift

contribution diso (ppm) is

_10%A450<S,> (2.6)
5i50 - -

h(l)o

The NMR spectra of LiNiO> containing paramagnetic centres are dominated by the Fermi-
contact shift. The size and sign can be understood owing to the through bond mediation of the
unpaired spin density. Local coordination and geometry of the nucleus of interest are considered

to explain the exact size and sign of the interaction.

The hyperfine interaction can also occur through space contribution between the nuclear spins
and <S>, known as the electron-nuclear (e-n) dipolar interaction. Regarding paramagnetic ions
without orbital angular momentum contribution, the interaction is traceless and the isotropic
shift diso cannot be affected. However, it is the major cause for the broadening in the NMR
spectra. When the spinning frequency under MAS is sufficiently high, the e-n dipolar
interaction can be averaged, but often it cannot be realized based on currently available
hardware. Hence, broad manifolds of spinning sidebands commonly appear on both sides of the
isotropic peak. The appearance of such sidebands sometimes makes the assignments more

complex.

Both the Fermi-contact and the e-n dipolar interactions are dependent on <S> (the time
average of the z component of the electron spin), which is in proportion to the By field and
inversely correlated with temperature. Therefore, lower fields are commonly used for strongly
paramagnetic samples to help mitigate the influence from the e-n dipolar interaction. The

Fermi-contact shift and e-n dipolar broadening can also be reduced at higher temperatures.

2.6 Bond Pathway Approach

The interpretation of the Fermi-contact shift is essential since it dominates the spectra of
samples containing paramagnetic ions. To a very good approximation, the Fermi-contact shift
contributions for an ion with each paramagnetic ion in the vicinity can be considered separately,

meaning that the overall shift is additive.®” The sign and magnitude of the spin density
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transferred to the nucleus (p®P(Rw)) is determined by the symmetry of the transition metal (TM)
orbital, where the unpaired spins are located and also the angle of TM-O-Li bond. LiNiO>
possesses a layered structure that can be regarded as a cation-ordered rocksalt structure and all
the atoms are in an environment of octahedral coordination. Therefore, two main spin transfer
pathways exist for Li: a nearest cation neighbor pathway (via a .ca 90° TM-O-Li bond) and a
next-nearest cation neighbor pathway (via a ca. 180° TM-O-Li bond) (Figure 2.3). The bond
angle is determined by the bridging oxygen atoms. The 90° pathway occurs via two different
oxygens, but they are typically treated as a single pathway for convenience. In the layered
structure of LiNiOy, each lithium ion in Li layers is surrounded by a total of six 90° TM
neighbours and six 180° TM neighbours. Although Li has also neighbours within the Li layer
with 90° pathways, it is believed that all these Li-Li bonds contain no unpaired spins and can

typically be ignored.

~90° bond pathways
nearest neighbours

~180° bond pathways
nearest neighbours

Figure 2.3 (a) lllustration of the coordination environment of a Li in the Li layer in LiNiO:.
There are 6 nearest cation neighbours (3 above and 3 below) which can transfer unpaired spin
density to Li via Ni-O-Li 90° bonds (sky blue arrows). There are 6 next nearest cation
neighbours (3 above and 3 below) which can transfer unpaired spin density to Li via Ni-O-Li
180° bonds (dark blue arrows). (b) shows the view perpendicular to the layer.

The size and sign of the spin transfer from the TM centres can be understood from the effect

of unpaired spins on the TM-O-Li hybrid orbitals. Two main mechanisms exist: delocalization
21



and polarization. Regarding delocalization, the orbital containing the unpaired spin belongs to
the TM-O-Li hybrid orbital, hence the alignment with the By field is delocalized over the entire
orbital. Net positive spin transfer is experienced for the probed nucleus. For polarization, the
unpaired spin polarizes the TM-O-Li hybrid orbital rather than being part of it and the By field
is orthogonal to the unpaired spins via exchange interaction. Compared to the delocalization,
for the same spin, the electron takes more time in the TM-O-Li hybrid orbital in order to interact
with the TM nucleus. A net negative spin is experienced by the rest of the orbital.>® Polarization
mechanism induces small negative shifts, while delocalization often leads to larger positive
shifts. The TM species, including its electron configuration and the bonding geometry,
determine which mechanism takes effect. The bond pathway contribution has been measured

experimentally®! and can be determined by first principle calculation.®
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Chapter 3 New Insights into Lithium Hopping and
Ordering in LiNiO, Cathodes

3.1 Introduction

As introduced in the 1% chapter, there is a symmetry reduction, i.e. from hexagonal (H) to
monoclinic (M), which occurs for LiNiO» at compositions from x ~ 0.75-0.4. The formation of
such a phase was firstly attributed to the presence of JT active Ni** (electronic configuration of

).2 However, it is puzzling that the pristine LiNiO», which contains more JT active Ni**

t3g€q
than partially delithiated materials, does not exhibit such a monoclinic distortion (different from
NaNi0:).?” Such a distortion was also not observed in a XAS measurement.’ Some Li/vacancy
orderings were later discovered by electron diffraction. Some of these orderings were described
for the monoclinic region.!>® Theoretical calculations were also performed by Arroyo and
Ceder.32%%¢7 Their results reveal that the synergistic effects of a lithium/vacancy ordering and
a cooperative JT distortion are driving the monoclinic distortion. In partially delithiated LiNiO2
phases, non-negligible attractions occur between Li ions in different planes, especially between
Li ions that are on the extensions of linear O-Ni-O bonds.®®% Except for the short-ranged,
repulsive, in-plane Li-Li interactions, such 180° Lis-O-Ni**-O-Lig configurations provide extra
stability (lower energy) (Figure 3.1). They are found in all calculated Li/vacancy ordering
models. In addition, there is a JT-active Ni** centre in the long-ranged interplane 180° chains.
The energy of anti-orbitals is lowered by the Lia-O-Ni**-O-Lip configuration owing to the
hybridization of Li-2s and O-2p orbitals. Such a decrease makes the orbitals to be preferentially
filled, causing charge localization and therefore enhanced JT effects.*>> Furthermore, the
lining up of Li along one or two octahedral axes around Ni**, but with vacancies along with the

other one, provides a tremendously stable and JT distorted configuration.®

Ordered Li/vacancy phases are found by Arroyo for x = 1/4, 1/3, 2/5, 1/2, and 3/4 in partially
delithiated LixNiO;. Orderings for 1/2 and 3/4 are well-investigated experimentally. 1/2
corresponds to the structure with alternating rows of full and vacant Li sites, while for 3/4 the
foregoing empty row has alternating vacant and occupied Li sites.”” Recently a stable structure
of 5/8 is discovered computationally, featuring a filled row of Li alternating with another row
with one out of three occupied Li sites.® An interesting sequence 4/8 - 5/8 - 6/8 can then be

built for these three ordered phases. Stable structures of 1/4 and 1/3 were also observed by
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electron diffraction. Although 2/5 has never been reported experimentally, it marks the end of
the monoclinic region and appears as a minimum in the dQ/dV curve. Interestingly, 1/4 marks

the end of the H2 phase region.

Figure 3.1 (a) The Li-vacancy arrangements in Lio2sNiO: (based on the theoretical model in
Reference).®® The yellow spheres denote the lithium orderings and the blue and red spheres
represent Ni and O atoms, respectively. Three 180° Lis-O-Ni**-O-Lig configurations are
labelled by numbers on atoms from 1 to 5 (for example, Ni** located in the centre of the chain
are denoted by number 3). (b) The view of 180° Lis-O-Ni**-O-Lig configurations from a

direction.

Electron diffraction was frequently used to investigate the Li/vacancy ordering structure in
early times because of its higher sensitivity to lithium. The Li/vacancy ordering can also be
probed by solid-state nuclear magnetic resonance (ss-NMR) spectroscopy. As discussed in the
last chapter, the Li NMR shift is dominated by the Fermi-contact interaction: the unpaired
electron spin density of Ni*" is transferred to the nuclear spin of interest (®’Li) through the
intervening orbitals. The value of NMR shift can be interpreted through the bond pathway
approach and connected to specific ordering structures. In this chapter, ex situ ’Li and in situ
’Li ss-NMR are performed to investigate the whole electrochemical delithiation/relithiation
process of LiNiO2, focusing on the confirmation of the ordering structures. Other in situ
characterization methods, such as XRD and XAS were also performed to investigate the
correlation between phase transitions, ordering structures and electron/ionic hopping. The

highly charged states are highlighted from the perspective of the Li/vacancy ordering.
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3.2 Experimental

Synthesis of LiNiO;: The precursor Ni(OH), was obtained by the traditional precipitation
process. Three solutions were prepared one by one: aqueous solution (A) 0.3 L of 2 M NiSOy;
(B) 0.3 L of 2 M NH3 with 2 M NaOH; (C) 0.2 L of 2 M NaOH. 200 ml deionized water was
first added to the 1.2 L reactor with 2 ml NH3 in H>O. Then the pH value was automatically
adjusted to 10.7 by adding solution C. As soon as the pH value is steady, solutions A and B are
added. The pumping speed was calculated so that the reaction could be finished in 18 h. The
sediment was washed thoroughly with deionized water and dried in an oven at 80 °C overnight.
Subsequently, LNO was synthesized by calcining the mixture of Ni(OH), and LiOH-H>O. The
two components were ground using a mortar for 30 min and transferred to the oven. In pure
oxygen atmosphere, the annealing temperature was firstly increased to 500 °C, kept constant
for 6 hours, then further increased to 700 °C, and maintained for another 12 h. The sample was

cooled down freely in the oven, which normally took 8-10 hours.

Electrochemical Characterization: The composite electrode was prepared by coating 92
wt% LNO, 4wt% C65 carbon black, and 4wt% polyvinylidene fluoride (PVdF) onto the Al foil
with a thickness of 150 um. The N-methylpyrrolidone (NMP) solvent was removed using the
method introduced by J.R. Dahn (drying at 120 °C for 3 hours in air).”! The electrode was rolled
and then cut into pellets with 1.2 cm diameter. The active material loading for each electrode
was typically 12 mg cm™. Before testing, the electrodes were dried in vacuum at 120 °C
overnight. The electrochemical performance was performed with coin-type half cells
(CR2025). For battery assembly, lithium metal was used as anode and 50 pL 1.2 M LiPFs in
ethylene carbonate-ethyl methyl carbonate (EC: EMC =3:7 by Vol %) with 2 wt% vinylene
carbonate (VC) as electrolyte. For galvanostatic cycling, an electrochemical window between
2.8-4.3 V was chosen. The cells were firstly cycled at a rate of 0.1 C for 3 cycles and then at
0.5 C (1 C =180 mA g") for long-term cycling. All cells were tested using a VMP3 multi-

channel potentiostat (Bio-Logic, France).

Morphological study: The morphology of the materials was characterized by a Zeiss Merlin

scanning electron microscope using an acceleration voltage of 8 kV.

Ex situ NMR Sample Preparation: LNO/Li half cells were charged and discharged at 0.1 C
rate. For the charged samples, certain states of charge (SoC) were reached by controlling the

charging time, according to the specific capacity and current. Regarding the electrodes with
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certain states of discharge (SoD), half cells were firstly charged to SoC of 85% and then
discharged for a certain time (also calculated by the current and desired capacity). Once the
cycling was finished, the cells were disassembled to take the cathodes out. Dimethyl carbonate
(DMC) was used to wash the electrodes three times. Then LNO electrodes were dried naturally
in the glovebox for 24 h and scraped from the Al current collectors and filled into the 1.3 mm

diameter magic-angle spinning (MAS) NMR rotors.

In situ NMR battery assembly: The same cathode slurry as used for half cells was blade
coated onto aluminum mesh strips. In the glovebox, the lithium metal was pressed onto copper
mesh strips. A certain amount of electrolyte (here LP30 1.0 M LiPF¢ in ethylene carbonate-
dimethyl carbonate (EC: DMC =1:1) by Vol % was used rather than the previous one used for
long-term cycling) was dropped onto a glass fiber separator to get the separator fully wetted.
The battery was closely encapsulated in polymer bags to ensure good contact between

electrolyte and cathode/anode.

Solid-state NMR experiments: All NMR experiments were performed on a 4.7 T Bruker
Avance 200 MHz spectrometer. For the ex situ MAS NMR experiments, the spectra were
acquired using 1.3 mm rotors at a MAS frequency of 60 kHz. The recycle delay was set to 1 s
and the Larmor frequency was 29.5 MHz for SLi. °Li MAS NMR spectra were measured using
a rotor-synchronized Hahn-echo pulse sequence (90°-1-180°-t-acquisition) with a 90° pulse
length of 0.95 us. The °Li NMR shifts were referenced externally using an aqueous 1M °LiCl
solution (0 ppm). All spectra were normalized with respect to sample mass and number of scans.
The temperatures of the rotors during spinning were calibrated using the shift of *’Pb in
Pb(NOs),.”? The spectra of Pb(NOs), can be found in Figure 3.2. Each 2“Pb MAS NMR
spectrum was measured with 64 scans (1160 scans for static (room temperature) measurement)
with a 90° pulse length of 2.8 ps and a relaxation delay of 40 s. We allowed approximately 15
min for rotors to have a stable temperature before the measurement. We used the linear equation
(6 =T -0.753 ppm/°C) to calculate the temperature difference for different spinning speeds.’?
For the static (room temperature) measurement, the isotropic shift was derived from a fit with
chemical shift anisotropy n =0.14. An increase of 5 kHz corresponds to a temperature change
of about 5 °C. The paramagnetic shift of delithiathed/relithiated LNO is several hundreds of
ppm and proportional to 1/T, so there is only a minor influence of the temperature. For the
variable temperature (VT) NMR measurement, 2.5 mm rotors were used with smaller spinning
speed. This means the influence from temperature is even smaller than for the ex situ NMR

measurements.

26



WI o
J‘ AR NN NN

58.3 ppm ) 50 kHz spinning

54.0 ppm 45 kHz spinning

49.9 ppm \ 40 kHz spinning

W

40.4 ppm no spinning

T | T |
150 100 50 0 -50
& (ppm)

Figure 3.2 °"’Pb MAS NMR spectra of Pb(NO3): as a function of spinning speed.

Variable temperature (VT) Li NMR spectra were acquired with 2.5 mm rotors at 30 kHz
using a Hahn-echo sequence with a 90° pulse length of 1.9 ps and a relaxation delay of 1s. 900
scans were collected for each spectrum. For the in situ NMR measurement, 'Li NMR spectra
were collected at a Larmor frequency of 77.8 MHz without spinning. A Hahn-echo sequence
was used with a 90° pulse length of 2.57 ps, i.e. a radiofrequency strength of 97.3 kHz. The
tailor-made “pouch cell” could be exactly placed into the flat RF coil. The measurement
duration of each spectrum was 1 hour (3600 scans with 1s for the recycle delay). The "Li T1
relaxation time of LNO was measured using an inversion-recovery sequence and a value of 4.4
ms is obtained at room temperature. To determine the chemical shifts of each component inside
the battery, the spectra of Li metal, electrolyte, and LNO cathode were measured separately
also in the “pouch cell”. The in situ cell was cycled at a rate of 0.05 C between 2.8 - 4.7 V in

order to also monitor the data in highly charged states.
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Synchrotron radiation diffraction and X-ray absorption spectroscopy: The crystallographic
structure of LNO was characterized by high-resolution synchrotron radiation diffraction (SRD)
with a photon energy of 60 keV (A =0.2072 A) at beamline P02.1, storage ring PETRA-III at
DESY (Deutsches Elektronensynchrotron) in Hamburg, Germany. /n situ SRD experiments
were done at the MSPD beamline at ALBA synchrotron with an energy of 30 keV (A= 0.4130
A). The diffraction patterns were acquired using a MYTHEN 2D position sensitive detector.
The exposure time for each pattern was 60 seconds. CR2025 coin cells with glass windows
(diameter = 5 mm) were used.”® The structural parameters were refined against the diffraction
pattern using the Fullprof software. The LaBs standard packed in one coin cell was used for
calibration. In situ X-ray absorption spectroscopy (XAS) was performed at beamline P65 at
PETRA III, Germany. Electrochemical cycling was conducted in 2025-type coin cells with 5
mm-diameter Kapton window in the voltage range of 2.8-4.7 V. XAS spectra at the Ni K-edge
(8.3 keV) were recorded in continuous XAS (6 min/spectrum) mode in transmission geometry
using a Si (111) double crystal monochromator to modulate the incoming photon energy and a
beam size of 0.3 x 1.5 mm?. All the XAS spectra were analysed and processed utilizing the

ATHENA software package.

