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Kurzfassung 
Das Ziel dieser Doktorarbeit war es, den Kapazitätsverlust von LiNiO2 (LNO) und verwand-
ten LiNiaCobMncO2 (NCM) Kathodenmaterialien mit Schichtstruktur im ersten Lade-/Ent-
ladezyklus zu verstehen und die spezifischen Einflüsse der Materialeigenschaften, wie Par-
tikelgröße, Zusammensetzung und Defektdichte, zu entschlüsseln. Das Projekt führte zur 
Entwicklung einer neuartigen Herstellung von LNO und nickelreichem NCM, die von der 
üblicherweise verwendeten Festkörpersynthese abweicht, da mit diesem Ansatz .É¶-Sub-
stitutionsdefekte vollständig vermieden werden. Zunächst wurden Natriumanaloga von 
LNO und nickelreichem NCM, NaNiO2 und NaNiaCobMncO2, mittels Festkörpersynthese 
hergestellt. Der größere Ionenradius von Na+- im Vergleich zu Li+-Ionen führt zu vollständig 
ausgebildeten Nickel- und Natriumschichten in diesen Phasen. Daraufhin wurden Na+- ge-
gen Li+-Ionen ausgetauscht, wobei perfekt geschichtetes LNO und NCM entstand. Dieser 
Ansatz ermöglicht erstmalig die elektrochemische Untersuchung von .É¶-freiem LNO und 
nickelreichem NCM.  

Mithilfe der entwickelten Methode wurden Serien monolithischer LNO-Partikel mit unter-
schiedlicher Kristallitgröße synthetisiert. Dies ermöglicht die selektive Untersuchung des 
Einflusses der Partikelgröße auf den anfänglichen Kapazitätsverlust ohne Beiträge von .É¶-
Defekten. Weiterhin wurde der Einfluss von .É¶ auf herkömmliches LNO rekonstruiert und 
die Ergebnisse durch ein neuartiges duales Ionenaustauschverfahren validiert. Die Vermei-
dung von .É¶-Defekten führte zu einer schnelleren Lithiumdiffusion, resultierte aber auch 
in Destabilisierung bei hohen Ladezuständen. Dies verdeutlicht die ambivalente Rolle von 
.É¶-Substitutionsdefekten. Einerseits stabilisieren sie LNO, behindern aber andererseits die 
Lithiumdiffusion, wodurch die vollständige Entladung des Materials erschwert wird. Darüber 
hinaus wurde der Einfluss des Nickelgehalts auf den anfänglichen Kapazitätsverlust geprüft. 
Eine Serie von ionenausgetauschten, nickelreichen NCM-Materialien ohne .É¶-Defekte 
wurde synthetisiert und elektrochemisch untersucht. Ziel der Studie war es, den Einfluss 
des Nickelgehalts auf den anfänglichen Kapazitätsverlust zu untersuchen. Ähnlich wie bei 
den .É¶-Defekten zeigten die Ergebnisse ein Zusammenspiel aus Stabilität und Diffusion 
in Bezug auf die Übergangsmetallzusammensetzung. Ein verringerter Nickelgehalt stabili-
siert das Aktivmaterial im delithiierten Zustand, wohingegen ein höherer Nickelgehalt die 
Lithiummobilität verbessert. 

Die gesamte Untersuchung verdeutlicht die Gratwanderung zwischen verbesserter Materi-
alstabilität (Thermodynamik) und schnellerer Lithiumdiffusion (Kinetik). Materialien mit 
schnellerer Diffusion waren tendenziell weniger stabil und umgekehrt. Die signifikant stabi-
lisierende Wirkung von .É¶, selbst bei niedrigen Ladeschlussspannungen von 4,3 V gegen-
über Li+/Li, wurde zum ersten Mal in defektfreien Materialien beobachtet, da literaturbe-
kannte Materialien inhärent defekt-stabilisiert sind. Dies wirft die Frage nach der optimalen 
Konzentration und den Eigenschaften von Lithium-Substitutionsdefekten auf. 
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Abstract 
The primary aim of this doctoral project was to comprehensively understand the capacity 
loss in the initial charge/discharge cycle of layered LiNiO2 (LNO) and related LiNiaCobMncO2 

(NCM) cathode materials and to untangle the specific influences of material characteristics, 
such as particle size, composition and defect density. The project led to an innovative 
method of synthesizing LNO and Ni-rich NCM, diverging from the commonly used solid-
state synthesis. This method produces layered oxides devoid of .É¶ substitutional defects 
by creating sodium analogs of LNO and Ni-rich NCM, namely NaNiO2 and NaNiaCobMncO2. 
The larger size of sodium ions, compared to lithium ions, facilitates the formation of per-
fectly layered phases in these sodium analogs. Subsequently, such phases can be trans-
formed into well layered LNO and NCM through an exchange of sodium ions with lithium 
ions. This approach enabled the examination of perfectly layered LNO and Ni-rich NCM for 
the first time.  

Three sets of monolithic LNO particles with differing grain sizes were synthesized using the 
developed ion exchange method, allowing the selective study of the impact of particle size 
on the initial capacity loss without contributions from .É¶ defects. The study reconstructed 
the influence of .É¶ substitutional defects on conventional LNO and validated the findings 
by introducing magnesium to the lithium site using a unique dual ion exchange approach. 
The absence of .É¶ defects led to faster lithium diffusion, but resulted in material degrada-
tion at high potentials, thus highlighting the ambivalent role of .É¶ substitutional defects, 
which contribute to stabilization at high states of charge, but also hinder diffusion. Addition-
ally, the role of nickel content in the initial capacity loss was studied on ion-exchanged NCM 
materials with variable nickel content. Similar to the effects observed for .É¶ defects, the 
study revealed a complex interplay between stability (thermodynamics) and diffusion (ki-
netics). Lower nickel contents were found to stabilize the material at high potentials, 
whereas higher nickel contents mitigated polarization during discharge. 

Throughout the investigation, a trade-off between material stability and lithium diffusion 
was observed. Materials with enhanced diffusion tended to be less stable and vice versa. The 
significant instability of LNO, even at low cut-off potentials of 4.3 V vs. Li+/Li, was observed 
in ion-exchanged materials for the first time. Literature known material was inherently sta-
bilized due to the presence of .É¶, which obscured this property. This raises the question 
what the optimal concentration and the ideal properties of lithium ion substituents are. 
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1 Introduction 
Since their inception in the 1970s and introduction to market in 1991, secondary batteries 
based on the lithium-ion technology, also called lithium-ion batteries (LIBs), have become 
ubiquitous in everyday live as power sources of mobile devices. Their development has been 
honored with the Nobel Prize in Chemistry in 2019.[1Ǔ5] While portable electronic devices 
were successfully powered with the initial design of a lithium cobalt oxide (LCO) cathode 
and graphite anode,[6]  the recent emphasis on an all-encompassing energy transition to-
wards a more sustainable supply generates new demand for battery technologies that have 
to go beyond the initial LCO/graphite design.[7,8]  Therefore, great efforts have been invested 
in improving battery technology with regards to volumetric and gravimetric energy density, 
power density, cost-effectiveness, long-term stability, sustainability and safety, although 
the prioritization of certain aspects can vary depending on the intended application.[9]  While 
there are numerous fields in which batteries can and will be applied, the main sectors are 
stationary storage and transportation in the form of electric vehicles (EVs).[10] Consequently, 
most of the development has been devoted to construct batteries for either one of these 
applications. In the case of EVs, high energy density, stability, low price and safety are para-
mount, which are also desirable properties for long-term storage, although the emphasis 
shifts from energy density to stability and price. For the latter application, non-electrochem-
ical means of energy storage, such as pumped hydro energy storage, are competing tech-
nologies.[11] Some authors argue, however, that by 2030, second life use of EV batteries will 
be sufficient to satisfy the short-term stationary storage needs.[12] Either way, the develop-
ment of high-performance batteries for the EV sector sits at the heart of decarbonization of 
the economy, and the development of improved batteries is therefore a viable goal.  

Regarding improved cell designs, for the negative electrode side, lithium-metal anodes, ide-
ally generated in situ, provide the maximal possible energy density.[13,14] Therefore, several 
strategies have been proposed to make lithium-metal anodes industrially viable, such as 
protective surface layers,[15] structured current collectors,[16] solid-state batteries,[17] almost 
solid-state batteries[18] and electrolyte additives.[19] Another approach is to improve upon the 
commercialized graphite anodes through refined processing and morphology.[20]  The use of 
silicon as an anode material,[21Ǔ23] either pure or blended with graphite is also promising to 
improve energy density, but is plagued by extreme volume variations during cycling.[24]  Sim-
ilarly, for the positive electrode side, new compositions have been introduced to the market 
and are being developed continuously. Some promising examples include solid solutions of 
various combinations of nickel, manganese, aluminum and cobalt in the layered lithium 
metal oxide structure,[25Ǔ29]  which when used in conjunction yield the LiNiaCobMncO2 (NCM 
or NMC)[30Ǔ33] and LiNiaCobAlcO2 (NCA)[34]  material families. Alternatives are the olivine type 
LiFePO4 (LFP) and related structures,[35,36]  LiMn2O4 spinel[37]  and so-called Ǟhigh-voltageǟ 
spinel,[38]  lithium-rich disordered rock-salt materials,[39,40]  lithium sulfide,[41] lithium vana-
dates,[42,43]  and lithium- and manganese-rich layered oxides.[44Ǔ47]  Beyond lithium, other ions 
have been proposed as the shuttling agent, which aim to lower overall material cost and 
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environmental impact.[48,49]  Among these, sodium-ion-battery (SIB) technology was one of 
the first to find commercial application in an EV.[50]  

However, for long-range and high-power demand in EVs, energy density and power density 
are key parameters. To fulfil these demands, typically LIBs are used.[51] State-of-the-art cells 
feature (i) a graphite or blended silicon anode, (ii) a carbonate-based liquid electrolyte and 
(iii) for the cathode side, either NCM/NCA or LFP.[8,51] While LFP has the advantage of lower 
processing cost and material prices, as well as good long-term stability, NCM or NCA cells 
have higher theoretical and practical volumetric and gravimetric energy densities.[52]  Never-
theless, the theoretical specific capacity of ~275 mAh/gCAM of the latter cathode active ma-
terials (CAMs) cannot be harnessed yet experimentally.[53,54]  While all NCM and NCA mate-
rials can, in principle, deliver similar specific capacities, the upper cut-off voltage limits the 
amount of lithium that is extracted and thus cycled.[53,54]  Upon charging to high cut-off volt-
ages the commonly used carbonate electrolytes undergo parasitic side reactions and form 
the so-called cathode solid-electrolyte-interphase, causing an increase in cell impedance.[55]  
Furthermore, high cut-off voltages can cause loss of active material due to its degrada-
tion.[55,56]  Lastly, some of the capacity of NCM is lost during the first charge/discharge cycle 
due to incomplete relithiation.[55,56]  With an increase in nickel content, the average charge 
and discharge voltages decrease, which increases the specific capacities achievable within 
the stability window of common liquid electrolytes.[53]  Therefore, for NCM and NCA materi-
als with higher nickel contents, so-called Ǟhigh-nickelǟ or ǞxĦ-richǟ materials, which is com-
monly defined as a nickel content of ȇƿƩơƿńŏĽȘ, the gap between theoretical and experi-
mental specific charge capacity decreases. If this trend is pushed to its extreme, the pure 
nickel compound, LiNiO2 (LNO), can routinely be charged to 260 mAh/g at just 4.3 V vs. 
Li+/Li, which is 95% of the theoretical specific capacity and corresponds to a residual lithium 
content of 5%.[57]  

