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Overview

The prize is in the pleasure of finding the thing out, the kick in the discovery,

the observation that other people use it - those are the real things.

Richard Feynman
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Kurzfassung

Das Ziel dieser Doktorarbeit war es, den Kapazitatsverlust von LiNiO, (LNO) und verwand-
ten LiNi;Co,Mn:0, (NCM) Kathodenmaterialien mit Schichtstruktur im ersten Lade-/Ent-
ladezyklus zu verstehen und die spezifischen Einfllisse der Materialeigenschaften, wie Par-
tikelgroRe, Zusammensetzung und Defektdichte, zu entschliisseln. Das Projekt fiihrte zur
Entwicklung einer neuartigen Herstellung von LNO und nickelreichermn NCM, die von der
ublicherweise verwendeten Festkorpersynthese abweicht, da mit diesem Ansatz Nij;-Sub-
stitutionsdefekte vollstandig vermieden werden. Zundchst wurden Natriumanaloga von
LNO und nickelreichem NCM, NaNiO2 und NaNi,Co,Mn.0,, mittels Festkdrpersynthese
hergestellt. Der gréRere lonenradius von Na*- im Vergleich zu Li*-lonen fihrt zu vollstandig
ausgebildeten Nickel- und Natriumschichten in diesen Phasen. Daraufhin wurden Na*- ge-
gen Li*-lonen ausgetauscht, wobei perfekt geschichtetes LNO und NCM entstand. Dieser
Ansatz ermdglicht erstmalig die elektrochemische Untersuchung von Nij ;-freiem LNO und
nickelreichem NCM.

Mithilfe der entwickelten Methode wurden Serien monolithischer LNO-Partikel mit unter-
schiedlicher Kristallitgréfe synthetisiert. Dies ermdglicht die selektive Untersuchung des
Einflusses der PartikelgroRe auf den anféanglichen Kapazitatsverlust ohne Beitrdge von Nij ;-
Defekten. Weiterhin wurde der Einfluss von Nij ; auf herkémmliches LNO rekonstruiert und
die Ergebnisse durch ein neuartiges duales lonenaustauschverfahren validiert. Die Vermei-
dung von Ni;;-Defekten fuhrte zu einer schnelleren Lithiumdiffusion, resultierte aber auch
in Destabilisierung bei hohen Ladezustanden. Dies verdeutlicht die ambivalente Rolle von
Nij;-Substitutionsdefekten. Einerseits stabilisieren sie LNO, behindern aber andererseits die
Lithiumdiffusion, wodurch die vollstandige Entladung des Materials erschwert wird. Dartiber
hinaus wurde der Einfluss des Nickelgehalts auf den anfénglichen Kapazitatsverlust gepruft.
Eine Serie von ionenausgetauschten, nickelreichen NCM-Materialien ohne Nij;-Defekte
wurde synthetisiert und elektrochemisch untersucht. Ziel der Studie war es, den Einfluss
des Nickelgehalts auf den anfinglichen Kapazititsverlust zu untersuchen. Ahnlich wie bei
den Nij;-Defekten zeigten die Ergebnisse ein Zusammenspiel aus Stabilitat und Diffusion
in Bezug auf die Ubergangsmetallzusammensetzung. Ein verringerter Nickelgehalt stabili-
siert das Aktivmaterial im delithiierten Zustand, wohingegen ein héherer Nickelgehalt die
Lithiummobilitat verbessert.

Die gesamte Untersuchung verdeutlicht die Gratwanderung zwischen verbesserter Materi-
alstabilitdt (Thermodynamik) und schnellerer Lithiumdiffusion (Kinetik). Materialien mit
schnellerer Diffusion waren tendenziell weniger stabil und umgekehrt. Die signifikant stabi-
lisierende Wirkung von Nij ;, selbst bei niedrigen Ladeschlussspannungen von 4,3 V gegen-
Uber Li*/Li, wurde zum ersten Mal in defektfreien Materialien beobachtet, da literaturbe-
kannte Materialien inhdrent 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 LiNi,Co,Mn.O.
(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 Nij; substitutional defects
by creating sodium analogs of LNO and Ni-rich NCM, namely NaNiO, and NaNi,Co,Mn.O-.
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 Nij ; defects. The study reconstructed
the influence of Nij; 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 Nij; defects led to faster lithium diffusion, but resulted in material degrada-
tion at high potentials, thus highlighting the ambivalent role of Nij; 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 Nij; 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 Nij;, 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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List of Abbreviations

CAM cathode active material

DEMS differential electrochemical mass spectrometry

DFT density functional theory

EDS energy dispersive X-ray spectroscopy

EV electric vehicle

GITT galvanostatic intermittent titration technique
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FCCL first-cycle capacity loss

ICP-OES inductively coupled plasma optical emission spectroscopy
IE ion exchange(d)

JT Jahn-Teller

KH kinetic hindrance

LCO lithium cobalt oxide (LiCoO>)

LFP lithium iron phosphate (LiFePO,)

LIB lithium-ion battery
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NCM litihum nickel cobalt manganese oxide (LiNi,Co,Mn.0>)
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PVDF
(P)XXRD
SC
SEM
SIB
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sst
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polycrystalline

polyvinylidene difluoride

(Powder) X-ray diffraction

single crystalline

scanning electron microscopy
sodium-ion-battery

state of charge

solid-state synthesis/synthesized

scanning transmission electron microscopy
transmission electron microscopy

time-of-flight secondary ion mass spectrometry
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1 1 Introduction

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 2019.0-5! While portable electronic devices
were successfully powered with the initial design of a lithium cobalt oxide (LCO) cathode
and graphite anode,'® 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.”®! 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.’ 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).'%! 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."” Some authors argue, however, that by 2030, second life use of EV batteries will
be sufficient to satisfy the short-term stationary storage needs."? 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.!'*'*! Therefore, several
strategies have been proposed to make lithium-metal anodes industrially viable, such as
protective surface layers,"™ structured current collectors,"® solid-state batteries,"”! almost
solid-state batteries'® and electrolyte additives.!" Another approach is to improve upon the
commercialized graphite anodes through refined processing and morphology.?® The use of
silicon as an anode material,’'-23! either pure or blended with graphite is also promising to
improve energy density, but is plagued by extreme volume variations during cycling.’?* 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,?5-22 which when used in conjunction yield the LiNi,Co,Mn.0, (NCM
or NMC)=9-331 and LiNi,CopAl.O2 (NCA)3* material families. Alternatives are the olivine type
LiFePO. (LFP) and related structures,?>3%' LiMn,04 spinel®” and so-called “high-voltage”
spinel,’®8 [ithium-rich disordered rock-salt materials,’3°4% lithium sulfide,™" lithium vana-
dates,"*243 and lithium- and manganese-rich layered oxides."**-47! 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.”*84°? Among these, sodium-ion-battery (SIB) technology was one of
the first to find commercial application in an EV.5%

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.®" 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.®®5" 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.’>?! Never-
theless, the theoretical specific capacity of ~275 mAh/gcam of the latter cathode active ma-
terials (CAMs) cannot be harnessed yet experimentally.’®354 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.®*5* 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.™
Furthermore, high cut-off voltages can cause loss of active material due to its degrada-
tion.[>>58 | astly, some of the capacity of NCM is lost during the first charge/discharge cycle
due to incomplete relithiation.!*>*%! 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.'®3! Therefore, for NCM and NCA materi-
als with higher nickel contents, so-called “high-nickel” or “Ni-rich” materials, which is com-
monly defined as a nickel content of = 80 mol%, the gap between theoretical and experi-
mental specific charge capacity decreases. If this trend is pushed to its extreme, the pure
nickel compound, LiNiO, (LNO), can routinely be charged to 260 mAh/g at just 4.3V 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.®”! 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.®® 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.’®>%® Particle size also has a direct impact on the lithium diffusion path
length and could clearly be correlated with FCCL.57°95% | astly, Nij ; 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.[5¢!

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 Nij; substitutional defects. This is achieved by synthesizing the so-
dium analogs of LNO and Ni-rich NCM, which are NaNiO, (NNO) and NaNi.Co,Mn.0 (Na-
NCM). Due to the larger size of Na* ions (r(Na*) - 1.0 A), compared to Li* ions (r(Li*)
-0.76 A),[G” 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 Nij; 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 Nij; 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 Nij;
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 Nij; defects. Similar to the impact of Nij; 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 Nij; 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
a-NaFeO; type, wherein nickel is sandwiched between two layers of oxygen in octahedral
coordination.’263! The spaces in between these nickel oxide layers are filled with lithium,
which s also coordinated in octahedral sites. Experimentally, LNO adopts the rhombohedral
R-3m space group, as shown in Figure Tc. 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.!o

EA a bb

e,4

19

1 a1g

- by,
Y 4 e,

P

D,

Figure 1.(a) Molecular orbital scheme of a LS-Ni®* octahedral complex. (b) Molecular orbital
scheme of a LS-Ni®* JT-distorted complex. Unit-cell of LNO in the hexagonal phase (R-3m
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 (P2:/c space group) with elongated bond axes in red (e).

Contrary to LCO, however, the low-spin (LS) Ni** 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 Ni%, the 3d orbitals are occupied by seven elec-
trons. In this case, energetic stabilization is achieved by elongation along the zaxis, which
lowers the energy of the @ orbital (a4) and destabilizes the d-_,- orbital (&4). 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.'®> 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-called “zigzag” JT-distorted structure, which corresponds to
the P2:/c space group, as can be seen in Figure Te. 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.*

Experimentally, no cooperative long-range JT distortion is observed when LNO is probed by
X-ray diffraction (XRD). Instead, the rhombohedral non-JT-distorted /-3 m 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 £-3m, as was confirmed by extended X-ray absorption fine structure
(EXAFS) measurements and atomic pair-density function (PDF) studies.’®>7° The lack of
cooperative JT ordering is explained by fast interconversion through pseudo-rotations of
the three possible directions of JT-based octahedral elongation.’®® However, one should
also keep in mind that truly stoichiometric Li;Ni;O 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
(0OD).”™ Among the planar defects, twin boundaries,!”?! antiphase boundaries,!”*! edge-dis-
locations'’3! and free surfaces resulting in impurity phase formation'’#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.l’®’”! The free particle surface is further prone to reduction,
which is accompanied by release of lattice oxygen.!”® 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.l’273!

As to the point defects, vacancies,’®-8" anti-site defects®’ and substitutional de-
fects!®2638384 gre 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 Nij; substitutional defects, accompanied by Niy; defects for charge compen-
sation, can be observed in LNO close to stoichiometric conditions (when z< 0.15 in Lii-
Ni.z02), as was shown by combined refinement of synchrotron and neutron diffraction
data, the latter of which is more sensitive to the lithium sub-lattice.’2#-871 The formation of
this defect pair causes the average oxidation state within the transition-metal slab to de-
crease,'848088] thys causing the nickel slab size to increase, while the lithium slab size de-
creases due to the presence of smaller Ni%* ions (r(Ni?*, LS) = 0.69 A) compared to Li*(r(Li%)
- 0.76 A).t6" Consequently, the Li-O bond length decreases while the Ni-O bond length in-
creases which results in an increase in the lattice parameters aand ¢, as well as the unit-cell
volume I/1748688-931 Regarding the potential JT distortion of LNO, such defects were shown
to act as non-distorted centers, disrupting the long-range JT distortion.%

For simplicity, within this thesis, the presence of Nij; and Niy; defects is referred to as only
Nij;, while the co-presence of Niy; is implied. The role of these defects is vital to the proper-
ties of LNO, as well as those of Ni-rich CAMs.1295! 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 Nij; substitutional point defects affect almost every property of LNO. In the
pristine material, Nij; 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.®? While a similar approach is still being investigated,”’! 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.®®? Atmospheric flow is needed for mass
transport, because byproducts have to be removed from the reaction.®®°°! In the case of
LNO, Ni** has to be oxidized to Ni*, for which an oxygen atmosphere, compared to air,
yields higher quality material.”®?! 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 Li>NiO3; domains.00.101

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.[841921031 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.[3°®!
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.®?

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."* In the
case of LNO, precipitation of Ni(OH).is achieved by addition of alkaline solutions to aqueous
nickel salt solutions.' 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), grains.”’31%% 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.1%! Furthermore, gradient distributions can be achieved, which allow
to design particles with core-shell type morphology.'°”! Due to the retention of the second-
ary particle morphology, which is beneficial for lithiation reactions, as well as the materials’

electrochemical properties,"®® precipitated Ni(OH), is often used as precursor for
LNO.[57,59,109-111]

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.'2"213! The use
of additional chelating agents has been reported, but sol-gel synthesis can also be carried
out without chelating agents.™* 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 Lii-.Ni.,O2 material and not layered LNO."°? However, when this material
is subjected to annealing conditions, as outlined above, a well-layered LNO is formed."°%
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,''®"'5' 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.”* 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 Li,NiO3z being the most oxidized structure
that can be formed, in which nickel is formally present as Ni#*.1%°1¢I The full solid solution of
Lit..NiO2.,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.1"°°' 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 Liy; defects, which typically
only occur in LNO far from stoichiometric conditions.'® 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 Liy,Ni-,O2 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."o"

The mechanism of LNO formation was studied in detail by /n situsynchrotron XRD and neu-
tron powder diffraction.l"0"17.181 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.'®"”) The first region is the gradual lithiation of
rock-salt type NiO, which crystallizes in the Frm-3m space group, to yield Li,Ni-,O up to
y=0.419171 Region Il defines the onset of the layering transition to yield a defective layered
phase that is rich in Li/Ni intermixing, opposed to Nij; substitutional defects.'®"""”! As the
reaction progresses, the defects in this phase heal out further until a fully layered state is
reached in region lll, which may be when intermixing disappears, below x = 0.15 in Li-
«Ni1xO2, as described by Weber and co-workers.[82100171 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.l7475! As described above, LNO can also be synthesized at lower
temperatures, but then contains defects due to overlithiation of the material.['°®

Too high calcination temperatures also result in several structural defects, which are ulti-
mately detrimental to the materials’ performance as CAM. With an increase in calcination
temperature or too long reaction times, the crystal structure of LNO proves unstable and
decomposes to lithium-deficient states.""'*129 This could be due to the decrease of oxygen
activity, uo,, with rising temperatures, which can be expressed by the following formulas:

to,®o,T) = po(Po,T) + kT ln(% M
Ho, (o, T) = ho, (o, T) = T, (Po , T) + kgT In(>2) @

with the oxygen partial pressure pg,, a reference oxygen partial pressure po, Boltzmann’s
constant Ag, the specific entropy sq, and the specific enthalpy hq, of oxygen, and the tem-
perature 711°0121 Therefore, as 7 increases, the entropic term becomes more relevant and
favors the formation of Ni?* 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 Li-O in an environment of pure oxygen, which is sus-
pected to sublimate as the peroxide, Li,O, at high calcination temperatures.l'%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.’84193! 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 Nij; defect concentration.!7591M

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.'23241 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.['25-128) 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.l'?6-1281 Industrially, washing steps are implemented, because they help to remove re-
sidual lithium.''2%? Excess salt has to be removed, because it can otherwise cause gelation in
the preparation of an electrode slurry,!*% as well as clogging the particles pores, which de-
creases the specific surface area for electrochemical intercalation reactions."'-** Washing
helps to remove such residues, which are often present in the form of carbonates and cause
gas evolution during cycling.!*513% The presence of carbonates can be explained by the high
reactivity of free surfaces, even at ambient conditions, in the presence of moisture and CO»,
which is why such materials should be handled in dry or inert gas conditions.!””:137-139 Next
to conversion of lithium oxide to lithium carbonate, ambient moisture can also leach lithium
from the lattice vialithium to proton ion exchange near the surface, as is depicted in Figure
4b.I761401 This reaction also occurs during washing with water, forming a partially protonated
surface layer."™ 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."" 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.* 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.l'*3-145! |t 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.[1461471
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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.l'8-151 In
some instances, the combustion product is used directly as a CAM,"81521 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 2.2.2.14%-150 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.!*® 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,!'>3 while the other method employs a high-
temperature calcination after microwave treatment.['>2'54 While the direct microwave syn-
thesis product is shown to work extremely well as a CAM (guis > 260 mAh/g), this is ambig-
uous as the phase evolution described does not allow for this capacity to be achieved, even
theoretically,'®%! 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.[57:591521

Autoclave synthesis under hydrothermal conditions has also been used to obtain LNO.6-
15911n one instance, the solid solution of LNO with LCO was investigated, but particularly for
the synthesis of LNO from NiCl, the pure product could not be obtained.”*® When instead
of Ni%* precursors, Ni*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.”’®® Nickel oxy-hydroxide can also be used directly as a
hydrothermal precursor for phase-pure LNO."571591 Contrary to layered B-Ni(OH),, - or y-
NiO(OH) contain nickel in the same oxidation state as LNO, which is Ni**. This is achieved
by oxidizing B-Ni(OH),, e.g. with hypochlorite salts in highly basic conditions, which yields
two forms of NiO(OH) with smaller (B) or larger (y) interlayer spacing, as a result of interstitial
water and potassium ions in the latter case.'”>®" 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."®® Under high-pressure hydrothermal condi-
tions, NiO(OH) can then be transformed into crystalline LNO.U'57%% 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.[>7-1591 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.!"*®! Indeed, for LCO, the
hydrothermal method yields high-capacity material, which is comparable to sst-LCO.!
Apart from the hydrothermal proton to lithium ion exchange, sodium to lithium ion ex-
change can also be conducted under a variety of conditions,'®-'84 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.!'®" 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"®® or coupled with electrochemical deposition to promote
film growth."®®" Alternatively, pulsed laser deposition (PLD), chemical vapor deposition
(CVD) and sputtering have been used to obtain thin films of LNQ.[167-169!

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 situor operando XRD and correlated with the charge/dis-
charge curves.[>77483.155170171 |f 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 23, 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.!'*>72 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 /#-3/m space
group with a-NaFeO,-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 Cdl,-type struc-
ture in the C2/m space group.®2'731741 This phase forms upon approximating the fully deli-
thiated state, which is NiO,, and features the smallest interlayer spacing during cycling of
LNO.I"731751 Reversible (de-)intercalation was reported for all phases described above, if the
material is cycled to moderate cut-off voltages."’> 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.t'73'7¢! 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."'’®' 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."75 Therefore, the phase sequence may be noted as: H2-
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H3-(H3-H4)-H4""7 or H2-H3+H4"73), depending on the assumed formation mechanism of
H4.
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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]1(c).

Due to the change from O3 to O1 stacking during the H3 to H4 transition, the NiO; 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."’® Such dislocation
cores can act as lithium-vacancy sinks, which is why they were hypothesized to cause deg-
radation of the material."’® 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.'’® The co-existence of these two phases with
different oxygen stacking causes strain, which can be visualized as bending of the NiO,
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sheets.!"”71791 At sufficiently high Nij; defect concentration (> 7 mol%), the H3-H4 transition
is not observed anymore.!'”3! This may be explained by the pillaring effect of these intrinsic
defects, which prevent dislocation of the NiO layers, as schematically shown in Figure 5b,
similar to the pillaring strategies developed for LCO.!"73180181 Jpon 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.!'”>! 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.l'”®!

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 O K, Mock and co-
workers predict ordered phases for LixNiO; at x = 0.25(1/4), 0.4 (2/5),0.5(1/2),0.625 (5/8)
and 0.75 (3/4),"%5 which are shown in Figure 2c, while other authors predict additional sta-
ble phases at x=0.33, 0.6 and 0.83"8 and x-=0.125, 0.33, 0.5, 0.6, 0.67, 0.83 and
0.875.181 When increasing the temperature, some of the miscibility gaps in the models
close and solid solutions appear in the range from 0.5 to 0.75.1'%% Experimentally, these
lithium orderings can be observed by magic-angle spinning (MAS) nuclear magnetic reso-
nance (NMR) spectroscopy'®+'85! and electron diffraction.'®’ The NMR measurements
show the presence of the ordered states of x = 0.25 and 0.5,1'®”! as well as x = 0.4, 0.6 and
0.7514 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,!8%!
and of x=0.25,0.33 and 0.65."88

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 O 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 Nij; 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 Nij ; substitutional defects raises
the zero-point energy of re-lithiation."'®% 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 Nij; 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 Nij; defect fraction, due to the importance of lithium diffusion for the deep discharge of
LNO. The impact of Nij; 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 a-NaFeO--type structures LixNiO2, LixCO2and LixTiS; with
octahedral lithium environment is similar.!'®®" Lithium jumps to a neighboring interstitial
tetrahedral site, from which it jumps again to an adjacent octahedral site, as depicted in
Figure 3a.9" The chemical diffusion coefficient, D;;, can therefore be expressed as the
product of the jumping coefficient, D, and a thermodynamic factor, 0, according to the fol-
lowing formulas:

D¢ = D)0 (3)
g HLL
__ kgT
- 6ln]zx) (4)
Dy = lim [~V ?(t))Z)] (5)
J t—oo L4t 'N =11

with the chemical potential of lithium py, the lithium content in Li,MO, x, the number of
diffusing lithium ions A, the time ¢ and the /th displacement after time ¢labeled 7;(¢)."°"
According to transition-state theory, the rate Awith which lithium ions jump to neighboring
sites can therefore be calculated as:

R =vexp (Aﬁ) (6)

kT

with v being an effective vibration frequency and AE, the activation barrier, which is the
difference between the transition state and the ground state from which diffusion begins."*"
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.2' However, below and above this regime,
diffusion plays a crucial role as rate-limiting."8>9? 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, ¢.'®® This causes
sluggish diffusion at the very end of discharge, which can be measured as increasing polar-
ization.® Capacity is lost in the so-called kinetic hindrance (KH) region, depending on dis-
charge rate. Upon slow cycling, a plateau (peak in dg/d 1) 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.!®

The degree of polarization (capacity loss) is dependent on the fraction of Ni}; substitutional
defects.’® Through a combination of experimental and theoretical work, Xiao and co-work-
ers conclusively showed that an increase in Nij; 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.®® The presence of Nij; 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.®® While this may
be true, Nij; 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 Nij; sites), as the Nij; point defects
themselves alter the density of free vacancies through trapping, as described in the previous
chapter and shown in Figure 5.8 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.