Galvanostatic intermittent titration technique (GITT): Regarding the GITT measurement,
short pulses with a certain current were applied to the cell with a resting time of 4 h inserted
after each pulse. The voltage/time profile is displayed in Figure 3.3a. A typical process
containing one pulse and rest period is shown in Figure 3.3b. The diffusion coefficient could

be calculated based on the following equation:’*

S oom

4 <1Vm)2 (dU°/dy

2
2 3.1
7S dV/d\/?> ,t & R%/Dj (3.1)

where I represents the current value for the short pulse, F represents Faraday’s constant, 1, is
the molar volume of the LNO active material, S represents the composite electrode active area,
U’ is the LNO open circuit potential at the end of each rest period, y is state of charge (SoC), V
and ¢ are voltage and time during pulse periods, respectively, and R is the diffusion length.
Specifically, Verma’s method was applied and will not be simplified.”* A polynomial function
was used to fit the open circuit potential data points (Figure 3.3c). Then values were obtained
by differentiation of the fitting data (Figure 3.3d). Figure 3.3e displays the curve for a single

current pulse. After a certain threshold time due to the over-potential, a highly linear trend was
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observed and was determined from the slope of the fitting curve. Instead of giving the absolute
diffusion coefficients, DS*/V,> was calculated since the molar volume (V) and active surface

area (S) are challenging to obtain.
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Figure 3.3 (a) The voltage-time profile obtained from GITT on LNO/Li half-cells. (b) Voltage
and current as a function of time for a typical pulse-rest step acquired during GITT. (c) Open
circuit potential (U°) of LNO as a function of Li content determined from GITT with several
polynomial fits. (d) Derivative of equilibrium potential as a function of Li content, derived from
GITT. (e) Voltage as a function of square root of time for a single pulse duration with the
corresponding linear fit. R? is 0.99943 for this fit and for most of the fitting R? values are
larger than 0.99.
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Building up the Li/vacancy ordering structures: The Li/vacancy ordering patterns described
by Arroyo were used to create several structural models.®® In their ordering schemes, only one
Ni layer and adjacent two Li layers were given. Therefore, in order to determine the number of
Ni** and Ni*" surrounding Li, one Li layer and one Ni layer were further created. The
construction is based on the oxygen packing of O3-type structure (AB CA BC sequence). When
the models were constructed, two different Ni**-O-Li arrangements (90° and 180° Ni-O-Li
configuration) can be found and the corresponding shifts can be calculated as a sum of

contributions from each Li-O-Ni** bond based on values given by previous papers.’

3.3 Results and discussion

3.3.1 Structural and morphological characterization

Figure 3.4 SEM image of LiNiO:

The Precipitation and calcination method mentioned above is used for the synthesis of LNO.
Figure 3.4 shows the morphology of the LNO particles. Each secondary particle consists of

large number of primary particles, which have a diameter of several hundred nanometres.
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Figure 3.5 Rietveld refinement of LNO based on synchrotron diffraction pattern.

Figure 3.5 displays the Rietveld refinement of LNO based on synchrotron diffraction data.
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All reflections could be indexed on a layered hexagonal phase crystallized in space group R3m.

There is no impurity phase detected in this sample. The results of Rietveld refinement (Table
3.1) indicate that the degree of Ni/Li exchange is about 3%. Notice that a value of x* smaller
than 1 happens herein because Fullprof refines a structural model against XRD data having a
low and noise-free background: it is known that most of the refinement programs like Fullprof,
TOPAS, etc. result in ¥* which is lower than 1. The degree of mixing has a profound effect on
the structure and electrochemical characteristics.”®’” The real phase transition route of LNO
can only be observed when the mixing value is smaller than 6%. Higher mixing value can lead

to the disappearance of monoclinic distortion and the maintenance of the hexagonal cell on

delithation.”’

Table 3.1 Detailed information about the refinement against the XRD data

LiNiO2
R3m
a=2.876602 RBragg =249 XZ =0.8913
¢ =14.194903 Rwp =7.70

Wyckoff Atomic position _
Atom position x/ y/b zlc SOF Biso
o) 6c 0 0 0.2420(7) 1 0.69(3)
Ni 3b 0 0 05 0.969(7)  0.20(5)
Li 3a 0 0 0 0.969(7)  1.32(5)
Ni 3a 0 0 0 0.030(4)  1.32(5)
Li 3b 0 0 0.5 0.030(4)  0.20(5)
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The electrochemical performance was evaluated by galvanostatic cycling of the LNO cathode
in a CR2025 coin-type half-cell in the potential range of 2.8 to 4.3V vs Li'/Li. For the first three
formation cycles, the cell was cycled at a rate of 0.1 C and the voltage-capacity curves for the
first two cycles are shown in Figure 3.6a. The Coulombic efficiency is 89.2% and 96.2% for
the 1% and 2" cycle, respectively, both values are consistent with previous reports.”® LNO has
a high charge capacity of 257.8 mAh g! and a discharge capacity of 230.6 mAh g!, which is
one of the highest capacities of layered cathode materials. The difference between the first two
cycles can be analysed using the differential capacity curve (dQ/dV vs. V) as a function of
voltage (Figure 3.6b). Firstly, according to Ohzuku’s report, all peaks fit well to the reported
phase transitions.” A strong peak for the H1-M phase transition is found for the 1% charging
process, which overlapps with the first process (the single-phase H1 delithiation). This result is
consistent with findings from J. R. Dahn who observed sharp and narrow peaks in the dQ/dV
curve during the 1% discharge and subsequent cycles.?’ Initially, the slow Li migration makes
the two peaks move to higher potentials and overlap with each other. Subsequently, the peaks
in the 2" cycle occur at lower potentials for the charge and at higher potentials for the discharge
process compared to the 1% cycle. The areas for each peak in the 2" cycle are also larger than
those of the 1% cycle, suggesting an increasing electrode activity. In order to determine the long-
term cycling performance, the cell is measured at a rate of 0.5 C for 100 cycles (Figure 3.7).
The performance is comparable to the reported results in the literature.8%81 As described in
previous reports, the abrupt change in c lattice parameter during the H2-H3 transition leads to

82

severe structural damage and pulverization of particles,® resulting in a large irreversible

capacity loss (here 67.8 mAh g* after 100 cycles, Figure 3.7).
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Figure 3.6 (a) Voltage profiles for the first and second galvanostatic charge and discharge
cycles of an LNO/Li half -cell and (b) the corresponding differential capacity (dQ/dV) plot with

phase compositions being labelled.
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Figure 3.7 The cycling performance of LNO half-cell at a rate of 0.5 C
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3.3.2 In situ XRD
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Figure 3.8 Contour maps of in situ synchrotron diffraction of LNO collected during the first
cycle. (a) Cell voltage as a function of state of charge or discharge of the 1*' cycle, which is
aligned with the diffraction patterns, XRD patterns of selected scattering angle regions: (b)
4.68°-5.48° (c) 9.59°-10.45° and (d) 11.36°-12.26°. Based on the refinement results, the phases
in each region are labelled in (a). The peak splitting for phase M is also indicated in (c¢) and

().

In situ XRD of LNO during the 1% cycle is recorded to determine the phase transitions. The
cell voltage as a function of time aligned with the corresponding diffraction patterns is shown
in Figure 3.8. Three selected regions of scattering angle are also displayed. At the initial stage
of charge, all the reflections could be indexed based on layered LNO. In the beginning of
charging, the original layered structure is maintained until SoC of 23% 1is reached.
Subsequently, the monoclinic (M) phase gradually appears. The intensity of the original 101
reflection decreases and two new reflections, 201 and 110, assigned to the M phase (space
group C2/m) increase in intensity.?” A similar behaviour is observed for the 104y reflection,
where 202m and 111 reflections gradually replace the original single reflection. This two-phase
region exists between SoC 23% to 42%. The monoclinic structure can be derived from the

original hexagonal lattice.
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Figure 3.9 (a) Lattice parameters an, bm, amn3 and (b) cn, 3sinfi-cm as a function of state of
charge and discharge. The parameters belonging to the M phase are transformed to the

hexagonal cell’s system in order to evaluate the degree of distortion.

There is a certain relationship between the lattice parameters of the two phases described by
Ohzuku (bw=an=bn, am=bm, and cm=1/3-sinB-cn) when there is no distortion.”” With this
transformation, the degree of distortion for the M phase can be evaluated as shown in Figure
3.9. The distorted M phase shrinks strongly in b direction and expands slightly in am direction.
After the phase co-existence region, the single M phase is distorted much more seriously (bm
decreases and am increases strongly) in the SoC region 42%-65% before converting to the single
second hexagonal (H2) phase. Up to now, it is still not clear why the M phase appears over such
a long period during charging. The synergistic effects of lithium/vacancy ordering with JT
distortion is the widely accepted theory.®® During charging, the remaining lithium ions will
rearrange and redistribute, forming certain stabilized ordering schemes. In these models the
180° Lia-O-Ni-O-Lig configurations always exist with a JT-active Ni*" centre. In LixNiO», this

certain Li distribution will lower the energy of e,* orbitals, since the hybridization of Li-O
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orbitals allows eg* orbitals to be preferentially filled. Then the charge is localized at the Ni*"
and the JT effects are enhanced. Especially when there is a linear alignment of two Li vacancies
with one Ni*" site, the JT distortion is strong. For pristine LNO, there are no vacancies for
enhancing the JT effect, so the undistorted hexagonal rather than the monoclinic phase appears.
Beyond a certain point of SoC (60%), the remaining lithium cannot maintain enough of these
special 180° configurations, so again a hexagonal (H2) phase appears. The peak splitting
observed for the M phase disappears and single reflections reappear. With the lithium
continually de-intercalated from the structure, the unit cell starts to contract dramatically in the
c direction accompanied by appearance of another hexagonal phase (H3) at SoC of 73%. Two
separate 003 reflections without any connection can clearly be observed in the XRD pattern.
Up to now, the thermodynamic driving force for this structural collapse is still under discussion.
One hypothesis is that the lithium/vacancy ordering still exists in some special configurations,
which will stabilize this lithium-poor structure. However, no direct evidence to support this
assumption is given up to now. At SoC of 88%, the whole structure changes to the H3 phase.
Due to the high purity and low level of Li/Ni mixing, the in situ XRD cell could deliver a first
charge capacity of 269.3 mAh g (a composition of Li02NiO, for the H3 phase). For the
discharging process, LNO undergoes an inverse order of phase transitions compared to the
charging process. The difference lies in the shorter periods with mixed phases, including
H2+H3 and H1+M stages. This means that the transition processes are faster, smoother and
kinetically easier. Moreover, when two states with same overall Li content during the charge
and discharge processes are compared, the state during charging always possesses a higher
amount of the Li-poorer phase, e.g. more H3 than H2. This could be attributed to some

polarization and kinetic hysteresis.
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3.3.3 Ex situ NMR
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Figure 3.10 Illlustration of the coordination environment of a Li-layer Li in LNO. There are 6
nearest cation neighbours which can transfer unpaired spin density to Li via Ni-O-Li 90° bonds.

There are also 6 neighbouring cations which can transfer density via Ni-O-Li 180° bonds.

Solid state NMR is a useful tool to investigate the Li distribution or coordination
environments.®! Li in a diamagnetic environment is normally associated with peaks with small
shifts in the range =5 ppm. Larger ®’Li NMR shift can be caused by surrounding paramagnetic
TM ions, mainly in the first cation coordination shell. The unpaired electron spin density from
the TM ions will be transferred via oxygen to the 2s orbitals of Li, resulting in a so-called Fermi-
contact interaction.’® The magnitude of the NMR shift is determined by the symmetry of the
TM orbitals and the angle of the Li-O-TM bonds. The coordination environment for Li in LNO
is shown in Figure 3.10. The total Li NMR shift is the sum of hyperfine contributions from
each paramagnetic neighbour.” To investigate the possible Li/vacancy ordering schemes with
different phases confirmed by XRD, both in situ "Li and ex situ °Li NMR spectra were measured
covering the full first galvanostatic cycle of LNO against Li metal. For the pristine material
(Figure 3.14), a broad peak centred at around 700 ppm is observed.*’ This particular shift can
be explained by the Li located in a pure Ni** environment. The substitution of Ni** by Ni**
creates environments with larger or smaller values for the NMR shift. A small peak located at
425 ppm is ascribed to a Ni-rich rock-salt phase*” and it was further verified by electron energy
loss spectroscopy (Figure 3.11).3! On the particle surface, Ni ions are not fully oxidized to 3+,
so the rock salt structure of NiO is retained without rhombohedral distortion. The small, narrow
peak at 0 ppm is attributed to residues from the electrolyte salt or diamagnetic impurities such

as LiOH/Li,COs.
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Figure 3.11 (a) STEM image of an LNO particle, (b) Ni L-edge chemical shift mapping of the
green area in (a) and (c) corresponding EELS signals from different locations revealing a

reduced oxidation state of Ni at the surface.”!

In order to analyse the NMR data, several structural models were constructed based on the
Li/vacancy ordering patterns provided by Arroyo et al.®’ (Figure 3.12). Corresponding Li
orderings in the Li plane are also shown in another schematic diagram along the ¢ axis
direction.®” The NMR shifts can then be estimated in these compositions, since the number of
Ni* surrounding Li (90° and 180° Ni-O-Li configuration) is easily determined from these
models. Lip sNiO2 and Lio¢NiO> were treated differently, since Ni*>* ions are predicted to exist
in these configurations. For each composition, two models were constructed regarding Ni*-*
ions as Ni*" and Ni** separately (Figure 3.13). Multiple Li environments were found and only
those having higher probability were chosen as calculated shifts (Table 3.2, 3.3). We chose
average values from Ni*" and Ni*" models as the final estimated shifts. All the different Li

environments and the corresponding shifts are summarized in Table 3.4.
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Figure 3.12 (a) Li/vacancy ordering schemes in LixNiO: at x values of 0.25, 0.33, 0.4, and 0.75.

Only lithium and Ni**

are shown without oxygen atoms and bonds. Models of LiosNiO> and

LiosNiO:> are shown in Table 3.2, 3.3. (b) Li layers of each composition with Li ordering along

¢ axis direction.’!
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Figure 3.13 Li/vacancy orderings in LixNiO: at x values of 0.60 (a)(b) and 0.50 (c)(d). Oxygen
atoms and bonds are not shown. In (a) and (c) the Ni*>" ions are considered to be Ni** and in

(b) and (d) the Ni*>" ions are considered to be Ni** and are not shown in the figure.>!

Table 3.2 Different Li environments in two models of Lio.sNiO> when considering Ni*>" ions as

Ni3* and Ni** separately.’!

No. of Ni®* surrounding Li

X in Probability Calculated Integrated
LixNiO 90 180 shifts (ppm) value (ppm)
4 5 High 490
(N?égg i 3 4 low 395
: S5 3 low 255
believed to
i3+) S 2 low 145
be Ni
4 2 low 160 147
0.60 3 4 High 395
(Ni®5* is 5 1 High 35
believed to
be Ni**) 3 1 low 65
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Table 3.3 Different Li environments in two models of Lio.sNiO> when considering Ni*>* ions as

Ni3* and Ni** separately.’!

No. of Ni** surrounding Li

X in Probability Calculated Integrated
Li,NiO, 0 180 shifts (ppm) ~ value (ppm)
3 4 High 395
2 4 High 410
0.50 3 5 low 505
(Ni®>* is 4 4 low 380
believedto 4 2 low 410 3905
be Ni**) 3 2 low 175 1
S 2 low 145
2 5 low 520
3 4 High 395
03?9 . 2 4 High 410
(NI*>"is
: 3 1 low 65
believed to |
be Ni**) 5 1 ow 35
4 1 low 50

Table 3.4 Comparison between the experimental and calculated shifts for the Li.NiO: phases.

o No. of Ni** surrounding Li calculated shifts  experimental
x in LixNiO2 .
90° 180° (ppm) shifts (ppm)
0.25 0 6 660 547.8
0.33 2 2 190 436.2
0.40 2 4 410 496.8
0.50 410,395 494.1
0.60 442 504.2
4 6 600 (2/3)
0.75 5 3 255 (1/3) 724.1
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Table 3.5 Parameters of °Li NMR peaks in the ex situ measurement.