Upon discharge, about ~90% of the first-cycle charge capacity is reached.[57]  This discrep-
ancy between charge and discharge capacity is commonly referred to as first-cycle capacity 
loss (FCCL). In LNO, the FCCL was shown to be mainly a result of slow lithium diffusion at 
the end of discharge, such that 0% FCCL can, in principle, be achieved with extremely slow 
cycling.[58]  Therefore, investigating the cause of this first-cycle loss is warranted to improve 
the utilization of lithium ions in Ni-rich NCM and NCA materials. Several structural aspects 
were correlated with the FCCL. As mentioned above, parasitic side reactions play a role if 
materials are cycled to high cut-off voltages, but do not seem to be a major factor with lower 
cut-off voltages.[55,58]  Particle size also has a direct impact on the lithium diffusion path 
length and could clearly be correlated with FCCL.[57,59,60]  Lastly, .É¶ substitutional point de-
fects, which are inherently present in Ni-rich cathodes, as a residual from their solid-state-
synthesis (sst), also show correlation with the FCCL.[56]  

The objective of this doctoral work was to develop a deeper understanding of the FCCL 
phenomenon and to disentangle the individual contributions of material properties, such as 
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particle size, transition-metal substitution and defect density. The project resulted in a novel 
synthesis method for LNO and Ni-rich NCM, which, contrary to the widely employed sst, 
yields materials void of .É¶ substitutional defects. This is achieved by synthesizing the so-
dium analogs of LNO and Ni-rich NCM, which are NaNiO2 (NNO) and NaNiaCobMncO2

 (Na-
NCM). Due to the larger size of Na+ ions (r (Na+) = 1.0 Å), compared to Li+ ions (r (Li+) 
= 0.76 Å),[61] these sodium analogs form perfectly layered materials, which can be trans-
formed into well layered LNO and NCM by means of sodium to lithium ion exchange (IE). 
This methodology enabled the investigation of perfectly layered LNO for the first time. Three 
series of monolithic LNO particles with differing particle sizes were synthesized and the im-
pact of particle size on the FCCL was studied in the absence of .É¶ defects. An optimized 
IE-LNO was compared in detail to a reference material, and the results were validated with 
an artificial lithium-site defect through a novel dual-ion-exchange approach. In the absence 
of .É¶ defects, lithium diffusion at the end of discharge became faster, while material deg-
radation was observed at high potentials. Thus, the results indicate an ambivalence of .É¶ 
defects, which on the one hand help to stabilize LNO, while on the other hand they impede 
diffusion and do not allow complete discharge of the material. Furthermore, the role of 
nickel content on the FCCL was also studied by synthesizing a series of IE-NCM materials 
without .É¶ defects. Similar to the impact of .É¶ defects described above, a trade-off be-
tween thermodynamicas and kinetics was observed when altering the nickel content. Lower 
nickel contents were shown to stabilize the material at high SOC, but higher nickel contents 
were observed to lead to more complete discharge.  

The substantial stabilization achieved by the presence of .É¶ defects, even at low cut-off 
potentials of 4.3 V vs. Li+/Li, was found in defect-free materials for the first time, as all mate-
rials previously described in the literature are inherently sufficiently pillared to obscure this 
property, as a result of their synthesis history. This raises the question of an optimal defect, 
or pillar ion, concentration, as well as the optimal properties of such pillar ions, to improve 
the performance of Ni-rich CAMs. Additionally, a novel coating strategy for cathode materi-
als to be used in solid-state-batteries was developed and tested during the duration of this 
doctoral project. The results of this project have been submitted to a peer-reviewed journal, 
and the submitted draft can be found in the Appendix in chapter 6.2.1. Since the topic of 
this initial investigation deviates somewhat from the main theme of this doctoral thesis, it 
was not included in the main text. 
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2 Fundamentals 

2.1 Structure of Lithium Nickel Oxide 

LiNiO2 owes its properties as a promising CAM to its layered crystal structure, which allows 
for simultaneous redox activity and electronic/ionic transport. In the following chapters, the 
crystal structure of LNO is described, and the presence and role of different defect types is 
discussed.  

2.1.1 Crystal Structure 

Analogous to its predecessor (LCO) for LIB application, LNO forms a layered structure of the 
-hNaFeO2 type, wherein nickel is sandwiched between two layers of oxygen in octahedral 

coordination.[62,63]  The spaces in between these nickel oxide layers are filled with lithium, 
which is also coordinated in octahedral sites. Experimentally, LNO adopts the rhombohedral 
Rⱷ3m space group, as shown in Figure 1c. The oxygen stacking in this structure repeats 
after three layers (AB CA BC), which corresponds to an O3 (repetition after three layers) 
structure according to the nomenclature for layered metal oxides introduced by Delmas.[64]   

 

Figure 1. (a) Molecular orbital scheme of a LS-Ni3+ octahedral complex. (b) Molecular orbital 
scheme of a LS-Ni3+ JT-distorted complex. Unit-cell of LNO in the hexagonal phase (Rⱷ3m 
space group) with nickel in gray, lithium in blue and oxygen in burgundy (diameters of the 
spheres do not correspond to the ion radii) (c). Unit-cell of LNO with collinear JT-distortion 
(C2/m space group) with elongated bond axes in red (d). Unit-cell of LNO with zigzag JT-
distortion (P21/c space group) with elongated bond axes in red (e).  

Contrary to LCO, however, the low-spin (LS) Ni3+ in LNO should be Jahn-Teller (JT) active. 
JT-distortion describes the instability of non-linear molecular systems with degenerate 
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electronic states, causing a distortion that lowers symmetry and splits the degenerate en-
ergetic states, allowing the system to adopt an overall lower energetic state. Figure 1a, b 
shows the JT effect in the molecular-orbital schemes of an octahedral complex and its elon-
gated JT-distorted state. 

Since the ideal structure of LNO contains Ni3+, the 3d orbitals are occupied by seven elec-
trons. In this case, energetic stabilization is achieved by elongation along the z-axis, which 
lowers the energy of the dz² orbital (a1g) and destabilizes the dx² y² orbital (b1g). Density func-
tional theory (DFT) calculations validate this picture and find that ideal LNO should adopt a 
JT-distorted structure. Several crystal structures would fit the axial elongation of the nickel 
to oxygen bonds, as the elongated bonds can adopt several ordered states.[65]  One of these 
configurations is the collinear JT distortion, wherein all elongated bonds are oriented in the 
same direction, as is shown in Figure 1d, which corresponds to the C2/m space group. A 
second configuration is the so-þëĽĽċĄƿǞƔĦěƔëěǟƿiT-distorted structure, which corresponds to 
the P21/c space group, as can be seen in Figure 1e. Thirdly, a disproportionate structure 
exists, which features random orientation of all elongated bonds. DFT calculations have 
shown that the energetically most favorable state would be the zigzag JT distortion.[65]  

Experimentally, no cooperative long-range JT distortion is observed when LNO is probed by 
X-ray diffraction (XRD). Instead, the rhombohedral non-JT-distorted Rⱷ3m structure is ob-
served, as stated above. The JT distortion is nevertheless present and causes dynamic local 
distortions with domain sizes of ~10 nm and the presence of three sublattices, due to the 
threefold symmetry of Rⱷ3m, as was confirmed by extended X-ray absorption fine structure 
(EXAFS) measurements and atomic pair-density function (PDF) studies.[65Ǔ70]  The lack of 
cooperative JT ordering is explained by fast interconversion through pseudo-rotations of 
the three possible directions of JT-based octahedral elongation.[65]  However, one should 
also keep in mind that truly stoichiometric Li1Ni1O2 is, as of yet, not experimentally accessi-
ble and thus the discrepancy between theoretically predicted and experimentally observed 
structure may be caused by a defective sample.  

2.1.2 Defects in Lithium Nickel Oxide 

In principle, a plethora of structural defects can occur in Ni-rich cathodes, such as LNO. 
However, the main defects typically studied are either planar defects (2D) or point defects 
(0D).[71] Among the planar defects, twin boundaries,[72]  antiphase boundaries,[73]  edge-dis-
locations[73]  and free surfaces resulting in impurity phase formation[74,75]  are known to occur 
in pristine (uncycled) LNO. Of these defects, the most intensively studied is most likely the 
free surface, as it is highly reactive and its presence obvious. The surface reacts spontane-
ously with moisture under ambient conditions, which leads to intercalation of protons near 
the particle surface, as well as formation of lithium residues, which are quickly converted to 
lithium carbonate on the surface.[76,77]  The free particle surface is further prone to reduction, 
which is accompanied by release of lattice oxygen.[78]  While the other planar defects are less 
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studied, their impact on electrochemical performance is generally negative, and their impli-
cations are an active area of study.[72,73]   

As to the point defects, vacancies,[79Ǔ81] anti-site defects[82]  and substitutional de-
fects[62,63,83,84]  are the commonly described intrinsic defects in layered oxide cathodes, that 
is not intentionally synthesized through foreign ion addition etc. Within the group of point 
defects, only .É¶ substitutional defects, accompanied by .É defects for charge compen-
sation, can be observed in LNO close to stoichiometric conditions (when z < 0.15 in Li1

zNi1+zO2), as was shown by combined refinement of synchrotron and neutron diffraction 
data, the latter of which is more sensitive to the lithium sub-lattice.[82,85Ǔ87]  The formation of 
this defect pair causes the average oxidation state within the transition-metal slab to de-
crease,[84,86,88]  thus causing the nickel slab size to increase, while the lithium slab size de-
creases due to the presence of smaller Ni2+ ions (r (Ni2+, LS) = 0.69 Å) compared to Li+ (r (Li+) 
= 0.76 Å).[61] Consequently, the Li-O bond length decreases while the Ni-O bond length in-
creases which results in an increase in the lattice parameters a and c, as well as the unit-cell 
volume V.[74,86,88Ǔ93] Regarding the potential JT distortion of LNO, such defects were shown 
to act as non-distorted centers, disrupting the long-range JT distortion.[94]  

For simplicity, within this thesis, the presence of .É¶ and .É defects is referred to as only 
.É¶, while the co-presence of .É is implied. The role of these defects is vital to the proper-
ties of LNO, as well as those of Ni-rich CAMs.[62,95 ] A truly defect-free LNO was in this regard 
likely never synthesized, which is due to the experimentally challenging requirements of 
highly oxidizing conditions, which benefit from low temperatures, paired with sufficiently 
high temperatures needed for reactant interdiffusion in solid-state reactions. To sum up, the 
ever-present .É¶ substitutional point defects affect almost every property of LNO. In the 
pristine material, .É¶ defects change the magnetic properties, the structural parameters 
and the JT-activity play a role.  
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2.2 Synthesis Methods and Resulting Properties 

The interest in LNO is driven by its potential application as a high-energy CAM for LIBs. The 
electrochemical performance of materials is contingent on a variety of factors across differ-
ent length scales, which are dependent on the synthesis history. In the following chapters, 
an overview of the relevant processes for the synthesis of LNO is given. 