2 Fundamentals 18

m

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.’® 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.’™® This would explain the observation that SC-LNO typically
charges to significantly lower capacities (< 240 mAh/g),"?® even at high temperatures,
compared to its polycrystalline (PC) analogs (> 260 mAh/g).®”* 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.’*® The predicted asymmetry between charge
and discharge has also been observed experimentally as polarization at the end of
charge.l'®! The authors argue that a surface phase formed by the decomposition of LNO,
which itself is redox active, is responsible for the observed behavior."'”> 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.["”> 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.!’?

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. "% Nevertheless, the PC materials also suf-
fer from diffusion limitations, particularly at high current rates.!®

2.3.3 Degradation of Lithium Nickel Oxide

After delithiation, LNO becomes less stable, evident from the lowering decomposition tem-
perature.l'741951981 Eor example, when LNO is kept at high SOC (4.5 V vs. Ce/LixCs ) for 18 h
at 80 °C, it partially decomposes to rock-salt type NiO."# 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).[197-1991 |n
the case of Ni-rich CAMs cycled in LIBs, CO- is the gas that is observed in highest quanti-
ties.l70:2001 There are three distinct pathways through which CO, may form in a battery
cell.t?01202) 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 CO, mostly during the initial cycle.?°?! Secondly, the Ni-rich
NCM and LNO lattice can release reactive oxygen during cycling, 2°¥ which can also be
monitored directly by DEMS, but mostly reacts with the carbonate-based electrolyte to yield
C0,.1203-2051 | 3stly, 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.t206-208!
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.’®¥ 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.[205219.211 |n | NO, 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.?°0212-2171 Gas evolution is observed in the
solid-solution regions of H2 and H3, but not during their interconversion according to one
study."”9 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,'?'3 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.?’® 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 “cracking behavior” 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 LiPF¢ salt and residual
moisture in the electrolyte, according to the following reactions:

LiPFs + H,0 ¢ LiF (5 + 2HF + POF; (7)
LiPFg & LiF(5) + PFs (8)
PF< + H,0 < +2HF + POF;.2'¥ 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.’?? Furthermore, hydrofluoric acid is likely also formed from other fluorine-
bearing electrolyte salts, such as LiBF4.22% 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.?20-2221 Hydrofluoric acid is not the only cause of transition-metal leaching, and the
formation of p-diketones,'?23! acetates'??" and even cycling in thiophosphate solid electro-
lytes??4 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.'?2%!

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,’®*'7%171 which causes severe strain between the individual ag-
glomerated grains, which are present in a secondary particle structure, ultimately leading to
pulverization.!'99225-2271 This process exposes the surface of individual primary grains, which
were initially protected by the surrounding grains.?282291 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
432301 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. 123"
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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.[?32-235 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.'2%¢! 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.!®*5¥ 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.

Li"to H" exchange
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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.[€01232371 The |arger grains still exhibit intragranular
cracks, which can reach from microcrack formation to splitting of the whole grain, as is
shown in Figure 4e, {.18%:2381 Similar to other microcracks, intragranular cracks are visible af-
ter charging to high cut-off potentials and/or prolonged cycling.’®%23%! 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.'?*%! 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.”3® 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-called “breathing” of the particle upon consecutive cy-
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, 80241
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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
03 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 R-3m structure.!'”8 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.'”?’ They validate these finding by
cycling oxygen-deficient and oxygen-rich SC-NCMs at different temperatures.!’® At low
temperatures, more cracking is observed in both materials, while the oxygen-deficient ma-
terial undergoes reversible gliding at elevated temperatures.’”® 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.®®28%8% 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."""8 In this case, the stiffness of the material is an important metric, and
softer materials favor gliding, whereas more stiff materials tend to crack.'’® 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.'’® 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.l'’® 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.!?*? 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.B! As such, it comes as no surprise that
the full solid solution LiNi,Co;-20, can by synthesized,?*3>-24%1 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.’?46! Due to the smaller LS-Co®" ions (r(Co*, LS) = 0.545 A
vs. r(Ni*, LS) = 0.56 ,&), which are also thermodynamically more stable, the layering im-
proves with cobalt substitution and for a< 0.8, Nij; defects are fully suppressed.t243244.247.248]
Cobalt-doped LNO delivers a specific discharge capacity of up to 210 mAh/g with 4.3V vs.
Li*/Li cut-off and 26 mol% Co content, but suffers from similar instability issues as LNQ.[24%]
Cobalt introduction was further reported to enhance lithium diffusion, but the results could
not clearly be separated from the reduction in Nij; substitutional defect concentration.'?5”!

Manganese, on the other hand, increases the Nij; defect density and can induce Liy; for-
mation in the transition-metal layer.”®> However, contrary to LCO, the layered LiMnO, com-
petes with the formation of other lithium manganese oxide phases and is only formed under
careful reduction of MnO; or ion-exchange reaction and decomposes upon electrochemical
cycling.t?°'252 Therefore, the solid solution LiNi;Mn;_,O- only exists for 6= 0.5. With the in-
troduction of excess lithium, layered phases are observed for 6 < 0.5 due to the mixing of
LNO with LiMn"Os3, rather than LiMn"0,."25253 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.”®> When Mn contents are limited to - 0.75-0.95, good
capacities can be obtained, and the materials show more isotropic volume change (meaning
that Ac/ Aais closer to 1).25425% Adding manganese also decreases the average nickel oxi-
dation state, by being oxidized to Mn*, and may allow to synthesize high-energy cathode
materials in air, rather than pure oxygen, which is normally needed to fully oxidize nickel.’5%!

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.'% 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.!?>’-26" 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.’?*? The Nij; substitutional point defects are not improved by aluminum
introduction and the FCCL increases.'?*”' The main advantage of aluminum seems to be its
beneficial effect on surface stability, resulting in less gas evolution.?25%

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.’535425% Therefore, Ni-rich materials were long
thought to be less stable,’%3 but more recent results suggest higher stability of Ni-rich
CAMs if capacity-limited cycling is used.’*54254 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, 2552642651 Fgl266-2681 or (Cy,[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."279 While synergetic effects of
multi-constituent doping might be exploited,’?’ 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-called “pillar” ions,
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(Mg?) = 0.74 A vs. r(Li*) = 0.76 A)®" Therefore, its addition to the synthesis of LNO is
commonly accepted to lead to occupation of the lithium sites.’?”2-274' 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 Mgj;, while the first 1.7 mol% end up in the tran-
sition-metal site as Mgy;. 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 Nij; formation from 2.4 mol% to 2.0 mol%, while the overall lithium-
site content (Mg;; + Ni};) was 3.2 mol% and 5.2 mol%. A characteristic sign of inclusion of
Mg ; formation was the improvement of the ¢/alattice parameter ratio, sometimes referred
to as a layering parameter.”?’> Gallium, which is smaller than Mg?* (r(Ga*) = 0.62 AYe 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.?5'276) 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™277-28% or surface segregation,'?8282) 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.
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Figure 6. lonic radii in octahedral coordination and low-spin configuration'®" and reported
location within the LNO structure of common additives.

Conceptually, Nij; 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 Nij ;, magnesium or gallium always causes a decrease
in charge and discharge capacity,83119275276.2831 dye 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.'*® The latter point could be related to the smaller ionic radius of LS-Ni?", Mg?* and
Ga* 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 Se.

2.4.3 Coating and Surface Modification

Particle surface modification helps to stabilize Ni-rich CAMs.!*2! 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.["%125284 Qne 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.’?®”! 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.l25127.284.2881 Thjs |evel 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 2.4.2.128%2%01 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.’?" In the same fashion, doping of the lithium site,
e.g. by ion exchange or by high-temperature annealing, has been reported.!292-2%%

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.°%" In more recent studies on NNO, the material is typically produced via solid-state
synthesis from NiO and a sodium source, such as Na»O,, Na>O or mixtures thereof under
oxidizing conditions and elevated temperatures, similar to the LNO synthesis tempera-
ture.[60:296-2991 |n some instances, the reactants were pelletized,'?*?? while other authors cal-
cined the mixed powders directly.”?°* Depending on the intended application, shorter (3-12
h)2%9" or longer (3-83 days)B°%3%" annealing times are used, to synthesize cathode active
material or in order to synthesize NNO to research its magnetic properties.’0%

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.'®43%3 Compared to LNO, the interlayer
spacing increases, because of the larger sodium ions (/.- = 1.00 A) compared to lithium (7.
- 0.76 A).8" 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.B°304 For this reason, NNO is well
suited as a precursor for the synthesis of perfectly layered LNO.

As outlined above, LS-Ni** 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/mspace group at ambient conditions. However, at 220 °C, NNO undergoes a struc-
tural transition and forms the non-JT-distorted hexagonal ”-3mphase, which is O3 layered
and has higher electronic conductivity.B2%' 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 Ni?* or Ni* states, such as in NNO substituted with 22 mol% cobalt
or the structurally closely related sodium analogs of NCM.B%! For stoichiometries close to
the transition towards a monoclinic distorted structure, such as the sodiated NCA,
NaNiosCoo.15Al0.0502, 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.’30®!

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.2°7) 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 Ni** 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,'?°” 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.[272:3071

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 NaPF¢ 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
0'3-P3P"3073-073-0™3, 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.'®® Note that the first
phase transition is written as an irreversible reaction of NNO, because during discharge only
91 mol% sodium are intercalated.'?** Furthermore, when charged above 4.0 V vs. Na*/Na,
irreversible capacity loss is observed due to formation of a phase labeled O™ 3, which is not
sodiated upon discharge.!?*?

The voltage plateaus of NNO are much flatter than what is typically observed in LNO, for
which a number of reasons can be given.'?°® Firstly, NNO is naturally void of intercalation
site defects, whereas LNO would contain Nij; defects, which smoothen the voltage pro-
file.'® 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 Na.CrO;
phases is about 2.5 times higher than those found in LNQO.!"®53%81 | astly 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 gss = 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/qg.[242:299.3063091 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 NaNipsC0015Al00502is 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.®'®! During the course of this doctoral thesis,
doping of NNO, particularly with titanium, which was previously predicted as a promising
dopant,B'® 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 gus = 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.B0%03021 Ag priefly 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.['6®
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3 Results

3.1 Publication |: Low-Temperature lon Exchange Synthesis of Layered LiNiO> Single
Crystals with High Ordering

Publication | describes the development of an ion exchange synthesis for LNO and validates
the absence of otherwise intrinsic Nij; point defects in the obtained IE-LNO. The parent
NNO phase is prepared via solid-state reaction from secondary particles of Ni(OH), 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 Il. The absence of Nij; substitutional
defects was probed by a combination of PXRD, MAS NMR spectroscopy and (operando)
electrochemical analysis.

SINGLE-CRYSTAL SYNTHESIS
NaNiO, LiNiO,

D 0o o0 o
(<] 002, %:,2,0. 0.0 0 0 00

..‘b.o.oooo

Figure 7. Graphical table of content of publication I. Reprinted from reference [3111.

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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Low-Temperature lon Exchange Synthesis of Layered LiNiO, Single
Crystals with High Ordering

Leonhard Karger, Daniel Weber,* Damian Goonetilleke, Andrey Mazilkin, Hang Li, Ruizhuo Zhang,
Yuan Ma, Sylvio Indris, Aleksandr Kondrakov, Jiirgen Janek,* and Torsten Brezesinski*

Cite This: Chem. Mater. 2023, 35, 648-657 I:I Read Online
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ABSTRACT: Layered Ni-rich oxide cathode materials are being explored in an effort to
boost the energy density of lithium-ion batteries, especially for automotive applications.

Among them, the ternary-phase LiNiO, (LNO) is a promising candidate but brings along S o Y NTHESIS

various issues, such as poor structural stability. The material is prone to disordering (Li off- NaNiO,  LiNiO,
stoichiometry) when prepared by conventional solid-state synthesis, leading to the Riolore, o ofelalii
presence of Ni** in the Li layer. These point defects negatively affect the utilization of the onn0.0.00.0 o A
Li inventory, thereby limiting the practical specific capacity. In this work, we report on a ° ° ._0:0:0:0:9:0:0: °
two-step synthesis approach that avoids the formation of nickel substitutional defects. R iccoioloisliigin R ®

First, NaNiO, (NNO) is prepared, showing no such defects due to larger differences in

ionic radii between Ni?*/Ni** and Na". NNO is then subjected to Na*/Li" exchange under

mild conditions. In so doing, monolithic LNO particles free of Nif; defects can be produced at relatively low temperatures. Notably,
this route allows for tailoring of the grain size, a strategy that may be used to gain insights into the structure—size—property relations
in single-crystalline LNO.

B INTRODUCTION Li precursor).” This competition between minimum temper-

Cathode active materials (CAMs) from the LiNi,Co,Mn,O ature and lithium loss is inherent to the solid-state synthesis of
(NCM) and LiNi,Co,ALO, (NCA) material famhilies (sglié LNO,” with even the least defective samples having more than
solutions based 0; le:yerzed ternary compounds) have been 1 to 2% of Ni** on the Li site.'” This is related to the similar
widely employed in commercial high-energy-density Li-ion fonic radii of Ni** (r = 0.69 A) and Li* (r = 0.76 A) and thus

batteries (LIBS).I‘Z In an effort to boost the specific energy, reduced driving force for oxidation and separation into discrete
compositions with increasing Ni content have been adopted. Ni*" and Li" layers."!

The substitution of cobalt with nickel is also desirable owing to Because the point defects affect the material properties,
its higher abundance and lower cost while retaining high especially the electrochemical behavior, various character-
theoretical specific capacity. However, increasing the Ni ization techniques have been utilized for the study of Li off-
content [i.e, development of so-called Ni-rich CAMs (>80% stoichiometry in LNO, including X-ray diffraction (XRD),
Ni) and especially LiNiO, (LNO)] has been linked to lower magnetometry, magic-angle spinning nuclear magnetic reso-
cycling stability. The latter is usually attributed to unfavorable nance (MAS NMR) spectroscopy, and empiric correlations
structural transitions at high levels of delithiation (high states (e.g, voltage range at which characteristic phase transitions
of charge).”" Nickel substitutional defects on the Li site (Nif;) occur).'”"*™* Doping with Mg®, for example, has been
represent another detrimental factor kinetically hindering the investigated as a means to decrease off-stoichiometry, yet the

occupation of neighboring Li sites during discharge.

LNO adopts a rhombohedral structure with space group
R3m, in which ideally Li* and Ni** cations separate into
different layers within a cubic close-packed lattice of O~
anions. When prepared by solid-state synthesis, Ni; defects
(Ni** ions present on the crystallographic Li site) are formed.
These defects may originate from incomplete transition of the
cubic, 3D-isotropic Ni;_,Li,O,_s intermediate®® into the Received:  October 21, 2022
layered, anisotropic 2D-type structure of LNO due to Li off- Revised:  December 15, 2022
Published: January 4, 2023

effects observed can also be interpreted via complex
substitution patterns.ls’16 Despite this toolbox, full suppression
of Li off-stoichiometry remains elusive in LNO synthesized at
elevated temperatures, and thorough defect analysis is
experimentally very challenging.'”'”'%

stoichiometry and/or insufficient oxygen activity.7 Experimen-
tally, the oxidation of Ni** from the reactant to Ni** requires
high temperatures of at least 600 °C for kinetic reasons, which
typically leads to lithium losses (LiOH is commonly used as a

© 2023 The Authors. Published b
Ameeri(‘;n QCYI_S‘emLiJcaI‘SSng& https://doi.org/10.1021/acs.chemmater.2c03203
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Table 1. Rietveld Refinement Results for Reference NNO and Samples Prepared from Ni(OH), and NaOH at Temperatures of

450 °C (6 h), 600 °C (6 h and 12 h*), and 700 °C (6 h)

material a [A] b [A]
ref. NNO 5.3187(1) 2.8428(1)
NNO-450 5.3140(2) 2.8421(1)
NNO-600 5.3158(1) 2.8419(1)
NNO-600* 5.3183(1) 2.8432(1)
NNO-700 5.3173(2) 2.8424(1)

c (4] / [deg] VIAY Rpyoge (%)
5.5790(1) 110.449(1) 79.040(3) 2.91
5.5770(2) 110.441(2) 78.924(5) 3.12
5.5779(2) 110.482(2) 78.938(5) 3.19
5.5796(1) 110.474(1) 79.041(3) 2.36
5.5789(1) 110.485(1) 78.987(3) 2.67

Another approach toward electrochemically active LNO
with low point-defect concentration relies on low-temperature
and/or ion exchange reactions, generally aiming at the
exchange of H' for Li* in NiOOH. When NiOOH and
LiOH-H,O react under hydrothermal or low-temperature
(<200 °C) conditions, as reported by Tarascon and
coworkers,"” ™! the resulting LNO delivers a specific charge
capacity of g4 ~ 120 mA h g™', much lower than the
theoretical one (gy = 275 mA h g™"). The decreased capacity
originates from the presence of NiOOH and NiO impurity
phases, which have been shown to form as decomposition
products in water.”>? Consequently, water-based synthesis
appears less suited for the preparation of high-capacity LNO.
In an alternative route, LNO was produced from NiOOH and
LiOH'H,O in the temperature range from 450 to 600 °C by
Sun et al. The material obtained at S50 °C delivered specific
charge and discharge capacities of g4, ~ 183 mA h g™' and qg;
~ 170 mA h g™, respectively, falling short of achieving the goal
of 200 mA h g™" that can be expected for LNO obtained from
the solid-state reaction.”* While these investigations focused
on the exchange of the smaller H" for Li", a parent material
having a larger monovalent cation might be capable of more
readily establishing layers as a structural motif. One such
example is NaNiO, (NNO), a material that crystallizes in the
space group C2/m and exhibits well-separated layers of Na*
and Ni*** NNO is typically produced from NiO and Na,0,
or Na,O at elevated temperatures under oxidizing con-
ditions™ ™" for studying its magnetic and electrochemical
properties.””™ " Because of the large size difference between
Na® (r = 1.02 A) and Ni*"/N** [+(Ni*") = 0.69 A, r(Ni*") =
0.56 A), they separate readily into different layers, without
formation of interlayer occupancy defects. Overall, NNO
represents an attractive parent compound for topotactic ion
exchange (Na* vs Li*), which has already been demonstrated
for other layered materials.™*~*

Herein, we examine the synthesis of LNO with high
ordering by means of ion exchange from NNO for application
in LIB cells. Monolithic material is prepared from commer-
cially available polycrystalline Ni(OH), and NaOH in the first
step. These reactants allow for control over grain size by
varying the annealing temperature. In a second step, Na* is
exchanged for Li* in molten LiNO; at temperatures below the
formation temperature of Nif; defects. The structural and
electrochemical results indicate the absence of Ni** substitu-
tional defects in the interlayer space of the single-crystalline
LNO CAM.

B RESULTS AND DISCUSSION

NaNiO, Synthesis. NNO was prepared from polycrystal-
line Ni(OH), and NaOH by heating powder mixtures at
temperatures between 450 and 700 °C under O, gas flow for 6
to 12 h, as described in the Experimental Section. The
corresponding samples are referred to as NNO-§. The

649

observed XRD reflections match those of single-phase NNO
(see Figure S1). Elemental analysis confirms the expected
composition but points to the presence of an amorphous, Na*-
rich side phase, which is likely residual NaOH (see Table S1).
Calcination at temperatures lower than 450 °C or higher than
750 °C yields a material with a rocksalt-type phase, in addition
to layered NNO. Rietveld refinement analysis was performed
based on a model of the NNO structure in the C2/m space
group with lattice parameters of @ ~ 5.32 A, b ~ 2.84 A, ¢ »
5.58 A, and f# ~ 110.4°. The refined parameters agree with
those reported in the literature and of a reference sample
synthesized by the solid-state reaction from Na,O, and NiO
(see the Supporting Information for experimental details).”’
The lattice parameters are shown in Table 1. Models assuming
the presence of Ni** on the interlayer Na site were tested too.
However, the fraction of Niy, converged to zero in the
refinements. Accordingly, NNO prepared from Ni(OH), and
NaOH consists of well-separated layers of sodium and nickel
and appears to be free of substitutional defects.