Observed  Half-peak Observed Half-

(SOZ(): shifts width corigf)ssei tion 221)) shifts peak width corﬁ)'lrp])%sseition
(ppm) (ppm) (ppm) (ppm)
0% 698.7 111.8 H1 Not accurate
5% 667.0 1155 H1 Full 698.9 91.1 H1
20% 724.1 261.4 H1 80% 492.2 44.2 H1
35% 504.2 141.2 H1+M 65% 611.3 231.1 M
50% 494.1 49.1 M 50% 488.4 52.5 M
60% 496.8 54.0 M+H2 40% 410.0 58.0 H2
65% 436.2 64.1 H2 35% 437.7 77.2 H3+H2
75% 547.8 103.2 H2+H3 25% 417.0 74.3 H3
80% 584.4 130.6 H2+H3 20% 418.8 70.1 H3
85% 565.6 915 H2+H3

For the ex situ NMR experiments (Figure 3.14), the NMR shifts, phase compositions and
peak half widths are summarized in Table 3.5. For each material, the isotropic NMR shifts were
compared with the estimated shifts deduced from the ordering patterns as described above. As
LNO is delithiated by only 5%, the spectrum is almost unchanged with only a slight peak shift
to lower ppm values. This decrease in NMR shift corresponds to oxidation of 5% of Ni** to
Ni*". Since Ni*" has an electronic configuration 3d°, in an octahedral environment a low-spin
configuration is adopted corresponding to a diamagnetic state. Therefore, there is no
contribution of this Ni (now Ni*") neighbour to the overall NMR shift. From in situ XRD data,
we could see that in this state the system is still in the single-phase H1 region and there are only
few vacancies to facilitate lithium movement. Lithium rearrangement to form a lithium-ordered
structure is not possible yet. In the following, at SoC 20%, a considerable NMR line broadening
is observed. This is in contrast to earlier reports for NMC and NCA materials.”>®® After
removing a certain amount of Li, the Li residence time will be shorter than the time scale of
these NMR experiments (some ms). As a result, a time-averaged signal will be recorded after
certain degree of charging that can result in narrowing of the NMR peak.”>** However, our
finding is in contrast to this trend. Looking back to the XRD data, the material s still in the H1
region at this stage. As reported earlier, Li/vacancy ordered structures are believed to exist
between two-phase regions as suggested from DFT calculations.®® Lig7sNiO, is the
composition that appears just before formation of the M phase. In this structure, there are short-
range, repulsive, in plane Li-Li interactions and long-range interplane Li-O-Ni**-O-Li chains.
The first interaction maintains the ordered distribution of Li and vacancies. The latter one
lowers the energy of the structure and strengthens the Jahn-Teller effect of Ni** in the centre of

this chain. Subsequently, the strong distortion results in the formation of the M phase.
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Figure 3.14 Ex situ °Li MAS NMR spectra. Cell voltage as a function of state of charge and
discharge for the first galvanostatic cycle of an LNO half-cell, dashed lines indicate points
where cells were disassembled for NMR experiments (a). °Li MAS NMR spectra of ex situ LNO

cathode samples (b). Two regions of interest are labelled with coloured lines in both figures.>!
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For Lio.75NiO3, in our structural models two different environments for Li have been given
inducing two different estimated NMR shifts. Only one signal is observed at 724.1 ppm. The
difference between experiment and the majority calculated shift is not large and the reason
might be slight differences in bond angles and distances, since the calculated shifts are based
on the known shifts from Ni*" in NCM811 material.”® The actual distances and angles of bonds
are probably different in the LixNiO> compounds. Moreover, the estimated shift is deduced
from the structure of Lip7sNiO2, which is the only established pattern closest to our
deintercalated sample (Lio.soNiO2). To further explore the reason of NMR peak broadening at
SoC 20%, 'Li MAS NMR spectra at variable temperatures (VT) were recorded for pristine
LNO, LiopgoNiO2, and LiosoNiO2 (Figure 3.15). For LNO and LiogoNiO2, a continuous
narrowing of the peaks occurs upon heating, because Li hopping among sites becomes much
faster than the line width of the NMR peak (in kHz). Dipolar interaction is averaged and signals
are motionally narrowed.®* A decrease of paramagnetic susceptibility at high temperatures also
induces shifting to lower (less positive) ppm values.®® For VT spectra of pristine LNO and
Lio50NiO, signals are already narrow at room temperature. However, the two signals of
Lio.80NiO2 only start narrowing above 305 K. The slower exchange reveals that the movement
of Li hopping is slow enough at room temperature, so that more different Li environments can
be observed. Normally the rate of Li hopping in the pristine state should be smaller than that of
Lio.g0NiO> because of the increased number of lithium vacancies and larger interlayer spacing
in LiNi.80O2. In this case, the appearance of Li/vacancy ordering (Lio.75sNiO2) strengthens the
Jahn-Teller effect, and thus the original layered structure is distorted and hopping rate is
decreased. Furthermore, SoC 20% corresponds to the state just before the Li/vacancy ordered
structure (Lio.75N102) appears. The structural distortion also results in a broader distribution of
local environments around the Li ions compared to that of the pristine structure, further

contributing to the broadening of signals.
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Figure 3.15 Variable temperature "Li solid-state NMR spectra of LNO at three different states:
(a) pristine LNO, (b) Lio.soNiO>, and (c) Lio.soNiO>. Asterisks (*) and plus (+) signs indicate the
position of spinning sidebands. Note that for Lio.soNiO: two signals were detected in contrast
to the single signal in ex situ NMR data. (cf. Figure 3.14; this might be caused by the faster
spinning used in the ex situ measurements associated with a slightly enhanced temperature),

but the broadening and position of the signal look the same.

When the SoC reaches 35%, the NMR peak becomes narrow again and moves to the lower
ppm region. At this point, the monoclinic phase is already dominating (93%) and the presence
of more lithium vacancies stimulates the Li hopping. The theoretical ordering model closest to
this state is Lio.sNiO2. The calculated NMR shift is 442 ppm, which is not far away from the
experimental value (504.2 ppm). For the SoC of 50%, the peak becomes even much narrower
(Table 3.5), because now only the single M phase exists and, most important, a higher
concentration of Li/vacancy exists. The observed shift (494.1 ppm) is close to the calculated

value (395/410 ppm), indicating the appearance of Li/vacancy ordering. The VT NMR spectra
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of Lio.50NiO> are shown in Figure 3.15¢. At lower temperatures such as 285 K, the signal of
Lio.50NiOz is slightly broader than that of pristine LNO. However, with increasing temperature
the signal becomes much narrower, suggesting fast Li diffusion. For the next charged state (SoC
60%), the H2 phase begins to appear but with a very small content (7%). The third Li-ordered
structure (Lio40NiO2) before the appearance of the H2 phase exists before this state. The
ordering pattern suggests 4 Ni** with 180° and 2 Ni** with 90° configuration. The estimated
shift (410 ppm) is quite compatible with the experimental shift (496.8 ppm), indicating the
formation of Li/vacancy ordering in this state. It should be noted that the large differences
between experimental and calculated values are mainly caused by uncertainties in the
calculations.®? The phase transition from M to H2 has reduced the Li ordering, as it can be seen
from some slight broadening of the NMR peak (Table 3.5). The M phase undergoes severe
changes in the lattice parameters before this point and starts to return back to a hexagonal phase
(Figure 3.9). The following state with SoC 65% is the point where only the H2 phase exists.
The peak keeps shifting to lower ppm positions, which reveals the further oxidation of Ni** to
Ni**. The ordering model close to this charge stage is for Lio33NiO2 with 2 Ni** with 180° and
2 Ni** with 90° configuration. The NMR shift is not compatible with the ordering structure,
similar to the discovery by C. Delmas et al.”® However, this ordering pattern has been proved
experimentally by electron diffraction. One assumption for the disparity is that Li is surrounded
by more Ni** ions with a 180° configuration. It is worth noting that for the previous three states
(50%-65%), peaks just move to lower ppm locations step by step, in addition to the decreasing
intensity as expected from the removal of Li. However, for the next spectrum at SoC 75%, the
peak evidently moves to higher ppm locations. This back-shifting of °Li NMR peak positions
for LNO is similar to that reported earlier for 'Li NMR measurements, although in that case the
higher magnetic field and the slower spinning obscured some of these details.'* It indicates that
the local lithium environments in the H2 phase have changed drastically or, in other words,
there are new ordered structures in this regime. Between SoC 65% and SoC 75%, there are also
two reported lithium/vacancy ordering models (Lio.33N102 and Lio2sNiO»). Just like in the
situation before the appearance of the M phase, new Li/vacancy orderings are formed before
the phase transition. The difference of peak position between SoC 65% and SoC 75% is 117
ppm, which just corresponds to the chemical shift contribution of one Ni**-O-Li 180°C bond.”
So in order to form new ordered structures, Li ions are surrounded by one more Ni** at one of
the nearest neighbouring metal sites. In the calculation model of Lio2sNiO», each Li ion is
surrounded by six Ni** ions with the 180° configuration. The observed shift is similar to the

estimated value. The experimental shift increases upon Li deintercalation when the number of
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Ni** decreases. Li remains surrounded by a given number of Ni** ions. This observation
suggests an ordered Ni**/Ni*" arrangement around Li and coupled ionic and electronic hopping
to realise such an arrangement. It is reported that the electrons could follow the movement of
Li ions to change the oxidation state of locally coordinated Ni.”® Such a special Li-ordered and
Ni**/Ni*-ordered structure appears to be the necessary preparation step for H3 formation,
possibly facilitating the further deintercalation and providing enough stability. When the
transition between H2 and H3 happens, there are no big changes in the NMR spectra of SoC
80% and SoC 85%, except for some slight broadening. At SoC 85%, the fraction of the H3
phase is already 77%. Although most of the Ni*" is oxidized to Ni*" at this point, the NMR peak
position is still at a quite high value of about 565.6 ppm. This suggests that the remaining Ni**
is located preferentially in the vicinity of the remaining Li ions. For the last three charge states
(75%-80%-85%) it can be clearly seen that the peak position does not change but just the peak
intensity is decreasing. This clearly shows that in this region we have a two-phase reaction
where a Li-containing phase is replaced by a Li-poor phase. When the amount of the H3 phase
increases, the lithium content in this H3 phase remains constant until the whole two-phase
transition is finished. This could be verified by the constant ¢ parameter of the H3 phase in the
first part of this reaction step (Figure 3.9b). This means that no further Li de-intercalation from

the H3 phase happens when the transformation from H2 to H3 is still ongoing.

In case that Li ions would be removed from H2 without phase transitions, more Ni-O-Li 180°
bonds would disappear. Removing Ni-O-Li 180° bonds corresponds to disappearance of the
180° Lis-O-Ni**-O-Lig chain configuration, which always ensures good stability of these
structures. This extra stability prevents LNO from evolving into hybrid H1-3 structures or O1-
type stacking faults as in LiC002.3%%” When the de-intercalation continues, the single H3 phase
reveals a decreasing ¢ parameter, indicating that vacancies are created and possibly Li hopping
is needed again to establish the last Li/vacancy ordering. One should notice that there is no
intermediate left shift of NMR peaks or enormous peak broadening in highly charged NCM or
NCA phases,” since the additional elements (Co, Mn, Al) suppress the Jahn-Teller distortion
and thus the phase transition H2 to H3.

For the discharging process, the NMR spectra suggest that it is not just the reversed process
of charging. For same Li contents (like SoC 80% vs SoD 20%, i.e. Lip.2NiO.), peak shapes and
locations are different. At SoD 20%, there is not the same lithium-ordered structure as that
observed at SoC 80%. The phase composition obtained from XRD refinement may be different,
since the in situ XRD cell was charged to a higher voltage of 4.7 V (SoC 98% is the final state)
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and ex situ NMR cells were charged to SoC 85% only. As a result, the phase transition process
for the ex situ NMR cells observed during discharging starts at slightly higher Li contents.
Moreover, the phase transitions during the discharging are faster than those of the very first
charging, as observed by a reduced polarization (cf. also Fig. 3.6b).?” Furthermore, the Oz
evolution happening at high charging voltages can form a cubic phase at the particle surface,
which can act as protection layer.®® In short, all factors described above contribute to the faster
phase transitions during discharging. The samples obtained at SoD 20%, 25%, and 35% may
already be in the single H2 region. The samples at SoD 40% and 50% should be in the region
of the single M phase. The NMR peak at SoD 50% has a larger NMR shift, indicating a state
closer to the pristine state than for SoC 50%. Most evidently, the strong peak broadening caused
by Li ordering/disordering also happens already at a lower Li-content at SoD 65% (cf. blue
spectra in Fig. 3.14). At the end of discharge, the final state corresponds to the SoD of 86.8%,
so the NMR intensity is smaller than that in the pristine state. Interestingly, the Ni-rich rock salt
phase appearing in the pristine state does not appear at the end of discharge. It could be
explained by the oxidation of Ni during Li de-lithiation, when the cubic phase is already
transformed to a layered phase. The missing signal at 425 ppm in the spectra at SoC 20% and
30% supports this assumption.
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3.3.4 In situ NMR
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Figure 3.16 (a) Voltage profile and (b) contour plots of in situ "Li NMR data recorded on an
LNOV/Li half-cell during cycling between 2.8 to 4.7 V at a rate of 0.05 C. LNO, Li metal and
electrolyte are separately labelled. The same behaviour of signal left shifting as in ex situ °Li
NMR (Figure 3.14) is also found in the highly charged region which is also indicated in the
voltage profile. (¢) A magnified view of the range 330 - (-60) ppm is used to monitor the

evolution of Li metal and electrolyte signals.
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Figure 3.17 The static "Li NMR spectra of Li metal, electrolyte, and LNO measured separately

by putting each part into the pouch cell.

In situ "Li NMR spectroscopy on a complete battery cell is also performed in order to monitor
the phase evolution during cycling as shown in Figure 3.16. One interesting region (between
SoC 65% and SoC 85%) is labelled in the corresponding voltage profile. The shift range
containing peaks from Li metal and electrolyte is enlarged in Figure 3.16¢. A small pouch cell
was carefully assembled with the LNO cathode, lithium metal, and electrolyte LP30. Since
there is no magic-angle spinning like for the ex sifu measurements, the peak for 'LiNiO> is
much broader covering a range from 1000 ppm to -250 ppm. This is verified by the static 'Li
NMR spectrum obtained for a single LNO pellet (Figure 3.17). The sharp peaks located at 270
ppm and 0 ppm could be ascribed to Li metal and electrolyte LP30, respectively. This is verified
by the static 'Li NMR spectra of a pouch cell with only a Li metal piece or a piece of separator

soaked with the electrolyte, respectively (Figure 3.17).

Table 3.6 Comparison of peak positions between in situ "Li NMR and ex situ 'Li MAS NMR

spectra.
"Li in situ NMR SLi ex situ NMR
SoC (%) Observed shifts (ppm) SoC (%) Observed shifts (ppm)
65% 516.6 65% 436.2
70% 561.2 70% -
75% 543.6 75% 547.8
80% 557.7 80% 584.4
85% 517.7 85% 565.6
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During charging, the centre of the broad peak assigned to LNO shifts towards 0 ppm linearly,
since Ni** ions are successively oxidized to diamagnetic Ni*'. Unlike the broad peak belonging
to the Li ordering/disordering transition observed in ex situ °Li MAS NMR, it is impossible to
detect such detailed changes anymore because of the broader components in the static ’Li NMR
spectra. However, we find the same signal shifting to higher ppm values in highly charged states
just like that observed with ex sitzu NMR (Figure 3.16, region marked with dashed blue lines).
The comparison of NMR shifts between in situ and ex situ NMR measurements in this region
is shown in table 3.6. Although some differences exist in the exact shift positions, the overall
left shifting tendency is identical. For the in situ NMR spectra, this signal intensity at about 600
ppm is maintained until only a minor intensity is finally left between the signal of Li metal and
electrolyte. As observed both from in situ and ex situ NMR, the Li local environments contain
one more Ni*" for the Li-ordered structure before the phase transition H2 to H3. In this region,
the NMR peak also does not move to lower ppm values as in ex sifu data. Instead, the peak
position is steady only with small broadening. Unlike for the ex situ measurements, the in situ
NMR spectra beyond SoC 85% are still available here because of the higher cut-off voltage of
4.7 V. As described above, weak intensity is still observed at higher ppm values (around 600
ppm), confirming that Li ions are still surrounded by Ni** with Ni-O-Li 180° bonds in the single
H3 phase. During discharge, the changes observed during charge are reversed. The right shift
during discharge observed at very low Li contents is missing in the ex situ NMR spectra,
because the ex sifu samples do not contain this very highly charged regime. Overall, a very high
reversibility of the Li/vacancy ordering is observed. There are also clear changes for the peaks
associated with Li metal and the electrolyte. For the peak ascribed to Li metal (about 260 ppm),
the pristine signal is broad and the intensity is quite low since the radiofrequency radiation
necessary to excite these NMR signals cannot penetrate the massive Li metal plate.**! During
continuous charging, more and more de-intercalated lithium ions from the cathode are deposited
on the Li metal surface, increasing the intensity of the ’Li signal drastically and also a clear

narrowing is detected.
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Figure 3.18 Selected static ’Li NMR spectra extracted from the in situ NMR measurements for
charging steps of 5 h. The small peak located close to the electrolyte signal (at 10 ppm)

gradually disappears as described in the text.

As reported before, the exact NMR shifts are different for the Li metal foil and the small
deposited Li structures, e.g. dendritic Li.% In the spectrum, a new peak from deposited Li
gradually appears at slightly higher ppm values, indicating the sensibility of NMR for Li with
dendritic structures. The strong increase in intensity can be explained by the small dimensions
of the newly formed Li metal structures that can now be much better penetrated by the
radiofrequency waves. The intensity of the peak at 260 ppm ascribed to small Li metal
structures disappears almost completely during discharging. This shows that the Li removed
from the Li metal electrode is taken exactly from the small Li dendrites/mossy structures that
had previously been deposited, and not from the original Li metal plate. For the peak of the
electrolyte close to O ppm, it is interesting to note that initially there is a clear peak splitting
with a small peak situated on the left side, at about 10 ppm (Figure 3.18). However, such a
peak splitting could not be found in the spectrum of the single electrolyte and the peak at 10
ppm is also not observed in the spectra of the pure Li metal nor for the pure LNO (Figure 3.17).
Therefore, the peak at 10 ppm has to be ascribed to some interphase layer either between Li

metal and electrolyte or between LNO and electrolyte. The value of 10 ppm is too high for pure
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diamagnetic phases but could hint at some phases such as LiOH or LiCOs3 in some passivation
layer on the surface of the LNO particles. The Li ions in these phases do not have direct Ni**
neighbours, but still the close proximity to LNO could result in the shift value of 10 ppm. In
the middle of the charging period, this small peak in the static spectra (Figure 3.16¢) disappears
because broad LixNiO; signals cover the bottom part of the peaks close to 0 ppm (Figure 3.17).
Furthermore, the oxidation of Ni*" to diamagnetic Ni*" especially in the surface of the LNO
particles can cause a reduction of the Li NMR shift for the Li in the passivation layer. At the
end of discharging, this small peak is recovered again with even stronger intensity (Figure
3.19). This might also hint at some reversible side reactions at the highly charged states.
Another explanation for the peak at 10 ppm might be the presence of a Li-rich phase containing
high amounts of Ni*’, i.e. something close to Li>3Nij;30, on the surface of LNO. This phase
might have been formed in contact with the electrolyte. This Li rich Li2NiOs structure recently

is reported to be electrochemically active and can transform into a rock salt phase during

cycling.”? This might explain the disappearance/reappearance during charging/discharging.’!

after one cycle

pristine

T T T T T T
400 200 0 -200
S (ppm)
Figure 3.19 The comparison of the first in situ "Li NMR spectrum of the complete battery in

comparison to the spectrum obtained after the complete first cycle. Attention should be paid to

the increasing area of the small peak located at 10 ppm.
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3.3.5 Ex situ XAS
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Figure 3.20 (a) Ni K-edge XAS spectra of the in situ LNO/Li half-cell. Cell voltage as a function
of state of charge for the first cycle; (b) The in situ XAS spectra in in the energy range between
8300 and 8700 eV; (¢) An expanded view of the region of the pre-edge peak; (d) the edge region
of 19 XAS spectra is enlarged to analyse the change of oxidation state and (e) Experimental

Fourier transforms for Ni K-edge spectra as a function of state of charge.’'