2.2.1 Solid-State Synthesis 

The first synthesis of LNO was reported in 1954, simultaneous with its sodium analog NNO, 
as the reaction product of nickel metal tubes with LiOH and NaOH, respectively, at 650-
850 °C under oxygen flow.[96]  While a similar approach is still being investigated,[97]  the com-
mercial interest in lithium layered oxide materials of high purity has spurred the pursuit of 
other synthesis methods, and by now a plethora of synthesis options is available.  

State-of-the-art synthesis of Ni-rich CAMs relies on solid-state-synthesis with precursors of 
transition metals and lithium, which are mixed as powders and annealed at elevated tem-
peratures in a flowing oxidizing atmosphere.[62]  Atmospheric flow is needed for mass 
transport, because byproducts have to be removed from the reaction.[98,99]  In the case of 
LNO, Ni2+ has to be oxidized to Ni3+, for which an oxygen atmosphere, compared to air, 
yields higher quality material.[62]  The reaction temperature is typically in the range of 650-
750  °C, as too high temperatures lead to volatilization of the lithium precursor and decom-
position of LNO, while too low temperatures cause incomplete reaction and overlithiation 
of LNO to form Li2NiO3 domains.[100,101] 

While several synthesis techniques share the calcination conditions mentioned above, the 
choice of precursors, as well as the means to mix the precursors, is crucial and distinguishes 
several synthetic approaches to LNO. The simplest reaction scheme is the mechanical mix-
ing of nickel oxide with lithium oxide, hydroxide, nitride or carbonate in a mortar, mixer or 
ball mill.[84,102,103] Depending on the precursor morphology, too large domains of nickel pre-
cursor lead to incomplete reaction, due to slow reaction, even if the temperature is chosen 
correctly, as was the case in the initial synthesis of LNO from large pieces of metal.[63,96]  
Therefore, small nickel oxide grains, which remain in a solid state at the calcination temper-
ature, are beneficial to decrease the reaction time, which is directly associated with the pro-
cessing cost. With regard to the molar ratios, lithium is typically used in excess to compen-
sate for its loss due to volatilization.[62]   

Some industrial processes for Ni-rich materials rely on a nanoporous transition metal pre-
cursor (pCAM), which is synthesized by co-precipitation in a batch feed reactor.[104] In the 
case of LNO, precipitation of Ni(OH)2 is achieved by addition of alkaline solutions to aqueous 
nickel salt solutions.[105] The obtained particles possess a refined morphology consisting of 
secondary particle agglomerates in the micrometer range, which are each comprised of na-
noscale Ni(OH)2 grains.[73,105] This method allows for facile inclusion of dopants with intimate 
contact between all reaction partners and is thus very attractive for the synthesis of Ni-rich 
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NCM and NCA CAMs.[106] Furthermore, gradient distributions can be achieved, which allow 
to design particles with core-shell type morphology.[107] Due to the retention of the second-
ary particle morphology, which is beneficial for lithiation reactions, as well as ŲĢċƿńëŲċŤĦëĽŪǡ 
electrochemical properties,[108] precipitated Ni(OH)2 is often used as precursor for 
LNO.[57,59,109Ǔ111]  

Another method to ensure intimate contact between the reaction partners is sol-gel synthe-
sis. Typically water- or ethanol soluble salts of lithium and nickel, such as nitrates, hydrox-
ides and acetates, are dissolved in water or mixtures of water and ethanol.[62,112,113] The use 
of additional chelating agents has been reported, but sol-gel synthesis can also be carried 
out without chelating agents.[114] The obtained sols are dried until a gel is formed, which is 
then calcined in air to relieve the anions as gasses. The obtained precursor mixture is then 
typically calcined as outlined above.  

Furthermore, mechanochemical synthesis of LNO has been attempted, which yields only 
the rock-salt-type Li1 zNi1+zO2 material and not layered LNO.[102] However, when this material 
is subjected to annealing conditions, as outlined above, a well-layered LNO is formed.[102] 
Therefore, one could consider mechanochemical mixing another method to combine the 
respective precursors intimately.  

2.2.3 The Relationship between Calcination Conditions, Particle Size and Microstructure 

Key factors that govern the electrochemical performance of LNO are the crystal structure 
and the microstructure/morphology. Both features are directly linked to the calcination con-
ditions and, in particular, to the calcination temperature. As established by the first system-
atic investigations,[103,115] and as mentioned in the previous chapter, LNO is typically synthe-
sized at a reaction temperature of ~700 °C in an oxygen atmosphere. Too low temperatures 
cause incomplete reaction, which is most likely related to slower interdiffusion.[74]  This is not 
the only reason for impurities in low-temperature synthesis, because the oxygen activity 
also increases as the temperature is lowered. Such conditions favor, in sufficient supply of 
lithium, the formation of overlithiated CAM, with Li2NiO3 being the most oxidized structure 
that can be formed, in which nickel is formally present as Ni4+.[100,116] The full solid solution of 
Li1+zNiO2+z down to LNO exists, but if lithium is supplied in exactly one equivalent to nickel, 
the reaction product still differs from LNO synthesized at 700 °C.[100] An obvious difference 
is the much smaller particle size, due to the mentioned slower interdiffusion of reactants 
and reduced sintering. A second difference is the presence of ,É defects, which typically 
only occur in LNO far from stoichiometric conditions.[100] As outlined in 2.1.2, such intermix-
ing effects normally occur only for samples with high off-stoichiometry, but apparently the 
higher oxidation potential at 550 °C is sufficient to drive full oxidation of nickel to induce 
true cation intermixing. Another reason for this observation could be incomplete layer for-
mation from rock-salt type LiyNi1 yO2 due to the lower calcination temperature, which is the 
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intermediate structure formed during calcination of LNO, with residual impurities being mis-
interpreted as intermixing defects.[101]  

The mechanism of LNO formation was studied in detail by in situ synchrotron XRD and neu-
tron powder diffraction.[101,117,118] After initial dehydration of the precursors to yield NiO and 
partially dehydrated LiOH, the solid-state reaction between the nickel and lithium precur-
sors can be separated into three regions.[101,117] The first region is the gradual lithiation of 
rock-salt type NiO, which crystallizes in the Fmⱷ3m space group, to yield LiyNi1 yO up to 
y Ȉ 0.4.[101,117] Region II defines the onset of the layering transition to yield a defective layered 
phase that is rich in Li/Ni intermixing, opposed to .É¶ substitutional defects.[101,117] As the 
reaction progresses, the defects in this phase heal out further until a fully layered state is 
reached in region III, which may be when intermixing disappears, below x ȇƿơǁƢƦƿĦņƿnĦ1

xNi1+xO2, as described by Weber and co-workers.[82,101,117] The temperatures at which these 
phases are observed are related to the specific parameters chosen to study the reaction and 
may therefore vary, e.g. depending on the temperature ramp speed, but judging from sys-
tematic analyses of the annealing temperature, the desired low-defect LNO phase is likely 
only formed above 650 °C.[74,75]  As described above, LNO can also be synthesized at lower 
temperatures, but then contains defects due to overlithiation of the material.[100]  

Too high calcination temperatures also result in several structural defects, which are ulti-
mately detrimental to the materialsǡƿŠċŤęŏŤńëņþċƿëŪƿ1 vǁƿWith an increase in calcination 
temperature or too long reaction times, the crystal structure of LNO proves unstable and 
decomposes to lithium-deficient states.[119,120] This could be due to the decrease of oxygen 
activity, ‘ , with rising temperatures, which can be expressed by the following formulas: 

‘ ὴ ȟὝ ‘ ὴ ȟὝ ὯὝ ÌÎ 
 

        (1) 

‘ ὴ ȟὝ Ὤ ὴ ȟὝ Ὕί ὴ ȟὝ ὯὝ ÌÎ 
 

     (2) 

with the oxygen partial pressure ὴ , a reference oxygen partial pressure p0, /ŏĽŲƔńëņņǡŪ 
constant kB, the specific entropy ί  and the specific enthalpy Ὤ  of oxygen, and the tem-
perature T.[100,121] Therefore, as T increases, the entropic term becomes more relevant and 
favors the formation of Ni2+ and the release of molecular oxygen. The decrease of oxygen 
activity is likely not the only reason for LNO decomposition. Several authors describe a loss 
of lithium due to the volatilization of Li2O in an environment of pure oxygen, which is sus-
pected to sublimate as the peroxide, Li2O2, at high calcination temperatures.[120,122] For this 
reason lithium carbonate, which is otherwise a common precursor for NCM-type material 
synthesis, is not commonly used for LNO synthesis, as it only decomposes and fully reacts 
above 720 °C, which is sub-optimal for LNO synthesis with regards to crystallinity, as well 
as lithium loss.[84,103] Therefore, solid-state synthesis of LNO should ideally be carried out at 
temperatures of around 700 °C in an oxygen atmosphere, where lower temperatures yield 
more oxidizing conditions and thus should result in less substitutional defects and smaller 
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primary grains, while an increase in temperature favors the growth of a coarse-grained ma-
terial while sacrificing low .É¶ defect concentration.[57,59,111] 

When attempting to synthesize much larger grain sizes, up to single crystal (SC) morphol-
ogy of several microns in size by high-temperature sintering, the thermal instability be-
comes more problematic, and the obtained materials are off-stoichiometric.[123,124] An alter-
native to this is to use fluxes to grow larger grain materials, which can either protect the 
sample from decomposition or assist in low-temperature (~700  °C) sintering to obtain mi-
cron-sized, ideally isolated grains.[125Ǔ128] These salt melts have an inherent drawback, as they 
have to be washed off the CAM particles after sintering, ultimately causing degradation of 
the surface, as outlined in the next chapter.  