Synthesis of LiNiO, from NaNiO, via lon Exchange.
The exchange of Na* for Li" ions was studied in some detail for
NNO-600 heated for 12 h in an O, atmosphere (see XRD
patterns and electron microscopy images in Figure la—f) using
a 20 mol % excess of molten LiNOj as a lithium source. The
product (IE-LNO) was washed repeatedly with deionized
water and finally vacuum dried. XRD (see Figures 1f and S1)
suggests that the material is single phase. However, elemental
analysis revealed the presence of residual sodium at about 10%
(see Table S1). From the absence of additional reflections, we
conclude that a significant fraction of Na* resides in the IE-
LNO structure.

As the described route requires an aqueous washing step that
is known to be detrimental to the LNO (surface structure and
constitution), alternative reaction pathways were examined
too. However, all other solvents and low-melting Li salts tested
for LINO; removal and/or ion exchange partially or violently
reacted with the LNO and/or NNO (see the Supporting
Information for details). Overall, the ion exchange reaction
with LINO; yielded the most promising results. Additionally,
reference LNO was prepared by conventional solid-state
synthesis (SS-LNO) at 700 °C, following the description
provided in the Supporting Information.

Both IE-LNO and SS-LNO crystallize in the R3m space
group, and the refined structural parameters are in agreement
with literature data (see Tables 2 and S2). Although the XRD
pattern collected from the IE-LNO CAM indicates structural
similarity to SS-LNO, subtle differences can be observed.
Except for 003, all other reflections are broadened. This is
likely due to strain introduced by the residual Na* ions. There
are also distinct differences in lattice parameter-derived
variables used to characterize the degree of layering and the
Nip; defect concentration in LNO, namely, the c¢/a ratio and
unit cell volume. For Li;_,Ni,,, O, with z = 0.38, the ¢/a ratio

https://doi.org/10.1021/acs chemmater.2c03203
Chem. Mater. 2023, 35, 648657
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Figure 1. (af) XRD pattern and corresponding Rietveld refinement
profile for NNO-600 and IE-LNO, respectively. (b,d) SEM images

and (c,e) FIB-cut STEM images. Schematic structures of the unit cell
for NaNiO, and LiNiO, are shown on the right.

equals 4.899 and increases toward 4.95 with decreasing z, while
V = 104.1 A® and decreases toward 101.5(1) A® with z = 0."
For SS-LNO, these metrics agree well with the literature for
low-z LNO within the experimental error [c/a = 4.937, V =
101.420(3) A%]. For IE-LNO, on the other hand, the ¢/a ratio
(4.940) is slightly higher than that of SS-LNO, indicating some
improvement in the degree of layering and low cation disorder.
However, this is in contrast to the larger unit cell volume [V =
101.634(9) A’] found for IE-LNO, suggesting an increased
amount of substitutional defects. The deviation from the
known correlations can be rationalized by the presence of Naf;
rather than Nif;. In the case of Li off-stoichiometry
(deficiency), Niy; defects are generated for charge compensa-
tion. This leads to an increase in unit cell volume since Ni** is
larger in size than Ni**. The ¢/a ratio in turn decreases
(increase in lattice parameter a). By contrast, no charge
compensation is required upon Naj; formation, leading to the
observation of increased unit cell volume. The latter is
enhanced by the larger size of Na* than that of Ni** while
maintaining a high ¢/a ratio."" For NNO, both the unit cell
volume (with V' = 3/2-V,, ~ 118.6 A%) and pseudohexa;onal
¢'/a’ ratio (with ¢’/a’ = 3-¢,sin B/(1/2:(a,> + b)) ~

5201) are larger than those of LNO. In addition, Rietveld
refinement indicates the presence of electron density on the
crystallographic site of lithium for both IE- and SS-LNO. This
electron density can be refined to 1.7(2)% Nif; for SS-LNO.
For IE-LNO, it can be either interpreted as 5.0(8)% Naj; or
1.6(2)% Nif;. Based on the above results, we assign the excess
electron density to Naj; point defects. According to previous
studies, the solubility limit of Na® is <5% relative to
lithium.>>** This is consistent with our refinement data. It
should be noted that Na-doped SS-LNO reported in the
literature and reference samples prepared in the present work
(see the Supporting Information for experimental details and
Figure $2) show cycling behaviors similar to that of undoped
LNO.>>* We therefore assume that the residual sodium in the
IE-LNO CAM has no major effect on the electrochemical
properties. Minor differences in structural parameters were
found for a sample that was subjected to a second ion exchange
step (see Table S2). While helping to slightly decrease the Naj;
defect concentration, this approach was not pursued further
considering the detrimental effect of washing.

’Li and *Na MAS NMR Spectroscopy. “Li MAS NMR
spectroscopy measurements were conducted on the IE-LNO
sample for probing both the local Li" environment and the
presence of Ni** (S = 1) in the Li layer. The data were
compared to NMR results obtained on a series of Li, _,Ni,,, O,
CAMs (referred to as LNO-setl), for which z was varied from
about 0.03 to 0.08 using different amounts of LiOH-H,O in
the synthesis [n(Ni)/n(Li) = 1:(0.95—1.05)]. The measured
NMR spectra are shown in Figure 2a. For all samples, the main
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Figure 2. (a) "Li MAS NMR spectra of LNO-set1 (red) and IE-LNO
(black). (b) Zoomed-in region of interest. (c) **Na MAS NMR
spectra collected prior to (green) and after ion exchange (black). (d)
Zoomed-in region of interest for IE-LNO.

Table 2. Rietveld Refinement Results for Water-Washed IE-LNO and SS-LNO

material a [A] ¢ [A]
SS-LNO 2.8732(3) 14.1853(3)
IE-LNO 2.8748(2) 14.2001(2)

v [AY] substitutional defects [%] Riyogy [%]
101.420(3) 1.7(2) Niy, 1.83
101.634(9) 5.0(8) Nay; 1.75

650 https://doi.org/10.1021/acs.chemmater.2c03203
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peak is observed at 704—723 ppm, with a decreasing
paramagnetic shift as z decreases and the samples become
less defective. The observation of this signal is consistent with
previous findings.">** It is caused by the transfer of unpaired
electron spin density from Ni** to Li* via six 90° and six 180°
oxygen-bridged bonds from 12 surrounding nickel ions.>**"**
A shoulder peak appears at ~850 ppm with increasing Li off-
stoichiometry (see Figure 2b), which has been attributed
previously to an intrinsic anisotropy of the NMR signal of
LNO."* However, this apparent anisotropy is not visible in the
spectrum of IE-LNO. Therefore, we assign it to Ni** states, '’
present for charge neutrality reasons (formation of two Ni*',
on the defect site and in the Ni layer). The point defects
interact with lithium via a 90° oxygen-bridged bond.”® With
decreasing Li off-stoichiometry, the shoulder peak diminishes
in intensity, while the main paramagnetic peak becomes more
prominent and shifts to a lower parts per million value. In the
extreme case of IE-LNQ, it is not observed, which is in good
agreement with the XRD data, indicating the lack of (nickel)
substitutional defects, as expected for “perfectly” layered LNO.
A second peak is detected at ~460 ppm. A lower chemical shift
should be caused by a less paramagnetic Li* environment.
Interestingly, the peak intensity increases with decreasing Li
off-stoichiometry in the SS-LNO reference samples or, in other
words, with increasing lithium excess in the synthesis, but it is
not observed for IE-LNO. The signal could be related to the
presence of Ni*" due to the formation of slightly overlithiated
SS-LNO. In this case, lithium atoms would occupy the Ni site
and induce the formation of Ni** for charge balancing. The
appearance of the peak could also be caused by lithium-
containing NiO with a rocksalt-type structure. Additional peaks
in the range from 200 to 400 ppm have been assigned to Li* in
the Ni layer by Bianchini et al’®

The structural information obtained from "Li MAS NMR
spectroscopy, represented by the narrow peak at 720 ppm and
the absence of additional peaks, hints at a uniform magnetic
environment in [E-LNO. This agrees with our hypothesis of
“perfect” layering achieved by low-temperature ion exchange
synthesis. The Li slabs may still contain a few percent of Na*
ions, as found by Rietveld refinement. However, they do not
induce paramagnetic shifts in the Li* environment. Further-
more, the structural information presented here is limited to
the close proximity of lithium and therefore does not account
for the presence of impurity phases, such as NiO. Nevertheless,
considering only the main phase, we can conclude that no Ni**
ions are occupying the crystallographic Li site.

2Na NMR spectroscopy measurements were conducted on
the IE-LNO and NNO-600 samples to probe the presence of
Na" ions in the layered structure after ion exchange. The
corresponding spectra are shown in Figure 2c. The most
intense peak in the NNO-600 spectrum is observed at ~1400
ppm, stemming from Na® in the NNO structure. The 12
surrounding Ni** ions interact with sodium and cause a
paramagnetic shift through 90 and 180° oxygen-bridged bonds.
A second peak is visible around 0 ppm, which can be attributed
to Na residues that are not part of the NNO structure. This
signal is most likely caused by unreacted NaOH [note that
n(Ni)/n(Na) = 1:1.1 in the synthesis]. After ion exchange, the
main peak is located at 0 ppm, corresponding to the presence
of Na-containing impurities, such as NaNO;. A broad peak
appears between 1400 and 1600 ppm, as can be seen in Figure
2d. After background subtraction and peak integration, the
signal is found to be ~4.2% relative to NNO-600. Because it
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shows a paramagnetic shift, we assume this amount of Na* to
be present in the Li layer of IE-LNO. The complementary
results from XRD and elemental analysis thus lead to the
conclusion that ~5% Na" ions are left in the structure after the
first ion exchange step.

Particle Size Control and Microstructure. While point
defects determine properties at the atomic level, it is also
important to understand the effect that the microstructure and
particle morphology (on the nm to ym scale) have in general.
In addition to improvements in the degree of layering over the
SS-LNO sample, the synthesis procedure employed in the
present work allows for the preparation of monolithic particles
of controlled size. The ion exchange reaction proceeds in a
topotactic manner, leading to the formation of intact
(nonagglomerated) monolithic grains, as highlighted in Figure
3a. The particle size distribution was analyzed via scanning
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Figure 3. (a) SEM images of IE-LNO particles derived from NNO
prepared at temperatures of 450, 600, and 700 °C (6 h). (b)
Corresponding particle size distributions and (c) XRD patterns (see
Table 1 for Rietveld refinement results).

electron microscopy (SEM) image processing (see the
Supporting Information for details). The equivalent diameter
d, of ion-exchanged samples from NNO prepared at different
temperatures (6 h) increased by about an order of magnitude
from ~0.4 pum for 450 °C to ~3.6 um for 700 °C (ds, see
Figure 3b). This corresponds to an increase in mass and
volume per particle by a factor of ~500. As can be seen, the
particle size distribution is multimodal, which may help
increase packing density (tap density). The correlation
between the particle size distribution of NNO-600 (12 h)
and that of IE-LNO was also examined (see Figure S3 for
violin and box-plot analyses). A small increase in the d, of IE-
LNO is evident from the data, which we attribute to selective
removal of “small” particles during the washing step and the
sampling size. Overall, the ion exchange route allows for
tailoring of the particle size from the typical primary particle
level of polycrystalline CAMs to micrometer-sized single
crystals. Contrary to conventional single-crystalline materials
prepared via solid-state synthesis, minimal agglomeration of
the individual particles/grains is observed after ion exchange,
rendering post deagglomeration procedures moot.

The morphology of the obtained LNO particles is largely

inherited from the NNO precursor, as can be seen from

https://doi.org/10.1021/acs.chemmater.2c03203
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Figure 4. Contour plot of in situ XRD data collected during heating of a 1:1 wt mixture of NNO-600 and LiNOj; in an O, atmosphere at 1 K
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Figure 5. (a) Initial-cycle charge/discharge curves, (b) second-cycle differential capacity curves, and (c) capacity retention for water-washed IE-
LNO (black) and $S-LNO (blue). The first five cycles were performed at a rate of 0.1 C, followed by 0.5 C charge and 1 C discharge cycling (0.1 C

after 55 and 106 cycles).

Figures 1b—e, 3a, and S4. Microstructural analysis via scanning
transmission electron microscopy (STEM) imaging revealed
microcracking throughout the particles and the presence of
rocksalt-type NiO surrounding the cracks (see Figure le). The
NiO domains are not visible in the XRD patterns (see Figures
laf and 3c), suggesting a low mass fraction of <1-2 wt %.
Comparing the change in the microstructure from NNO to IE-
LNO, the crack formation appears to be a result of the ion
exchange reaction itself. We expect it to negatively impact the
cycling performance by hindering lithium diffusion. The
surface of the water-washed IE-LNO was probed using
electron energy loss spectroscopy (EELS, see Figure S5).
EELS mapping revealed a two-layer structure of ~12 nm
thickness, with the top layer containing primarily Ni** ions.
The layer underneath shows mixed oxidation states (2+/3+)
for Ni (similar observations are made for cracks), probably
owing to the ion exchange and washing procedures.

The size distribution, microstructure, and shape of the
particles are the result of a complex interplay between
processes occurring during NNO synthesis, Na'/Li" exchange,
and subsequent washing, all of which potentially affect the
electrochemical performance of the LNO CAM.

Kinetic Pathway of Na*/Li* Exchange. To better
understand the kinetics of the ion exchange reaction, in situ
XRD data were collected during heating of a mixture of NNO-
600 and LiNQ;, see the contour plot in Figure 4. Initially, the
reflections can be indexed to NNO and LiNO;. At ~140 °C,
the reflections of LiNOj start to decrease in intensity, while a
weak NaNO; signal is detected, which increases with
increasing temperature. At ~180 °C, the background becomes
diffuse (with increasing intensity) and the reflections of LINO;
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and NaNO,; disappear. This could be indicative of the
formation of a liquid LiNO,/NaNO; eutectic, which has a
melting point of ~190 °C.* The NNO reflections start to
decrease in intensity at 170 °C, suggesting the onset of a
reaction below the melting point of LINO;. A second peak at
lower diffraction angles is observed in the temperature range
from 150 to 230 °C, herein denoted as NNO'. This peak
probably stems from a Na-deficient (oxidized) structure, as is
known for chemical deintercalation of Na' from NNO
materials.”® The formation of layered LNO occurs at ~190
°C, evident from the presence of broad reflections that become
narrower with increasing temperature (their intensity con-
tinues to increase until the temperature of the mixture reaches
260 °C). These findings point to a (complex) multistep
reaction: (i) 140 °C < & < 170 °C: oxidation of NNO toward
NNO' accompanied by Na*/Li" ion migration; (ii) 170 °C < 8
< 210 °C: formation of LNO via the NNO — NNO' pathway
in an eutectic melt of LINO;/NaNO; (iii) 210 °C < § < 230
°C: disappearance of the NNO (full conversion) and LNO
crystallization; and (iv) & > 230 °C: disappearance of the
NNO/, further crystallization of LNO, and solidification of the
nitrate salt melt.

Taken together, the in situ XRD results indicate a fast and
atomically efficient mechanism for the ion exchange with
LiNO;. Notably, the reaction yields single-phase LNO, even
when using a relatively small excess of LiNO; [here,
n(LINO;)/n(NNO) = 1.2:1].

Electrochemistry and Operando XRD. To investigate
the electrochemical behavior and the structural changes during
cycling, the CAMs were incorporated into electrodes and
cycled against Li metal in coin cells in the potential range

https://doi.org/10.1021/acs chemmater.2c03203
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Figure 6. Refinement results for the lattice parameters and cell volume of the hexagonal (H) and monoclinic (M) phases. Operando XRD was
conducted on the IE-LNO cathode in half-cells cycled at a C/30 rate in the potential range of 3.0—4.5 V vs Li*/Li.

between 3.0 and 4.3 V versus Li*/Li. Interestingly, the voltage
profiles differ to some degree from the charge/discharge curves
observed for SS-LNO, see Figure Sab. The choice of the
exchange salt/washing solvent is found to have a strong effect
on the capacity, with the best results achieved for LINO;/H,0
(see Figure S2). Thus, in the following, the cycling
performance of the latter IE-LNO is compared to that of the
SS-LNO reference CAM with a relatively low Li off-
stoichiometry [1.7(2)% Nif;]. However, the positions of the
phase transitions are similar for all ion-exchanged materials.
This is indicative of the same structure for the electrochemi-
cally active fraction of CAMs, with a similar electrochemical
behavior of the bulk material (independent of the synthesis/
postprocessing conditions). The residual Na is apparently not
playing a major role. Note that Na-doped SS-LNO cathodes
show the same dq/dV peaks as those of the SS-LNO sample
(see Figure $2).”* The specific discharge capacity increases
from ~173 to ~185 mA h g~ (~1.3 mA h cm™?) over the first
five cycles at 0.1 C rate, which is probably related to opening of
pores. A similar effect is observed for the SS-LNO reference
CAM (see Figure Sc). However, the latter material is capable
of delivering capacities that are larger by up to 40 mA h g™". As
expected, the fading is somewhat lower for the IE-LNO, with
specific discharge capacities of ~161 and ~151 mA h g™' at 0.1
C for SS-LNO and IE-LNO, respectively, after 100 additional
cycles at 0.5 C charge and 1 C discharge (plus a 0.1 C testing
after 55 cycles).

During electrochemical delithiation, LNO is expected to
undergo transitions between several hexagonal and monoclinic
phases, commonly denoted as H1 < M < H2 < H3. These
transitions have been well characterized previously.”" > To
examine whether the preparation of LNO via ion exchange
affects the structural transitions, operando XRD was conducted
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on the IE-LNO. As discussed above, the CAM presents
different features in the differential capacity curve compared to
SS-LNO.”' Figure 6 shows the refined structural parameters
for the initial cycle at a C/30 rate (3.0-4.5 V vs Li*/Li)
together with the potential. An example of the typical quality of
fit is provided in Figure S6. An extended voltage window up to
4.5 V was used for operando XRD, whereas electrochemical
testing was performed with a cutoff potential of 4.3 V, resulting
in overall slightly lower capacities but higher cycling stability.
In the experiment, the material delivered specific charge and
discharge capacities 0f 215.9 and 201.5 mA h g'l, respectively,
and was found to transition through the expected phases upon
delithiation. From OCV to ~3.7 V, the material retains the
initial hexagonal structure (H1). Afterward, it undergoes a
transition toward the monoclinic phase (M1), which is
characterized by the splitting of selected reflections; for
example, the 101, reflection splits into the 20T, and 110,,
reflections, as can be seen in the 16.0° < 26 < 16.8° region in
Figure S6. The transition from M’ to M” is found as a peak in
the differential capacity curve and can be tracked by two
regions, in which a maximum difference between the a and b
lattice parameters is observed. This behavior indicates full
conversion to M’ and M”, separated by a clear convergence of
the two parameters at ~3.9 V. The transition back to
hexagonal (H2) is observed at ~4.1 V, followed by the H2
to H3 phase transition at 4.2 V. During the monoclinic regime,
the c lattice parameter increases gradually from 14.284(4) A
(~3.7 V) to a maximum of 14.604(3) A (~4.07 V). Beyond
4.1 V, a small decrease is observed as the material transitions
toward the H2 phase, with ¢ = 14.552(9) A at 4.2 V. The
transition to the H3 phase results in a drastic reduction, from
~14.552(9) to ~13.115(7) A, the latter being much lower
than typically reported for LNO.”"** The overall behavior is

https://doi.org/10.1021/acs chemmater.2c03203
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consistent with previous findings, suggesting that the exchange
reaction does not adversely affect the structural evolution of
the system. As the potential approaches 4.5 V, another peak
appears in the differential capacity curve, which is not seen in
the discharge curve. We attribute it to the H3 to H4 transition,
which occurs upon full delithiation of LNO and apparently is
only visible at very low current rates.'’ Since this phase
transition is impeded by Li off-stoichiometry, preventing sheet
gliding at 7%,””** we expect it to be more pronounced in a
sample with no substitutional defects as there is no Ni**
present in the Li slab. This observation agrees with the data
described above.

The aforementioned phase transitions are typical of LNO
CAMs, but the potential ranges at which they occur are
somewhat shifted for the IE-LNO sample studied here. In
general, the potential of the H2—H3 transition is found to shift
to higher values with increasing Li off-stoichiometry.12 This is
caused by increasing destabilization of the H3 phase due to
Ni** occupying the Li site.” In Figure 7, the mean H2—H3
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Figure 7. H2—H3 transition potential for LNO-setl, LNO-set2, and
various IE-LNO samples from differential capacity curves as a
function of the Li off-stoichiometry (from XRD for LNO-setl and
LNO-set2). The peak potentials shown are average values from
charge and discharge.