54



To investigate the electronic and structural environments of Ni-ions during the
electrochemical process, in situ XAS was performed on the LNO cathode material at the Ni K
edge in an in situ coin cell. The in situ half-cell was charged at a rate of C/12 to reduce hysteresis
effects caused, e.g., by inhomogeneous reactions, and 19 spectra were acquired for the whole
charging process, as indicated in the voltage profile (Figure 3.20a, b). The near-edge structure
of K-edges reflects dipole-allowed transitions of the 1s electron to levels with substantial p-
orbital character. The pre-edge peak near 8335 eV corresponds to the formally dipole-forbidden
Is —3d transition, which becomes broad and shifts with increasing state of charge (Figure
3.20c). This is caused by the rhombohedral distortion of the layered phase.”®> The Ni K
absorption edge shifts towards higher energy throughout the whole charge process, suggesting
steady electron removal continuously from Ni** to Ni*" (Figure 3.20d). Two distinct isosbestic
points (red arrows in Figure 3.20d) are detected at high and low energy for the charge process,
indicating the phase transition process.”* The Fourier transform (FT) data are shown in Figure
3.20e. Two coordination spheres are displayed with strong signals. The first coordination sphere
represents the octahedral coordination of Ni with O neighbors. The amplitude of this peak
increases with a decrease in Li content. For Ni**, a Jahn-Teller distortion is present and thus
four O atoms at the short distance and two O atoms at the long-distance lead to destructive
interference between two components, thus diminishing amplitude in the FT data in the pristine
state and early stages of charging. However, when Ni is oxidized to Ni**, it has only a single
contribution from six O atoms at a short distance. This makes the amplitude larger than that of
Ni*".% Interestingly, for the first seven spectra (from SoC 0% to SoC 34%), the amplitude
almost keeps the same. This is because of the gradually increased Jahn-Teller distortion making
the destructive interference stronger between two components, which offsets the effect of Ni
oxidation. The second coordination sphere located near 2.6 A is mainly due to a Ni-Ni single
scattering contribution within the NiO; slabs. It shifts to a smaller value, suggesting a decrease
in the interatomic distance in the Ni-Ni bonding, as expected from the smaller ionic radius of
Ni*" compared to Ni**. In summary, the XAS measurement monitored the whole Ni oxidation
process. It confirms the appearance of a stronger Jahn-Teller effect in the early stages of
charging, which corresponds to the region of the phase transition from H1 to M in in situ XRD
data. Subsequently, this Jahn-Teller distortion disappears when large amounts of Ni** have been

formed.
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Figure 3.21 Li mobility calculated from GITT of LNO/Li half-cells.

GITT was used to probe the change of Li-ion diffusion coefficient during charging (Figure
3.21). Two additional GITT experiments were conducted to increase the reliability of the
conclusions (Figure 3.22). The aim was to investigate the relationship between diffusion
coefficient, lithium/vacancy ordering, and phase transitions. Since it is difficult to get exact
values for the molar volume (1},,) and the active surface area (S), the normalized quantity
D,S?/V> was used to represent the changes in Li mobility, see Figure 3.21. The Li diffusion
starts to increase beyond SoC 8%, because the formation of Li vacancies and the increasing of
interlayer spacing effectively reduce the activation barrier for Li hopping.®’ Subsequently, the
diffusion coefficient starts decreasing from SoC 16% and reaches a minimum at SoC 19%, after
which it increases again. This overall trend of Li mobility evolution correlates well with VT
NMR spectra: the Li diffusion of SoC 20% is much lower than that of the pristine state and with
a SoC of 50%. Firstly, the enhanced Jahn-Teller effect distorts the layered structure and
decreases the Li diffusion rate. Then, more vacancies were formed with continuous Li de-
intercalation and facilitate the Li mobility. The maximum diffusion coefficient is reached at
SoC 26%, after which it starts decreasing quickly. At SoC% 62%, there is a pronounced
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maximum in mobility which could be ascribed to the phase transition from M to H2. The

disappearance of Jahn-Teller distortions makes the structure change back to a hexagonal one

which is more suitable for Li diffusion.
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Figure 3.22 Repeated GITT measurement of LNO/Li half-cells.
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3.4 Conclusion

We have investigated the structural changes during the complete first delithiation/relithiation
cycle of LNO, with a focus on the change of local Li environments. The combination of in situ
'Li and ex situ °Li NMR was especially applied to investigate the Li/vacancy ordering
structures, in comparison with reported theoretical models. Combined movements of Li" ions
and electrons generate the Li coordination environments with large amount of Ni**. This special
local Li structure opens a new cognitive perspective towards structural collapse and evolution.
GITT and XAS measurements were also conducted to explore changes of Li mobility and
oxidation state of Ni. In summary, close attention should be paid to the change of local Li

environments, a new perspective on the phase transition and lattice structures.
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Chapter 4 Investigation of Structural and Electronic
Changes Induced by Post-Synthesis Thermal Treatment of
LiNiO,

4.1 Introduction

As introduced in the 1% chapter, LNO would slowly decompose towards a rock salt phase
under high-temperature conditions. This decomposition occurs at 700°C at low rate, while it
proceeds much faster at 800°C.**® The decomposition rate is also influenced by the gas
employed: an Ar atmosphere can cause a significantly more rapid decomposition rate than in
air or in Oz. The decomposition products contain Lii-Nii+,O2, Li2O and O. Li2O can be
confirmed by XRD when an Ar atmosphere is chosen. Otherwise, Li>O can react to O», forming
volatile Li2Oz. The distribution of rock salt like Li1-.Ni1+:O2 phase may not be homogeneous
across the sample. A larger z (or even thin layers of NiO) may be found at the surface rather
than in the bulk.*! The annealing temperature, duration as well as atmosphere can profoundly

affect the extent and rate of this transformation.

Bianchini et al. investigated the structural changes during decomposition by in situ XRD in
detail.*! The unit cell volume starts decreasing at 700°C in air and the process proceeds three
times slower than at 800°C. The variation of the volume can be mainly ascribed to the change
in lattice parameter a. The substantial increase in a results from the reduction of Ni** to Ni*" in
the Ni layer. On the other hand, ¢ remains stable at 700°C and has a minor increase at 800°C,
reflecting slight variations in interlayer spacing. It can be understood by the interplay between
Ni reduction (increase in c), Li loss, and replacement of Li* by smaller Ni** in the Li layer
(decrease in c¢). In addition, the thermal expansion can also affect ¢ in the direction of
enlargement. These factors compete with each other and give rise to only small changes in c.
The reduction of Ni** to Ni** also induces an increase in slab thickness (S), while the interlayer
thickness (/) barely changes owing to a complex interplay of steric and coulombic effects. The
above situation (S and /) gives rise to an increase in ¢ (¢ = 3(S+/)). Furthermore, for pristine
LiNiOz, high Li mobility within the interlayer space is expected, however the average mobility

of the atoms located in the Li layers is decreasing because of the migration of Ni** to these sites.
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Although LiNiO; in the pristine state is reported to be stable at temperatures below 700°C,
the delithiated phases have a limited thermodynamic stability, especially for x <0.5 in LixNiO».
All the phases on the LiNiO2-NiO; line in the phase diagram are calculated to be unstable at 0
K.?° When heated at temperatures between 100-200°C, the situation is even getting worse, since
the highly oxidized Ni*" ions are not favored. The decomposition process includes a release of
O: and a reduction of Ni*" to Ni**. It was reported that lower content of Li also corresponds to
lower temperatures at which O, release reaches a maximum.'®° The decomposition of partially
delithiated LixNiO» follows a certain sequence: first Ni migrates to the Li layers and Li moves
to the tetrahedral sites, forming a defective spinel structure. Then, a disordered layered structure
appears after a two-phase transition, accompanied with O» evolution and Li/Ni mixing. A fully
disordered rock salt structure can be observed as the final product, same as for the

decomposition of pristine LiNiO».

The well-known instability of delithiated phases induces interest in investigating the stability
of the pristine state at moderately elevated temperatures (some hundred °C), which is seldom
reported.'®! Some reactions may occur at low rate and small extent, making it challenging to
characterize them. In order to investigate the correlation between low-temperature stability of
the pristine state and cycling stability, a heat treatment in air after synthesis was performed with
12 h duration to increase the extent of these reactions. A series of heat-treatment temperatures
(from 200 °C to 1000 °C) is used to investigate how the rate of these subtle reactions changes
with temperature. The relationship between these reactions and LiNiO2 decomposition is also
uncovered. Characterization methods include in situ and ex situ XRD, ex situ 'Li NMR, ex situ
XAS, TEM, ex situ measurements of magnetic properties and thermogravimetric analysis (TG).
By combining all these methods, we aim to provide the full image about reactions in LNO at
different temperatures. The possibility of improving the electrochemical performance of LNO

only by post-synthesis thermal treatment is also demonstrated.
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4.2 Experimental

Synthesis of LiNiO:z: NiOH was synthesized through the traditional co-precipitation process.
Three solutions were prepared at first: aqueous solution (A) 0.3L of 2 M NiSOg4; (B) 0.3L of 2
M NH3 with 2M NaOH; (C) 0.2 L of 2 M NaOH. At first, 200ml deionized water was added to
the 1.2 L reactor with 2ml NH3 in H>O. Then the pH value was automatically controlled to 10.7
by adding solution C. Once the pH value is steady, we start adding solutions A and B. The
pumping speed was calculated in such a way that the reaction could be finished in 18 h. The
precipitate was washed thoroughly with deionized water and dried in an oven at 80 °C
overnight. LiNiO, (LNO) was then synthesized by calcining the mixture of the precipitate
(NiOH) and LiOH. The two components were ground using a mortar for 30 minutes and
transferred to the oven. In a pure oxygen atmosphere, the temperature was firstly increased to
500 °C, maintained for 6 h, and then further increased to 700 °C, where it was kept for another

12 h. The sample was cooled freely in the oven, which normally takes 8-10 h.

Post-synthesis thermal treatment of LiNiO;: After the synthesis was performed in Oz, LNO
samples were reheated in air from room temperature to different temperatures (200 to 1000 °C
for 12 h) with a heating rate of 5 °C min™'. In the following, these samples are denoted as LNO-
“heat treatment temperature” (for example, LNO-200).

Electrochemical Characterization: Same processes for making electrodes and coin cells in
the last chapter were used to test the electrochemical performance of all samples after the
thermal treatment. The voltage window is enlarged to 2.5-4.5 V instead of using 2.8-4.3 V to
increase the specific capacity of the cathodes. The cells were cycled at a rate of 0.1 C (1 C =

180 mA g') for long-term cycling.

Synchrotron radiation diffraction and X-ray absorption spectroscopy: The crystallographic
structure of heat-treated LNO was determined by high-resolution synchrotron radiation
diffraction (SRD) with a photon energy of 60 keV (A= 0.21 A) at beamline P02.1, storage ring
PETRA III at DESY (Deutsches Elektronensynchrotron) in Hamburg, Germany. /n situ high-
temperature SRD (HTSRD) was carried out at MS beamline of Paul Scherer Institute (PSI),
Villigen, Switzerland. LNO powders were heated in air with a heating rate of 20 °C min™ from
room temperature to 900 °C. XRD patterns were collected with steps of 50 °C except for the
high-temperature region (750-900 °C), where the interval was set to 25 °C. A MYTHEN II

detector was used for obtaining the diffraction images at synchrotron radiation energy of 24.3
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keV (A =0.51 A). The lattice structure parameters and phase fractions were refined using the
Rietveld method with the program Fullprof.!%2 X-ray absorption spectroscopy (XAS) was
performed at the XAS beamline of the KIT Light Source (Karlsruhe). XAS data were recorded
at the Ni K-edge (8333 eV) in transmission mode. Background subtraction and normalization
was done with the ATHENA software, which is part of the Demeter package. The energy
calibration was checked by a Ni metal foil, which was placed between the second and third

1onization chamber.

Solid-State Nuclear Magnetic Resonance Spectroscopy: 'Li magic-angle spinning (MAS)
NMR experiments were conducted on a Bruker Avance 200 MHz spectrometer at a magnetic
field of 4.7 T. Spectra were acquired at a Larmor frequency of 77.8 MHz with 1.3 mm rotors
and spinning at 60 kHz. A rotor-synchronized Hahn-echo pulse sequence (90°-t-180°-1-
acquisition) was used with a 90° pulse length of 0.9 us and a recycle delay of 1 s. The 'Li NMR
shifts were referenced using an aqueous 1 M LiCl solution (0 ppm). All spectra were normalized

with respect to sample mass and number of scans.

Thermogravimetric analysis: The TGA measurement was performed to acquire the mass loss
of LNO during heat treatment. It was carried out on an STA 449 F3 Jupiter instrument
(NETZSCH) with a heating rate of 5 K min! up to 1000 °C in air atmosphere. The gas flowing
rate is 50 ml min™. Before the measurement, 30 min of gas flowing was conducted. The
experiment was repeated once to check reproducibility. The data has been corrected considering

the buoyancy effect.

Magnetization measurements: Magnetization as a function of temperature and magnetic
field was measured with a physical property measurement system (PPMS® DynaCool™) from
QuantumDesign equipped with a vibrating sample magnetometer (VSM). Zero field cooled
(ZFC) and field cooled (FC) magnetization vs. temperature was measured from 2 K to 380 K
(for ‘pristine’ sample only up to 300 K) at a field of 0.5 T. From 2 K to 50 K the heating rate
was set to 1 K min™! and from 50 K to 380 K it was set to 2 K min~!. Magnetization vs. field
hysteresis measurements with maximal fields of 7 T have been performed at 2 K and 300 K in
a field cooled mode starting the field scan with the maximum positive field as specified above.
Additionally, magnetization vs. temperature was measured from 270 K to 390 K at a field of 5
T with a rate of 2 K min™!. The data sets from these temperature scans at a higher field were
used for Curie-Weiss fits. Additionally, magnetization vs. field hysteresis measurements were

performed at 300 K and 390 K with a maximum field of 5 T for in-depth magnetic
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characterization at higher temperatures. For data evaluation, the sample masses for pristine
LNO, LNO-200, and LNO-300 have not been corrected. For LNO-400 to LNO-750 that contain
a certain amount of Li2CO3 only the masses of the LNO phase have been considered since
Li,COs has a negligible contribution to the magnetic signal. For LNO-800 and LNO-1000 that
consist of LNO and a cubic (Li, N1)O phase the masses and molar masses have accordingly
been corrected assuming two different types of (Li, Ni)O phase: a) a Li containing Lig 5sNios0

phase that corresponds to LiNiO2 (LNO) and b) a Li-free NiO phase.

Transmission electron microscopy (TEM): In order to perform TEM measurements, the
sample was prepared inside an argon filled glovebox and then transferred to the microscope
using a vacuum transfer holder in order to prevent samples from extensive air exposure. The
dry powder of the samples was directly dispersed on the TEM holey carbon membrane without
the use of solvents. The measurements were performed using a double aberration-corrected and
monochromated Themis Z microscope equipped with a Gatan GIF Continuum 970
spectrometer and a K3 IS camera. High-resolution STEM-HAADF images were recorded using
a collection angle range of 63-200 mrad. EELS spectrum imaging data cubes were acquired
with a probe convergence angle of 30 mrad and a probe current of 0.5 nA. The pixel size was
around 1 nm and a dwell time of 0.1 s per pixel was used for all the data series. The camera
length was 30 mm and the spectrometer aperture was set to 5 mm resulting in a collection angle
of about 40 mrad. All EELS data was acquired in dual-EELS mode containing both the core
loss and the low loss spectra. All core loss spectra were realigned and deconvoluted based on

the low loss spectra pairs prior to any data analysis.
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4.3 Results and Discussion:
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Figure 4.1 (a) full temperature region and (b) enlarged region of TGA measurement on LNO
in air from room temperature to 1000 °C (750°C for (b)). The green numbers correspond to the

mass loss of denoted regions.