2.2.3 Lithium Residuals, Washing and Surface Stability 

Depending on the synthesis method, some LNO can directly be used after synthesis, 
whereas other techniques, e.g. flux-assisted single-crystal growth, require a post washing 
step.[126Ǔ128] Industrially, washing steps are implemented, because they help to remove re-
sidual lithium.[129] Excess salt has to be removed, because it can otherwise cause gelation in 
the preparation of an electrode slurry,[130] as well as clogging the particles pores, which de-
creases the specific surface area for electrochemical intercalation reactions.[131Ǔ134] Washing 
helps to remove such residues, which are often present in the form of carbonates and cause 
gas evolution during cycling.[135,136] The presence of carbonates can be explained by the high 
reactivity of free surfaces, even at ambient conditions, in the presence of moisture and CO2, 
which is why such materials should be handled in dry or inert gas conditions.[77,137Ǔ139] Next 
to conversion of lithium oxide to lithium carbonate, ambient moisture can also leach lithium 
from the lattice via lithium to proton ion exchange near the surface, as is depicted in Figure 
4b.[76,140] This reaction also occurs during washing with water, forming a partially protonated 
surface layer.[141] Depending on the subsequent processing, the surface layer either still con-
tains protons during cell assembly, if the material is not heat treated, or it transforms into a 
decomposed rock-salt type structure when increasing the drying temperature from 80 °C 
to 300 °C.[141] Upon further increase of the drying temperature to the calcination tempera-
ture (~700 °C), the decomposed surface layer undergoes a solid-state reaction with lithium 
from the bulk material, thus partially recovering the layered structure.[142] Another method 
to avoid the formation of rock-salt type NiO while also removing intercalated protons, is the 
addition of dopants, such as boric acid or certain transition metals, to the washing solution 
or the freshly washed material to obtain a lithium-conductive surface layer.[143Ǔ145] It should 
be noted that the conversion of residual lithium into coatings or additional electrochemically 
active phases, to avoid water exposure and the associated pitfalls, is an active area of re-
search as well.[146,147] 
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2.2.4 Other Synthesis Methods 

Alternative to the controlled synthesis by high-temperature annealing, the combustion 
method, also referred to as self-propagating heat treatment, is appealing, as it is usually 
faster than solid-state calcination and provides the heat needed for LNO formation directly 
from the combustion fuel, which can be urea, starch, hydrazine, gelatin or glycine.[148Ǔ151] In 
some instances, the combustion product is used directly as a CAM,[148,152] while other au-
thors use the combustion to obtain a precursor mixture, which is then further calcined, sim-
ilar to what is described for the sol-gel method in 2.2.2.[149Ǔ151] When the combustion prod-
ucts are used directly as a CAM, the performance is worse than the materials obtained from 
solid-state synthesis in terms of capacity and capacity retention.[149] This is likely related to 
the small particle size, poor crystallinity and residues from the combustion reaction. There-
fore, the combustion method does not represent a promising alternative to the solid-state 
reaction. 

Another alternative is the use of microwaves as the energy source for LNO formation. The 
advantage is again faster reaction, while control over the synthesis parameters is lost. Two 
types of microwave-assisted synthesis were reported, of which one investigates the product 
obtained directly from microwave irradiation,[153] while the other method employs a high-
temperature calcination after microwave treatment.[152,154] While the direct microwave syn-
thesis product is shown to work extremely well as a CAM (qdis > 260  mAh/g), this is ambig-
uous as the phase evolution described does not allow for this capacity to be achieved, even 
theoretically,[155] and is therefore likely a measurement error. When compared to the other 
synthesis methods, solution-based combustion is found to yield the overall best results, but 
since the date of publication, better results have been achieved with the solid-state synthe-
sis approach.[57,59,152] 

Autoclave synthesis under hydrothermal conditions has also been used to obtain LNO.[156Ǔ

159] In one instance, the solid solution of LNO with LCO was investigated, but particularly for 
the synthesis of LNO from NiCl2 the pure product could not be obtained.[156] When instead 
of Ni2+ precursors, Ni3+ in the form of nickel oxy-hydroxide is used, phase-pure LNO can be 
obtained, even without annealing. Sun and co-workers use this precursor and the hydro-
thermal method as a means for reaction mixture preparation and calcine the material in air 
to obtain a well-layered structure.[158] Nickel oxy-hydroxide can also be used directly as a 
hydrothermal precursor for phase-pure LNO.[157,159] Contrary to layered ɼ-Ni(OH)2, ɼ- or ɾ-
NiO(OH) contain nickel in the same oxidation state as LNO, which is Ni3+. This is achieved 
by oxidizing ɼ-Ni(OH)2, e.g. with hypochlorite salts in highly basic conditions, which yields 
two forms of NiO(OH) with smaller (ɼ) or larger (ɾ) interlayer spacing, as a result of interstitial 
water and potassium ions in the latter case.[157,159] One method to obtain NiO(OH) is the 
ion-exchange reaction from sodium to protons, which is a spontaneous reaction of NNO 
under aqueous conditions, which depending on the pH can be used to obtain NiO(OH) with 
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tailored interlayer spacing in either variety.[160] Under high-pressure hydrothermal condi-
tions, NiO(OH) can then be transformed into crystalline LNO.[157,159] The capacity achieved 
with these materials is consistently lower than that of sst-LNO and also lower than LNO 
obtained from the hydrothermal approach paired with annealing, as utilized by Sun and co-
workers.[157Ǔ159] One method to improve the performance of LNO obtained from direct hy-
drothermal synthesis is the inclusion of cobalt, which likely helps to reduce the water affinity 
of the structure and thus drives the reaction towards full lithiation.[159] Indeed, for LCO, the 
hydrothermal method yields high-capacity material, which is comparable to sst-LCO.[159] 
Apart from the hydrothermal proton to lithium ion exchange, sodium to lithium ion ex-
change can also be conducted under a variety of conditions,[161Ǔ164] but for LNO synthesis, 
no results were reported prior to this doctoral project. By now, one paper has been reported 
on the molten-salt-based ion exchange of a Ni-rich NCM, with capacities that are overall 
lower than the materials studied during this doctoral project.[161] Depending on the ion ex-
change conditions, the material has to be washed after synthesis, particularly in the molten-
salt-based ion exchange. This makes the ion-exchange technique challenging for the syn-
thesis of LNO, which is known to be sensitive to water exposure. This may be the reason 
why the literature reported performance of Ni-rich IE-NCM has been lower than its sst-an-
alogs.  

Finally, several synthesis techniques exist that are specific to the formation of thin films of 
LNO, rather than bulk material. Some of these techniques are adaptions of bulk syntheses, 
such as the hydrothermal approach, which can either be conducted as a direct adaption of 
the hydrothermal bulk synthesis[165] or coupled with electrochemical deposition to promote 
film growth.[166] Alternatively, pulsed laser deposition (PLD), chemical vapor deposition 
(CVD) and sputtering have been used to obtain thin films of LNO.[167Ǔ169] 

While several alternatives to the solid-state synthesis were proposed and tested, to date no 
true contester has emerged that can deliver similar capacity to sst-LNO. Indeed, of all the 
alternative techniques described here, the techniques involving a final annealing step have 
always shown the best capacity. At least to some degree, this is caused by the decreasing 
stability when moving to high nickel contents, which puts tight constraints on the synthesis 
window of high-performance Ni-rich CAMs. 
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2.3 Electrochemistry of Lithium Nickel Oxide 

While LNO delivers remarkably high reversible capacity, outperforming all other NCM- and 
NCA-type materials, it still loses about 10% of capacity due to kinetic limitations. Addition-
ally, the introduction of LNO as a commercial CAM is hampered by its intrinsic instability. 
The following chapter aims to give an overview of the electrochemistry and degradation of 
LNO. 

2.3.1 Phase Evolution 

Upon electrochemical lithium de-intercalation, LNO undergoes a cascade of phase transi-
tions, which can be tracked via ex situ or operando XRD and correlated with the charge/dis-
charge curves.[57,74,89,155,170,171] If these curves are transformed to differential capacity plots, 
the phase transformations appear as positive peaks during charge and as negative peaks 
during discharge, while the single-phase regions appear as troughs. The typical phase evo-
lution of LNO is shown in Figure 2a, b. The first change in space group, corresponding to 
the second peak during charge (H1-M), is the emergence of cooperative (collinear) JT-dis-
tortion, which results in formation of the monoclinic C2/m space group, due to oxidation of 
nickel as well as lithium/vacancy orderings that stabilize the elongated octahedra.[155,172] The 
next change in crystallographic phase is the loss of monoclinic distortion, corresponding to 
the fifth peak (M-H2), which yields a hexagonal phase that crystallizes in the Rⱷ3m space 
group with ɻ-NaFeO2-type structure. This phase is commonly labeled H2 (second hexago-
nal phase) and corresponds to an O3 (AB CA BC) structure type. Upon further charging, 
another phase with the same space group and structure is formed, however, which does 
feature a much smaller interlayer spacing due to the so-called interlayer collapse upon suf-
ficient delithiation. This phase is commonly labeled H3 (third hexagonal phase). Upon fur-
ther delithiation, transformation to yet another hexagonal phase, labeled H4 (fourth hexag-
onal phase) is observed, which adopts an O1 (AB AB) structure in a distorted CdI2-type struc-
ture in the C2/m space group.[62,173,174] This phase forms upon approximating the fully deli-
thiated state, which is NiO2, and features the smallest interlayer spacing during cycling of 
LNO.[173,175] Reversible (de-)intercalation was reported for all phases described above, if the 
material is cycled to moderate cut-off voltages.[175] However, when keeping the material at 
high SOC, over hundreds of hours, some authors argue that slow decomposition by means 
of nickel migration from the nickel to the lithium slab can occur.[173,176] Other authors reject 
the notion of nickel migration due to the highly destabilized state of nickel in face sharing 
tetrahedral sites, which would be the intermediate migration state, as well as due to com-
plete reversibility of the de-intercalation reaction, even with cut-off voltages that allow H4 
formation.[175] It should be noted that, while the H4 phase represents the highest degree of 
delithiation, the phase propagation outlined above does not imply a full conversion from one 
phase to the other. Instead for the last transition one could also describe the simultaneous 
formation of H3 and H4 from H2.[175] Therefore, the phase sequence may be noted as: H2-



 2 Fundamentals 14 

H3-(H3-H4)-H4[177] or H2-H3+H4[175], depending on the assumed formation mechanism of 
H4.  