(peak) potential for various IE-LNO CAMs is compared to
that of the LNO-setl reference samples (see the Supporting
Information for details on the dq/dV peak analysis). A linear
regression was applied to the data in accordance with the
procedure reported by Kurzhals and coworkers.'” From this,
the mean potential of the H2—H3 transition for “perfectly”
layered LNO (0% Nij,) is estimated at 4.138(5) V versus Li*/
Li. The results of Kurzhals et al. are also reproduced in Figure
7 (referred to as LNO-set2). From the analysis of these data, a
potential of 4.148(3) V is determined. As can be seen, both
data sets follow a linear relationship but are slightly offset with
respect to each other. The reason is likely a systematic error in
the determination of the Li off-stoichiometry by XRD. We
attribute the H2—H3 transition potential of 4.13—4.15 V to
the lack of off-stoichiometry and therefore intrinsic stabiliza-
tion of the H3 phase (i.e., the absence of nickel substitutional
defects strongly affects the mean potential of the phase
transitions).

Taken together, the structural information from "Li MAS
NMR spectroscopy and XRD agrees well with the empirical

electrochemical evidence, indicating high ordering of the ion-
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exchanged LNO. However, the specific capacity delivered by
the obtained material is lower than that of the reference
material. We believe that the main reasons for this are the
formation of cracks and rocksalt-type NiO domains during ion
exchange. An additional annealing step in the presence of a
lithium source might help produce a high-capacity material. An
alternative strategy could be doping of the parent NNO
compound for increasing structural integrity in the exchange
reaction. Lastly, we consider coating of the particles an
interesting approach to prevent unwanted surface side
reactions with the washing solvent.

B CONCLUSIONS

In summary, we have successfully developed a novel two-step
calcination process followed by facile ion exchange for the
preparation of LNO single crystals. The layered structure of
the parent NNO phase is maintained during Na'/Li"
exchange, leading to a material that is free of Ni’*
substitutional defects on the Li site. This is confirmed by
XRD and solid-state NMR spectroscopy measurements, the
latter indicating a very uniform Li* environment. The synthesis
procedure further allows for size tailoring of the monolithic
LNO grains. The absence of Nij; point defects is found to
directly affect the charge/discharge behavior of ion-exchanged
LNO by altering the voltage at which the characteristic phase
transitions occur. The changes are neither associated with
electrochemical reactivity to a specific lithium salt used for ion
exchange or washing solvent nor residual Na present in the
structure. We believe that this methodology, once optimized
for battery performance by suppressing NiO formation and
cracking, is applicable to study size effects in LNO (fracture
behavior, charge-storage kinetics, interfacial degradation, etc.)
and related single-crystalline materials and may help us better
understand the electrochemical implications of Li off-
stoichiometry in layered oxide cathodes.

B EXPERIMENTAL SECTION

Materials Synthesis. NaNiO, was synthesized by the solid-state
reaction from Ni(OH), (dsy & 4 um, BASF SE) and NaOH (Sigma-
Aldrich). The reactants were homogenized under an Ar atmosphere
for 5 min with 10 mol % excess of NaOH, that is, n(Ni)/n(Na) =
1:1.1, using a laboratory blender (Kinematica). The blended
precursor mixture was heated in an alumina crucible under O, flow
(2 atm h™") in a tube furnace (Nabertherm P330) at 300 °C for 10 h
with 3 K min~" heating and cooling rates. After cooling to room
temperature, it was homogenized again for 5 min, and the resulting
mixture was transferred to an alumina crucible for calcination at
temperatures ranging from 450 to 700 °C for 6—12 h using the above-
mentioned conditions.

LiNiO, was synthesized via ion exchange by mixing NaNiO, with
20 mol % excess of LINO, and heating to 320 °C under an Ar
atmosphere. After cooling to room temperature, the mixture was
washed twice with water under stirring. The resulting powder was
dried in a vacuum at 120 °C (see the Supporting Information for
water-free washing procedures and alternative lithium salts for ion
exchange).

Electrochemical Testing. Electrodes were prepared by casting an
N-methyl-pyrrolidone (NMP)-based slurry with 94 wt % CAM, 3 wt
% Super C6S carbon, and 3 wt % polyvinylidene difluoride (PVDF,
Solef 5130; Solvay) onto an Al foil current collector. The slurry was
prepared by combining all constituents with 20 wt % additional NMP
in a planetary centrifuge mixer (ARE250, Thinky) and stirring
applying a two-step program (3 min at 2000 rpm and 3 min at 400
rpm). The slurry was spread onto 0.03 mm Al foil using an Erichsen
Coatmaster 510 film applicator at a rate of S mm s™". The as-made

https://doi.org/10.1021/acs.chemmater.2c03203
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tapes were dried overnight in a vacuum at 120 °C and then
calendered at 14 N mm ™" (Sumet Messtechnik). Cathodes of 13 mm
diameter and 7—10 mgcy cm ™ areal loading were punched out, and
half-cells with LP37 electrolyte (1 M LiPF4 in a 3:7 weight ratio
mixture of ethylene and ethyl methyl carbonate), a GF/D separator,
and Li metal assembled in an Ar glovebox. Electrochemical testing
was performed in the potential range of 3.0—4.3 V versus Li*/Li. The
first five cycles were carried out at arate of 0.1 C (1 C =220 mA g™"),
followed by 100 cycles at 0.5 C charge and 1 C discharge (0.1 C after
55 and 106 cycles), with constant voltage charging until the specific
current decayed to 0.02 C.

X-ray Diffraction. XRD patterns were collected on a STADI P
(STOE) diffractometer in Debye—Scherrer geometry utilizing
monochromatic Mo Ka, radiation (4 = 0.7093 A, S0 kV, 40 mA)
and a Mythen 1 K detector (Dectris). The diffraction data sets were
analyzed using TOPAS Academic v7. A LeBail fit was performed first,
in which background correction was peformed by applying a
Chebyshev polynomial function with 10 terms. Lattice parameters,
zero-shift, axial divergence, and crystallite size were extracted as
Gaussian and Lorentzian contributions. The phenomenological model
by Stephens was used to refine hkl-dependent microstrain.” During
Rietveld refinement, the parameters from the LeBail fit were first fixed,
and the oxygen coordinate(s) zo (LNO) and zg , and zo , (NNO),
site occupancies, and Debye—Waller factors were refined while
applying an absorption correction. Lastly, all parameters were refined
in parallel until convergence was achieved. The confidence intervals
are 3 times the estimated standard deviations as obtained from
TOPAS Academic v7. The errors of cell volumes were estimated to be
higher than the errors obtained directly from refinement and therefore
rounded to the first significant digit after the comma when given in
cubic angstrom.

Operando XRD. The positive caps, negative caps, and spacers of
the coin-cell casings were modified by electro-erosion for operando
XRD experiments to have a central hole of 5 mm diameter and sealed
with glass windows of 6 mm diameter and 160 um thickness using a
surface-treated polyethylene foil. Cells were cycled at a rate of C/30
using a Gamry Interface 1000 potentiostat, while XRD patterns were
collected simultaneously using a STOE Stadi-P diffractometer with a
Mo anode. Diffraction data were collected in the range of §° < 20 <
37° with a collection time of 21 min per pattern. Rietveld refinement
was carried out sequentially on the diffraction data using GSAS-I1.°°
The zero offset and instrumental contribution to peak broadening
were determined by measurement of a LaBg 660b reference material.

In Situ XRD. The exchange reaction was studied by in situ XRD
using a custom-built diffractometer, the specifics of which were
reported previously.”” For sample preparation, a 1:1 wt mixture of
NNO-600 and LiNO; was ground in a mortar and filled into a
sapphire capillary. The mixture was then heated at a rate of 1 K min™"
under an O, atmosphere, with each XRD pattern being the
accumulated signal over 5 min. Temperature calibration was
performed by comparison with the cell volume of ALO; powder,
which was measured in a separate heating experiment.

7Li and 2Na Nuclear Magnetic Resonance Spectroscopy.
“Li and *Na MAS NMR experiments were conducted on a Bruker
Avance 200 MHz spectrometer at a magnetic field of 4.7 T. Spectra
were acquired at Larmor frequency values of 77.8 and 52.9 MHz for
"Li and **Na, respectively, with 1.3 mm rotors and spinning at §5 kHz.
A rotor-synchronized Hahn-echo pulse sequence (90°-7-180°--
acquisition) was used with a recycle delay of 1 s and 90° pulse
lengths of 0.85 us for "Li and 0.80 us for Na. The NMR shifts were
referenced using aqueous 1 M LiCl and NaCl solutions (0 ppm). All
spectra are normalized with respect to sample mass and the number of
scans.

Inductively Coupled Plasma—Optical Emission Spectrosco-
py. The elemental composition was determined by inductively
coupled plasma (ICP)—optical emission spectroscopy (OES) using a
Thermo Fischer Scientific ICAP 7600 DUO. Powder samples were
dissolved in an acid digester in a graphite furnace. The mass fraction
values were obtained from three independent measurements for each
sample. About 10 mg was dissolved in 6 mL of hydrochloric acid and

2 mL of nitric acid at 353 K for 4 h. The digested samples were
diluted, and analysis of elements was conducted with four different
calibration solutions and an internal standard (Sc). Two/three
wavelengths of elements were used. The O content was analyzed by
carrier gas hot extraction using a commercial oxygen/nitmgen
analyzer TC600 (LECO). It was calibrated using the certified
standard KED 1025 (ALPHA). The measurements were conducted at
5800 W.

Electron Microscopy. Morphological and compositional in-
formation about the as-prepared samples was obtained from field-
emission SEM and energy-dispersive X-ray spectroscopy using a LEO-
1530 microscope (Carl Zeiss AG). Specimens for transmission
electron microscopy (TEM) investigation were prepared by the lift-
out technique using a Ga FIB on a STRATA dual-beam system. They
were milled at 30 kV, followed by final polishing at 2 kV to reduce
surface damage. Sample preparation was immediately followed by
TEM investigation to reduce the risk of oxidation during storage and
handling. TEM was performed on a Themis Z (Thermo Fisher
Scientific) double-corrected transmission electron microscope at 300
kV. STEM images wete collected using a high-angle annular dark field
detector. EELS data were acquired with an energy resolution of ~1
eV. Spectra were collected in the dual EELS mode, allowing us to lock
the ZLP and use it as a reference for accurate determination of the
edge position for each element. Analysis was carried out using the
multiple linear least squares fitting method integrated in Gatan Digital
Micrograph.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
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Experimental section including synthesis of reference
materials and details on alternative ion exchange
procedures, structural characterization via XRD and
Rietveld refinement, particle size analysis, ICP—OES
results, and additional data from electrochemical cycling
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3.2 Publication ll: Seesaw Effect of Substitutional Point Defects on the Electrochemical
Performance of Single-Crystal LiNiO, Cathodes

Publication Il describes the analysis of three series of size-tailored IE-LNQOs, in an effort to
separate the contributions of grain size and defect concentration to the overall performance.
The grain size of the parent NNO phase was tailored by changing the calcination tempera-
ture, ball-milling and by introducing surface segregating species preventing sintering. For
each size series, a clear correlation between grain size and FCCL is observed. The capacity
loss is separated into degradation induced losses and KH losses. While the KH losses are
clearly related to the particle size, the degradation losses occurred irrespective of particle
size and thus particle surface. The kinetic hindrance observed in the ion-exchanged materi-
als is, however, much lower than in the reference material. During cycling, IE-LNO releases
much more oxygen than the reference sst-LNO, which is accompanied by harsher collapse
of interlayer spacing at high SOC. The results point towards an ambivalent effect of Nij;
substitutional defects, which help to stabilize the material at high SOC while inducing KH
losses.

Figure 8. Graphical table of content of publication Il. Reprinted from reference [3121.

The experiments were planned and designed by the first author under the supervision of A. Kondrakov, J.
Janek and T. Brezesinski. The first author developed and optimized the size-tailoring methods for NNO and
carried out the ion-exchange procedures. W. van den Bergh carried out some preliminary NNO synthesis,
which is not included in the publication, and further helped with discussions. The first author carried out elec-
trochemical experiments and data analysis. S. Korneychuk performed the TEM investigation and interpreted
the corresponding results together with the first author. R. Zhang conducted the SEM experiments and the
data was analyzed by the first author. S. Dreyer conducted the DEMS experiments, analyzed the data and
discussed the results with the first author. The manuscript was written by the first author and edited by all
coauthors.
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Seesaw Effect of Substitutional Point Defects on the Electrochemical
Performance of Single-Crystal LiNiO, Cathodes

Leonhard Karger, Svetlana Korneychuk, Wessel van den Bergh, Séren L. Dreyer, Ruizhuo Zhang,
Aleksandr Kondrakov, Jirgen Janek,* and Torsten Brezesinski*
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ABSTRACT: Layered oxide cathode materials, such as Li-
Ni,Co,Mn O, or LiNi,Co,Al O,, are sought after mainly because
of their high theoretical specific capacity. Especially those with a
high nickel content are being pursued to increase capacity and
lower costs. In these materials, substitutional defects are a common
feature and are typically associated with poor overall quality.
Herein, we employ a sodium-to-lithium ion exchange to produce
LiNiO, (LNO) without such characteristic defects. Three different
methods are used to tailor the primary particle (grain) size over a
broad range, and each material is subjected to electrochemical
testing. By analyzing the initial charge/discharge profiles, we
separate kinetic hindrance and structural degradation as two
independent contributions to the first-cycle capacity loss. We find
that the Nij; point defects stabilize LNO at high potentials and help mitigate material degradation while leading to incomplete
discharge. The kinetic hindrance at the end of discharge vanishes upon their removal, but the degradation at high states of charge
becomes more pronounced. We examine the cause of material degradation and corroborate the results by artificially introducing
pillaring Mg™* ions through a novel dual-ion exchange as a model system for nickel substitutional defects. This methodology may be
exploited to identify an optimal concentration of pillar ions, especially in a range of defect densities that are inaccessible by
conventional solid-state synthesis.

Iﬂ Metrics & More | Q Supporting Information

H INTRODUCTION

Substitutional defects are present in cathode materials of the
LiNi,Co,Mn,O, (NCM or NMC) and LiNi,Co,ALO, (NCA)
solid solutions.’ ™ Especially the 100% nickel endmember,
LiNiO, (LNO), is prone to off-stoichiometry, which strongly

of Ni?* and Li" and are as such inherent to LNO prepared by
solid-state synthesis.”~""

Optimized calcination protocols and careful stoichiometric
control can achieve defect concentrations of no lower than 1.6
mol % of Nif; with respect to nickel.""'* Furthermore, only the

affects its electrochemical behavior.* Typically, LNO is made
through solid-state synthesis under an oxygen atmosphere at
high temperatures. This thermal process leads to an inherently
“lithium-deficient” or “off-stoichiometric” LNO of the general
formula Li,_,Ni,,,0,.*™° Depending on the relative ratio of
nickel to lithium as well as the calcination temperature,
different types of defects can emerge. For example, Ni/Li
antisite defects, which refer to Li; and Nij; point defects
(Kroeger—Vink notation), are only observed for large off-
stoichiometries of z > 0.15.7 For the close-to-stoichiometric
LNO, which is the material of interest for lithium-ion battery
(LIB) application, only Nif; defects, accompanied by Nij; for
charge compensation, are the prevailing defects and should be
considered for understanding the electrochemistry of LNO.” In
the context of this study, for simplicity, we only mention the
Nif; defects when referring to the combination of Nif; and
Nix;.” Note that these substitutional defects are a result of both
incomplete oxidation of Ni** to Ni*" and the similar ionic radii

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

annealing step seems to be crucial for the fraction of Nij; as no
signs of nickel migration in the bulk are found during cycling in
the stable electrochemical window of LNO in recent studies,
although this is still a subject of debate.'®'* This is not the
least caused by the experimentally challenging characterization
and quantification of point defects. Common ways to probe
Nif; are a combination of powder X-ray diffraction (PXRD)
and neutron diffraction, magic-angle spinning nuclear magnetic
resonance (MAS NMR) spectroscopy, and magnetome-
try. 1214
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Figure 1. (a) STEM and (b,c) EDXS results for FIB-cut NNO. HRTEM of (d) NNO bulk and (e) particle edge. (f) STEM and (gh) EDXS results
for FIB-cut IE-LNO. HRTEM of (i) IE-LNO bulk and (j) particle edge. (k) STEM and (I,m) EDXS results for FIB-cut IE-LNO + LiOH-40 h.

HRTEM of (n) IE-LNO + LiOH-40 h bulk and (o) particle edge.

Achieving a low Niy; defect density is considered desirable as
the specific charge and discharge capacities increase due to
facilitated lithium diffusion, but other effects have been
reported too."* Increasing the fraction of the nickel substitu-
tional defects increases the potential at which the so-called H3
phase forms (the last reversible transition during the LNO
charge/dischm’ge).12 When going beyond this transition, the
H4 phase forms, which is associated with oxygen release and
irreversi’bility.16'17 High defect concentrations of >7.2 mol %
suppress this phase transition completely, which may be
indicative of the stabilizing properties of the Nif; defects.®
Another aspect is their relation to the first-cycle capacity loss,
as reported by Arai et al,, Delmas et al,, and Bianchi et al. In
particular, they emphasized the need for lowering the defect
density for decreasing the first-cycle loss.'” ™' Subsequent
studies did not find this correlation and instead proposed a
direct link between the first-cycle loss and primary particle size
of the active material.''>** However, since the Nif, defects
affect the lithium transport properties through vacancy
trapping and by acting as a diffusion barrier, it is difficult to
distinguish between the influence of the point defects and size
effects, which arise at different calcination f:emperatures.23 This
intrinsic convolution of particle size and defect density
contributions to the electrochemical performance demands
further study, as diffusion-induced capacity loss can be
substantial particularly for single-crystalline morphologies.”**

Recently, we have developed a method to prepare LNO that
is free of Nij; defects by synthesizing perfectly layered NaNiO,
(NNO) and then conducting sodium-to-lithium ion exchange
in molten salts (yielding ion-exchanged LNO, referred to as IE-
LNO)." In this study, we report on the particle-size-
dependent electrochemistry of single-crystal IE-LNO cathodes
and correlate capacity loss and stability to grain (primary

particle) size and Nij; defects being present or absent. We
stress the ambivalent character of the Nif; defects, which act
similarly to (stabilizing) pillar ions but impede lithium
diffusion at the same time. Upon their removal, these effects
are reversed. This means that the charge transport improves
while material stability decreases, tilting the seesaw-like
behavior to the other extreme.

B RESULTS AND DISCUSSION

Optimization of LNO Synthesis. Solid-state synthesis of
NNO leads to single-crystalline particles with a uniform
distribution of sodium and nickel, as can be seen from the
scanning transmission electron microscopy (STEM) image and
energy-dispersive X-ray spectroscopy (EDXS) maps in Figure
la—c. High-resolution TEM (HRTEM) imaging of focused
ion beam (FIB) cross-sections indicates that there is little
strain or bending of individual nickel oxide slabs in the as-
made NNO (Figure 1d), and the surface is covered by an
amorphous layer, likely residual NaOH (Figure le). When this
material is subjected to ion exchange and washed with water,
the overall morphology is retained, but the internal structure
exhibits abundant intragranular cracks and domains with high
sodium content (Figure 1f—j). These sodium-rich domains
may be caused by sluggish diffusion because of crack formation
or inhibition of ion exchange at the lithium-rich surface.