As-prepared LNO was further heated in air at different temperatures (200, 300, 400, 500, 600,
700, 750, 800, 850, and 1000 °C) for 12 h and slowly cooled to room temperature. As explained
in the Experimental Section, these samples are denoted as LNO-*“heat treatment temperature”
(for example, LNO-200). A TGA measurement was conducted on as-prepared LiNiO: in air to
investigate the mass loss during the heat treatment (Figure 4.1). This measurement was
repeated and a similar behavior of mass loss was observed (Figure 4.2). 50 °C was chosen as
the reference for original mass of the LNO, since the sudden mass drop at the beginning of the
experiment might just stem from removal of moisture. Interestingly, the mass loss within the
50-300 °C temperature region (0.13%) is two times larger than that of the 300-600 °C region
(0.065%). The mass loss is decreasing at higher temperatures, since LNO reacts with CO2 to a
larger extent and the formation of Li>COs3 offsets the oxygen loss. This will be further discussed
in the XRD part. A strong mass loss was found starting from 750 °C on. 4.91% mass loss was
recorded between 750 and 1000 °C, whereas the corresponding value between 50 and 750 °C
is only 0.42%. The mass loss at high temperatures corresponds to the phase transition from

layered to cubic structure, which is accompanied by severe loss of Li and O»:
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Herein, Li1-Ni1+,O> denotes the decomposition product still possessing a layered structure.
After the continuous loss of O and Li, a phase transition occurs and Lii-yNiyO will be used to
denote the cubic structure.
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Figure 4.2 (a) Full temperature region and (b) enlarged region of the repeated TGA

measurement of as-prepared LNO in air from room temperature to 1000 °C.
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4.3.1 Electrochemical performance
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Figure 4.3 Electrochemical performance during galvanostatic cycling at 0.5 C in the voltage
range of 2.5-4.5 V: (a) pristine LNO, LNO-200, LNO-300, and LNO-400, (b) long-term cycling
performance of LNO-400, (¢) comparison between LNO-350, LNO-360, LNO-370, LNO-380),
and LNO-390 and (d) long-term cycling performance of LNO-380 and LNO-390. (e) Cell

voltages as a function of specific capacities during the I'' cycle of all cathodes and (f)

differential capacity as a function of cell voltage (dQ/dV vs. V) of selected cathodes. The red

dashed arrows show the changes with increasing heating temperature.
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To investigate the influence of the heat treatment on electrochemical performance, selected
samples were used to prepare cathodes that were tested in coin-type half-cells. Figure 4.3a
shows the cycling performance of pristine LNO, LNO-200, LNO-300, and LNO-400 cycled
galvanostatically between 2.5 and 4.5 V at 0.1 C (18 mA g™') at 25 °C. Tiny differences in
electrochemical performance from pristine were observed. The capacity retention after 50
cycles is 64.7% =+ 2.4% for LNO-200, 63.0 + 2.1% for LNO-300, and 60.8 + 1.8% for pristine
LNO. The initial discharge capacities of these three cathodes are close (229 mAh g for LNO-
200 and LNO, 224 mAh g'! for LNO-300). The cycling stability is obviously enhanced when
the heat-treatment temperature is increased to 400°C. LNO-400 cathode maintains 90.8 + 3.5%
of its initial capacity after 200 cycles (Figure 4.3b). Since there is an obvious specific capacity
difference between the samples heated to 300 and 400, five more heat-treatment temperatures
(from 350 to 390 °C) were added in this region to investigate this in detail to further optimize
the performance (Figure 4.3¢). The specific capacities gradually decrease from 211 (LNO-350)
to 168 mAh g! (LNO-390), but the corresponding retentions are improved step by step from
73.6 £ 2.2%, 80.3 £ 2.6%, 82.9 = 3.5%, 91.4 = 3.1% to 90.2 £ 3.4% % after 50 cycles. The
improved cycling stability is maintained during prolonged cycling of LNO-380 and LNO-390
cathodes. As shown in Figure 4.3d, the half cells exhibit a capacity retention of 84.56% for
LNO-380 and 83.44% for LNO-390 after 120 cycles. Better cycling stability can be realized
when the upper voltage limit was reduced from 4.5 to 4.3 V, since side reactions between
electrode and electrolyte are stronger at high cell voltages. Examples for LNO-360 and LNO-
370 are displayed in Figure 4.4a. Both samples show a formation behaviour in the first few
cycles, i.e. an increasing capacity. A rock-salt cubic phase at the surface of the cathodes may
make the electrolyte immersion slower (discussed in the TEM part later). In summary, the
electrochemical performance is quite sensitive to the heat-treatment temperatures between 350
to 390 °C. To better understand the effect of heat treatment on the electrochemical properties,
first-cycle voltage and dQ/dV profiles were plotted in Figure 4.3e, f, respectively. With
increasing heat-treatment temperatures, the average voltage of the voltage plateaus observed
during charging is also increased. This increase is related to a larger overpotential, i.e. stronger

polarization.

The observed voltage is the sum of thermodynamic equilibrium voltage of an electrochemical
reaction and the overpotentials (cell impedance).?® High-temperature treatments induce a
thicker cubic phase or Lii-:Ni1+,O2 region at the surface or even the formation of Li.COs3 (see

discussions on XRD, magnetic measurements, and TEM below) and therefore larger cell
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impedance. In the corresponding dQ/dV curves of cathodes treated at higher temperatures,
peaks which represent two-phase regions also appear at higher potentials during charging.
Moreover, with increasing heat-treatment temperature, an increasing peak width is observed in
the voltage range 4.15-4.27 V. This peak corresponds to the phase transition from the second

hexagonal phase (H2) to the third hexagonal phase (H3).%

The off-stoichiometry (Li;-,Ni;+,02) has been shown to disrupt Li ordering, thus establishing
the behaviour of solid solution and eliminating phase transitions.®> The H2 to H3 phase
transition is crucial to the performance, since it always entails large volume changes and the
coexistence of two phases induces interfacial strain.!®® The release of the strain further induces
cracking in electrode particles. To confirm if this surface structure transformation is reversible,
the LNO-400 cathode was reheated in pure oxygen again and tested. The same voltage profile
as for the pristine LNO sample was observed (Figure 4.4b), which shows that the Li;.,Nii+,O>
or cubic surface phases could be reversibly transformed to a layered phase again. During
resynthesis, Li from surface Li>COj3 will be incorporated into the surface lattice and local “LNO
synthesis” happens again. The electrochemical performance of samples LNO-500 and LNO-
600 was also tested (Figure 4.4c). The specific capacities are very small (below 80 mAh/g)
with strong polarization effects. Interestingly, the specific capacity increases to 160 mAh g!
for the LNO-700 sample (Figure 4.4d). The unusual increase could be ascribed to the different
reaction situation during post-synthesis thermal treatment at 700 °C, detailed discussion can be
found in the following XRD part. The LNO-850 sample has almost no capacity (Figure 4.4e),
although decreased charging/discharging rate could improve this situation. A table (Table 4.1)
is given below to summarize all the electrochemical performance. To investigate the chemical
and structural changes related to the electrochemical performance, multiple characterization

methods have been applied as described hereinafter.
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Figure 4.4 Electrochemical performance during galvanostatic cycling at 0.5 C: (a) Cycling
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Table 4.1 Summary of the electrochemical performance of all mentioned materials.

Initial discharge capacity

Name (MAh g) 25-45V 0.1 C Capacity retention after 50 cycles
pristine 229 64.7% * 2.4%
LNO-200 231 64.7% * 2.4%
LNO-300 224 63.0% £ 2.1%
LNO-350 212 73.6% £ 2.2%
LNO-360 212 80.3% = 2.6% 102%*
LNO-370 195 82.9% = 3.5% 106%*
LNO-380 184 91.4% £ 3.1%
LNO-390 168 90.2% * 3.4%
LNO-400 158 97.6% % 3.7%
LNO-500 79

LNO-600 58 * 2.5-4.3 V voltage window
LNO-700 160

LNO-850 0.2
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4.3.2 Ex situ XRD

Figure 4.5 The XRD Rietveld refinement pattern of LNO with Li/Ni antisite mixing.
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Table 4.2 Detailed information about the refinement in Figure 4.5.

LiNiO2

R3m

a=2.87660(2) A RBragg = 2.49 x> =0.8913

c = 14.19490(3) A Rwp = 7.70

Wyckoff Atomic position _
Atom position x/a y/b zlc SOF Biso

0] 6c 0 0 0.2420(7) 1 0.69(3)
Ni 3b 0 0 0.5 0.969(7) 0.20(5)
Li 3a 0 0 0 0.969(7) 1.32(5)
Ni 3a 0 0 0 0.030(4) 1.32(5)
Li 3b 0 0 0.5 0.030(4) 0.20(5)
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Figure 4.6 The XRD Rietveld refinement pattern of LNO with excess Ni in Li layers.
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Table 4.3 Detailed information about the refinement in Figure 4.6.

LiNiO2

R3m

a= 287660(1) A RBragg =291 XZ =0.9448

¢ =14.19492(1) A Rwp = 7.94

Wyckoff Atomic position _
Atom position x/a y/b zlc SOF Biso

0] 6c 0 0 0.2421(1) 1 0.53(2)
Ni 3b 0 0 0.5 1 0.21(0)
Li 3a 0 0 0 0.971(4) 1.07(8)
Ni 3a 0 0 0 0.028(7) 1.07(8)
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Figure 4.7 The XRD Rietveld refinement pattern of LNO with Li/Ni exchanging with different

composition on the Li and Ni sites.

Table 4.4 Detailed information about the refinement in Figure 4.7.

LiNiO2

R3m

a=2.87659(9) A RBragg=2.07 ¥2 = 0.8667

¢ =14.19485(1) A Rwp = 7.59

Atom qukoff Atomic position SOE Bics
position x/a y/b zlc

0] 6c 0 0 0.2421(5) 1 0.91(7)
Ni 3b 0 0 0.5 0.932(2) 0.19(3)
Li 3a 0 0 0 0.974(9) 1.21(0)
Ni 3a 0 0 0 0.025(2) 1.21(0)
Li 3b 0 0 0.5 0.067(9) 0.19(3)
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Figure 4.8 The XRD Rietveld refinement pattern of LNO with vacancies in Ni layers.

Table 4.5 Detailed information about the refinement in Figure 4.8.

LiNiO2

R3m

a=2.87659(9) A RBragg= 2.06 ¥ = 0.8669

c =14.19485(4) A Rwp = 7.61

Wyckoff Atomic position _
Atom position x/a y/b zlc SOF Biso

o) 6c 0 0 0.2421(4) 1 0.91(8)
Ni 3b 0 0 0.5 0.937(7) 0.19(4)
Li 3a 0 0 0 0.975(1) 1.20(4)
Ni 3a 0 0 0 0.025(0) 1.20(4)
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Figure 4.9 (a) The change of Ni occupancy on Li sites (%) from the Rietveld refinement results.
25 °C represents the pristine state. Three regions are labelled I, 11, and III. (b) The change of

phase composition with increasing heat-treatment temperatures.

Regarding the structure of ideal LNO, it has a cubic close-packed (ccp) array of oxygen atoms.
The Li and Ni cations are located in alternating layers in the octahedral vacancies of the oxygen
latter. Each oxygen has three neighbours of Li and three of Ni, and each cation has six oxygen
neighbours. LNO crystallizes with a rhombohedral a-NaFeO»-type structure (space group of
R3m). However, two kinds of defects can exist: excess Ni ions occupy Li sites and site
exchange of small amounts of Li and Ni (Li/Ni exchange). To investigate the exact defect type
existing in LNO, Rietveld refinement of the parameters of four different structural models
against the SRD data was performed. The first one is the model of Li/Ni exchange (Figure 4.5).
%% (reduced chi-square) of 0.8913 and an exchange value of 3.0% were obtained. Notice that a
value of ¥ smaller than 1 happens herein because Fullprof refines a structural model against
XRD data having a low and noise-free background: If the background is very low compared to
the diffraction peaks and if there is no noise in there, it is known that most of the refinement
programs like Fullprof, TOPAS, etc. result in y*> which is lower than 1. If only Ni located in Li
planes is considered, the refinement results y? of 0.9448, and the value for extra Ni was 2.9%
(Figure 4.6). The formation energy of the Li/Ni exchange is dependent on the total fraction of
Ni%*. The exchange often happens in LiNixCoyMn1.xyO2 materials, since Ni?* ions are needed
for charge compensation of Mn**. For LiNiO2, a trace amount of Ni** makes the exchange
energy very large, so the lower y? of the first model only indicates there is possibly some Ni
ions in Li planes, rather than the exchange defect being dominant. Another two models were
further considered. If the amount of Ni on Li sites and that of Li on Ni sites are not equal, 2

was much smaller (0.8667). 2.5% Ni and 6.8% L.i are located in Li and Ni layers, respectively
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(Figure 4.7). Notice that the scattering power of the Li atom is very weak, so it is difficult to
distinguish Li ions and vacancies during this refinement and the value of 6.8% is beyond the

actual value.
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Figure 4.10 XRD Rietveld refinement pattern of LNO-600.

To confirm this, only vacancies without Li in Ni planes were included in the last fitting model
(Figure 4.8). Similar results as for the 3™ refinement were obtained with y* of 0.8669, extra Ni
value of 2.4%, and vacancy amount of 6.2%. Although higher fitting degrees were acquired for
the last two models, the refined results are not meaningful. Extra Ni ions occupying Li sites
(L11-2N11+-02) are considered to be the dominating defect in LNO with a small degree of Li/Ni
exchange. All following refinements for layered phases are based on the model of Li1.zNi+,O:
oxygen atoms occupy the 6c sites (0, 0, zox) and lithium and nickel atoms occupy the octahedral
sites 3a (0, 0, 0) and 3b (0, 0, 0.5), respectively). Occupancy of Ni on Li site was refined (Li on
Ni site was not considered) and all sites are assumed to be fully occupied. The value of Ni
occupancy on Li sites and phase fractions for heat-treated samples are displayed in Figure 4.9a,
b, respectively. Three regions can be identified, in agreement with the TGA results described
above: I) pristine to 300 °C, II) 400 to 750 °C and III) 800 to 1000 °C. In the first region, a
slight change of Ni occupancy on the Li sites is found from 2.9 + 0.2% for the pristine sample
to 4.0 £ 0.2% for LNO-300, without any new phases being formed. In region II, the Ni
occupancy on lithium sites exhibits a significant increase from 4.9 + 0.3% for LNO-400 to 10.4
+ 0.3% for LNO-600.
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In this second region Li2CO3 is formed, i.e. Li is removed from the main phase. Based on the
refinement result, the content of LioCOs3 increases from 3.03 £ 0.58% for LNO-400 to a
maximum value of 6.08 + 0.52% for LNO-600 and then decreases to 4.07 £+ 0.97% for LNO-
750. A representative refinement for LNO-600 containing Li>COs is displayed in Figure 4.10.
As reported, LNO reacts with CO at room temperature as well as at high temperatures (900

°C).!% The reaction is described by the following equation:

LiNiO, + 0.5 CO, — NiO + 0.5 Li,CO; + 0.25 O, (4.2)

This reaction is a thermodynamically favoured reaction and the Ni** is reduced to Ni*. The
extent of this reaction is strongly affected by reaction temperature, duration, and atmosphere.
Equation (4.2) is based on high temperatures (above 650 °C) and a pure CO, atmosphere.1%
When the reaction takes place at room temperature and in air, Lii-Ni1+,O> rather than NiO

would form. The equation then changes to:

. . Z . Z
Li;,Nip4,0; + ——Li,CO3 + <2(1—+Z)) O, (4.3)

LiNiO
N1, + 1+z 1+z

CcO, -

Z
1+z

Although Eqgn. (4.3) looks quite similar to the decomposition reaction (Eqn. (4.2)), the two
reactions happen under different conditions. The decomposition of LNO will not occur below
700 °C.%t We will further discuss this point for the sample LNO-700. The rate of Eqn. (4.3) is
very small and it was reported that LioCOs with an amount of 6.96% was formed after exposure
to pure CO; for 6 months at room temperature.'® A similar amount (6.08 + 0.52%) was also
found in the sample LNO-600, since high temperature (600 °C) and long duration (12 h) have
been applied to LNO. For Eqgn. (4.3), the weight of Li1-;Ni1+,O2 and Li2COs is heavier than that
of LiNiO, so it should be a mass-gaining reaction. However, the TG curve remains steady in
the temperature region of 400-600 °C. The constant mass further reveals the influence of
duration on the extent of reaction of Egn. (4.3). In the TG measurement, the temperature was
increased with a rate of 5 °C min and in such a short time no significant amount of Li,COs3
can be formed. However, in the post-synthesis thermal treatment, Li.COs was continuously

formed during the thermal treatment for 12 h.