 

Figure 2. First-cycle charge/discharge curve of LNO in the potential range of 2.9 to 4.35 vs. 
Li+/Li, with crystal phase changes and kinetic hindrance region indicated in gray (a). Second-
cycle charge/discharge differential capacity plot, with lithium content of ordered phases 
presented in bold letters (b). Lithium/vacancy ordered phases reproduced with permission 
from reference [155] (c). 

Due to the change from O3 to O1 stacking during the H3 to H4 transition, the NiO2 layers 
have to glide, in a threefold degenerate direction, to accommodate for the change in oxygen 
stacking. The change in stacking fold is driven by dislocations, such as screw dislocations, 
which LNO can accommodate better than, e.g. LCO, due its JT activity.[178] Such dislocation 
cores can act as lithium-vacancy sinks, which is why they were hypothesized to cause deg-
radation of the material.[178] In LNO with a low defect concentration, the H3 phase is the 
main phase formed after charging to 4.3 V vs. Li+/Li, while only small fractions of H4 are 
observed within the H3 layered structure.[175] The co-existence of these two phases with 
different oxygen stacking causes strain, which can be visualized as bending of the NiO2 
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sheets.[177,179] At sufficiently high .É¶ defect concentration (> 7 mol%), the H3-H4 transition 
is not observed anymore.[173] This may be explained by the pillaring effect of these intrinsic 
defects, which prevent dislocation of the NiO2 layers, as schematically shown in Figure 5b, 
similar to the pillaring strategies developed for LCO.[173,180,181] Upon discharge, the H3 phase 
is re-lithiated faster than the H4 phase, which is the remaining phase at the cusp of trans-
forming to the expanded H2 phase.[175] This could be related to slower re-lithiation of the 
NiO2 phase because of its smaller interlayer spacing when compared to H3 or because of 
the additional energy required to cause slab gliding from O1 to O3, which is the stacking 
sequence in the H2 state.[175]  

Apart from the phase changes according to the pattern H1-M-H2-H3(+H4), several other, 
less intense peaks are also visible in the differential capacity curve shown in Figure 2b. 
These transitions are suspected to correspond to the two-phase regions between lith-
ium/vacancy ordered states. From simulating stoichiometric LNO at 0 K, Mock and co-
workers predict ordered phases for LixNiO2 at x = 0.25 (1/4), 0.4 (2/5), 0.5 (1/2), 0.625 (5/8) 
and 0.75 (3/4),[155] which are shown in Figure 2c, while other authors predict additional sta-
ble phases at x = 0.33, 0.6 and 0.83[182] and x = 0.125, 0.33, 0.5, 0.6, 0.67, 0.83 and 
0.875.[183] When increasing the temperature, some of the miscibility gaps in the models 
close and solid solutions appear in the range from 0.5 to 0.75.[155] Experimentally, these 
lithium orderings can be observed by magic-angle spinning (MAS) nuclear magnetic reso-
nance (NMR) spectroscopy[184,185] and electron diffraction.[186] The NMR measurements 
show the presence of the ordered states of x = 0.25 and 0.5,[187] as well as x = 0.4, 0.6 and 
0.75 [184], while no close agreement between predicted and observed NMR shifts was found 
for x = 0.33. From electron diffraction patterns, Delmas and co-workers identified the or-
dered states of x = 0.63, which lies in the predicted monoclinic region from 0.5 to 0.75,[186] 
and of x = 0.25, 0.33 and 0.65.[188]  

The above described orderings found by Mock and co-workers, 1/4, 2/5, 1/2, 5/8, 3/4, coin-
cide with the single-phase regions (minima) observed in the differential capacity curve 
shown in Figure 2b, to which the trivial states of x = 1 and 0 were added. The labels added 
in Figure 2b do not perfectly correspond to the lithium content found electrochemically, but 
rather are tentative correspondences between the predictions for stoichiometric LNO and 
the charge/discharge curves of LNO produced by solid-state synthesis. As outlined in the 
synthesis section, LNO prepared in this way is inherently defective, and the .É¶ point de-
fects may change the position in the charge profile and the energetic stabilization of lith-
ium/vacancy ordered states. In close proximity to such defects, up to six lithium vacancies 
may be trapped energetically, as the local strain induced by .É¶ substitutional defects raises 
the zero-point energy of re-lithiation.[189] This, in turn, decreases the effective vacancy con-
centration in the perfectly layered regions of the crystal lattices, thus moving the observed 
ordered states to higher degrees of de-lithiation (lower x values). In the presence of lithium 
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pinning substituents, the opposite effect should be observed, because in this case the ef-
fective lithium concentration available for formation of lithium/vacancy ordered states 
would be lower. The presence of either pinning feature also decreases the domain sizes that 
are available to establish fully ordered phases, as the pinning sites force lithium or lithium 
vacancies into specific positions in the crystal lattice, thus destabilizing the ordered states 
and smoothing the obtained voltage profile. Therefore, an increase in .É¶ defects results in 
smoothed voltage profiles, shifts of phase positions and promotes solid-solution behavior, 
as observed experimentally and in simulation (schematically depicted in Figure 5a, d).[56,155] 
In addition to these effects, the first peak observed during charge is particularly affected by 
the .É¶ defect fraction, due to the importance of lithium diffusion for the deep discharge of 
LNO. The impact of .É¶ defects on the presence or absence of this particular feature is dis-
cussed in the next chapter. 

2.3.2 Lithium Diffusion in Lithium Nickel Oxide 

The movement of lithium in the -hNaFeO2-type structures LixNiO2, LixCO2 and LixTiS2 with 
octahedral lithium environment is similar.[190,191] Lithium jumps to a neighboring interstitial 
tetrahedral site, from which it jumps again to an adjacent octahedral site, as depicted in 
Figure 3a.[191] The chemical diffusion coefficient, Ὀ , can therefore be expressed as the 
product of the jumping coefficient, DJ, and a thermodynamic factor, ɡ, according to the fol-
lowing formulas: 

Ὀ Ὀɡ            (3) 

ɡ
 
            (4) 
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with the chemical potential of lithium ‘ , the lithium content in LixMO2 x, the number of 
diffusing lithium ions N, the time t and the i-th displacement after time t labeled ὶᴆὸ.[191] 
According to transition-state theory, the rate R with which lithium ions jump to neighboring 
sites can therefore be calculated as: 

Ὑ ὺ ÅØÐ 
Ў           (6) 

with ὺ being an effective vibration frequency and ЎὉ  the activation barrier, which is the 
difference between the transition state and the ground state from which diffusion begins.[191] 
Diffusion of lithium ions thus depends on the temperature of the system, the chemical po-
tential of lithium and the activation barrier.  

When cycling Ni-rich CAMs, the region of 20-70% SOC (delithiation) is usually unproblem-
atic with regards to stability and lithium diffusion.[192] However, below and above this regime, 
diffusion plays a crucial role as rate-limiting.[185,192] In the low-potential regime at the end of 
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discharge, the lithium content in the material increases. The activation barrier depends on 
the lithium content, as the barrier to diffusion increases with increasing lithiation, which is 
caused by filled lithium sites adjacent to the tetrahedral jumping site, which raises the en-
ergy level of lithium in tetrahedral coordination, as is shown in Figure 3b, c.[190] This causes 
sluggish diffusion at the very end of discharge, which can be measured as increasing polar-
ization.[58]  Capacity is lost in the so-called kinetic hindrance (KH) region, depending on dis-
charge rate. Upon slow cycling, a plateau (peak in dq/dV) will be visible in that region (3.4-
3.6 V), which is named KH peak, as shown in Figure 2a, b, which does, however, only par-
tially recover under slow cycling (C/10) and even under extremely slow cycling (C/50) does 
not lead to full lithiation.[58]   

The degree of polarization (capacity loss) is dependent on the fraction of .É¶ substitutional 
defects.[56]  Through a combination of experimental and theoretical work, Xiao and co-work-
ers conclusively showed that an increase in .É¶ affects the reversible capacity obtained at 
the end of discharge. They argue that this is, as outlined above, caused by occupation of the 
neighboring octahedral lithium site (gate site) and its respective neighbors, which dictate 
the diffusion properties, because the average occupation of the gate site depends on its re-
spective surroundings.[56]  The presence of .É¶ in these gate sites increases the energetic 
barrier to diffusion, and the defects are completely immobile, thus exhibiting roughly the 
same effect as three additional lithium ions on adjacent diffusion paths.[56]  While this may 
be true, .É¶ defects can affect the end of discharge through another mechanism. As 
demonstrated by Sicolo and co-workers, the free lithium-vacancy content cannot simply be 
calculated from the lithium content x (and the occupied .É¶ sites), as the .É¶ point defects 
themselves alter the density of free vacancies through trapping, as described in the previous 
chapter and shown in Figure 5f .[189] Each point defect can, in this fashion, remove six lithium 
vacancies from the defect-free regions, causing an earlier onset of the low diffusion regime 
due to high lithium concentrations. Lithium/vacancy ordered states may further complicate 
the picture, as they can alter the energetic state of the initial diffusion position and thus 
change the activation energy. 
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Figure 3. Scheme of lithium diffusion through tetrahedral sites in a lithium layered oxide (a). 
Comparison between lithium diffusion in dilute (blue) and non-dilute (orange) conditions (b). 
Energy diagram and scheme of lithium diffusion through tetrahedral sites using the color 
code from panel b (c). 