As shown in our preceding work, postannealing of the IE-
LNO at elevated temperatures produces a material with >3
mol % Nif; defects, which seems to be due to sodium diffusing
out of the structure and being replaced by Ni**. For this
reason, it was tested whether additional lithium can prevent
structural degradation upon heating in order to preserve a low-
or ideally a zero-defect state. To this end, the IE-LNO was
combined with 10 mol % LiOH-H,O and annealed at 700 °C

https://doi.org/10.1021/acs.chemmater.3c02727
Chem. Mater. XXXX, XXX, XXX—XXX
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Table 1. Results from Rietveld Analysis of the PC-LNO and IE-LNO Samples before and after Annealing in the Presence of

LiOH'H,0
sample R, [%] Raprgg [%] a[A] c[A] V [A}] defects [mol %]
PC-LNO 11.0 21 2.8733(1) 14.1854(6) 101.42(1) Nif, 1.7(2)
IE-LNO 115 1.8 2.8746(6) 14.1968(54) 101.70(2) Nif, 0 Naj$ 5.0(8)"
IE-LNO + LiOH-6 h 15.6 20 2.8758(1) 14.1781(12) 101.55(1) Nif, 2.5(3)
IE-LNO + LiOH-40 h 103 17 2.8750(1) 14.1765(12) 101.48(1) Nif, 1.6(2)
“From PXRD and NMR spectroscopy.*
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Figure 2. Analysis of the temperature-based size tailoring of IE-LNO. SEM images of (a) IE-LNO-750, (b) IE-LNO-700, (c) IE-LNO-600, and (d)
IE-LNO-450. (e) Corresponding particle size distribution. (f—i) First-cycle charge/discharge and (j—m) second-cycle differential capacity curves at
C/10 rate (3.0—4.3 V vs Li*/Li). The electrochemical data are in the same order as in panels (a—d).

for 6 h (referred to as IE-LNO + LiOH-6 h). Rietveld analysis
of PXRD data collected from this material reveals a defect
concentration of 2.5(3) mol % Nif; (Table 1). When the
material is annealed at the same temperature for 40 h (referred
to as IE-LNO + LiOH-40 h), a decrease in defect
concentration to 1.6(2) mol % is observed, which is
comparable to that of the polycrystalline reference LNO
(referred to as PC-LNO). Electron microscopy images of this
annealed material indicate the presence of rhombohedral voids
(Figure 1k—o) containing sodium on the inner surfaces.

Apparently, the cracks heal and rearrange to form the said
voids, and the residual sodium diffuses toward the surfaces,
where it is deposited as an oxide. In the remaining bulk
structure, no sodium is detected by EDXS. Therefore,
annealing seems to be effective at removing sodium from the
layered phase but also leads to the formation of voids and Niy;
defects. The voids are believed to still hinder lithium diffusion,
similar to the cracks that are present prior to heating. In
addition, postannealing reintroduces the point defects and is
therefore not suited for retaining the initially Nij;-free nature.

https://doi.org/10.1021/acs.chemmater.3c02727
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Table 2. Results from Rietveld Analysis of the Temperature-Based, Size-Tailored IE-LNO Samples

sample R, [%] Rpragg [%] a [A]
IE-LNO-450 15.7 43 2.8731(12)
IE-LNO-600 14.9 4.8 2.8747(9)
1E-LNO-700 115 1.8 2.8746(6)
1IE-LNO-750 14.0 32 2.8816(6)

c [A] v [A%] Naf; [mol %]
14.1876(90) 101.42(12) 0
14.1854(30) 101.51(3) 0.7(2)
14.1968(54) 101.70(2) 5.0(8)
14.1647(41) 101.86(2) 7.8(8)

Instead, sodium should be removed completely in a temper-
ature range, where substitutional defects do not form.
Nevertheless, the IE-LNO + LiOH-40 h material exhibits
improved capacity over that of IE-LNO annealed in the
absence of LiIOH-H,0 (Figure S1, Supporting Information).

A promising strategy to avoid the aforementioned problem
of incomplete ion exchange is the application of sufficiently
small crystallites that allow for short sodium diffusion path
lengths. Control over the NNO particle (grain) size can be
achieved by varying the annealing temperature in the range of
450—750 °C."* Furthermore, using NaOH instead of Na,0, as
a precursor (sodium source) leads to a decrease in the primary
particle size.

Temperature-Based Particle Size Tailoring. A series of
NNO samples with different particle sizes were synthesized by
heating NaOH with Ni(OH), at 450, 600, and 700 °C, as well
as by heating NiO nanoparticles with Na,O, at 750 °C
(referred to as NNO-d, with d being the temperature). These
NNO samples were then subjected to ion exchange (referred
to as IE-LNO-9; see the Experimental section for details). As
can be seen from the scanning electron microscopy (SEM)
images in Figure 2a—d, the particle size increases with
increasing temperature. The size distribution is relatively
broad, with ds, values ranging from 480 nm for IE-LNO-450 to
6.67 ym for IE-LNO-750 (Figure 2e). With regard to faceting,
no obvious correlation to the particle shape is apparent, even
though they are not completely spherical. After ion exchange,
the crystallites appear to be well separated, and virtually no
agglomeration of the monolithic particles is observed. As
expected, the materials crystallize in the R3m space group, and
Rietveld analysis reveals similar lattice parameters for all
samples (Table 2), in good agreement with literature results.”
Therefore, we assert that the particles are of a single-phase
nature. However, particularly, the larger particles may still
contain residual sodium, as is evident from the decrease of Naj;
to 0 mol % with decreasing particle size. This is confirmed by
the EDXS measurements conducted on IE-LNO-700; the
small particles do not contain sodium, but the larger particles
exhibit the presence of sodium-rich domains described above
(Figure S2, Supporting Information). The evolution of lattice
parameters corroborates this finding with decreasing values for
a and V with decreasing grain size. IE-LNO-750 shows a
smaller c-parameter, which might be related to the different
(more oxidizing) sodium precursor used in the synthesis.
Nevertheless, a clear trend of increasing cell volume and lattice
parameters with increasing temperature is found for the parent
NNO samples (Table S1, Supporting Information). Overall,
controlling the annealing temperature yields the desired
materials, namely, a size-tailored IE-LNO series.

The IE-LNO samples were then subjected to electro-
chemical testing at C/10 rate in LIB half-cells (3.0-4.3 V vs
Li*/Li). As shown in Figure 2f—i, the first-cycle specific
discharge capacities are rather low, with the highest achieved
with IE-LNO-700 and IE-LNO-450 with g4 = 173 and 152
mA h/g; no, respectively. No clear trend between the particle

size and capacity is found. However, the first-cycle capacity loss
does show a distinct trend and decreases from about 31 to 8%
with decreasing particle size. Furthermore, the differential
capacity curves for the second cycle in Figure 2j—m reveal
differences for the different IE-LNO samples. The observed
dg/dV peaks have been previously assigned to structural
transitions that are well-known for LNO produced by solid-
state synthesis.' >~ In short, when charging the material, a
peak that is associated with high diffusivity or small particle
size (strongly dependent on the lithium intercalation at the end
of discharge; in a region of the discharge profile, where lithium
diffusion is hindered), commonly referred to as kinetic
hindrance (KH), is observed first.””*" The following peaks
are typically labeled as HI1-M, M-H2, and H2-H3, as shown in
Figure 2k. The largest particles (IE-LNO-750) exhibit a high
overpotential, and the phase transitions appear broadened
compared to those of IE-LNO-700. Upon moving to smaller
particle sizes, the high-voltage transitions, M-H2 and H2-H3,
become less intense and broadened and shift outside the
operating potential window. Also, the onset of the H3-H2
transition during discharge shifts to lower potentials with
decreasing particle size, while the other peaks do not show a
similar shift. By the same token, the low-voltage peaks,
especially the KH peak, become more pronounced. This could
be the reason why the first-cycle loss decreases with decreasing
particle size as the relithiation of the material becomes more
effective. At the same time, these smaller particles cannot be
fully charged due to voltage hysteresis, which is increased at
high states of charge (high degrees of delithiation) and has
been linked to surface densification.'® Indeed, if the cells are
operated at 4.8 V vs Li'/Li, the specific discharge capacity
increases significantly, e.g,, from g4, = 152 mA h/g o to 191
mA h/g yo for IE-LNO-450 (Figure S3, Supporting
Information). Also, the smaller particles are likely to undergo
more side reactions (surface degradation) due to their higher
relative surface area.”’ For example, the particles need to be
subjected to water washing in order to get rid of the salt used
for ion exchange, which is known to cause lithium-to-proton
exchange and subsequent formation of surface impurities,
potentially lowering the fraction of active material.*> In
essence, two counteracting effects are observed in IE-LNO:
(i) destabilization of high states of charge and (ii) faster
diffusion and therefore improved capacity retention in the first
cycle when moving to smaller particles. One can visualize these
opposing effects as the two sides of a seesaw, with the optimal
balance of both resulting in minimal first-cycle capacity loss.
Ball-Milling-Assisted Particle Size Tailoring. To test
whether the effects observed with temperature-based size
control are of a more general nature, two other methods for
tailoring the grain size of the parent NNO phase were applied.
One of these is high-energy milling. Ball milling is an effective
method to decrease particle size, with higher energy input and
longer milling times leading to smaller particles. We specifically
focused on the largest NNO particles, namely, NNO-750. The
latter material was milled at 300, 400, and 600 rpm for 10 min,
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Figure 3. Analysis of the ball-milling-assisted size tailoring of IE-LNO. SEM images of (a) IE-LNO-300 rpm, (b) IE-LNO-400 rpm, and (c) IE-
LNO-600 rpm. (d) Corresponding particle size distribution. (e—g) First-cycle charge/discharge and (h—j) second-cycle differential capacity curves
at C/10 rate (3.0—4.3 V vs Li*/Li). The electrochemical data are in the same order as in panels (a—c).

Table 3. Results from Rietveld Analysis of the Ball-Milling-Assisted, Size-Tailored IE-LNO Samples

sample R, [%] Ryrgg [%] a[A]
IE-LNO-300 rpm 14.8 29 2.8746(9)
IE-LNO-400 rpm 153 3.6 2.8761(4)
IE-LNO-600 rpm 15.1 34 2.8805(12)

¢ [A] v [AY] Naf; [mol %]
14.2166(90) 101.740(96) 0.1(4)
14.2075(90) 101.78(4) 0.6(2)
14.2215(120) 102.193(120) 2.8(6)

and the as-made powders were then subjected to ion exchange
(products are referred to as IE-LNO-X rpm). With increasing
rotational speed, particles with sizes ranging from ds, = 1.64
pm for IE-LNO-300 rpm to 268 nm for IE-LNO-600 rpm are
obtained, as shown in Figure 3a—d. The size distributions are
broader than those of the IE-LNO-8 samples. After milling at
300 rpm, nanoscale particles are present, which likely originate
from the chipping of NNO-750, while the large particles
remain mostly intact. This is also visible from the size analysis
in Figure 3d, revealing a broad tail toward very small particles.
Furthermore, the larger particles appear to be partially cracked,
thus evidencing high mechanical stress. Structural analysis
confirms all ion-exchanged materials to conform to the R3m
space group. We find increased c-parameter values and

decreased Nap$ defect concentrations for the ball-milled
materials (Table 3). However, even for the smallest particles,
IE-LNO-600 rpm, substitutional defects are observed by
PXRD. The presence of sodium is further corroborated by
EDXS (Figure S2, Supporting Information). The latter could
be the result of severe damage to the layered structure, leading
to sodium trapping within the bulk. Indeed, the particle core of
IE-LNO-600 rpm is found by STEM to be nonuniform.

The materials were also electrochemically tested in LIB half-
cells at C/10 rate. As mentioned above, IE-LNO-750 exhibits
poor performance, which is due in part to the presence of large
particles and a high overpotential. Upon decreasing the particle
size by milling, the specific charge and discharge capacities
increase. Furthermore, the first-cycle capacity loss decreases

https://doi.org/10.1021/acs.chemmater.3c02727
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Figure 4. Analysis of the anti-sintering size tailoring of IE-LNO. SEM images of (a) IE-LNO-0.1W, (b) IE-LNO-0.5W, (c) IE-LNO-1.0W, and (d)
IE-LNO-2.0W. (e) Corresponding particle size distribution. (f—i) First-cycle charge/discharge and (j—m) second-cycle differential capacity curves
at C/10 rate (3.0—4.3 V vs Li*/Li). The electrochemical data are in the same order as in panels (a—d).

from about 31 to 12% (Figure 3e—g), similar to the
observations made for the temperature-based size tailoring.
The relithiation is rendered more effective with decreasing
particle size (i, the KH peak intensity increases with
decreasing particle size). However, for the high-voltage region,
no clear trend is observed with these samples as the M-H2 and
H2-H3 transitions appear broadened and are partially shifted
outside the potential window (Figure 3h—j). Overall, the
results point to better cycling of the smaller particles, which is
likely due to improved diffusion during ion exchange and
battery operation. While being effective at reducing the overall
grain size, ball milling does not seem promising for obtaining
narrow size ranges of particles. Apart from that, sodium
remains trapped within the structure irrespective of the grain
size, likely due to some loss of long-range order because of a
mechanically introduced disorder. This in turn reduces the
specific capacity to such an extent that this method was not
pursued further.

Anti-Sintering Particle Size Tailoring. The third method
to tailor the particle size relies on controlling the sintering of
the NNO grains during calcination. For LNO, ammonium
paratungstate (APT) addition has been shown to prevent
growth by acting as an anti-sintering agent.”’ Inspired by this
finding, we tested whether a similar growth inhibition would be
observed in the preparation of NNO. To this end, syntheses
with 0.1, 0.5, 1.0, and 2.0 mol % tungsten from APT were
performed, and the as-made materials were probed using
PXRD. All samples conform to the monoclinic structure of
NNO (C2/m space group), with minor differences in cell
volume and lattice parameters among them (Table SI,
Supporting Information). Note that larger differences would
be indicative of tungsten inclusion. However, small amounts of
rock-salt-type NiO are observed, except for the sample
containing 0.5 mol % tungsten, which likely originates from
experimental variation during calcination (Figure S4, Support-
ing Information). Additionally, WO, residues are detected for
the sample containing 2 mol % tungsten. The NNO particles

https://doi.org/10.1021/acs.chemmater.3c02727
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Table 4. Results from Rietveld Analysis and ICP-OES of the Anti-Sintering, Size-Tailored IE-LNO Samples

sample Ry, [%] Riragg [%] a [A] ¢ [A] v [A%] Nay; [mol %]
IE-LNO-0.1W 15.2 34 2.8750(12) 14.2009(120) 101.65(12) 0.6(7)
IE-LNO-0.5W 17.7 4.7 2.8760(6) 14.1889(66) 101.65(7) 0
IE-LNO-1.0W 149 35 2.8766(4) 14.2012(41) 101.77(2) 1.8(10)
IE-LNO-2.0W 16.3 3.7 2.8775(12) 14.1768(156) 101,65(15) 2.4(21)
sample Li [%] Na [%] Ni [%] W [%] 0 [%]
IE-LNO-0.1W 952 3.1 100 0.07 2152
IE-LNO-0.5W 1087 26 100 0.25 261.4
IE-LNO-1.0W 91.6 2.1 100 0.43 2063
IE-LNO-2.0W 93.1 12 100 0.40 208.5

were also subjected to ion exchange, and the resulting materials
(Figure 4a—d) are referred to as IE-LNO-YW hereafter (Y
being the nominal mol % of tungsten from APT with respect to
nickel). Structural analysis by Rietveld refinement suggests that
all products are phase-pure LNO (Table 4). Yet, they still
contain NiO impurities as they are carried over from the
respective. NNO materials. For the smaller particles, the
presence of Naj defects is also apparent, while inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
reveals a decreasing trend in the overall sodium content with
decreasing particle size (Table 4), similar to that in the
temperature-based size tailoring. Therefore, the higher Naf
concentration seen for the smallest particles is likely caused by
the rock-salt-type NiO (or partially decomposed LNO), which
forms because of the increase in the specific surface area
(higher tungsten content) combined with water washing and
drying and can be misinterpreted in Rietveld analysis as excess
electron density in the lithium slab. The smaller particles also
give rise to broader and less intense reflections, a sign of their
nanoscale nature and/or presence of strain, rendering pattern
refinements more challenging. The particle sizes are found to
be similar for the IE-LNO-1.0W and IE-LNO-2.0W samples,
with ds, = 191 and 226 nm, respectively (Figure 4e). Hence,
APT addition of 1.0 mol % is sufficient to prevent sintering of
the NNO grains. ICP-OES measurements also reveal the
presence of tungsten in the samples, yet in lower levels than
nominally used. This could be related to tungsten being
located on the particle surface from which it can be removed,
especially during water washing, if soluble or readily
suspendable species are present.

Eventually, the IE-LNO-YW cathode materials were cycled
in LIB half-cells. A trend similar to that observed with the
temperature-based and ball-milling-assisted size-tailored sam-
ples is found. With decreasing particle size, the capacity
increases (Figure 4f—i). IE-LNO-1.0W delivers the highest
first-cycle specific discharge capacity of g4, = 186 mA h/g no.
Again, the KH region becomes more pronounced, and the
high-voltage transitions are muted with decreasing particle size
(Figure 4j—m), perfectly following the trends outlined by the
size-tailoring methods described above.

When the tungsten source is added after the preannealing
step during the NNO synthesis, a different particle morphology
is obtained than that with tungsten addition to the initial
hydroxide precursor mixture prior to heating. After ion
exchange, the primary particle agglomerates (secondary
particle morphology) remain mostly intact, as shown in Figure
Sa. For that reason, the resulting material is termed
polycrystalline IE-LNO (here, IE-LNO-2.0W-PC). PXRD
analysis of this sample reveals the presence of trace amounts
of WO; impurities (Figure S4, Supporting Information).

However, the main phase crystallizes in the R3m space
group; the refined lattice parameters and results from ICP-OES
are given in Table S. The size distribution of the primary
particles, which are visible on the surface of the secondary
particles, is similar to that of IE-LNO-2.0W, although some
larger grains can be observed, and the median size decreases
from dsp = 226 to 166 nm (Figure Sb). The STEM/EDXS
results in Figure Se—g indicate that the interior of the
secondary particles also consists primarily of nanoscale grains.
As can be seen from the mapping results in Figure Sh—k, no
clear accumulation of tungsten at the grain boundaries is
found. In HRTEM (Figure Sl,n) of the areas marked in Figure
Sm, a well-layered structure without strain in the nickel slabs
and the presence of minor amounts of rock-salt-type NiO
toward the particle surface are evident.

Interestingly, this material is capable of delivering much
higher capacities than those with single-crystalline particles
(Figure 5c). A first-cycle specific discharge capacity of gy =
204 mA h/g;no is achieved with IE-LNO-2.0W-PC, compared
to 172 mA h/g;no for IE-LNO-2.0W and 186 mA h/g; o for
IE-LNO-1.0W. The preservation of the secondary particle
morphology seems to help protect the [E-LNO (free) surface
from degradation during ion exchange, washing, and cycling.
The corresponding differential capacity curve (Figure $d)
reveals the same transitions observed in the IE-LNO materials
discussed previously. The peak ratios closely resemble those of
IE-LNO-10W and IE-LNO-2.0W while showing distinct
features in the KH and high-voltage regions. Consequently,
this route represents the best way for preparing a competitive
material and was further used in a comparison with PC-LNO.

In summary, three different particle-size-tailoring methods
were tested to gain insight into the electrochemistry of Nij;-
free LNO particles. All of them generated phase-pure IE-LNO
materials, with minor amounts of rock-salt-type NiO for the
tungsten-based anti-sintering approach. The specific capacities
differ substantially among the samples from the different
methods, but within each set, clear size trends are observed.
The reasons for the differences in performance are described
above. In short, even the smallest temperature-tailored
particles, IE-LNO-450 (dy, = 480 nm), are much larger in
size than the smallest particles from the other two series,
namely, IE-LNO-600 rpm and IE-LNO-1.0W with dy, = 268
and 191 nm, respectively. The best performance in all IE-
LNOs is achieved with IE-LNO-2.0W-PC, which exhibits the
smallest primary particle size (dsp = 166 nm) and benefits from
a secondary particle morphology.

Individual Contributions to First-Cycle Capacity Loss.
To further study the effect of the particle size on electro-
chemical performance, the relative capacity loss on the initial
cycle, commonly known as first-cycle loss, was examined in
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Table 5. Results from Le Bail Analysis and ICP-OES of the IE-LNO-2.0W-PC and IE-LNO-2.0W-PC-Mg Samples

sample R, [%] Riragg [%] a [A]
IE-LNO-2.0W-PC 16.9 3.8 2.8734(2)
IE-LNO-2.0W-PC-Mg 182 3.7 2.8790(15)

sample Li [%] Na [%] Mg [%]
IE-LNO-2.0W-PC 92.8 2.1
IE-LNO-2.0W-PC-Mg 91.0 0.4 1.49

H

c[A] V [A%]
14.1677(300) 101.31(24)
14.1943(810) 101.887(162)

Ni [%] W [%] 0 [%]
100 0.38 2115
100 0.41 201.5
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some more detail. The corresponding results are shown in
Figure 6a. A correlation between grain size and first-cycle loss
is found for all size-tailoring methods, and an even closer
correlation is observed within each set of samples. For the
temperature-tailored materials, the lowest loss at a given
particle size is found, while the relative losses are similar for
ball milling and anti-sintering. This could be related to the
surface degradation upon milling and tungsten addition, which
negatively affects diffusion (charge transport) in these particles.
To determine the individual contributions to the first-cycle
loss, a separation of capacity loss from KH at low potentials
versus that at high states of charge was attempted. To this end,
the charge curves were aligned in what we deem a noncritical
region of good stability and maximum diffusion, namely, the
monoclinic phase at ~4.0 V during charge and ~3.9 V during
discharge (Figure SS, Supporting Information). This allows
separating contributions to the first-cycle loss from features
above and below 3.9 V, which we assume can be attributed to
KH at <3.9 V and structural degradation at >3.9 V.