With the increase of temperature of thermal treatment, the reaction also proceeds to a
gradually larger extent. In addition to the increasing amount of Li2COs, a larger progress of

reaction can also be monitored via the strong off-stoichiometry of LiiNij+:O2. The
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stoichiometry varies from [Lio.95sNio.05]N1O2 for LNO-400 to [Lio.90Nio.10]NiO2 for LNO-600.
The reaction between LNO and CO: also likely occurs even before 400 °C, since an off-
stoichiometry of [Lio.9sNio.04]NiO2 has already been found for LNO-300. Li>CO3 is not
observed by XRD after heating to 300 °C because of the small content. Although no cubic
LiyNi;yO phase is observed in the XRD patterns after heating up to 300°C, the reaction
described by Eqn. (4.2) can still occur in thin surface regions. This thin cubic layer will be

further discussed in the magnetic measurement and TEM parts described below.
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Figure 4.11 (a) XRD Rietveld refinement pattern of LNO-750 and (b) the enlarged view

showing the tiny reflections from Li,Ni;.,O cubic phase.

Interestingly, the off-stoichiometry of LNO-700 ([Lio.91Nio.09]NiO>) is slightly weaker than
that of LNO-600 ([Lio.90Nio.10]NiO2). This abnormal behaviour is contradictory to the higher
reactivity according to Eqn. (4.3) at higher temperatures, but at 700 °C the bulk decomposition
of LNO also occurs (following Eqn. (4.1)). This means that part of the formed Li20 reacts with
COz to form Li2CO3 and with Oz to form Li20:. L1203 is volatile and could not be observed by
XRD. The reaction described by Eqn. (4.3) was partially suppressed, since less Li2CO3 (5.29 +
0.63%) was found when compared to LNO-600 (6.08 £+ 0.52%). Eqns. (4.1) and (4.3) describe
competitive reactions. Although the decomposition of LNO starts at around 700 °C, it proceeds
three times quicker at 800 °C.*! The suppressed reaction described by Eqn. (4.3) and sluggish
rate of the reaction described by Eqn. (4.1) jointly induce the weak off-stoichiometry for LNO-
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700. As a special sample, LNO-700 will be compared to LNO-600 and the detailed difference

in Ni** location will be analyzed in the NMR and magnetic measurement parts described below.

For LNO-750, as revealed by the Rietveld refinement shown in Figure 4.11, the reaction
between LNO and CO: is further suppressed (indicated by the smaller amount of Li>COs3 (4.07
+ 0.97%)), since the decomposition described by Eqgn. (4.1) proceeds at a faster rate at 750 °C.
The increased rate of decomposition results in the strongest off-stoichiometry of
[Lio.gsNio.12]NiO2 for LNO-750. The distribution of off-stoichiometry is likely inhomogeneous
through the particle, but not observable by the XRD refinement. The strong off-stoichiometry
may lead to a fully cubic phase at the surface, as displayed in Figure 4.11b. Some tiny

reflections belonging to the LiyNi1.yO cubic phase appear in addition to the ones from LNO.
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Figure 4.12 XRD Rietveld refinement pattern of (a) LNO-800 and (b) LNO-850.

In the third temperature region (from 800 to 1000 °C, region (II)), Li.COs3 disappears and
the decomposition proceeds more rapidly. When the temperature of the thermal treatment
surpasses 750 °C (melting point of Li>COs is 720 °C!'%®) Li,CO3; would be completely melted
and penetrated into the alumina container used for synthesis. Rietveld refinement against XRD
patterns of LNO-800 and LNO-850 are shown in Figure 4.12. The cubic phase amounts to 15.2
+ 0.4% for LNO-800 and 88.3 + 1.0% for LNO-850 of the whole sample material. LNO-800
represents the sample with the highest temperature of heat treatment that still allows to
determine the off-stoichiometry ([Lio.81Nio.19]Ni1O2) in the layered phase. For LNO-850, the
fraction of the layered phase is too small to conduct a reliable refinement on the value of z in
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Li1,Ni+,02. For LNO-1000, broader reflections compared to those of the LNO phase that can
be ascribed to a cubic LiyNii.yO phase were observed. This broadening originates from several
modifications of the same phase with slightly different lithium contents and lattice parameters.
When doing the refinement, the fitting degree could be further improved when more of these
similar models were used (Figure 4.13). It could be reasonably assumed that there is a certain
lithium concentration gradient in this material. On the contrary, the reflections from NiO are
very sharp and can be well described by the single NiO model (NiO is prepared by calcining
NiOH directly at 1000 °C, Figure 4.14)
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Figure 4.13 The XRD Rietveld refinement pattern of LNO-1000.
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To check our assumption and investigate the reversibility of structural changes, an additional
series of experiments was performed. Samples heated in air at 400, 600, and 800 °C were
reheated in pure oxygen at 700 °C for 12 h. The reheated LNO-400 and LNO-600 samples
return to the pristine state with similar Ni occupancy values on Li sites and performance (Figure
4.15). The off-stoichiometric Lii-zNi1+,O2 phase could be recovered with surface Li>COs
decomposing and Li ions entering into the layered lattice again. These findings reveal that there
is no lithium evaporation at least until 600 °C. For LNO-800, the phase transition to the cubic
structure already happened with severe O and Li loss. As a result, the reheated sample could

not recover to the original state. Its capacity is only 140 mAh g* for the first cycle.
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Figure 4.14 The comparison of refinement against XRD patterns of (a) LNO-1000 and (b)
Ni(OH)>-1000 using a molybdenum source.
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Figure 4.15 The electrochemical performance of LNO-400, 600, and 800 °C samples reheated
at 700°C.
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4.3.3 In situ high-temperature XRD

In situ XRD during heating was performed to trace the structural changes with increasing
temperature. Therefore, quartz capillaries were filled with as-prepared LNO powder and were
heated from room temperature to 900 °C (Figure 4.16). Normally, XRD patterns were collected
every 50 °C except for the high-temperature region (750-900 °C), where the interval was set to
25 °C. The change of phase composition is shown in Figure 4.17 based on the Rietveld
refinement against XRD patterns. From room temperature to 600 °C, the original layered phase
persists. The lattice parameters keep increasing because of the thermal expansion. When
compared with ex situ XRD data, z in Li;.,Ni;+,O: increases at a lower rate (Figure 4.3.18)
since the temperature was increased at a higher rate (20 °C min™') for the in situ XRD data and

the holding time at each temperature is only 10 min. Under these circumstances, only a small
amount of LNO could react with CO> and therefore Li»COs3 could not be observed, unlike in
the ex situ measurements performed after heating to 400 to 600 °C. At 650 °C, new reflections

assigned to Li4Si04 are identified (Figure 4.3.19a). This compound is formed by the reaction
between SiO> from the quartz capillary and Li>O:

2 Li,0 + Si0, — Li,SiO, 4. 4)
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Figure 4.16 In situ high temperature SRD of LNO in air from room temperature to 900 °C.
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Figure 4.17 The change of phase composition obtained from the refinement against in situ XRD

patterns acquired during heating.
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Figure 4.18 The value of Ni occupancy on Li sites obtained from refinement against in situ

XRD patterns acquired during heating.
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Figure 4.19 (a) Enlarged regions of in situ XRD pattern focusing on the impurities and (b) the
change of 101, 006, 012, and 104 reflections during heat treatment. The temperature regions
showing impurity formation and phase transition are marked with red color in (a) and (b),

respectively.

Meanwhile, the cubic phase LiyNiiyO also appears at 650 °C with a weight fraction of 13.5
+ 0.3%. The indication for the LiyNii.yO phase comes from what looks like an asymmetry of a
series of reflections (such as 104) and the disappearance of diffraction splitting (such as 006
and 012). The cubic phase contributes to the 200 reflection at 20 angles slightly smaller than
those of 104 and 111 reflections and results in the merge of the 006 and 012 reflections (Figure
4.19b). Note that the formation of Li4SiO4 (Eqn. (4.4)) proves that Li>O is leeched out of LNO
during decomposition. Meanwhile, the silicate formation (Eqn. (4.4)) also accelerates the
decomposition process (Eqn. (4.1)) by continuously consuming the by-product Li,O. This
explains why the LiyNii.yO phase appears much earlier than in the ex sifu measurement (at 650
°C for in situ and at 750 °C for ex situ data). At 700 °C, crystalline SiO; appears. The lattice
parameter of the cubic phase keeps increasing because the Li content in LiyNii,O is
decreasing.*! Interestingly, at 800 °C the cubic phase divides into two compositions with
different Li amounts (Figure 4.20). The Li-poor phase should correspond to the outer region of
the particles. Another lithium polysilicate (Li2SiO3) also forms at this temperature, possibly
because there is not enough lithium to form LisSi04 exclusively. The XRD pattern of LNO-900
with refinement is given in Figure 4.20 with five phases in total. In summary, the main
tendencies of phase transitions are similar to the results obtained from ex sifu data.

85



1 1 1 1
° Yobs
Ycalc
Yobs' Ycalc
5 Bragg position
&
Py
‘n
c
3
= A
cubic 1
o cubic 2
L|48.|O4‘ sio,
Li,SiO,4
A lV |. A 4
v |
1 N 1 1 1
6 9 12 15 18

Figure 4.20 The refinement against the XRD pattern of LNO-900 acquired during heating. Five

phases are added to fit the pattern.

20 (°), ,=051A

86




4.3.4 Ex situ NMR
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Figure 4.21 'Li NMR spectra of pristine LNO and some thermally treated samples. (a) The
spectra are stacked with original intensities. The small peak at 425 ppm is labelled with the red
heart. (b) The intensity is normalized via the maximum value of the main peak. Asterisks and

plus signs indicate the position of spinning sidebands.

Solid state NMR is a very useful tool to investigate the coordination environment of Li. The
"Li NMR shift or hyperfine shift is influenced by the surrounding paramagnetic TM ions mainly
by Fermi-contact interaction.”” Paramagnetic ions in the first and the second cation coordination
shell of Li will induce different NMR shifts. Two different coordinations are distinguished by
the bond angle at the bridging oxygen atoms, namely 90° and 180° bond neighbours.
Furthermore, we can expect two paramagnetic species: Ni** and Ni** and therefore four
different types of bonds for LNO that contribute to the overall NMR shift. Although the exact
shift values for each bond contribution are not clear, good estimates can be obtained from results
on NCMS811: Ni%" (90°): -30 ppm, Ni** (90°): -15 ppm, Ni** (180°): 170 ppm, and Ni** (180°)

).47

110 ppm).*” Generally speaking, the reduction of Ni*" to Ni** will induce a left shift in the

spectra.
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Figure 4.22 The extended range of "Li MAS NMR spectra including all sidebands. The plus
sign denotes the sidebands belonging to the isotropic peak at 700 ppm and the asterisk labels
the sidebands belonging to the peak at 0 ppm associated with diamagnetic lithium salts on the

surface.

To investigate the change of local environments, ex situ 'Li NMR spectra of thermally treated
samples were measured (Figure 4.3.21). To easily make comparisons on peak shifting, some
of the spectra were normalized based on the maximum intensity of the main peaks as shown in
Figure 4.21b. For pristine LNO, the signal is located at around 700 ppm. This large NMR shift
can be explained by the local Li environment consisting of twelve Ni*" next-nearest neighbors,
six times linked to Li via 90° oxygen bonds and six times linked to Li via 180° oxygen bonds.
For an ideal arrangement with only Ni*" in the structure and no Li-Ni site exchange, this is the
only possible environment around Li. After the replacement of small amounts of Ni** by Ni?*,
aNi*'bNi*" (a+b = 12) combinations occur with smaller probability and contribute to the
widening of signals. Indeed, the NMR shift for pure Ni** would be 570 ppm (6 x 110 ppm + 6
x (-15 ppm)) if expected values from Ni** in NCM811 are applied. This difference possibly

originates from the influence of Mn on the hyperfine shift in NCM811. There is also a small
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peak located at 425 ppm labelled with a red heart, which could be ascribed to a Ni-rich rocksalt
phase or Li occupancy on Ni sites.3! This rock salt phase is electrochemically active and
reported to disappear during Li de-intercalation.' The sharp, narrow peak at 0 ppm originates
from diamagnetic impurities such as LiOH and Li>COs.!"” Two different sets of spinning
sidebands are labelled with asterisks and plus signs in the spectra. The plus sign denotes the
sidebands belonging to the isotropic peak at 700 ppm and the asterisk labels the sidebands
belonging to the peak at 0 ppm associated with diamagnetic lithium salts on the surface. The

extended range of 'Li MAS NMR spectra including all sidebands is given in Figure 4.22.

With increasing heat-treatment temperatures, there is no strong change in the shape of the "Li
NMR spectra until 600 °C. However, the NMR peak is already slightly shifted to higher ppm
positions for LNO-200. Already for this sample, a slightly peak widening can be found after

heat treatment. As discussed in the XRD part, the reaction between LNO and CO: could occur

A
2(1+2)

slowly even at 200 °C following Eqn. (4.3). When mol O3 is formed, % mol Ni*" is

reduced to Ni**. This reduced Ni** could induce changes in the NMR shift (-15 ppm for 1 Ni**
replaced by 1 Ni** (90°) and +60 ppm for 1 Ni** replaced by Ni** (180°)). There are no big
changes between the spectra of LNO-200, LNO-300, and LNO-400, in accordance with a slow
rate of the reaction described by Eqn. (4.3). The spectra of LNO-500 and LNO-600 look similar,
the peaks becoming broader with additional intensity at higher ppm values. As discussed in the
XRD part, the increase of Li2CO3 content and z value in Li;,Ni1+,O2 indicate that the reaction
described by Eqn. (4.3) proceeds to a larger extent. Some Li ions therefore are surrounded with
more reduced Ni*" ions. Meanwhile, the intensity of the peak at around 0 ppm also increases in
intensity in the temperature region of 400-600 °C (Figure 4.21b), in accordance with the
continuous formation of Li»COj3 observed with XRD. For LNO-700, the "Li NMR peak shows
a further strong broadening toward higher ppm values. Based on the XRD refinement, the oft-
stoichiometry of LNO-700 ([Lio.o1Nio.09]NiO2) is very similar to that of LNO-600
([Li0.90Ni0.10]N10O2). This means that the Ni occupancy on the Li site is not the reason for the
broadening and, on average, left-shift of the NMR peak observed for LNO-700. The broadening
could be ascribed to the formation of more Ni** during LNO decomposition, as evidenced by
XAS, see below. Interestingly, based on Eqn. (4.1), half of the reduced Ni** should occupy the
Li vacancies and induce a stronger off-stoichiometry. That is contradictory to the XRD
refinement result. Two possible assumptions could explain this inconsistency: (i) during the
decomposition process, although Li vacancies are formed by the formation of Li,O, not all of

them are occupied by the Ni** but Ni*" is preferentially found in the Ni layer. There is no clear
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correlation between off-stoichiometry of Li;..Nii+,O2 and Ni reduction anymore. (ii) Another
assumption is that, still in agreement with Eqn. (4.1), Ni** in the Ni layer is preferentially
reduced in the Li-O-Ni 180° configuration. Ni>* (180°) has a larger contribution to the NMR
shift than Ni** (90°). The first assumption is more likely and is investigated in detail by
magnetic measurements described below. For LNO-750, the spectrum is almost identical to that
of LNO-700 with a slightly broader peak width. The large difference in off-stoichiometry
([Lio.88Nio.12]NiO2 for LNO-750 and [Lio.91Nio.09]NiO2 for LNO-700) again is not reflected by
the 'Li NMR spectra. As shown in Figure 4.23, the spectrum of LNO-800 has a slightly larger
line width compared to that of LNO-750 and shows a clear left shift (from 799 to 946 ppm).
This indicates that the decomposition proceeds at a larger rate and extent. The maximum
probability of local Li environments has changed to those with more Ni** for the first time. For
LNO-850, extreme broadening and weak NMR signals are observed, since the cubic structure
is already present with a weight fraction of 88.3 + 1.0%. Strongly off-stoichiometric Lii-
:Ni1+,02 with a high amount of Ni** and thus many different Ni*>*/Ni** environments around Li
in the remaining layered phase induces enormous broadening. For LNO-1000 that contains
exclusively cubic LiyNiiyO, as evidenced from XRD, the broad component in the spectrum
disappears and a very small peak at 27 ppm remains. In accordance with the XRD refinement,
some Li ions in LNO-1000 are retained in the lattice and also a small amount of Ni** to keep
charge neutrality. The disappearance of the broad contribution might just be related to an even
stronger broadening caused by more Ni?*. The very small peak at 27 ppm has a larger width
than the peaks close to 0 ppm observed for the lower heating temperatures. This might hint at
a diamagnetic phase, such as Li>O, in close proximity to paramagnetic particles like the cubic
LiyNiiyO. In summary, the change of NMR shifts mainly reflects the Ni reduction process in

the layered phase.
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Figure 4.23 (a) NMR spectra of pristine LNO and all thermally treated samples. (b) LNO-700

and LNO-1000 are separately further replotted to show the details. The small peak located at

425 ppm is labelled with a heart. Two different sets of spinning sidebands are labelled with

plus and asterisks in the spectra, separately.
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4.3.5 Ex situ XAS
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Figure 4.24 Ni K-edge XAS spectra of the pristine and heat-treated LNO samples and (b) the
enlarged view of the edge region. (c) the edge position as defined by the energy where the edge

crosses the value 0.55.