At high SOC, increasing polarization during charge is observed, which is commonly associ-
ated with the decreased interlayer spacing in H3 compared to H2 and thus slower lithium 
diffusion.[56]  Contrary to this, Xiao and co-workers recently proposed that the diffusion of 
lithium from H2 to H3 phase is the limiting step, while lithium diffusion within the H3 phase 
has similar energy barriers to the diffusion in the expanded H2 state. Moreover, they argue 
that defects may help in disturbing attractive Li-Li interactions that exist in the transition 
regime from H2 to H3, thereby increasing the conversion rate and thus facilitating the 
charge process. A similar effect is proposed to occur at the free particle surface, which helps 
to transform H2 to H3 phase.[56]  This would explain the observation that SC-LNO typically 
charges to significantly lower capacities (< 240  mAh/g),[126] even at high temperatures, 
compared to its polycrystalline (PC) analogs (> 260  mAh/g).[57]  During discharge on the 
other hand, the re-intercalating lithium ions can stay at the H2 phase boundary and thus 
convert the H3 phase back to H2 without diffusing into the H3 phase, which makes the 
discharge process in this regime much faster.[56]  The predicted asymmetry between charge 
and discharge has also been observed experimentally as polarization at the end of 
charge.[175] The authors argue that a surface phase formed by the decomposition of LNO, 
which itself is redox active, is responsible for the observed behavior.[175] While rock-salt type 
impurities undoubtedly increase the overall impedance of CAM, it is yet to be seen whether 
they also feature varying ionic conductivities depending on the electrochemical potential, 
as proposed by Delmas and co-workers.[175] Similar to these surface impurities, twin bound-
aries between primary grains can also impede diffusion through the particles, having an 
overall negative effect on the cycling performance.[72]  

At both ends of the voltage range, diffusion of lithium becomes slow. In the high-voltage 
regime, the charge process is slower, while the re-lithiation at low voltage is slower during 
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discharge. Particularly for the larger SC-CAMs, these processes lead to worse electrochem-
istry when compared to their PC counterparts. [193] Nevertheless, the PC materials also suf-
fer from diffusion limitations, particularly at high current rates.[194] 

2.3.3 Degradation of Lithium Nickel Oxide 

After delithiation, LNO becomes less stable, evident from the lowering decomposition tem-
perature.[174,195,196] For example, when LNO is kept at high SOC (4.5 V vs. C6/LixC6 ) for 18 h 
at 80 °C, it partially decomposes to rock-salt type NiO.[174] During this reaction, oxygen has 
to be released from the structure, either as a gas or in a direct reaction with the electrolyte. 
Gas evolution from electrodes can be measured via differential electrochemical mass spec-
trometry (DEMS, also labeled on-line electrochemical mass spectrometry, OEMS).[197Ǔ199] In 
the case of Ni-rich CAMs cycled in LIBs, CO2 is the gas that is observed in highest quanti-
ties.[170,200]  There are three distinct pathways through which CO2 may form in a battery 
cell.[201,202]  Firstly, as mentioned in chapter 2.2.3, lithium residuals, such as lithium car-
bonate, are present on the surface of Ni-rich materials, which decompose (either chemically 
or electrochemically) and form CO2 mostly during the initial cycle.[202]  Secondly, the Ni-rich 
NCM and LNO lattice can release reactive oxygen during cycling, [203]  which can also be 
monitored directly by DEMS, but mostly reacts with the carbonate-based electrolyte to yield 
CO2.[203Ǔ205]  Lastly, the electrolyte solvent can decompose electrochemically, which for a 
typical solvent, such as ethylene carbonate, occurs at potentials of > 4.6 V vs. Li+/Li.[206Ǔ208]  
Therefore, the latter process is not expected to contribute in the study of Ni-rich materials, 
which are typically cycled to lower cut-off potentials.[53]  Only the second process is thus di-
rectly related to the structural properties of Ni-rich materials, although washing, which is 
typically used to remove lithium residuals and which also is relevant to the first gas evolution 
process, can also affect the behavior of the altered surface states in LNO due to degrada-
tion.[202,204,209]  

Upon oxygen evolution, the material surface undergoes reconstruction due to the simulta-
neous reduction of transition-metal atoms.[205,210,211] In LNO, typically more oxygen is 
evolved than in Ni-rich NCM, and the degradation causes spinel-type and ultimately rock-
salt type NiO formation on the particle surface.[200,212Ǔ217] Gas evolution is observed in the 
solid-solution regions of H2 and H3, but not during their interconversion according to one 
study.[170] The bulk, by which the inside of the primary grains is meant within the context of 
this thesis, was not conclusively found to participate in the high-voltage degradation via ox-
ygen release,[213] although, as outlined in the previous chapter, some authors suspect nickel 
migration as a bulk decomposition pathway at elevated temperatures, which would also re-
quire oxygen release. The released oxygen would then have to diffuse through the lithium 
layer to the particle surface.[218] Therefore, the bulk structure of Ni-rich materials is most 
likely not degrading and surface phenomena, as well as possibly defect-centered decom-
position reactions, are the primary cause of degradation, at least with moderate cut-off volt-
ages and at low or moderate cycling temperatures. 
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One aspect that may consolidate the conflicting viewpoints of stable bulk, but long-term 
instability and rock-salt type formation, is the transformation of bulk material to free surface 
by consecutive exposure of new particle surfaces through operation in electrochemical 
cells. Continuous surface exposure can happen in various ways, and while some mecha-
nisms are relevant for all morphologies, this so-called Ǟcracking behaviorǟ is different for PC 
and SC morphologies. 

Irrespective of the particle morphology, the CAM surface may be attacked by leaching 
agents formed from the electrolyte, as schematically shown in Figure 4g. An example of 
this mechanism is the formation of HF from the commonly used LiPF6 salt and residual 
moisture in the electrolyte, according to the following reactions: 

,É0& (/ᴾ,É& ς(&0/&       (7) 

,É0&ᴾ,É& 0&         (8) 

0& (/ᴾ ς(&0/&.[219]        (9) 

Apart from residual water in the electrolyte, the leaching agents may also form during cy-
cling, e.g. from carbonate decomposition on the surface, or moisture adsorbed onto the 
CAM surface.[220]  Furthermore, hydrofluoric acid is likely also formed from other fluorine-
bearing electrolyte salts, such as LiBF4.[220]  Once formed, it readily attacks the particle sur-
face and dissolves transition metal ions, which can then be observed in deposits on the an-
ode side.[220Ǔ222]  Hydrofluoric acid is not the only cause of transition-metal leaching, and the 
formation of ɓ-diketones,[223]  acetates[221] and even cycling in thiophosphate solid electro-
lytes[224]  have all been associated with transition-metal dissolution. The leached surface is 
again exposed to the electrolyte and likely undergoes oxygen loss and surface densification, 
as outlined above.[220]   

Intergranular cracking is another process by which pristine surfaces are exposed continu-
ously during cycling. Ni-rich cathodes are known to undergo anisotropic volume change 
upon charge and discharge,[54,170,171] which causes severe strain between the individual ag-
glomerated grains, which are present in a secondary particle structure, ultimately leading to 
pulverization.[109,225Ǔ227]  This process exposes the surface of individual primary grains, which 
were initially protected by the surrounding grains.[228,229]  The freshly exposed surface then 
undergoes the same side reactions that the pristine outer surface of the secondary particle 
structure underwent in the first cycle, ultimately converting a substantial amount of active 
material to inactive rock-salt type NiO in the case of LNO. Additionally, the pulverization 
leads to loss of active material due to delamination of the electrodes, as depicted in Figure 
4a.[230]  Therefore, volume-change-induced intergranular cracking is one of the main degra-
dation pathways for PC Ni-rich materials, by exposing more pristine surface to degradation 
and due to pulverization-induced contact loss. [231]  
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Recently, the direct correlation of cycling-induced volume change to particle cracking has 
been questioned, as several studies reported novel reactive electrolytes to suppress intra-
granular cracking, thereby stabilizing the active material.[232Ǔ235]  Manthiram and co-workers 
hypothesized that cracking is merely a result of detrimental surface reaction, which could 
be mitigated by coating or change of electrolyte, and that increased cracking is not directly 
related to more volume change in Ni-rich CAMs.[236]  The apparent correlation originates 
from increasing nickel contents allowing for higher SOC at a given cut-off voltage and there-
fore more reactive phases to form, paired with the increased proclivity of Ni-rich CAM sur-
faces to release oxygen.[53,54]  If this hypothesis is correct, the efforts to stabilize LNO should 
focus on the secondary particle surface, rather than bulk doping to mitigate volume change 
and phase transformations. However, most likely a an interplay between the discussed ef-
fects describes the situation best. Surface coatings help to protect against detrimental side 
reactions, as well as mechanically stabilize the surface. 

 

Figure 4. Schematic representation of degradation mechanisms in Ni-rich CAMs. 

SC Ni-rich CAMs consist of single isolated grains. In such systems, intergranular cracking is 
per definition not possible and the growth of large primary particles is thus an attractive sta-
bilization strategy for Ni-rich CAMs.[60,123,237] The larger grains still exhibit intragranular 
cracks, which can reach from microcrack formation to splitting of the whole grain, as is 
shown in Figure 4e, f.[80,238]  Similar to other microcracks, intragranular cracks are visible af-
ter charging to high cut-off potentials and/or prolonged cycling.[80,239]  This process also oc-
curs in PC CAMs and was correlated with oxygen release, but it is challenging to discern the 
contributions of each degradation mode to the overall fading in PC materials.[240]  One cause 
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of intragranular crack formation, which would favor their presence in SC material, is inho-
mogeneous lithium distribution and subsequent microstrain.[238]  Once formed, intragranu-
lar cracks also lead to renewed surface reactivity, as described above, but only if the crack is 
connected to the particle surface, as otherwise the electrolyte has no access to the exposed 
surface, as is shown in Figure 4d. An internal crack, which results in the formation of a void 
that grows and shrinks with the so-þëĽĽċĄƿǞüŤċëŲĢĦņěǟƿŏęƿŲĢċƿŠëŤŲĦþĽċƿŸŠŏņƿþŏņŪċþŸŲĦƆċƿþƍǒ
cles, should thus not cause side reactions and capacity loss. For this reason, interior cracks 
are deemed stabilized and could be the key to stable operation of SC CAMs.[80,241] 

 

Figure 5. Schematic representation of the discussed impacts of lithium-site doping. Diffu-
sion enhancement at phase boundaries (a). Inducing solid-solution behavior (b). Mitigating 
interlayer collapse (c). Hindering layer gliding (d). Change of interlayer separation distance 
(e). Vacancy trapping and ordering disruption (f). Increasing diffusion path length due to 
physical barrier (g). Lowering the overall intercalate inventory (h).  

Apart from microcrack formation, gliding of the transition-metal oxide sheets, which is 
schematically shown in Figure 4c, can also expose reactive surfaces to the electrolyte at 
high SOC. Upon reaching a high SOC, the oxygen stacking sequence tends to change from 
O3 to O1, as described in the previous chapter. This causes a shearing movement between 
individual sheets, which can be expressed in three directions, due to the threefold symmetry 
in the Rⱷ3m structure.[178] While such gliding motions are mostly reversible, not all layers 
return to their original position, leaving a slightly defective discharged state, which can cause 
microcrack formation at the surface. Each cycle exposes fresh surfaces on the particles, 
which were described for SC but presumably also exist in PC CAMs. The conditions under 
which gliding, rather than cracking, occurs are not yet conclusively understood. Bi and co-
workers hypothesize that oxygen vacancies are key to the in-plane diffusion of transition-
metal species, which is necessary for reversible gliding.[79]  They validate these finding by 
cycling oxygen-deficient and oxygen-rich SC-NCMs at different temperatures.[79]  At low 
temperatures, more cracking is observed in both materials, while the oxygen-deficient ma-
terial undergoes reversible gliding at elevated temperatures.[79]  For LNO, oxygen-deficient 
structures with true oxygen vacancies are, however, not known in the pristine state and may 
only form as a surface-degradation product.[82,85,86]  On the other hand, simulations by Sa-
dowski and co-workers identify screw dislocations as possible transition states for layer glid-
ing at high SOC.[178] In this case, the stiffness of the material is an important metric, and 
softer materials favor gliding, whereas more stiff materials tend to crack.[178] This could also 
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explain the observation, that cycling at low temperatures is correlated with increased crack 
formation, because the materials can be expected to be stiffer. When comparing LNO to 
LCO, they find that LNO favors gliding and can adopt the distorted transition state more 
easily due its JT-distorted microstructure.[178] Another aspect that needs to be taken into 
account when judging the reversibility of gliding, is the stability of the newly formed O1-
stacked domain, which may require more activation energy for its lithiation than the O3-
stacked H3 phase.[175] In fact, in the closely related sodium analog of LNO, NNO, layer glid-
ing occurs as an irreversible process and is one of the causes of capacity loss. This further 
stresses the difficulty of re-intercalation into the O1-stacked H4 phase, which is likely even 
more energetically unfavorable when larger sodium ions have to be intercalated.[242]  Another 
hypothesis would be the degradation of the H4 phase, e.g. to a defective spinel structure 
and subsequent prevention of gliding back to the original layer position in the discharge cy-
cle. However, the electrochemistry and properties of NNO are not fully understood, not least 
because of less interest in NNO due its significantly lower specific capacity, as is discussed 
in chapter 2.5. 