If this analysis is carried out on the reference material (PC-
LNO)), capacity losses of about 1% at high states of charge and
12% due to KH are found. From this result, we conclude that
in conventional LNO, the first-cycle loss is dominated by KH,
and degradation at high potentials plays a minor role, as
already reported for NCMs and LNO."**** For IE-LNO, on
the other hand, a much larger loss at high states of charge of
~5—10% is observed, as shown in Figure 6b. This loss is
slightly increased for the larger particles and is therefore most
likely not directly connected to surface degradation, as in this
case, an increase with decreasing particle size would be
expected.'” This raises the question of origin in the bulk
material. A possible explanation is layer gliding (note that
intragranular cracking has been linked to planar slipping in
monolithic particles),*® with the pillaring defects likely
preventing the translational movement of NiO, slabs and
rather causing the formation of stacking faults.*® However,
because of the presence of microcracks in the uncycled
materials, this hypothesis could not be validated. By contrast,
the KH loss is strongly correlated with the particle size and can
be decreased from about 23% to almost 2% by decreasing the
grain size. Regarding KH, IE-LNO seems to be superior to PC-
LNO, even if the size of the single-crystalline particles is larger
than]lthat of the primary grains, as is the case for IE-LNO-
450.

The effects of avoiding Nir; defect formation seem to be 2-
fold. On the one hand, diffusion is markedly facilitated, which
helps mitigate the KH loss. However, a second loss feature at
high states of charge becomes apparent that is usually not
observed as it is weak enough to be ignored in reference LNO.
It is well-known that defective LNO is unstable at high
potentials and tends to form warped layers and release
oxygen.”'*?” We therefore liken the effects of the substitu-
tional point defects to a seesaw, balancing between improved
diffusion and deteriorated stability as the Nif; concentration
approaches 0 mol %.

Further electrochemical analysis was performed to shed
more light on high-voltage degradation. To confirm that the
reported effects originate from the lack of the pillaring Nif;
defects, Mg** ions were introduced into the lithium site (for
mimicking point defects, considering the same oxidation state
and similar size of Mg”* and Ni** in octahedral coordina-
tion).”” First, it was attempted to introduce Mg®* during the
synthesis of NNO. Here, the increasing doping levels are
accompanied by decreasing monoclinic distortion (Figure S6,
Supporting Information), typically present in NNO due to
Jahn-Teller distortion of Ni**. This leads us to the conclusion
that Mg** likely occupies the nickel site in NNO and will
maintain its position upon ion exchange. Indeed, even in solid-
state syntheses of LNO, Mg™ is found to occupy the lithium
and nickel sites in a complex substitution pattern.’® Hence,
with the larger Na* ions being present, Mg>* and other similar-
sized ions, such as Zn®', preferentially occupy the transition-
metal site.”” To still introduce Mg”" into the lithium site in IE-
LNO, a dual-ion exchange method was devised. Here, sodium
ions are simultaneously replaced with lithium and magnesium
ions from a molten salt mixture of lithium and magnesium
nitrates. In this example, a salt melt containing 1 mol %
magnesium nitrate was prepared and used in the ion exchange
of polycrystalline NNO containing 2 mol % tungsten from the
anti-sintering approach. The magnesium concentration was
found to be 1.49 mol % by ICP-OES (Table S). Compared
with IE-LNO-2.0W-PC, this material (termed IE-LNO-2.0W-
PC-Mg) shows a larger c-parameter and cell volume, which is
indicative of successful pillaring through dual-ion exchange. It
was then used to re-establish the conclusions from the
preceding analyses while having the same synthesis history as
that of the unpillared IE-LNO samples.

To fully address the reversible capacity, the potential
window was slightly widened from 3.0 to 4.3 to 2.9-4.35 V

https://doi.org/10.1021/acs.chemmater.3c02727
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Figure 7. (a,e,i) Aligned first-cycle charge/discharge curves of (a, black) PC-LNO, (e, red) IE-LNO-2.0W-PC, and (i, blue) IE-LNO-2.0W-PC-Mg
at C/20 rate (2.9—4.35 V vs Li*/Li). (bf;j) First-cycle charge/discharge curves for cycling in the potential windows of 3.0—3.9 and 3.9-4.3 V vs
Li*/Li at C/10 rate and (c,gk) corresponding capacity retentions. (d,h,]) OCV curves (solid line) extracted from GITT measurements performed
at an effective rate of C/100 shown together with the as-measured cycling data (dashed line) from panels (a,e;i).

vs Li*/Li, and the C-rate was lowered to C/20. Under these
conditions, initial specific capacities of g4, = 255 and 239 mA
h/gino and gg; = 222 and 221 mA h/g; o were achieved with
PC-LNO and IE-LNO-2.0W-PC, respectively, corresponding
to 13 and 8% first-cycle loss. Because of the polycrystalline
morphology, the IE-LNO is able to deliver capacities similar to
those of conventional LNO despite water washing. This could
indicate that a pristine, defect-free LNO would perform even
better, but such a material cannot be produced at present. The
IE-LNO-2.0W-PC-Mg sample achieved g4, = 223 mA h/gino
and qg; = 192 mA h/gjyo (14% first-cycle loss). The capacity
loss separation was conducted on all three samples, as seen in
Figure 7a,e,i. As mentioned previously, PC-LNO shows mainly
KH loss, while the IE-LNO materials exhibit contributions
from both loss features.

Next, the capacity retention in the regions of interest was
examined by galvanostatic cycling in the potential windows of
3.0—-3.9 V for the KH loss and 3.9—4.3 V to study the loss
associated with high states of charge. The initial voltage
profiles and capacity retentions over 15 cycles of LIB half-cells
using the different samples are shown in Figure 7b,cfgjk.
Cycling below 3.9 V leads to a large initial capacity loss of 17%
(with respect to the specific charge capacity delivered between
3.0 and 4.3 V vs Li*/Li) and then stable behavior for PC-LNO,
whereas for both ion-exchanged samples, the first-cycle loss is
followed by a capacity creep toward higher discharge

capacities. This could point to changes in the surface structure
upon consecutive cycling, e.g, by removing carbonates. If the
highest capacity that is achieved after a few cycles is considered
as the true value, overall low capacity losses of about 8 and
10% are observed for IE-LNO-2.0W-PC and IE-LNO-2.0W-
PC-Mg, respectively. The latter sample therefore falls between
the two extremes of no pillaring as in IE-LNO-2.0W-PC and
Nif; defect-pillaring in PC-LNO.

Cycling to high potentials, on the other hand, leads to larger
relative first-cycle losses of 24 and 23% for the ion-exchanged
material without and with magnesium, respectively, whereas
4% capacity loss is observed for PC-LNO. All values here are
somewhat larger than what is achieved by the separation
method used above. This is due to the narrower potential
window and large overpotentials for the ion-exchanged
samples. This systematically excludes full discharge at 3.9 V
and causes an apparently larger first-cycle loss in the high-
voltage region. The consecutive cycles show continuous
capacity decay to such an extent that 29% of the discharge
capacity is lost after 15 cycles in the case of PC-LNO. For IE-
LNO-2.0W-PC and IE-LNO-2.0W-PC-Mg, capacity losses of
45 and 7%, respectively, are found. This indicates an increase
in long-term stability that is reintroduced into the material by
incorporation of Mgz*' ions and further suggests that Nij-free
LNO can even surpass the intrinsic stability of PC-LNO (if
stabilized by other means). This result is also corroborated by
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Table 6. Le Bail Refinement Results for the Charged PC-LNO, IE-LNO-2.0W-PC, and IE-LNO-2.0W-PC-Mg Samples

sample R, [%] phase fraction [%)]
PC-LNO 10.5 H2 81.4
H3 18.6
[E-LNO-2.0W-PC 13.9 H2 80.6
H3 19.4
IE-LNO-2.0W-PC-Mg 126 H2 98.1
H3 1.9

a [A] c[A] v [A%] AV/V, [%]
2.820(1) 14.400(4) 99.16(1) —62
2.818(4) 13.528(30) 93.05(6)

2.819(1) 14.505(2) 99.80(2) -9.2
2.819(2) 13.177(7) 90.66(11)
2.827(1) 14.476(1) 10021(2) -9.0
2.824(6) 13.200(12) 91.16(42)

long-term cycling data (Figure S7, Supporting Information),
revealing 45, 52, and 60% capacity retention for PC-LNO, IE-
LNO-2.0W-PC, and IE-LNO-2.0W-PC-Mg, respectively, after
100 cycles at C/3 rate in the potential window of 2.9—4.35 V
vs Li*/Li.

To gain more insight into the role that diffusion plays in the
observed behaviors, galvanostatic intermittent titration techni-
que (GITT) measurements were performed (Figure S8,
Supporting Information). The extracted open-circuit voltage
(OCV) curves are presented in Figure 7d,hl. For PC-LNO,
almost no difference to cycling at C/20 is observed at high
potentials, whereas at the end of discharge, a divergence of the
curves is apparent. This stands in contrast to IE-LNO-2.0W-
PC, for which a large overpotential at high states of charge and
striking similarity between the OCV curve and the first-cycle
voltage profile in the KH region are observed. This is indicative
of facilitated diffusion at the end of discharge and seems to be
due to the removal of Nif; as a physical barrier and the increase
in vacancy concentration, which would otherwise be trapped
by the point defects. Again, IE-LNO-2.0W-PC-Mg shows an
intermediate behavior of these two extremes, further validating
that substitutional defects are directly linked to the observed
cyclability.

High-Voltage Degradation. The origin of the high-
voltage degradation was further analyzed by ex situ PXRD
measurements and in situ gas analysis. Specifically, all three
materials were charged to 4.3 V vs Li"/Li and kept at this
potential until the specific current dropped below 2.0 mA/g;no
(C/100), after which the coin cells were opened in an argon
atmosphere and the cathodes probed using PXRD. The
corresponding charge curves and experimental patterns are
shown in Figures S7 and S9 (Supporting Information),
respectively. The diffraction data indicate the presence of
two phases. The main phase can be assigned to H2, and the
other likely corresponds to the collapsed H3 phase. The
unpillared material (IE-LNO-2.0W-PC) exhibits the strongest
contribution from the H3 phase with 19%, compared to 18% in
PC-LNO and 2% in IE-LNO-2.0W-PC-Mg. The phases were
further analyzed using the Le Bail method, the results of which
are shown in Table 6. Both phases are assumed to be
hexagonal in nature (R3m space group), although it has been
hypothesized previously that Ol stacking can occur in LNO
due to layer gliding. The latter was also observed for Ni-rich
NCMs, yet the process of Ol formation is apparently very
slow.'**%3%39% "This phase is believed to appear below a
lithiation degree of 7%, but the substitutional defects are
expected to prevent gliding at high states of charge.'®'"
Nevertheless, it could be facilitated in IE-LNO due to the lack
of Nij; defects, which has been predicted to result in lower
activation energies for glicling.41 The presence of the O1 phase,
compared to O3, would only be visible by a slight peak
broadening, which is inherent in the IE-LNO materials.
Therefore, we cannot conclusively discern the two phases.

Upon phase transition from H2 to H3, a large anisotropic
volume change occurs, leading to a decrease in cell volume by
about 6% for PC-LNO. For the ion-exchanged samples, this
collapse is much more severe at ~9%. The interlayer spacing is
slightly increased for the H3 phase when magnesium is
introduced, which is likely a sign of the pillaring functionality.
Also, the H3 contribution is less pronounced, suggesting that
the pillar ions mitigate to some extent the phase trans-
formation to the collapsed state. Overall, these results point to
an increase in the formation of the H3 phase under comparable
charging conditions and larger volume variation for the
unpillared IE-LNO relative to that for PC-LNO. If magnesium
is introduced into the structure, the interlayer collapse is
accompanied by slightly less volume change, and the fraction
of the H3 phase is significantly reduced.

Finally, differential electrochemical mass spectrometry
(DEMS) measurements were performed to examine the
differences in the gassing behavior, which has also been linked
to the degradation of LNO at high potentials.””** At the
cathode side, CO, is the most prominently evolved gas, for
which there are three main sources.” ¢ First, surface
carbonate impurities formed by exposure of the cathode
material to humidity and atmospheric CO, decompose under
CO, evolution, especially in the initial cycle.'n_w Second,
oxygen, which subsequently leads to chemical oxidation of the
electrolyte, results mostly in CO, and, to a lesser extent, O,
evolution.”™*”*" Lastly, electrochemical oxidation of the
electrolyte also leads to the decomposition of the solvent
molecules under the CO, evolution. However, for ethylene
carbonate (EC) as the most common electrolyte solvent, the
onset of this decomposition has been determined to be around
4.6 V vs Lit/Li> 2 Figure 8a—c shows the CO, evolution
profiles for the three materials previously discussed, as
obtained via DEMS during cycling of LIB half-cells at C/10
rate between 3.0 and 4.5 V. Table S2 (Supporting
Information) reports the specific capacities and CO, amounts
obtained in each cycle and for each material.

Strong differences in the CO, evolution of the materials are
evident and will be discussed in the following. However, while
a slightly delayed CO, evolution for PC-LNO in the initial
cycle is in accordance with previous reports,r’";"";'; the low
overall amount and the unusual evolution curve require further
considerations. The gas evolution profiles are affected by the
use of a rather large volume of electrolyte, which is
unfortunately sometimes required for the reliable cycling of
DEMS cells in an open-headspace configuration. The reason is
that the electrolyte is constantly purged out, and the cells
therefore tend to dry out during the experiment. Figure S10
(Supporting Information) shows the gas evolution profiles for
PC-LNO and IE-LNO-2.0W-PC obtained with a much lower
volume of electrolyte (350 vs 750 uL). For the IE-LNO-2.0W-
PC-Mg sample, no such measurement could be successfully
performed. Two main effects can be observed when using less
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Figure 8. CO, evolution as measured by DEMS (3.0—4.5 vs Li*/Li,
C/10 rate). (a) PC-LNO, (b) IE-LNO-2.0W-PC, and (c) IE-LNO-
2.0W-PC-Mg.

electrolyte. First, the gas evolution profile for IE-LNO-2.0W-
PC reveals a higher maximum rate but a narrower peak,
resulting in similar total gas amounts after two cycles (82 vs 88
pmol/g no). A likely explanation is the reduced amount of
CO, dissolved into the electrolyte, leading to less tailing in the
evolution peaks. Second, a slightly higher gas evolution and a
clearer profile are observed for PC-LNO (10 vs 21 pmol/
gino)- The total CO, amount is in good agreement with those
in previous literature reports of NCM and LNO outgassing
under consideration of surface purity and upper cutoff
potential.””*"#*°*>7 The detection of additional shoulder
peaks or plateaus of gas evolution at lower states of charge or
during early discharge, such as for PC-LNO, IE-LNO-2.0W-
PC with less electrolyte, and IE-LNO-2.0W-PC-Mg (second
cycle), has been previously reported for LNO, although there
is still uncertainty in whether increased gas evolution is
associated with mono- or biphasic delithiation.””” As shown
in Figure S10 (Supporting Information) for PC-LNO, these
shoulders mainly correspond to monophasic regions.

The main contribution to outgassing of the materials
obtained by ion exchange as well as the main difference from
the gas evolution of PC-LNO obtained via solid-state synthesis
is the presence of surface carbonate impurities, likely as
remnants of the post-treatment procedure. An onset of CO,
evolution between 3.8 and 4.0 V, as found in this study, is
commonly observed for the decomposition of surface
carbonates, yet the contribution of the underlying degradation
mechanisms is disputed.*”***® The presence of surface
carbonates is further confirmed by attenuated total reflection

infrared spectroscopy (ATR IR) data collected from the
materials (Figure S7, Supporting Information).*** Unlike
IE-LNO-2.0W-PC and IE-LNO-2.0W-PC-Mg, only weak
bands are visible for PC-LNO, as expected for a dry-room-
processed and optimized material. While IE-LNO-2.0W-PC-
Mg exhibits the strongest surface carbonate signal, more gas
evolution is observed for IE-LNO-2.0W-PC, opening room for
discussion of further contributions to gas evolution.

For PC-LNO, the majority of the capacity above 4.1 V is
obtained during the H2-H3 phase transition, and the cathode
is only at high potentials for a relatively short period of time.
By contrast, IE-LNO-2.0W-PC and IE-LNO-2.0W-PC-Mg
show similar voltage profiles with a less pronounced plateau
and a rather linear increase of potential over time during
charge above 4.1 V, resulting in a longer time spent at high
potentials, accompanied by high gas evolution rates. However,
because no significant electrochemical electrolyte oxidation is
expected in this potential range, a contribution involving lattice
oxygen release (chemical electrolyte oxidation) can be
assumed. This could also explain the higher gas evolution
seen for IE-LNO-2.0W-PC than that for IE-LNO-2.0W-PC-
Mg, even though the latter likely has more surface carbonates,
and both materials contain tungsten and are of similar particle
size. Considering the lattice collapse in the materials, a possible
explanation for higher lattice oxygen release in IE-LNO-2.0W-
PC might be the higher H3 phase content and stronger c-
parameter decrease due to the absence of the pillaring ions. If
adjacent NiO, layers come closer to each other, the formation
of oxygen dimers between them may be facilitated, a
mechanism suggested by Kong et al. for the (104) facet of
LNO and under nickel migration into the lithium layer, i..,
rock-salt-type NiO formation.®” Yet, Genreith-Schriever et al.
suggest dimer formation from oxygen atoms of the same layer
and under assistance of H,0O, while also pointing to the
predominance of the (012) facet and arguing that oxygen, not
nickel, is the main redox contributor to LNO capacity.ﬁ2 The
required peroxo-like intermediates have not been observed (via
titration-mass spectrometry) by Kaufman et al., which instead
link surface crack formation resulting from parasitic reactions
with the electrolyte to gas evolution of layered Ni-rich oxide
cathodes.”> This provides further support for the assumption
that larger volume variations, due to the absence of pillaring
ions, lead to stronger gas evolution. Furthermore, various
facets of different stability are found in LNO, and the presence
of electrolyte solvent, especially EC, has also been shown to
affect the activation energy for lattice oxygen release.”*"°° The
lack of pillaring ions is the main difference between the
materials and is likely to affect lattice oxygen release and nickel
reduction, which go hand in hand.

Overall, we find increased oxygen evolution from the ion-
exchanged materials compared to that in the reference LNO.
This is due in part to the presence of surface carbonates.
Nevertheless, lattice oxygen release is strongly increased for
both materials, with the unpillared system showing the most
severe release. These findings underpin the observations made
for all size-tailored samples. Upon removing the Nif; point
defects, the balance between kinetic hindrance and structural
stabilization tilts toward improved kinetics and decreased
stability accompanied by common signs of degradation, such as
oxygen release, which is described by the metaphor of a
seesaw.
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B CONCLUSIONS

Sodium-to-lithium ion exchange is an effective method to
prepare high-quality LiNiO, and represents an ideal platform
to study the effect that the Nij; point defects have on the
electrochemical behavior of layered Ni-rich oxide cathode
materials. However, small particle (grain) sizes are necessary to
ensure full conversion of NaNiO, to LiNiO,. In this work,
three different methods for tailoring the particle size of
NaNiO, were employed, and the charge-storage properties of
the ion-exchanged materials were probed by galvanostatic
cycling. For all samples, improvement of lithium diffusion and
reduction in first-cycle capacity loss are associated with
decreasing particle size, allowing in the case of polycrystalline
morphology to lower the irreversible capacity loss on the initial
cycle below that of conventional LiNiO, prepared by solid-
state synthesis. Upon removal of the Nif; point defects, the
highly charged state is rendered less stable, leading to
electrochemical degradation accompanied by an increase in
oxygen evolution from the crystal lattice. The decrease in
interlayer spacing likely accounts for the more severe gassing
and thus also for the loss of capacity at high states of charge.
However, the formation of stacking faults, due to a lack of Nif;
preventing layer gliding, may occur simultaneously and may
lead to intragranular cracking, thereby causing the observed
degradation independent of the exposed surface(s). Introduc-
tion of Mgm ions as a substitute for Nij; defects can not only
restore some of the stabilization but also negatively affects
kinetics. We therefore hypothesize a “seesaw effect” of nickel
substitutional defects and related pillaring agents, emphasizing
the need for an optimal balance between diffusivity and
structural stability to optimize first-cycle efficiency and battery
performance.