To capture the Ni reduction process, ex situ XAS was performed on LNO and heat-treated
samples (Figure 4.24a, b). The Ni K absorption edge shifts toward lower energy with
increasing heat treatment temperatures, revealing the successive reduction from Ni** to Ni?",
However, the rate of reduction is not constant. To clearly show the change in rate, the edge
position, defined as the position where the normalized spectrum reaches the value 0.55, is
plotted as a function of heating temperature in Figure 4.24¢. From the pristine state to 600 °C,
there is only slight changes in the position of the Ni K absorption edge. In this temperature
region, LNO reacts with CO> and the slight Ni reduction could also be reflected by the increased

z value in the Lii,Nij+,O2 phase. A more obvious change in edge position occurs between the
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spectra of LNO-600 and LNO-700. As suggested by the ’Li NMR spectra, more Ni** is formed
during the LNO decomposition at 700 °C and a large fraction is located in the Ni layers. When
the heating temperature reaches 800 °C, the rate of Ni reduction increases, corresponding to the
phase transformation to 15.2 £ 0.4% LiyNiiyO phase. A strong shift in edge position occurs
when comparing the spectra of LNO-800 and LNO-850. Most of the Ni** has been reduced to
Ni*" accompanied by the drastic Li and O loss and phase transition to a large extent (88.3 +
1.0%). Finally, a pure LiyNi;.yO phase is formed in LNO-1000 with further O loss. There is a
difference in the spectra of LNO-1000 and standard NiO samples, since a small amount of Ni**

is still maintained to keep the charge neutrality. In summary, a massive reduction of Ni ions is

the driving force for the phase transitions.
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4.3.6 Magnetic measurements

Ni ions in hypothetical stoichiometric LNO are exclusively present as Ni*" ions with d’
electronic configuration. In octahedral coordination the crystal field splitting results in (f2¢)°(eg)"

occupation with one unpaired electron (S = }%) that corresponds to an effective paramagnetic

spin-only magnetic moment of ,ug?? =21/2(1/2 + 1)ug = 1.73up and a spin-only z-
component magnetic moment of fNi°* = 2+ S pg = 1 up. Reduction to Ni2* leads to (£2)°(eg)?

electronic configuration with two unpaired electrons coupled to S =1 that corresponds to an
24 .
effective paramagnetic spin-only magnetic moment of ulr = 2.83ug and a spin-only z-

component magnetic moment of ,uIZ‘“2+ = 2 ug. As can be inferred from the ZFC/FC curves all
shown individually in Figure 4.25 (FC curves are put together in Figure 4.26a) all samples,
except for LNO-1000, exhibit a (predominantly) Langevin paramagnetic region at higher
temperature that is caused by localized magnetic moments formed by the unpaired electrons of
the Ni d electrons. It is characterized by a Curie-Weiss behaviour with inverse dependence of
magnetization on temperature. LNO-1000 exclusively consists of cubic NiO phase that orders
antiferromagnetically at high Néel temperature Tx = 524 K!°7 and therefore does not show
paramagnetic behaviour within the investigated temperature region. At lower temperatures a
bifurcation of the ZFC and FC branches, indicative for the presence of a ferrimagnetic order
(see discussion below) can be observed with a strong dependence of the temperature of
bifurcation on the temperature of heat treatment. For LiNiO: in the pristine state the horizontal
FC branch rather points to the existence of a spin glass behaviour.!®® The evolution of the
parameters extracted from the magnetization measurements can be subdivided into the same
three regions according to the temperatures of heat treatment as introduced above. As a first
parameter of interest, the temperature 7 as onset of a bifurcation of the ZFC and FC curve,
arbitrarily defined here as the temperature where the difference of the magnetic susceptibilities
of the ZFC and the FC curves exceeds 2-10”7 m® mol™!, was determined and is plotted in Figure
4.26b. In region (I) 7B is comparably small with values slightly varying around 10 K. Region
(IT) 1s characterized by a significant increase of 7 with maximal values for LNO-500 and LNO-
600 and a decrease again for LNO-700 and LNO-750. Region (III) is characterized by a
tremendous increase of 7 for LNO-800 again. Figure 4.26¢ presents the field scans measured
at 2 K and 300 K up to 7-10* Oe (a series of the individual field scans at 2 K to illustrate more

clearly the evolution of the coercivity fields is given in Figure 4.27).
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Figure 4.25 ZFC/FC curves of pristine and heat-treated samples measured at 5000 Oe.

95



5x10° . . . . . . . 7%x107
s/ a — pristine — 200°C 6x107

~ P —300°C —400°C | & _

S 3x10°5] 500°C —600°C { 2 107

E 700°C 750°C | «© 4x107]

E 2x10°1 —800°C —1000°C| & 341071

= 1x10° N\ i NS 2%107

01 : \—* - - — 1x107 . . . . . .
0 50 100 150 200 250 300 350 400 260 280 300 320 340 360 380 400
05 Temperature (K) - 250 Temperature (K)
| |
2.0-+C/+’+“+\+_+\ _#/+ 150 200; d 0) /

D 18] i 0 gisol ) . / i

2 100 < .

T 10 /+—+ e @ 2100 ./ \,_ (Im]
0.5 \+\+/ 50 50 1
0.0k . . . —125 ol n—8 . .

0 200 400 600 800 0 200 400 600 800

heat treatment temperature (°C)

—_ — heat treatment temperature (°C)
foal 0

S 004y 4 @ 300K - 8.6- f

— — .4.

o 0.021 o 0.2]

g 0.00 S 0.0

€ E -0.2;

S -0.02 S 04l

2 -0.041 % -0.61

Q -0.§ rv—""-"-+——"——"———————
S -7-6-5-4-3-2-101234567 % -7-6-5-4-3-2-101234567
< Magnetic Field (10 Oe) s Magnetic Field (10 Oe)

0.04 ¢ . . . . 0.9 . . . .
|
@ 9 @ 300K ) ~ |h ez« i
I 0.034 - 1 D 0.8. ]
Q ./.—I——l—-‘._ E /.——.-—.\./I’l-l\
o E 4
g 0% () an (1 S oM ® n
< 0,01 s
0.6 .
0.00+ - T T v , . . . .
0 200 400 600 800 0 200 400 600 800
heat treatment temperature (°C) heat treatment temperature (°C)

Figure 4.26 (a) FC curves and (b) the change of parameter Tp of the pristine and heat-treated
samples. (c) The field scans measured at 300 K up to 7-10* Oe and (d) the corresponding z-
component magnetization M. (300K). (e) The field scans measured at 2 K up to 7-10* Oe and
() the corresponding z-component magnetization M- (2K). (g) The high-temperature inverse
susceptibility y~' measured at 5000 Oe where the part from 340 K to 390 K was used for Curie-
Weiss fits and (h) the effective paramagnetic moments U in units of Bohr’s magneton us, and

Weiss constant 0.
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Figure 4.27 Individual field scans at 2 K to illustrate more clearly the evolution of the coercivity
fields.

The parameters of interest obtained from these field scans are: (i) the z-component
magnetization M,(300K) measured at 7-10% Oe and 300 K (Figure 4.26d), (ii) the z-component
magnetization M,(2K) measured at 7-10* Oe and 2 K (Figure 4.26e, f), and (iii) the coercivity
field CF(2K) extracted from the field scans at 2 K (Figure 4.28). The higher the temperature
of the magnetization measurements the weaker is the influence of magnetic exchange coupling,
anisotropies, and other forms of magnetic interactions, i.e. the values of magnetization are

closer to those of the free ion case. Therefore, M,(300K) can be considered to return information
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about the magnetic moment per Ni ion in the first place, whereas M,(2K) more strongly includes
effects of interactions of magnetic ions that strongly depend on structural features. M,(300K)
only slightly increases with temperature of heat treatment up to 750 °C (see Figure 4.26d)
revealing a slightly increasing magnetic moment per Ni on average. For LNO-800, M,(300K)
is considerably larger and decreases drastically again for LNO-1000 since here we have strong
antiferromagnetic order present even at 300 K. M,(2K) is also varying only slightly for
temperatures up to 750 °C showing a local minimum for LNO-500 (see 4.26f). All M,(2K)
values do not exceed 0.8 up per Ni ion and remain well below the expected spin-only saturation
z-magnetization of 1 up expected for a free Ni2" ion that would be reached at 2 K and 7-10* Oe
in the free ion case. This means that some sort of antiferromagnetic sub-lattice coupling and/or
anisotropies play a major role here by reducing the observed ordered magnetic moment. M,(2K)
for LNO-1000 is close to zero due to the antiferromagnetic order that is established almost
completely at low temperature. The evolution of the coercivity fields CF(2K) as shown in
Figure 4.28 is analogous to that of the evolution of 7. CF(2K) values up to 300 °C are
comparably small and are close to zero for LNO-300. In region (II) the values are increasing
first and then decreasing again, very similar to the values of 7. Again, region (III) (LNO-800)
has a characteristic very high value of coercivity. The hysteresis curve of LNO-1000 consisting

only of antiferromagnetic NiO does not show any coercivity.
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Figure 4.28 The coercivity field CF(2K) extracted from the field scans at 2 K.

The effective paramagnetic moments et in units of Bohr’s magneton ug and Weiss constant
Owere supposed to be extracted from the paramagnetic regions of the high temperature
magnetic measurements. Hysteresis measurements at 300 K and 390 K with maximum fields
of 5000 Oe and magnetization vs. temperature scans between 270 K and 390 K at 5000 Oe are
presented in detail in Figure 4.29, 4.30. It should be emphasized that extraction of the
paramagnetic parameters, especially the effective paramagnetic moments gefr in units of Bohr’s
magneton ug is not straight forward for the given series of samples and the obtained values
need to be considered very critically. As can clearly be inferred from Figure 4.31, only the
inverse susceptibility of the pristine sample (and to some extend also those of LNO-200 and
LNO-300) exhibits a clear linear region characteristic of the paramagnetic state at higher
temperatures. The other curves are bent more or less even up to 390 K, i.e. in addition to the
purely paramagnetic behaviour of the majority of Ni ions there is an additional very small
contribution from a magnetically ordered phase. As revealed by the high-temperature hysteresis
measurements (Figure 4.29) several samples exhibit a very small contribution from an
additional ferromagnetic phase (deviation from pure linear behaviour around origin) that is
equally strong at 300 K and 390 K. The fact that these features are equally strong at these high
temperatures points to the existence of a small amount of a reported ferromagnetic monoclinic
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NiO phase with 7. = 808 K!* and a saturation magnetization of about 2.5 Gauss per gram at
300 K!® that is supposed to have formed at the surface during the heat treatment (see also TEM
results). 5.0(1) wt.% of this ferromagnetic NiO phase can explain the residual magnetization as
determined from a linear fit from 2 to 1-10* Oe of the field scan at 300 K for LNO-400, for
instance, that shows that effect comparably strongly. These features are not ascribed to the
ferrimagnetic clusters that are supposed to have formed within the bulk that are also induced
by the heat treatment, but that have much lower ordering temperatures as revealed by the
evolution of 7s. Even these weak contributions from the a small amount of ferromagnetic NiO
phase that have been formed at the surface with an approximately constant magnetization over
temperature easily might falsify the determined values of paramagnetic effective moments that
are based on a Curie-Weiss behaviour with magnetization proportional to the inverse
temperature. The different evolution of the inverse susceptibility curves %! in detail obtained
at 5000 Oe (Figure 4.32) and at 5-10* Oe (Figure 4.26g), respectively, in the high temperature
region below 390 K is very indicative of the presence of some non-paramagnetic contributions
to the signal as discussed above. The fact that these contributions play a less pronounced role
at higher applied field, since all non-paramagnetic contributions are constantly saturated,
motivated us to remeasure this high-temperature region at a higher field of 5-10* Oe. The linear

part (with all the limitations discussed above) from 340 K to 390 K of the susceptibility curves

%! have been used for a fit by a Curie-Weiss behaviour: y ! = (ﬁ)_1 , with Curie-Weiss

constant C, temperature 7, Weiss constant €. From the Curie constant C the effective
paramagnetic moments uefr in units of Bohr’s magneton ug have been determined and are
plotted in Figure 4.26h together with the Weiss constant 6. The error bars are not simply
determined as a statistical error according to the linear fitting, but include a measure for the
uncertainty due to the slight bending of the ! curves, i.e. slightly different values could be
obtained by changing the temperature region for the linear fitting. Considering these limitations
there is no clear trend observable for the evolution of the paramagnetic effective moment per
that evolves around approximately 2 ug what is the reported value for LiNiO; in literature.' %!
Since the spin-only paramagnetic moment of Ni*" is 1.73 up some additional contribution to
the spin-only moment from orbital momentum contributions for instance are present here. The

Weiss constant @ are slightly decreasing in region (I), but are then constantly increasing up to

LNO-800 indicating an increasing ferromagnetic mean field coupling.

100



%, 0.08 o 0.08 0.08;
2 00s)  Pristine 0.04] LNO-200 004 LNO-300
E 0.00 0.00 0.001
S-0.04 0.04 -0.041
:]%,—0.08 - 008 -0.081
=2 .06 -04 02 00 02 04 06 -06 04 -02 00 02 04 06 -06 04 02 00 02 04 06
— Magnetic field (10* Oe) Magnetic field (10* Oe) Magnetic field (10* Oe)
2 008 0.08 0.08
50.04 LNO-400 0.04] LNO-500 0.04{ LNO-600
é 0.00 0.001 0.00
‘g -0.04 -0.04/ -0.04
g-008 -0.081 -0.08
0.6 04 02 00 02 04 06 -06 04 -02 00 02 04 06 -06 -04 -02 00 02 04 0.6
Magnetic field (10* Oe) Magnetic field (10* Oe) Magnetic field (10* Oe)
g 0.08 0.081 0.08
004 LNO-700 004l LNO-750 00al LNO-800
'% 0.00 0.00+ 0.00
8-0.04 -0.04 -0.04
5—0.08 -0.08+ -0.08
-06 -04 -02 00 02 04 06 -06 -04 -0.2 00 02 04 06 06 -04 -02 00 02 04 06
Magpnetic field (10* Oe) Magnetic field (10* Oe) Magnetic field (10* Oe)

Figure 4.29 Hysteresis measurements at 300 K and 390 K with maximum fields of 5000 Oe.
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Figure 4.30 Magnetization vs. temperature measurement at high temperature from 270 K to

390 K measured at a field of 5000 Oe.
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Figure 4.31 Curie-Weiss fits to the 340 K to 390 K temperature region of the inverse

susceptibility y'.

2.5x1
260 280 300 320 340 360 380 400

o7
260 280 300 320 340 360 380 400

Temperature (K)

— pristine

— 200°C
— 300°C
——400°C
—— 500°C
—— 600°C
—700°C
— 750°C
—— 800°C

—— 1000°C

260 280 300 320 340 360 380 400
Temperature (K)

260 280 300 320 340 360 380 400
Temperature (K)

100 150

T
200 250

Temperature (K)

T
300 350 400

Figure 4.32 The inverse susceptibility curves y~! obtained at 5000 Oe.
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Overall the observed evolution of magnetic properties can be correlated as follows with
structural changes as induced by the heat treatment: Up to 300°C (region (I)) there are only
minor effects on the magnetic properties. All determined values only change slightly compared
to those of the ‘pristine’ state. A slight increase of M,(300K) and wuefr indicates a somewhat
increasing magnetic moment that could be explained by a corresponding reduction of some Ni**
to Ni%* as also revealed by XAS and corresponds well with the slow reaction kinetics between
LNO and CO: as outlined above. In region (II) with heat treatments from 400 °C to 750 °C the
magnetic properties change more drastically: M,(300K), as the most trustful parameter for
average magnetization value per Ni ion, does still exhibit only a very slight increase with heat
treatment temperature that is in agreement with the results from XAS measurements. Whereas
the average magnetic moment of the Ni ions only slightly increases in region (II), many other
parameters extracted from the magnetic measurements that are related to the magnetic coupling
of the Ni ions and therefore are connected to the spatial distribution of the Ni ions within the
layered structure change significantly. The ferromagnetic mean-field coupling parametrized by
Weiss constant #is monotonically increasing with thermal treatment temperature. This is in
agreement with the observation that more and more Ni ions are located on a Li site as inferred
from the XRD measurements. It is supposed that the increasing but small number of Ni** ions
are located in the Li layer (ionic radii of Ni** and Li* are very similar). Whereas the Ni ions in
the Ni layer exhibit a ferromagnetic intralayer coupling, there is only a very weak and somewhat
frustrated coupling between these Ni-layers. However, as soon as Ni*" enters the Li layer these
Ni** couple antiferromagnetically with the Ni*" in the neighboring Ni-layers resulting in
ferrimagnetically ordered clusters and effecter ferromagnetic mean-field coupling as
parametrized by the Weiss constant 6. As a consequence, also the temperature where a magnetic
ordering sets in shifts to higher temperatures as confirmed by the evolution of 7g. The coercivity
field at 2 K CF(2K) also increases concomitant with 7s which might be related to an increasing
number of lattice defects that hinder more effectively the ferrimagnetic domain wall movement.
However, Ts and CF(2K) are significantly reduced again for LNO-750, i.e. in detail there seems
to exist some concurring and partially opposing effects leading to local maxima/minima in the
evolution of the parameters. This is supposed to be connected with the point when more and
more Ni?" ions are finally also incorporated into the Ni-layer: around 700 °C decomposition of
LNO within the bulk occurs and a large part of Ni** ions remains in the Ni-layer rather than to
occupy Li vacancies in the Li-Layer (small value of z in Li;:Ni;+-O; in XRD compared with
that of 600 °C, but large amount of reduced Ni*" in Ni layers suggested from NMR and XAS).
The highest observed value for the coercivity field CF(2K) for LNO-800 can be explained by
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a pronounced hindering of magnetic domain wall movement due to the multi-phase nature of
this sample consisting of LNO and (Li,Ni)O phase. LNO-1000 on the other side has
dramatically changed by losing a lot of oxygen and a transformation from LNO to the Li,Nij.
,O phase that orders antiferromagnetically and exhibits a totally different magnetic behaviour

compared with the temperature-treated LNO sample series.