The degradation mechanisms of Ni-rich CAMs all seem to center around the free particle 
surfaces as the driver of degradation. Such surfaces are very reactive, particularly at high 
SOC, and undergo redox reactions with their environment by gassing and/or direct reaction. 
During cycling, the bulk material can be exposed as fresh surfaces via transition-metal 
leaching, intergranular cracking, intragranular cracking and layer gliding. Of these mecha-
nisms, gliding and intragranular cracking are the only mechanisms that might affect the 
bulk material in a negative way, if the material undergoes irreversible gliding, which may 
result in intragranular cracks. 
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2.4 Chemical Modification of Lithium Nickel Oxide 

The Ni-rich NCM and NCA material families can be considered as chemically modified LNO. 
Each dopant thereby adds specific properties to the obtained CAM. Apart from the estab-
lished dopants, manganese, cobalt and aluminum, other elements have also been used to 
alter the electrochemistry of LNO. The following chapters highlight commonly used do-
pants, their corresponding position in Ni-rich CAMs and their impact on the electrochemical 
behavior. 

2.4.1 Substitution on the Nickel Site 

Historically the interest in layered metal oxide cathodes started with the material LCO, 
which crystallizes in the same space group as LNO.[3] As such, it comes as no surprise that 
the full solid solution LiNiaCo1 aO2 can by synthesized,[243Ǔ245]  wherein cobalt and nickel oc-
cupy the same crystallographic site, as shown in Figure 6, although cobalt atoms tend to 
cluster according to NMR results.[246]  Due to the smaller LS-Co3+ ions (r (Co3+, LS) = 0.545 Å 
vs.  r (Ni3+, LS)  = 0.56 Å), which are also thermodynamically more stable, the layering im-
proves with cobalt substitution and for a Ȉ 0.8, .É¶ defects are fully suppressed.[243,244,247,248]  
Cobalt-doped LNO delivers a specific discharge capacity of up to 210 mAh/g with 4.3 V vs. 
Li+/Li cut-off and 26 mol% Co content, but suffers from similar instability issues as LNO.[249]  
Cobalt introduction was further reported to enhance lithium diffusion, but the results could 
not clearly be separated from the reduction in .É¶ substitutional defect concentration.[250]  

Manganese, on the other hand, increases the .É¶ defect density and can induce ,É for-
mation in the transition-metal layer.[95]  However, contrary to LCO, the layered LiMnO2 com-
petes with the formation of other lithium manganese oxide phases and is only formed under 
careful reduction of MnO2 or ion-exchange reaction and decomposes upon electrochemical 
cycling.[251,252] Therefore, the solid solution LiNibMn1 bO2 only exists for b ȇ 0.5. With the in-
troduction of excess lithium, layered phases are observed for b < 0.5 due to the mixing of 
LNO with Li2MnIVO3, rather than LiMnIIIO2.[25,253]  The favored formation of overlithiated 
phases, when working with considerable Mn contents, is exploited in the so-called lithium-
manganese-rich layered oxides, which promise reversible capacities beyond those of the 
NCM and NCA material families.[95]  When Mn contents are limited to b = 0.75-0.95, good 
capacities can be obtained, and the materials show more isotropic volume change (meaning 
that ȹc / ȹa is closer to 1).[254,255]  Adding manganese also decreases the average nickel oxi-
dation state, by being oxidized to Mn4+, and may allow to synthesize high-energy cathode 
materials in air, rather than pure oxygen, which is normally needed to fully oxidize nickel.[256]  

The last dopant to complete the industrially relevant NCM and NCA series is aluminum. 
Aluminum can substitute nickel in LNO without changing its oxidation state, but is contrary 
to manganese and cobalt, redox inactive.[103] Substitution results in materials with lower ca-
pacity and higher FCCL, although aluminum is lighter than nickel and improves the cycling 
stability slightly, thus compensating for some of the energy loss.[257Ǔ261] The introduction of 
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aluminum is usually only achieved with co-precipitation, and even in this case, it segregates 
within the slabs.[262]  The .É¶ substitutional point defects are not improved by aluminum 
introduction and the FCCL increases.[257]  The main advantage of aluminum seems to be its 
beneficial effect on surface stability, resulting in less gas evolution.[250]   

When used in conjunction, these dopants yield NCM- and NCA-type materials. Upon in-
creasing the nickel content, the average redox potential is lowered, which allows to cycle to 
higher SOC at a given cut-off potential.[53,54,254]  Therefore, Ni-rich materials were long 
thought to be less stable,[263]  but more recent results suggest higher stability of Ni-rich 
CAMs if capacity-limited cycling is used.[53,54,254]  However, this comparison also has its draw-
backs if one considers the redox inactivity of certain dopants, such as aluminum, and the 
higher cut-off potentials that likely induce more undesirable side reactions, resulting in a 
false sense of instability of low-Ni NCMs. 

Other nickel site dopants, such as Ti,[255,264,265]  Fe[266Ǔ268]  or Cu,[269]  have also been tested for 
the transition-metal sites and are actively pursued in conjunction with manganese and alu-
minum in an effort to make cobalt-free NCM inspired CAMs.[270]  While synergetic effects of 
multi-constituent doping might be exploited,[271] single dopant effect studies are likely a bet-
ter way to delve into the effect each individual constituent offers.  

2.4.2 Substitution on the Lithium Site 

Modification of the lithium site occupation through introduction of so-þëĽĽċĄƿǞŠĦĽĽëŤǟƿĦŏņŪ, 
which are introduced to prevent extreme interlayer collapse, as schematically shown in Fig-
ure 5c, has been investigated. A classic example of this approach is magnesium doping. 
Magnesium is stable in the 2+ oxidation state and is slightly smaller than lithium 
(r (Mg2+)  = 0.74 Å vs. r (Li+) = 0.76 Å).[61] Therefore, its addition to the synthesis of LNO is 
commonly accepted to lead to occupation of the lithium sites.[272Ǔ274]  Upon closer inspection 
of the substitution pattern, it was observed that only after the magnesium content exceeds 
1.7 mol%, it is added to the lithium site as -Ç¶, while the first 1.7 mol% end up in the tran-
sition-metal site as -Ç . This finding elucidates the complex substitution patterns that can 
emerge with such dopants and that careful evaluation of the crystal structure is necessary 
to judge the position of any dopant in Ni-rich CAMs. The addition of magnesium was shown 
to slightly suppress .É¶ formation from 2.4 mol% to 2.0 mol%, while the overall lithium-
site content (-Ç¶ + .É¶) was 3.2 mol% and 5.2 mol%. A characteristic sign of inclusion of 
-Ç¶ formation was the improvement of the c/a lattice parameter ratio, sometimes referred 
to as a layering parameter.[275]  Gallium, which is smaller than Mg2+ (r (Ga3+) = 0.62 Å)[61] was 
originally intended as a nickel-site dopant, but was found to also exhibit a complex substi-
tution pattern, similar to Mg-doping of LNO.[261,276]  For dopants that are larger than lithium, 
such as lanthanides and calcium, several reports exist that either claim successful pillar-
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ing[277Ǔ280]  or surface segregation,[281,282]  as shown in Figure 6. However, a clear understand-
ing as to what the maximal size for a dopant to enter the material bulk, rather than segre-
gating on the surface during solid-state synthesis, is does not yet exist. 

 

Figure 6. Ionic radii in octahedral coordination and low-spin configuration[61] and reported 
location within the LNO structure of common additives. 

Conceptually, .É¶ defects also fall under the category of lithium-site dopants and have 
many parallels to the functionality of the above described Mg and Ga modification strate-
gies. For example, substitution with .É¶, magnesium or gallium always causes a decrease 
in charge and discharge capacity,[83,119,275,276,283] due to a combination of lower lithium inven-
tory and slower lithium diffusion at the end of discharge, as schematically shown in Fig-
ure 5g, h.[56]  The latter point could be related to the smaller ionic radius of LS-Ni2+, Mg2+ and 
Ga3+ compared to Li+ and may change for dopants larger than lithium, which could expand 
the interlayer distance and thus facilitate diffusion, as schematically shown in Figure 5e.  