B EXPERIMENTAL SECTION

Synthesis of NaNiO,. NaNiO, was prepared by a solid-state
reaction from Ni(OH), (dg, = 4 pm, BASF SE) or NiO nanoparticles
(dsp = S0 nm, BASF SE) and NaOH (Sigma-Aldrich) or Na,O,
(Sigma-Aldrich), and optionally APT (Sigma-Aldrich), as indicated.
The reactants were homogenized in a laboratory blender (Kine-
matica) under an Ar atmosphere for S min with 10 mol % excess of
NaOH/Na,0, [ie., n(Ni)/n(Na) = 1/1.1]. The precursor mixtures
were then heated in an ALO; crucible under an oxygen flow (~2
volume exchanges per h) in a tube furnace (Nabertherm P330) at 300
°C for 10 h with 3 K/min heating and cooling rates. After cooling, the
reactant mixtures were homogenized again for 5 min, and in one
instance, APT was added to produce the polycrystalline material. The
resulting mixtures were transferred to an ALO; crucible for
calcination at 450—700 °C for 12 h under an oxygen flow (~2
volume exchanges per h) and with 3 K/min heating and cooling rates.
The products were sieved using a 32 ym steel mesh.

Synthesis of Mg-Doped NaNiQ,. Doping magnesium into the
NaNiO, structure was attempted by addition of Mg(OH), nano-
particles (10 nm, US Research Nanomaterials Inc.) to the synthesis
outlined for NaNiO, above, with the amounts indicated in the main
text and in Figure S6 (Supporting Information).

Synthesis of Reference LiNiO,. Reference (polycrystalline)
LiNiO, was prepared by a solid-state reaction from Ni(OH), (ds, =
14 yum, BASF SE) and LIOH-H,O (10-20 pm, BASF SE). The
reactants were dry mixed in a blender (Kinematica) under an Ar
atmosphere for 5 min in the required ratios with 1 mol % excess of
LiOH-H,0. The precursor mixture was then calcined in an Al,Os
crucible under oxygen flow (~2 volume exchanges per h) in a tube
furnace (Nabertherm P330) at 700 °C for 8 h with 3 K/min heating
and cooling rates and with a preheating step at 400 °C for 4 h. The
product was sieved using a 32 um steel mesh.

Ball Milling of NaNiO,. NaNiO, was milled in a planetary ball
mill (Fritsch) with a 20/1 ball-to-powder weight ratio using 2 mm
ZrQ, balls at the indicated rotational speed of 300—600 rpm for 10
min. The product was directly used for ion exchange.

Synthesis of Mg-Containing LiNO;. A mixture of 90 mol %
LiNO; and 10 mol % Mg(NO,), (Sigma-Aldrich) was liquefied at
350 °C, followed by quenching to room temperature. Subsequently, it
was homogenized and used as a dry mixture with LINO; at a ratio of
1/10 Mg/Li/Li.

lon-Exchange Protocol. 1 g of NaNiO, and 1 g of LiNO;
(Sigma-Aldrich) or 1 mol % Mg-containing LiNO; were mixed in a
mortar and pestle and filled into an Al,O; crucible. The powder
mixtures were heated at 300 °C for 6 h and left to cool to room
temperature. A PTFE-coated magnetic stir bar and S0 mL of LiOH
solution (pH = 12.5, 0.025 M) were used to dissolve the remaining
nitrate salt, and the resulting materials were washed with SO mL of
LiOH solution, 10 mL of ethanol, and 10 mL of acetone. The
products were dried in vacuum at 65 °C and sieved using a 32 ym
steel mesh.

Electrochemical Testing. Electrode tapes were prepared by
casting an N-methyl-pyrrolidone (NMP)-based slurry with 96 wt %
cathode material, 3 wt % Super C65 carbon additive, and 3 wt %
polyvinylidene difluoride binder (Solef 5130, Solvay) onto a 0.03 mm
Al foil as the current collector. The slurry was prepared freshly by
combining all the constituents with 20 wt % additional NMP in a
planetary mixer (ARE250, Thinky) and stirring using a two-step
program (3 min at 2000 rpm, 3 min at 400 rpm). The slurry was
spread at a casting thickness of 140 #m and at a rate of S mm/s using
an Erichsen Coatmaster 510 coating machine with a stainless-steel
blade. The obtained tapes were dried overnight in vacuum at 120 °C
and calendared at 14 N/mm (Sumet Messtechnik). Individual circular
cathodes of 13 mm diameter were cut, and LIB half-cells containing
LPS7 electrolyte (1 M LiPF in a mixture of EC and ethyl methyl
carbonate [3/7 ratio] ), a GF/D separator, and a Li—metal anode were
assembled in an Ar glovebox.

SEM. Morphological and compositional insights into the as-
prepared samples were obtained from field-emission SEM and EDXS
analyses using a LEO-1530 microscope (Carl Zeiss AG).

FIB. Electron-transparent specimens for the TEM investigation
were prepared by the lift-out technique using an FEI Strata 400 §
dual-beam system. Gallium-ion-beam-induced sample damage and
amorphization were minimized by stepwise reduction of the
acceleration voltage, from 30 to 2 keV, during the final thinning of
the lamella. Specimen preparation was immediately followed by a
TEM investigation to reduce possible oxidation during sample
storage.

(S)TEM. (S)TEM images were acquired at 300 keV using a probe
aberration-corrected Thermo Fisher Scientific Themis Z microscope.
EDXS maps were collected with a Super-X EDX detector.

ICP-OES. The composition of the products was determined by
ICP-OES using a Thermo Fisher Scientific ICAP 7600 DUO. To this
end, powder samples were dissolved in an acid digester in a graphite
furnace. Mass fractions were obtained from three independent
measurements for each sample. About 10 mg of the material of
interest was dissolved in 6 mL of hydrochloric acid and 2 mL of nitric
acid at 353 K for 4 h. The digested samples were diluted, and an
analysis of the elements was conducted with four different calibration
solutions and an internal standard (Sc). The range of the calibration
solutions did not exceed a decade. Two or three wavelengths of the
elements were used for analysis. The oxygen content was analyzed by
carrier gas hot extraction using a commercial TC600 oxygen/nitrogen
analyzer (LECO). The oxygen content was calibrated with the
certified standard KED 1025, a steel powder from ALPHA. The
standards and samples were weighed with a mass in the range of 1-2
mg, in addition to S mg of graphite, in Sn crucibles (9—10 mm) and
wrapped. Together with a Sn pellet, the wrapped samples were placed
in a Ni crucible and loaded in an outgassed double-graphite crucible.
Evolving CO, and CO were swept out by He carrier gas and
measured by infrared detectors.
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Capillary PXRD. PXRD patterns were collected on a STADI P
(STOE) diffractometer in Debye—Scherrer geometry with mono-
chromatic Mo Ka, radiation (4 = 0.7093 A, 50 kV, 40 mA) and a
Mythen 1K detector (Dectris). The diffraction data sets were analyzed
using TOPAS Academic v7. LeBail fitting was done first, in which
background correction was applied by a set of Chebyshev polynomials
(10 terms), and lattice parameters, zero-shift, axial divergence, and
crystallite size were extracted as Gaussian and Lorentzian contribu-
tions. The phenomenological model by Stephens was used to describe
hkl-dependent microstrain.’” During Rietveld refinement, the
parameters from LeBail fitting were first fixed, and the oxygen
coordinate(s) zo (LiNiO,) and zy , and zy , (NaNiO,), site
occupancies, and Debye—Waller factors were refined while applying
an absorption correction. Lastly, all parameters were refined in parallel
until convergence was achieved. The confidence intervals were three
times the estimated standard deviations as obtained from TOPAS
Academic.

ATR-IR Spectroscopy. Spectra were measured in an Ar glovebox
using an ALPHA FT-IR spectrometer equipped with an Eco ATR
sampling module. The data were Fourier transformed using the
OPUS software (Bruker) and background subtracted with Origin Pro
2021.

DEMS. Cells consisting of a 30 mm diameter cathode with a 4 mm
hole in the center, a 40 mm diameter GF/D separator, a 32 mm Li—
metal anode, and 750 uL of LP57 electrolyte were assembled in a
customized housing. In a variation, only 350 uL of electrolyte was
used. The cells were cycled at 0.1C rate between 3.0 and 4.5 V vs Li"/
Li for two cycles, while a stream of He carrier gas (2.5 mL/min, purity
6.0) was constantly passed through. After passing a cold trap (—30
°C) to condense the extracted electrolyte solvent, the gas mixture was
analyzed by a mass spectrometer (GSD320, Pfeiffer Vacuum GmbH).
A calibration curve was obtained from measuring various dilutions of
a gas of a known composition. A more detailed description of the
setup and method is available in the literature.*>*%*”
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3.3 Publication lll: Decoupling Substitution Effects from Defects in Ni-rich CAMs

Publication Il describes the transfer of findings from studying IE-LNO to the related Ni-rich
NCM materials. A series of samples with varying nickel contents from 88-100 mol% were
synthesized via solid-state synthesis of the parent sodium NCMs and subsequent ion ex-
change in molten salt. During ion exchange, Na-NCM synthesized at 700 °C does not fully
react due to its large primary particle size. Therefore, the anti-sintering-based size tailoring,
developed in Publication Il, was exploited to obtain samples with comparable grain sizes
throughout the study. The obtained |IE-NCM materials were studied by galvanostatic
charge/discharge and operando XRD during the first cycle. The results implicate a stabilizing
effect of substituting nickel with manganese and cobalt, because the abrupt unit-cell pa-
rameter change becomes smoother and changes to solid-solution behavior for [IE-NCM with
88 mol% nickel. Regarding the lithium diffusion, transition-metal substitution causes loss
of capacity due to kinetic hindrance, which is assigned to pinning of lithium vacancies, par-
ticularly by manganese introduction, as corroborated by DFT simulations.

Stability

a8l 7\ The Trade-Off
> 34 \ Machine

0 50 100 150 200 250

Capacity

Figure 9. Graphical table of content of publication Il [3131.

The experiments were planned and designed by the first author under the supervision of A. Kondrakov, J.
Janek and T. Brezesinski. The first author developed and optimized the size-tailoring methods for sodium
NCMs and carried out the ion exchange procedures. The first author carried out the electrochemical experi-
ments and data analysis. S. Korneychuk performed the TEM investigation and interpreted the results together
with the first author. S. Sicolo performed DFT calculations according to the hypothesis from the experimental
results and discussed the results with the first author. H. Li performed MAS NMR spectroscopy experiments
under the supervision of S. Indris and discussed the results with the first author. W. van den Bergh carried out
some syntheses of large sodium NCM particles. R. Zhang conducted the SEM experiments, and the data were
analyzed by the first author. The manuscript was written by the first author and edited by all coauthors.



3 Results

Submitted Manuscript of Publication Il

Decoupling Substitution Effects from Point Defects in Layered Ni-
rich Oxide Cathode Materials for Lithium-ion Batteries

Leonhard Karger, /@ Svetlana Korneychuk, < Sabrina Sicolo,!? Hang Li,[=1 Wessel van
den Bergh,l@ Ruizhuo Zhang,l@ Sylvio Indris,e] Aleksandr Kondrakov,2d Jirgen
Janek®f*l and Torsten Brezesinskila:*]

[a]

[b]

[c]

[d]

e]

fl

L. Karger, W. van den Bergh, R. Zhang, A. Kondrakov, J. Janek, T. Brezesinski

Battery and Electrochemistry Laboratory (BELLA), Institute of Nanotechnology,
Karlsruhe Institute of Technology (KIT), Herrmann-von-Helmholtz-Platz 1,
76344 Eggenstein-Leopoldshafen, Germany

E-mail: juergen.janek@kit.edu, torsten.brezesinski@kit.edu

S. Korneychuk

Institute of Nanotechnology, Karlsruhe Institute of Technology (KIT), Herrmann-
von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

S. Korneychuk

Karlsruhe Nano Micro Facility (KNMFi), Karlsruhe Institute of Technology (KIT),
Herrmann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

S. Sicolo, A. Kondrakov
BASF SE, Carl-Bosch-Str. 38, 67056 Ludwigshafen, Germany
H. Li, S. Indris

Institute for Applied Materials — Energy Storage Systems (IAM-ESS), Karlsruhe
Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, 76344
Eggenstein-Leopoldshafen, Germany

J. Janek

Institute of Physical Chemistry & Center for Materials Research (ZfM/LaMa),
Justus-Liebig-University Giessen, Heinrich-Buff-Ring 17, 35392 Giessen,
Germany

Current Affiliation: School of Advanced Materials, Peking University, Shenzhen
Graduate School, Shenzhen 518055, China

60



61

3 Results
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Abstract: Ni-rich LiNixCo,MnOz cathode materials offer high practical capacities and
good rate capability, but are notorious for being unstable at high state of charge. Here,
a series of such layered oxides with nickel contents ranging from 88 to 100 mol% was
fabricated by sodium-to-lithium ion exchange, yielding materials devoid of Nij;
substitutional defects. Examining the initial charge/discharge cycle reveals effects that
are specifically caused by transition-metal substitution, which would otherwise be
obscured by changes in lithium-site defect concentration. Lowering the nickel content
helps to stabilize the high-voltage regime while simultaneously adversely affecting
lithium diffusion. Operando X-ray diffraction indicates mitigation of volume variation
during cycling and transition towards solid-solution behavior with sufficiently high
cobalt and manganese contents, thus providing an explanation for the increased
stability. The interplay between transition-metal substitution, kinetic hindrance, and
solid-solution behavior may be a result of local inhomogeneities due to lithium-vacancy
pinning, which was further elucidated through density functional theory calculations.
Overall, this work sheds new light on the effects of manganese and cobalt incorporation
into the transition-metal layer and their conjunction with Nij; defects.

Introduction

Ni-rich cathode active materials (CAMs) of LiNixCo,Mn:02 (NCM/NMC) or
LiNixCo,Al 02 (NCA) type are at the forefront of commercial high-energy-density
lithium-ion batteries (LiBs).l"l Although similar capacities can be achieved with different
generations of NCMs, increasing the nickel content lowers the cutoff potential at which
high specific capacities (> 200 mAh/g) are attainable.? However, these Ni-rich CAMs,
and particularly LiNiO2 (LNO), are notorious for their instability, especially due to
degradation at high state of charge (SOC). The latter has been linked to mechanical
degradation resulting from anisotropic volume changes, oxygen release, and surface
degradation upon cycling.[3-10]

Intrinsic to all Ni-rich NCMs produced by solid-state synthesis are Nij; substitutional
defects, sometimes also termed off-stoichiometry, lithium deficiency,[''2 or “Ni/Li
intermixing”, referring to antisite defects, which can occur in the presence of
manganese but not in close-to-stoichiometric LNO.['314 The origin of these defects lies
in the similar ionic radii of Ni2* (r=0.69 A) and Li* (r= 0.76 A),['5 along with the need
for strongly oxidizing conditions, causing incomplete layer separation.['®:171 For charge
compensation, each Nij; defect is accompanied by the presence of a reduced nickel
cation in the transition-metal layer, which according to Kroéger-Vink notation is
represented by Niy;.['® However, hereafter, for simplicity we only mention Nij; when
referring to the combination of Nij; and Niy; defects.

The extent to which these point defects occur is related to the chemical composition.
For example, upon increasing the nickel content from 80 to 100 mol% in the solid
solution LiNixCo,Oz2, Delmas et al. found an increase in lithium deficiency from 6 to
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10%.1'?] Although improvements have been made to the calcination protocols, such
that even Nij; defect concentrations as low as 1.6% are accessible by conventional
solid-state synthesis,!'®2% the problem of convolution of Ni-site substitution with cobalt,
manganese, or other metal species with changes in the fraction of Nij; defects persists.
This makes the correlation between transition-metal-site substitution (or doping) and
diffusion properties (kinetics) ambiguous, as the effects seen may also originate from
differences in Ni}; concentration.['? For example, Manthiram et al. faced this problem
when studying individual effects of modifying LNO with 5% of cobalt, manganese, or
aluminum. They found poor diffusivity after manganese incorporation and fast lithium
diffusion in the case of cobalt, which increases and decreases the fraction of Nij;
defects, respectively.?l Therefore, it is experimentally very challenging to separate
substitution effects in the transition-metal site from those induced by Ni}; defects.[??]
Nevertheless, understanding the individual contributions to key properties, such as
lithium diffusion, lattice parameter changes, and (electro-)chemical stability,
independent of other factors, such as particle size or Nij; defects, is crucial for
designing new generations of advanced CAMs. Especially with the emergence of
single-crystalline cathodes for improving stability and tap density, the search for
sufficiently fast lithium diffusion (mobility) gains momentum.23-2¢1

Herein, we attempt to separate the contribution due to cobalt and manganese
substitution from Nij; defects by employing a recently developed ion-exchange
synthesis, yielding Ni};-free CAM.[2728 Specifically, a series of NCM materials with
varying nickel content was synthesized by sodium-to-lithium ion exchange with the
objective to prevent Nij; defect formation. Substitution with cobalt and manganese
helps to stabilize the high-voltage regime by smoothening the structural transition at
high SOC and lowering the overall volume variation. However, there is a trade-off, as
lowering the nickel content proves detrimental to the lithium diffusion, causing capacity
loss due to incomplete relithiation of CAM. With regards to first-cycle efficiency, ion-
exchanged NCM95 (with Ni:Co:Mn molar ratio of 95:4:1) is found to exhibit the lowest
cumulative capacity loss among all materials tested in this work.

Results and Discussion

The ion-exchange method relies on a perfectly layered “parent” sodium metal oxide. In
the case of LNO, this material is NaNiO2 (NNO), which adopts a distorted (monoclinic)
C2/m phase at room temperature. In contrast, NaNixCoyMn:02 (Na-NCM) materials
with x < 0.8 have been reported to adopt an R-3m structure.”® The synthesis of Ni-
rich Na-NCMs is conducted according to an adaption of a previously reported
method.[?] In short, co-precipitated hydroxide precursor CAM (pCAM) particles and
NaOH are heated at 300 °C in oxygen atmosphere to remove crystal water and
improve wetting, followed by calcination of the premix at 700 °C.
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Sodium Trapping in Single-Crystalline, lon-Exchanged NCM

The as-synthesized Na-NCM90 (with Ni:Co:Mn molar ratio of 90:5:5) was investigated
by powder X-ray diffraction (PXRD), as shown in Figure 1a. Corresponding structural
parameters determined by Rietveld refinement analysis are given in Table 1. PXRD
indicates the presence of two phases with space groups C2/m and R-3m in a ratio of
84:16 by weight. The structural parameters of the individual phases agree with those
reported in the literature (see Table 1).273% However, B is slightly smaller compared
to NNO, and the a and b lattice parameters of the monoclinic phase are decreased and
increased, respectively. As has been published for Co-doping of NNO, for example,
this is indicative of less monoclinic distortion with transition-metal substitution.("
Therefore, the presence of two phases is not necessarily a sign of separation into Na-
NCM and NNO, but rather suggests local inhomogeneities. With regards to the
hexagonal phase of Na-NCM90, we find an overall larger unit-cell volume compared
to Na-NCM85 (reference from literature).[3%
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Figure 1. PXRD patterns and Rietveld refinement plots for (a) Na-NCM90 and (b) IE-

NCM90.

Table 1. Structural parameters determined

NNO, Na-NCM811, and IE-NCM90.

by Rietveld refinement for Na-NCM90,

Sample | Phase | Wt.% | Rwp | Asregg afA] b[A] c[A] Bl VIAY
[%] [%]
Na-NCM90 | C2/m | 84 | 127 | 3.1 | 5.2847(3) | 2.8536(2) | 5.5686(4) | 110.100(9) | 78.86(1)
R-3m | 16 25 | 2.9510(4) 15.7024(56) 118.42(5)
NNOBT | Cc2/m | 100 2.7 | 5.3173(1) | 2.8424(1) | 5.5789(1) | 110.485(1) | 78.99(1)
Na- R-3m | 100 | 12.6 2.9309(1) 15.776(8) 117.36(7)
NCM811130l
IENCM90 | R-3m | 96 | 11.8 | 3.3 | 2.8763(2) 14.1915(10) 101.68(1)
R-3m | 4 26 | 2.8617(15) 16.3245(333) 116.77(47)

Next, the Na-NCM90 was subject to ion exchange and probed again using PXRD. As
shown in Figure 1b, two phases are observed, both of which can be indexed to the
R-3m space group. The main phase corresponds to the ion-exchanged material (IE-
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NCM90), and the lattice parameters agree well with literature results for IE-NCM and
NCM obtained from solid-state synthesis.[?%32 The second phase exhibits a peak at
the 008 (R-3m) or 001 position (C2/m) of Na-NCM90, and we therefore assign it to
sodium-containing (only partially ion-exchanged) domains, likely located in the particle
bulk. However, the interlayer spacing is slightly expanded compared to the parent
material, which agrees with our previous in situ analysis of the reaction mechanism.27]
The refined weight ratio of these two phases is 95:5, indicating incomplete conversion
when using Na-NCM90 as the precursor. This could be a result of too large a size of
the primary particles (grains) and sodium trapping due to poor diffusion.