104



4.3.7TEM

High-resolution STEM was performed to get more insights into local changes of the crystal
structure. For pristine LNO, small particles (several hundred nm) were used and the layered
structure can be clearly identified by the electron diffraction (Figure 4.33a) and high-resolution
high-angle annular dark-field (HAADF) imaging (Figure 4.33b). The d spacing of 4.73 A
corresponds to the (003) atomic plane in the rhombohedral phase. Based on the EELS spectrum
imaging data and more exactly on the Ni L3-edge chemical shift mapping, Ni reduction already
happens on the LNO particle surface, proving the existence of off-stoichiometric LiizNi1+,O>
phase (Figure 4.34). This is shown by the Ni L3 edge 1 eV shift towards lower energies (855
eV for bulk and 854 eV for surface) and also by the diminishing of the O K-edge pre-peak in
the surface regions (Figure 4.34c). After the heat treatment at 200 °C, the image contrast on
the particle surface has changed both in parallel (Figure 4.33c) and normal (Figure 4.33d) to
(003) direction. In the HAADF regime, the contrast is proportional to the atomic number
(~Z+").12 When Ni?* migrates to Li sites, the increasing of Z leads to an increased contrast in
the regions marked by yellow boxes. The slightly stronger off-stoichiometric Li1-Ni1+,O2 phase
is formed through the reaction between LNO and CO- (Eqgn. (4.3)).

When the heat-treatment temperature is 400 °C, an obviously thicker Lii-zNi1+;O2 phase was
observed along the particle surface in Figure 4.33e. In some regions the cubic structure could
be recognized (such as the one in Figure 4.33f) in HAADF images, which is in accordance with
the ferromagnetic NiO phase in the magnetic measurement. This cubic phase is formed from
the Li1-Ni+,O2 phase with extremely strong off-stoichiometry. The off-stoichiometry in the
bulk (observed by XRD) and at the surface (observed by TEM) before 700 °C are both induced
by the reaction between LNO and CO- (Eqgn. (4.3)). At the surface the reaction proceeds to a
larger extent because of the direct contact between LNO and CO.. In the bulk the reaction also
occurs possibly by the migration of Li from the bulk to the Li vacancies at the surface, otherwise
the off-stoichiometry would not be observed by XRD. An inhomogeneous distribution of z in
Li1-Ni1+O2 could therefore exist, but not confirmed neither by XRD nor TEM images.
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Figure 4.33 (a) low-magnification TEM image of LNO particles with the corresponding
electron diffraction pattern shown as the inset; (b) high-magnification TEM image of LNO with
interplanar spacing of (003) being labelled; HAADF image of LNO-200 with the strongly off-
stoichiometric Li;.-Ni;+:O: region (c¢) parallel and (d) normal to (003) direction marked by the
yellow boxes; The blue dots denote the Ni** migrating to Li sites with increased intensity on Li
column. HAADF image of LNO-400 with (e) the strongly off-stoichiometric Li;Ni;+xO> region

and (f) thin cubic phase on particle surface.

106



Intensity (a.u.)

520

Figure 4. 34 (a) STEM image of an LNO particle, (b) Ni L-edge chemical shift mapping of the

vellow area in (a) and (c) corresponding EELS spectra from different locations revealing a

Oxygen K-edge

, Nickel L-edge

pre-
peak

855 eV

Bulk C

reduced oxidation state of Ni at the surface.

107

II

alm
Energy Loss (eV)

860

880

900



d

Profile Ni3*
//7 1 \

-

= & s = I b
'*‘r-ﬁProfilgNiz\*

10 20 30 40 50
nm

j Profile Ni2*
ol
(-
~ Profile Ni**
< 8‘ 1

4 12

nm

Figure 4.35 (a) low-magnification TEM image of LNO-400, (b) the corresponding EEL
spectra-based Ni L-edge chemical shift, (¢c) Ni oxidation state mapping marked with the green
rectangle in (a) and (d) the profile of the bulk and surface fitting, revealing the concentration
of Ni**/Ni**. EEL spectra-based analyses on LNO-700: (e) High-magnification TEM image, (f)
Ni M-edge/Li K-edge ratio mapping, (g) Ni L-edge chemical shift mapping and (h) the mapping

of Ni**/Ni** distribution. (i) shows the relative concentration of Ni**/Ni**.

To further investigate the structural change in LNO-400, electron energy loss spectroscopy
spectrum imaging mapping (EELS-SI) was performed (Figure 4.35). Corresponding spectra of
O K-edge and Ni L-edge at the surface and in the bulk are provided in Figure 4.36. The Ni L-
edge chemical shift map of the selected green region (Figure 4.35a) is shown in Figure 4.35b.
The yellow region at the surface shows that a large amount of Ni ions has an oxidation state
lower than 3+. This area is larger than that in the HAADF image, since only higher occupancy
of Ni on lithium sites could induce obvious contrast change in STEM. The yellow-coded region
(thickness of 10-12 nm) covers a wider range of off-stoichiometry in Li;,Nii+,0O2 or NiO phase.

As discussed in the NMR part, the gradual Ni reduction corresponds to the increase of z in Li;-
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Ni+,O2 before thermal treatment at 700 °C. The inhomogeneous distribution of Li could
therefore also be reflected in Figure 4.35b. Figure 4.35¢ shows the Ni oxidation state mapping
based on the multiple linear least squares (MLLS) fitting of the 520-950 eV spectral region,
including both O K-edge and Ni white lines. The thickness of the reduced Ni layer increases to
about 15 nm, since a wider range of off-stoichiometry in Li;,Ni1+,O2 phase is revealed by this
method. The pure red colour at the surface corresponds to the ferromagnetic NiO phase found
in the magnetic measurements. The profile of the bulk and surface fitting is shown in Figure
4.35d, revealing the proportion of Ni** and Ni** in the two regions approximately. Small
amounts of Ni** ions still exist in the bulk, in accordance with the off-stoichiometry of LNO

observed by XRD.
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Figure 4.36 Corresponding spectra of O K-edge and Ni L-edge on surface and bulk from the

green area in Figure 4.35a.
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Figure 4.37 Corresponding to the spectra of O K-edge and Ni M/L-edge on surface and bulk
as shown in Figure 4.35f, g.

Figure 4.35e shows the HAADF image of the LNO-700. To clearly investigate the structural
change in this sample, EELS-SI was also performed with Li K-edge, Ni M/L-edge spectra are
shown in Figure 4.37. Ni M-edge/Li K-edge map was firstly plotted to evaluate the Li loss
situation at the particle surface in Figure 4.35f. There is a Li-poor region at the surface with a
thickness of 3-4 nm and a thin transitional area (dark green area) with medium concentration
of Li. As discussed in the XRD part, the decomposition of LNO happens at 700 °C but at slow
rate and inhomogeneously. The Li-poor region corresponds to the area with the strongest off-
stoichiometry discussed in the XRD part. A large amount of Li ions has been lost and the
vacancies are occupied by Niions. A small extent of Li/Ni mixing (L1 also migrates to Ni layers)
could happen in this area, but no evidence was found to prove this. The neighboring Li
transitional area represents the weaker off-stoichiometry in Lii.Ni+O2 and also the
intermediate states of different decomposition extents between bulk and surface. The
information about the Ni oxidation state could be acquired from Figure 4.35g, the Ni L-edge
chemical shift map of the same area. When compared with the thickness of regions with reduced
Ni for LNO-400, it is even getting thinner at 700 °C. As discussed in the XRD part, Eqns. (4.1)
and (4.3) described competitive reactions. The reaction of Eqn. (4.3) is therefore suppressed
and that of Eqn. (4.1) proceeds at a sluggish rate. The actual extent of Ni reduction at the surface
of LNO-700 is, therefore, smaller than that of LNO-400. Figure 4.35h shows the Ni oxidation
state mapping based on the MLLS fitting of the O K-edge. The corresponding intensity profile

110



is provided in Figure 4.35i. Results similar to those of Figure 4.35f could be obtained. There
is a maximum concentration of Ni** at the surface, corresponding to the Li poor and Li
transitional regions in Figure 4.35e. Although not obvious in Figure 4.35g, a certain
concentration of Ni?* still exists behind the maximum and decreases slowly into the bulk. This
portion of Ni** corresponds to the ones located at Li sites and Ni sites, induced by the bulk
decomposition of LNO. In summary, TEM analysis mainly reveals the reactions at the surface,
but that does not mean reactions according to Eqns. (4.1) and (4.3) happen exclusively in
surface regions. The off-stoichiometry in Li;,Nii+,0O2 exists both in the bulk and at the surface,
but with different degrees. Extremely large z in Li;-,Ni;+,O> or phase transitions to the cubic

phase happen earlier at the surface, but in a limited and ultra-small area.
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4.4 Conclusion

Pristine LiNiO; experiences several reaction regions under post-synthesis thermal treatment
in air at various temperatures. Firstly, in region I from the pristine state to 300 °C, LiNiO> reacts
with CO; at an extremely low rate, forming a weakly off-stoichiometric Lii..Ni;+,O> phase. In
the second region (400 to 750 °C), the rate of the reaction gradually increases, and also the z
value in Lii-.Nii+/O; increases until 600 °C. As one product, more and more Li,COs3 is observed
by XRD. At 700 °C, LiNiO2 decomposition occurs at a sluggish rate, and the reaction between
LiNiO; and CO; is suppressed. The decomposition corresponds to the increasing rate of Ni
reduction and a larger content of reduced Ni** staying in the Ni layers rather than being replaced
to the Li vacancies. At 750 °C, cubic Lii-yNiyO is first detected by XRD. In the third region
(800-1000 °C), the cubic phase quickly dominates the material and the phase transition is
accompanied by huge oxygen and lithium loss. The extent of both reactions may not be
homogeneous through the material and a larger extent is found in the surface region. An
ultrathin layer of ferromagnetic cubic phase therefore appears below 750 °C, verified by
magnetic and TEM measurements. When the off-stoichiometry of Lii.Nii+O2 is not strong
(namely for heat treatments between 200-400 °C), the electrochemical performance of LiNiO;
could be improved with respect to the cycling stability. Table 4.5 summarizes the representative
relevant information of thermally treated samples. We believe the post-synthesis thermal
treatment could be an easy method to obtain better performance of LiNiO> and also for other

Ni-based cathodes.

112



Table 4.6 Summary of relevant information of thermally treated samples. The decrease of
edge position in XPS corresponds to the continuous reduction of Ni. The temperature Tp in
PPMS indicates the number of Ni** ions located in the Li layers, corresponding to the value

in the fourth column, i.e. the value of Ni located in the Li layers obtained by Rietveld

refinement. The last column shows the values of capacity retention when cells containing
corresponding materials as cathodes were cycled between 2.5-4.5 V at 0.1 C.

Heat _ _ weight EQge To(K) Capaqity
Name treatment Phas_e_ Ni Ioc_:ated in .of position in retention
12 hin composition the Li layers  Li:COz  in XPS after 50
. PPMS
air (%) (eV) cycles
pristine R3m 2.9+0.2% 0 8344.66  7.35 60.8%
LNO-200 200°C R3m 4.1+0.2% 0 8344.71  9.23 64.7%
LNO-300 300°C R3m 4.0+ 0.2% 0 8344.61 12.76 63.0%
LNO-400 400°C R3m 49+ 0.3% 3.0% 834453 829 97.6%
LNO-500 500°C R3m 75+0.3% 48% 834454 135.7
LNO-600 600°C R3m 10.4 £ 0.3% 6.1% 834451 138.8
LNO-700 700°C R3m 9.3+0.2% 53% 834421 726
LNO-750  750°C  PR3M 41540006 4% 834409 914
1% Fm3m
o 85% R3m
LNO-800 800°C 15% Em3m 19.2 £ 0.2% 0 8343.69 223
R 21% R3m
LNO-850 850°C 29% Fm3m 0 8342.71
LNO-1000  1000°C Fm3m 0 8342.06
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Chapter 5 Conclusion and outlook

In the present thesis, I mainly focus on the new insights into structural changes of LiNiO».
Much of our understanding of the structure evolution of LiNiO> comes from classic but well-
established techniques. With the continuous improvements in characterization methods, new
studies of subtle structural changes, particularly the Li/vacancy ordering and thermal stabilities
at low temperatures, can be conducted. This knowledge is essential for the understanding of
stable delithiated LixNiO> phases and the adjustment of electrochemical performance. As
today’s Li-ion battery research is pushing to cathodes with extremely higher Ni content, the
revisit of LiNiOz is of vital importance and also fits to the interests from both industry and

academia.

Regarding the first part, ex situ °Li and in situ "Li NMR spectroscopy is applied to monitor
lithium mobility in LiNiO; during Li-ion (de)intercalation. Experimental NMR shifts are
compared with the calculated shifts, which are based on the theoretical Li/vacancy ordering
models. The observed shifts are in good agreement with estimated values. Two phenomena are
most interesting and obvious. A considerable line broadening is first observed at SoC 20%. The
rate of Li hopping decreases just before the ordering structure Lio.7sNiO2 appears. This first
Li/vacancy ordering structure can strengthen the Jahn-Teller effect, thus distorting the layered
structure and decreasing the Li hopping rate. For the last three SoC states (75%, 80% and 85%)),
the NMR peak positions remain at higher ppm positions. This suggests that the remaining Ni**
is located preferentially in the vicinity of the remaining Li ions, fitting well with the calculation
model Lio2sNiO»: each Li ion is surrounded by six Ni*" with the 180° Lia-O-TM-O-Lig
configuration. Such a special Li-ordered and Ni**/ Ni**-ordered structure corresponds to the
single H2 phase and appears to be the necessary preparation step for H2-H3 phase transition.
GITT and XAS measurements were also conducted to monitor changes of Li mobility and

oxidation state of Ni.

Based on the understanding of Li/vacancy ordering structures of LiNiO», further studies on
the Li hopping in doped LiNiO; can be conducted. The Li/vacancy ordering can be disrupted
by the dopants in the Li layers, causing a solid-solution de(intercalation) mechanism rather than
multiple two-phase reactions. This behavior will be understood from the perspective of “quasi”
Li-ordered structures. For example, Lio25sNiO> ordered structure determines the nature of the
single H2 phase for LiNiOz. For doped LiNiO», the system still tries to install the characteristic

sequence of Li ordering distribution, however some sites are occupied by dopants and a “quasi”
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ordered structure would form instead. The dopants would partly disrupt the ordering and narrow
the miscibility gap between H2 and H3, thereby mitigating or eliminating the phase transitions.
In summary, building the connection between phase transitions and Li-ordered structures is
essential to the exploration of the minimum dopant content required to stabilize the Ni-rich

cathode, i.e. understanding the trade-off between capacity and stability.

Regarding the second part, LiNiO; is investigated with respect to the subtle structural and
electronic changes induced by a thermal treatment in air after synthesis in pure oxygen. These
structural evolutions can also be regarded as the reflection of thermal instabilities of LiNiO, at
low temperatures. Combination of thermogravimetry, synchrotron XRD/XAS, 'Li MAS NMR
spectroscopy, magnetic measurements, and TEM is applied to identify such subtle changes.
These measurements reveal that Ni migration to the Li layer already starts at 200°C, later
followed by reactions with CO2. With the heat treatment temperature increasing, strong off-
stoichiometric Lii,Nij+,O2 phases and Li2CO; have been obtained. At 700°C, bulk
decomposition occurs at a sluggish rate, suppressing the reactions with CO». The decomposition
corresponds to the increasing rate of Ni reduction and preference of Ni** for occupying the Ni
sites. The extent of both reactions may not be homogeneous through the material, a larger
reaction rate is instead found at the surface. In addition, mild thermal treatment at 360-380°C
can improve the electrochemical performance of LiNiO> since a ferromagnetic cubic phase in

the surface region can serve as a protection layer.

We believe the insight provided here is the first step towards possible understanding of the
post-synthesis treatment. When targeting compounds with Ni content larger than 95%, similar
mechanism behind treatment as that of LiNiO> can be expected. This work can thus provide
useful guidance for further studies on surface modification of Ni-rich cathode materials. The
presence of a cubic phase at surface may serve as the protection layer, improving the structural
stability profoundly. A disordered rock salt phase may be formed after treatment when specific
dopants are introduced into the LiNiO: structure. Such compounds are structurally related to
LiNiO; and are reported to effectively conduct lithium. Noticeable achievements have shown
that such compounds can provide stabilization without sacrificing large amount of energy
density. Combination of the two fields, i.e. post-synthesis treatment and disordered rock salts
phase, can be a promising topic for future research. I believe that ultimate Ni-rich cathode

material can finally be commercialized by trying new strategies continuously.
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