2.4.3 Coating and Surface Modification 

Particle surface modification helps to stabilize Ni-rich CAMs.[132] For this reason, coatings 
are often applied to the secondary particles, which is good for protecting the surface initially, 
but only represents a viable strategy if the PC morphology is maintained, either through 
cycling to lower cut-off potentials or through mechanical stabilization by the coating. Oth-
erwise, consecutive cracking of the particle structure will likely cause degradation, irrespec-
tive of the surface protection layer. One way to still protect the material is through doping 
the surface of each primary grain. Dopants that segregate at the primary particle surface, 
rather than occupying crystallographic sites, fulfill this purpose. Examples of these modifi-
cations are the incorporation of Zr or W, which can either be added during the co-precipita-
tion process or during the precursor mixing.[110,125,284] One function such dopants can serve 
is stabilizing the particle surface, e.g. by stabilizing a favorable intermediate spinel phase in 
the degradation cascade, or preferentially forming lithium-conducting rock-salt type struc-
tures.[285,286]   
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Another aspect of surface-segregating dopants can be the selective enhancement or inhi-
bition of the growth of particular crystal facets, thereby influencing the overall morphology 
and stability of the particles.[287]  This facet engineering not only imparts unique structural 
features, but also opens avenues for optimizing material performance in diverse scenarios, 
e.g. to optimize for stability or rate performance with specific exposed crystal facets. More-
over, surface-segregating dopants play a pivotal role in dictating grain growth within the 
material. Their influence can either promote or hinder grain growth, offering a mechanism 
to control the structural evolution of the material during synthesis and subsequent pro-
cessing.[125,127,284,288] This level of control is instrumental in tailoring the material's microstruc-
ture to meet specific performance requirements, making surface-segregating dopants val-
uable tools in the realm of advanced CAM design. Next to the surface-segregation ap-
proach, grain surface modifications can also be made after the CAM has been synthesized. 
One such strategy is surface doping with specific dopants that either occupy transition-
metal or lithium sites, as outlined in 2.4.1 and 2.4.2.[289,290]  A common example for transi-
tion-metal site surface doping is post treatment by cobalt dry coating and subsequent an-
nealing, which generates a cobalt-rich surface of the CAM, featuring higher stability against 
oxygen release and surface densification.[291] In the same fashion, doping of the lithium site, 
e.g. by ion exchange or by high-temperature annealing, has been reported.[292Ǔ295]  

In summary, the strategic incorporation of surface dopants, either through segregation or 
post-processing, adds another dimension to the design and synthesis of materials like LNO. 
This approach not only diversifies the range of dopants available for modification, but also 
provides a nuanced control over crystal facets and grain growth, thus paving the way for 
tailored materials with enhanced and customized properties.  
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2.5 Sodium Nickel Oxide 

2.5.1 Synthesis and Structure 

The synthesis of NNO was first reported with the synthesis of LNO,  as mentioned in chapter 
2.2.1.[96]  In more recent studies on NNO, the material is typically produced via solid-state 
synthesis from NiO and a sodium source, such as Na2O2, Na2O or mixtures thereof under 
oxidizing conditions and elevated temperatures, similar to the LNO synthesis tempera-
ture.[160,296Ǔ299]  In some instances, the reactants were pelletized,[242]  while other authors cal-
cined the mixed powders directly.[299]  Depending on the intended application, shorter (3-12 
h)[299]  or longer (3-83 days)[300,301] annealing times are used,  to synthesize cathode active 
material or in order to synthesize NNO to research its magnetic properties.[302]   

Similar to LNO, NNO also crystallizes in discrete layers of nickel oxide and sodium, in which 
both nickel and sodium are coordinated by octahedra of oxygen. Therefore, NNO is a so-
called O3-stacked material (sodium in octahedral coordination, repetition of layering after 
three stacks). This separates NNO from many other sodium materials, which adopt a P-type 
structure with prismatic alkali-ion environment.[64,303]  Compared to LNO, the interlayer 
spacing increases, because of the larger sodium ions (rNa+ = 1.00 Å) compared to lithium (rLi+ 

= 0.76 Å).[61] Another key difference is that sodium ions are large enough to prevent the for-
mation of any nickel substitutional defects, and the anti-site defect reaction energy was cal-
culated to be 2.84 eV, which makes formation unlikely.[301,304] For this reason, NNO is well 
suited as a precursor for the synthesis of perfectly layered LNO.  

As outlined above, LS-Ni3+ in an octahedral oxygen environment is JT-active, and in NNO, 
this causes the crystal structure to be distorted collinearly, which results in crystallization in 
the C2/m space group at ambient conditions. However, at 220 °C, NNO undergoes a struc-
tural transition and forms the non-JT-distorted hexagonal Rⱷ3m phase, which is O3 layered 
and has higher electronic conductivity.[305]  The JT distortion in NNO can also be relieved by 
substitution of nickel with JT-inactive species or by changing the oxidation state of nickel 
into the non-JT-active Ni2+ or Ni4+ states, such as in NNO substituted with 22 mol% cobalt 
or the structurally closely related sodium analogs of NCM.[305]  For stoichiometries close to 
the transition towards a monoclinic distorted structure, such as the sodiated NCA, 
NaNi0.8Co0.15Al0.05O2, an effect of the cooling rate on the obtained crystal structure was ob-
served, whereby slow cooling gave the monoclinic phase, while quenching yielded an overall 
hexagonal material, likely as a kinetic product.[306]  

When substituting the sodium site with lithium, Holzapfel and co-workers also observed a 
relieve of monoclinic distortion in NNO containing 21 mol% lithium, but the material also 
only contained 91 mol% of combined Na++Li+-ions, which is less than what is formally 
needed to form either NNO or LNO.[297]  Therefore, the origin of the reduced monoclinic dis-
tortion is unclear, as both the smaller interlayer spacing caused by lithium addition or the 
oxidation of Ni3+ due to charge compensation for the missing sodium could cause the loss 
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of JT activity. Also, lithium addition to layered sodium oxides can force lithium into the tran-
sition-metal site, causing further oxidation of the transition-metal ions for charge compen-
sation, which would also relieve JT distortion. However, in the material studied by Holzapfel 
and co-workers,[297]  the average transition metal to oxygen bond length decreased with lith-
ium addition, which points to lithium addition to the sodium site and not into the transition-
metal slab, which further agrees with the elemental analysis results. Therefore, the most 
likely explanation of reduced JT distortion is the smaller interlayer spacing due to inclusion 
of lithium ions, as well as the reduction of alkali-ion content and subsequent oxidation of 
the transition-metal slab. If the lithium content is increased further, two-phase materials are 
obtained, segregating into NNO and LNO until reaching complete LNO formation at sodium 
contents of 5% or lower.[272,307]   

2.5.2 Properties of Sodium Nickel Oxide 

NNO has been tested as a potential CAM for sodium-ion batteries. When cycled in the po-
tential range of 1.5-4.0 vs. Na+/Na and with a liquid electrolyte comprising either NaPF6 or 
NaClO4 in mixed carbonate solvents, NNO was found to undergo a cascade of phase trans-
formations. The structural evolution of NNO can be denoted as 
¢ǡƤO³ǡƤP³ǡǡƤᴾ¢ǡǡƤᴾ¢ǡǡǡƤ¢OǡǡǡǡƤ, wherein according to the nomenclature established by 
Delmas, O represents an octahedral sodium coordination, P a prismatic sodium coordina-
tion and the apostrophe denotes the presence of a distorted phase.[160] Note that the first 
phase transition is written as an irreversible reaction of NNO, because during discharge only 
91 mol% sodium are intercalated.[299]  Furthermore, when charged above 4.0 V vs. Na+/Na, 
ĦŤŤċƆċŤŪĦüĽċƿþëŠëþĦŲƍƿĽŏŪŪƿĦŪƿŏüŪċŤƆċĄƿĄŸċƿŲŏƿęŏŤńëŲĦŏņƿŏęƿëƿŠĢëŪċƿĽëüċĽċĄƿ¢ǡǡǡǡƤǂƿƇĢĦþĢƿĦŪƿņŏŲƿ
sodiated upon discharge.[242]  

The voltage plateaus of NNO are much flatter than what is typically observed in LNO, for 
which a number of reasons can be given.[299]  Firstly, NNO is naturally void of intercalation 
site defects, whereas LNO would contain .É¶ defects, which smoothen the voltage pro-
file.[56]  Secondly, the sodium/vacancy ordered phases in NNO can be expected to be ther-
modynamically more stable, since e.g. the energetic stabilization of ordered NaxCrO2 
phases is about 2.5 times higher than those found in LNO.[155,308] Lastly the differences in 
oxygen stacking from octahedral to prismatic, which is absent in LNO, prevents solid solu-
tion of these two phases. The specific capacity that can be achieved with NNO is much 
lower than that delivered by LNO and typically lies in the range of qdis = 110-150 mAh/g, 
much lower than what is accessible with other layered SIB cathodes, such as Na-NCMs 
which easily supply up to 180 mAh/g.[242,299,306,309]  Some of the difference may lie in the en-
hanced reactivity of pure nickel compounds, but to some extent, monoclinic distortion also 
contributes to the lower capacity. Indeed, when the same NaNi0.8Co0.15Al0.05O2 is synthesized 
with and without monoclinic distortion, by changing the cooling rate after calcination, a ca-
pacity increase by 12 mAh/g is observed, while the monoclinic material delivered virtually 
the same capacity as NNO.  
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Pure NNO has not received much attention as a potential CAM, although Li and co-workers 
modeled the effects of titanium substitution.[310] During the course of this doctoral thesis, 
doping of NNO, particularly with titanium, which was previously predicted as a promising 
dopant,[310] was investigated as a precursor for the ion-exchanged material, but also as a SIB 
cathode (patent no. 3, chapter 6.3.2). Interestingly, this material delivered a high specific 
capacity of qdis = 180 mAh/g, likely due to the suppression of monoclinic distortion upon in-
troduction of titanium, as well as changes in oxidation state. 

NNO has also been of some interest to solid-state physics because of its quasi 2D structure 
and metamagnetic behavior, changing from paramagnetic to antiferromagnetic below the 
Néel temperature of 20 K.[300,302]  As briefly mentioned in chapter 2.2.4, NNO can also be 
used as a precursor for the formation of oxyhydroxides, which is particularly useful to obtain 
mixed-metal oxyhydroxide materials.[160] 
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3 Results 

3.1 Publication I: Low-Temperature Ion Exchange Synthesis of Layered LiNiO2 Single 
Crystals with High Ordering 

Publication I describes the development of an ion exchange synthesis for LNO and validates 
the absence of otherwise intrinsic .É¶ point defects in the obtained IE-LNO. The parent 
NNO phase is prepared via solid-state reaction from secondary particles of Ni(OH)2 and so-
dium hydroxide. The temperature range that can be used for this synthesis is broader than 
that of LNO and allows for preparation at calcination temperatures as low as 450 °C. With a 
change in calcination temperature, the primary particle (grain) size can be tailored, an aspect 
which was studied in some more detail in Publication II. The absence of .É¶ substitutional 
defects was probed by a combination of PXRD, MAS NMR spectroscopy and (operando) 
electrochemical analysis.  

 

Figure 7. Graphical table of content of publication I. Reprinted from reference [311].  

The experiments were planned and designed by the first author under the supervision of D. Weber, A. Kondra-
kov, J. Janek and T. Brezesinski. The first author developed and optimized the synthesis method for NNO, 
developed the described ion exchange procedures and optimized the process to obtain IE-LNO. The first au-
thor carried out electrochemical experiments and data analysis. A. Mazilkin performed the (S)TEM investiga-
tion and interpreted the corresponding results together with the first author. Y. Ma and R. Zhang conducted 
the SEM experiments, and the data were analyzed by the first author. D. Goonetilleke analyzed the operando 
XRD data together with the first author, and H. Li as well as S. Indris carried out the MAS NMR spectroscopy 
experiments, while the results were analyzed together with the first author. The manuscript was written by the 
first author and edited by all coauthors. 
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Publication I - reprinted from [311]
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