The morphology and structural attributes of the as-synthesized IE-NCM90 were
studied by (scanning) transmission electron microscopy [(S)TEM] of a focused-ion
beam (FIB)-cut lamella. The high angle annular dark field (HAADF) image in Figure
2a reveals the presence of monolithic particles with sizes ranging from 1 to 8 ym in
diameter. Some particles show signs of cracking, which appears to occur parallel to
the sodium/lithium layer, as can be seen from Figure 2b, ¢, h, i. Small (~1 pm, see
Figure 2b-g) and large particles (~8 um, Figure 2h-m) were examined by energy-
dispersive X-ray spectroscopy (EDS). Those imaged in Figure 2 reveal a uniform
distribution of nickel and cobalt, while manganese is present in the bulk but also
segregates at the surface. This could be due to formation of Mn* during the pre-
annealing. Because of the high oxidation state, Mn** is expected to diffuse slower in a
solid-state reaction. In the following, the atmosphere in this step of the synthesis was
thus changed from oxygen to argon. In the large particle, residual sodium is clearly
observed by EDS, which is not evenly distributed in the bulk but is present in enriched
domains of several hundred nanometers in size. Within such a domain, layer bending
is apparent, as can be seen in Figure 2i. This is probably a result of high strain due to
co-presence of lithium and sodium in adjacent phases. These sodium-enriched
domains are likely visible—in the form of the 5% impurity phase—in the PXRD pattern
in Figure 1b. Contrary to previous findings on IE-LNO particles, no cracking parallel to
the stacking direction is observed.l?”] This points towards an increase in mechanical
stability resulting from the transition-metal substitution. The small particle, on the other
hand, also contains some residual sodium. As evident from Figure 2g, it is located
within a small volume fraction of the particle. This means that the bulk is largely free of
sodium, and further suggests that smaller particles allow for more efficient sodium-to-
lithium ion exchange.[?]

f

8 400 nm 400 nm

=1 Nickel| k Cobalt|!  Manganese/m
= |

Figure 2. (S)TEM analysis of FIB-prepared IE-NCM90 with areas probed by EDS
indicated by red rectangles in (a). (b, h) Higher-magnification HAADF images of the
regions of interest, and (c, i) high-resolution TEM images of the areas highlighted in
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red in panels (b) and (h). (d-g, j-m) EDS maps for nickel, cobalt, manganese, and
sodium.

IE-NCM90 was also tested electrochemically in LIB half-cells at C/10 rate in the
potential window of 3.0-4.3 V vs. Li*/Li (see Figure S1, Supporting Information).
Specific capacities of gen = 209 mAh/gcam and qais = 163 mAh/gcam were achieved,
similar to literature results for IE-NCM85,12% but much lower than expected from a Ni-
rich NCM.I¥2l For increasing the specific capacity, the residual sodium within the
structure, which is connected to the particle size, needs to be eliminated from the CAM.
This can likely be achieved by lowering the particle size and reducing the sodium
diffusion path lengths, as we have shown recently for size-tailored IE-LNO.?8!

Full lon Exchange by Reducing Grain Size

The particle size of layered oxide CAMs can be reduced by addition of surface
segregating species, such as ammonium paratungstate.l?®3334 Here, 2 mol% were
added to prevent the growth/sintering of Na-NCM grains. The tungsten-doped sample
(Na-NCM90-W) also consists of two phases with space groups C2/m and R-3min a
ratio of 20:80 by weight (see Rietveld refinement results in Table S1, Supporting
Information), thus being less Jahn-Teller distorted than Na-NCM90. This points
towards introduction of tungsten into the bulk structure, leading to an overall larger
fraction of the hexagonal phase. After ion exchange, we find 0.52 mol% tungsten
relative to the sum of the other transition metals by inductively coupled plasma-optical
emission spectroscopy (ICP-OES), as shown in Table 2. From this result, it can be
concluded that the majority of tungsten segregates on the particle surface and is
removed during the ion-exchange process.

Structural analysis of Na-NCM90-W revealed the presence of a single phase with
R-3m space group; the Rietveld refinement results are given in Table 3. The
parameters indicate good layering with a slightly larger unit-cell volume than reported
in the literature,® which could be due to the residual sodium. Indeed, Rietveld analysis
suggests 2.4% Naj; defects, while the sodium content determined by ICP-OES is only
1.2 mol%. This is in agreement with previously reported data on tungsten-based size
tailoring, indicating apparently increased electron density in the lithium slab, an effect
likely caused by rock salt-type surface layer formation due to tungsten doping.[®!
Overall, these results are indicative of a phase-pure material, as opposed to that
obtained after ion exchange of the much larger Na-NCM90 particles.

Nickel Concentration Series — Microstructural Analysis

A series of IE-NCMs with nickel contents ranging from 88 to 100 mol% was synthesized
by means of tungsten-based size tailoring. Hereafter, the samples are referred to as
[E-LNO-W, |IE-NCM95-W, |IE-NCM90-W, and IE-NCM88-W for 100, 95, 90, and 88
mol% nickel content, respectively. The materials were probed using PXRD and ICP-
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OES, and the corresponding results are shown in Tables 2 and 3. All materials
crystallize in the R-3m space group and are obtained in single-phase form. They
exhibit similar |attice parameters and unit-cell volume (with some minor increase with
decreasing nickel content). |IE-LNO-W also follows this trend, but the c lattice
parameter is smaller, with ~14.18 A compared to ~14.20 A for the IE-NCM-W materials.
This could be related to the relatively low residual sodium content, providing less
pillaring to uphold the increased interlayer spacing from the parent NNO phase.
However, by ICP-OES, we find 1.2 mol% sodium in IE-LNO-W and 1.2-1.9 mol% in
the |E-NCM-W materials, indicating that Rietveld refinement systematically
overestimates the residual sodium content. The lithium content is ~93 mol% for all
samples, suggesting some lithium loss during the ion-exchange procedure, most likely
upon water washing, which is known to have a more deleterious effect with increasing
nickel content. Chemical oxidation of the samples during ion exchange could be a
reason too. However, this would be evident from nuclear magnetic resonance (NMR)
spectroscopy experiments and has not been observed previously.l?” Lastly, some of
the lithium loss may also be due to formation of rock salt-type surface impurities upon
tungsten addition.[28]

Table 2. Results from ICP-OES (normalized to the cumulative amount of nickel, cobalt,
and manganese).

Sample Li[%] | Na [%] | Ni [%] | Co [%] | Mn [%] | W [%] | O [%]
IE-LNO-W 93.1 1.2 100 0 0 0.40 208.5
IE-NCM95-W 92.9 1.9 93.5 4.5 2.0 0.50 219.1
IE-NCM90-W 93.2 1.2 90.1 4.9 5.0 0.52 217.7
IE-NCM88-W 93.7 14 87.3 4.7 8.0 1.06 219.2

Table 3. Structural parameters determined by Rietveld refinement for IE-LNO-W, IE-
NCM95-W, IE-NCM90-W, and IE-NCM88-W.

Sample Phase | wt.% Rwp | Reragg a[A] c[A] VIA3] Naj
(%] (%]

IE-LNO-W R-3m | 100 | 163 | 3.7 | 2.8775(12) | 14.1768(156) | 101.679(150) | 3.8(22)

I[EENCMO5W | R-3m | 100 | 20.3 | 4.2 | 2.8775(4) | 14.2023(12) | 101.836(45) | 3.7(32)

IE-NCM90-W | R-3m 100 12.9 3.3 2.8778(3) 14.1992(25) 101.837(30) 2.4(26)

IE-NCM88-W | R-3m 100 1.7 2.1 2.8789(2) 14.2094(9) 102.055(20) 4.0(7)

To gain insight into the elemental distribution in the size-tailored materials, IE-NCM88-
W was examined by TEM. The results obtained are shown in Figure 3. The imaging
data indeed reveal a polycrystalline morphology, with the secondary particles
appearing less dense in the center (see Figure 3a). As can be seen from the higher-
magnification HAADF images in Figure 3b, ¢, the grain (primary particle) size is on the
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order of 50-400 nm. Regarding elemental distribution (see Figure 3d, e, g, h, j, I), the
altered pre-annealing atmosphere seems effective in mitigating manganese
segregation near the primary particle surface. Nevertheless, regions of higher
concentration are still visible. Similarly, tungsten appears to be locally concentrated in
some of the particles. The presence of small amounts of sodium is also apparent but
not in the form of domains, as observed for IE-NCM90. Lithium localization was
achieved by electron energy loss spectroscopy (EELS) mapping, see Figure 3k, |,
suggesting uniform distribution throughout the primary grains. However, the specific
grain examined was located in the center of the secondary particle and thus may not
have been exposed to water during the washing step after ion exchange. High-
resolution TEM analysis (see Figure 3 f, i, m) further indicates that the surfaces
oriented parallel to the stacking direction are more disordered (~5 nm thick layer) than
those oriented parallel to the layering direction. This may suggest preferential migration
of tungsten depending on the crystal facet. However, the observed amorphization
could also be related to damage induced by the electron beam.

Overall, the TEM results provide evidence that size tailoring is effective in removing
sodium from the lattice and corroborate the ICP-OES and PXRD data. Furthermore,
they demonstrate that changing the pre-annealing atmosphere from oxygen to argon
is beneficial for improving the distribution of transition-metal species. The location of
tungsten could not be conclusively analyzed, but the formation of a disordered surface
layer points towards preferential accumulation at the surfaces oriented parallel to the
stacking direction.

Tungsten | i

Manganese

Figure 3. (S)TEM analysis of FIB-prepared IE-NCM88-W with the area probed by EDS
indicated by a red rectangle in (a). (b) Higher-magnification HAADF image of the region
of interest and (d, e, g, h, j) corresponding EDS maps for nickel, sodium, cobalt,
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tungsten, and manganese. (c) HAADF image of a single grain with the areas probed
by high-resolution TEM (f, i, m) indicated by red rectangles. (k) HAADF image of
primary particles used for EELS mapping of lithium (I).

NMR Spectroscopy

The samples were also probed by “Li magic-angle spinning (MAS) NMR spectroscopy
(see Figure 4). Compared to the spectrum of large-sized |IE-LNOs,[?”l the size-tailored
IE-LNO-W reveals several distinct lithium environments. The most pronounced peak
centered at 702 ppm is relatively narrow and no signal is detected beyond 800 ppm,
evidencing the Nij;-free nature of material.’”] Additional smaller and shoulder peaks
are visible at 640, 665, 734, and 795 ppm. Also, clusters of peaks are observed at 487
and 511 ppm. Recently, the presence of twin and antiphase boundaries has been
associated with peaks in that region.®® Specifically, the shifts that were calculated to
be in the ranges 542-690 ppm, 794-954 ppm, and 484-590 ppm for lithium atoms
located away, close to, and at the antiphase boundary, respectively, agree well with
the aforementioned additional peaks. Furthermore, the presence of Wé may cause
charge compensation effects in the transition-metal substructure, thus leading to Ni®*
formation. This would result in higher shifts, i.e., ppm values for the described lithium
environments. Some of the signal could also originate from the disordered surface
regions having high tungsten content or from tungsten substitution in the bulk structure.
Nevertheless, the main signal displays no shift to higher ppm values, which would
otherwise be characteristic of the presence of Nif; defects.[27.35.38]

With decreasing nickel content, the main peak becomes broadened, as expected due
to the multiple Ni/Mn/Co environments (resulting in Ni2* formation) around lithium.
While for IE-NCM95-W, the peak pattern of the undoped material is still somewhat
visible, it vanishes completely for the other two samples due to extreme peak
broadening. Therefore, not much information can be gathered for both IE-NCM90-W
and IE-NCM88-W by NMR spectroscopy other than the fact that the main peak position
is shifting to lower ppm values for IE-NCM88-W (to ~665 ppm). Additionally, the
spinning sideband of lithium residuals in diamagnetic environment at 710 ppm makes
analysis more challenging.

Taken together, the data confirm the lack of Nij; defects for samples prepared by ion-
exchange synthesis. A contribution to peak broadening may be structural disorder, i.e.
variations in bond length/angle, induced by the additional transition metals (Co/Mn) or
the grain size.[3”) However, the materials also contain lithium in considerable amounts
in defective sites, which are likely introduced by tungsten addition. A signal is observed
at 0 ppm, which can be linked to diamagnetic lithium salts present on the particle
surface.l®® Interestingly, for the IE-NCM-W CAMSs, this signal increases with increasing
degree of substitution. As shown in Figure 5e, the particle size decreases in the same
direction and the specific surface area increases. Hence, variations in surface area
could account for the increase in lithium residuals (originating from leaching upon water
exposure during washing).
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1200 800 400 0 -400
ppm - 'Li MAS NMR (55kHz)
Figure 4. Normalized ’Li MAS NMR spectra (55 kHz) of large-sized IE-LNO®7 and the
IE-LNO/NCM-W samples. The spinning sideband of the 0 ppm peak is marked with an
asterisk.

Morphology

The morphology of the ion-exchanged materials was investigated by scanning electron
microscopy (SEM, see Figure 5a-d). Relatively small primary particles sizes in the
range of dso = 132-226 nm are observed for all samples (see Figure 5e). This finding
corroborates the successful mitigation of sintering due to tungsten addition, as already
described for IE-NCM88-W in Figure 3. The grain size decreases slightly with
decreasing nickel content, which is likely related to reduced growth caused by the
presence of cobalt and manganese. Regardless, the primary particle sizes are
representative of those typically achieved in Ni-rich CAMs prepared by solid-state
synthesis.203% The degree of agglomeration, or in other words, the retention of the
original polycrystalline morphology, differs between the samples. This seems to point
towards higher mechanical stability of the secondary particle structure with lower nickel
content, although IE-NCM-90-W does not perfectly fit this trend. Nevertheless, the
particle sizes do not differ much among the polycrystalline samples, thus allowing for
reasonable comparison of the electrochemical performance.

-LNO-W IE-NCM95-W

SN . 3, 2

0hbs

N|Cke| Content [%]

Figure 5. SEM images of (a) IE-LNO-W, (b) IE-NCM95-W, (c) IE-NCMS0-W, and (d)
IE-NCM88. (e) Corresponding size analysis (see Supporting Information for details).
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Electrochemistry

The materials were electrochemically tested by galvanostatic cycling in LIB half-cells
at C/10 rate in the potential window of 3.0-4.3 V vs. Li*/Li. As can be seen from the
first-cycle voltage profiles in Figure 6a-d, the specific charge capacities increase with
decreasing nickel content, from gch = 200 mAh/gcam for IE-LNO-W to genh = 235
mAh/gcam for IE-NCM88-W. Similarly, the specific discharge capacities increase from
Qais = 173 mAh/gcam (IE-LNO-W) to 202 mAh/gcam (IE-NCM95-W), 183 mAh/gcam (IE-
NCM90-W), and 199 mAh/gcam (IE-NCM88-W). Clearly, transition-metal substitution
helps to increase the extractable charge. This may be due to the more reactive surface
of LNO compared to the Ni-rich NCMs, causing more severe detrimental side
reactions.*?) During water washing, LNO is known to undergo lithium-to-proton
exchange, leading to some degradation of the material.[*!) As mentioned above, ICP-
OES analysis indicates lack of lithium, however independent of the nickel content.
Since the extent of lithium deficiency is similar for the different CAMs, it is likely not
responsible for the lower specific capacity of IE-LNO-W. Nevertheless, the stability of
the partially protonated surface is expected to differ among the samples and is believed
to cause capacity loss, specifically in the case of IE-LNO-W.

~ o al [ dl 3
=42 L // <42 b s L e 542 \ //_,/d E
540 \_ 5 40 540 . S 40 \ Vs %
s a8 ~” = 38 5 a8 S 38 < E
= — N - - . - N =
Q2 36 - ¢ 38 2 38 ¢ 36 (/ \\ %
S 34 T 34 S 34 g a4 | g
2 \ 2 = 2 S 50 |E-LNO-W
L 32 | g 32 232 \ < 32 IE-NCMI5-W
S ° 5] | ° \ £ IE-NCM30-W
< 30 a 30 € 30 ! o 30 5 |oENCMBEW
0 50 100 150 200 250 0 50 100 150 200 250 050 100 150 200 250 0 50 100 150200250 & 0 20 40 60 80 100
Capacity [MAh/ge,] Capacity [MAh/ge.. Capagity [MAR/ge.,] Capacity [MAN/ge.,] “ Cycle number
3000 300 3000 30 < = A
H2-H3 I~ 1| & 100f o
= 2000 5 2000 2000 2 2000 = \ ]
2 > H1-M =z H S
< 1000 ) 2 1000 KH  M-H2 %1000 B 1000 £ 0
2 Neon o 2 o = g
IR e L R g @
™ E E
<1000 Y -1000 51000 3 1000 % -
3 2000 E-2000 S 200 8
52000 5 5 < e
E -3000 0 E
3032 34 36 3.8 4.0 4.2 303234 36384042 303234 36384042 30323436384042 0 20 40 60 80 100
Potential vs. Li"/Li [V] Potential vs. Li'/Li [V] Patential vs. Li'/Li [V] Patential vs. Li'/Li [V] Cycle number

Figure 6. First-cycle voltage profiles and second-cycle differential capacity curves for
(a, f) IE-LLNO-W, (b, g) IE-FNCM95-W, (c, h) IE-NCM90-W, and (d, i) IE-NCM88-W. (e)
Long-term cycling performance with 5 cycles at C/10, 50 cycles at 1C charge and C/2
discharge, 1 cycle at C/10, and 50 cycles at 1C charge and C/2 discharge in the
potential window of 3.0-4.3 V vs. Li*/Li. (j) Capacity retention relative to the 6™ cycle at
1C charge and C/2 discharge. Note that the 56" cycle at C/10 is omitted for clarity.

The first-cycle capacity loss does not show a linear relation with nickel content.
Interestingly, IE-NCM95-W performs best, with only 24 mAh/gcam or 10.6% capacity
loss, while the other materials exhibit losses exceeding 14%. The first-cycle loss was
separated into kinetic hindrance and degradation at high potentials by aligning the
charge and discharge curves in the region corresponding to LizsNixCo,Mn Oz, as
shown in Figure 7a-c.*? This phase is chosen specifically, as it is most clearly
recognizable as a single-phase region in all of the first-cycle voltage profiles while
being in a range that is likely more stable than the high-voltage H2 and H3 phases.
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The results from this analysis are presented in Figure 7d. With decreasing nickel
content, an increase in capacity loss due to kinetic hindrance is observed, from 2.5%
in IE-LNO to 10.3% in IE-NCM88-W. This could be attributed to sluggish lithium
diffusion in the bulk or degradation of the materials’ surface. Regarding surface
stability, the opposite trend would be expected from the available literature, as Ni-rich
NCMs tend to release less lattice oxygen than LNO, suggesting that surfaces and
interfaces are more stable/robust.#% This, in turn, means that the degraded surface of
LNO would add more to losses associated with lithium diffusion than that of a Ni-rich
CAM. But, as indicated by (S)TEM of IE-NCM-88 in Figure 3, which is substituted
most, manganese does not segregate at the surface if the pre-annealing step is
performed in an inert atmosphere. The stability at high SOC follows the opposite trend.
With decreasing nickel content, the reversibility in the high-voltage range increases.
This observation agrees well with the increased surface stability of NCMs.0 As for
polarization, no differences that would be indicative of facilitated lithium diffusion at low
potentials are observed with decreasing nickel content. In fact, polarization is more

pronounced in the case of IE-LNO.
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Figure 7. (a) Second-cycle differential capacity curve of IE-NCM95-W with indication
of the alignment points. (b) Schematic representation of lithium/vacancy ordering in the
phase corresponding to the alignment points. (c) Aligned first-cycle charge and
discharge curves of IE-NCM95-W. (d) Results from first-cycle capacity loss analysis.

Trends in Stability, Diffusion, and Jahn-Teller Distortion

To gain more insight into the impact of cobalt and manganese substitution on lithium
diffusion, the differential capacity (dg/d V) curves shown in Figure 6f-i were compared.
The peaks seen for IE-LNO-W have previously been assigned to the same transitions
occurring in LNO prepared by conventional solid-state synthesis,?” and similar peaks
are apparent for the IE-NCM-W samples. In short, when going from low to high
potential, the observed peaks correspond to the so-called “kinetic hindrance” (KH), H1-
M, M-H2, and H2-H3 transitions (see also Figure 6g for peak assignments). In the
case of IE-LNO-W, the kinetic hindrance and H1-M transition are characterized by the
presence of distinct peaks. However, the M-H2 and H2-H3 transitions appear
broadened and shifted compared to IE-LNO. This may be caused by hysteresis at high
SOC, which has been hypothesized to be due to sluggish (de-)lithiation of a surface
rock salt-type phase.3 The formation of such a phase could be facilitated by lithium-
to-proton exchange, a process known to occur when subjecting LNO to water washing
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(and subsequent thermal decomposition of the resulting NiO(OH) phase during drying
of the electrode).*!! An alternative explanation for the increased polarization is
provided by the theoretical work of Xiao ef al. They hypothesize that lithium diffusion
from the H2 phase into the H3 phase is rate limiting during charging, causing a
nucleation barrier for the formation of (collapsed) NiO2.[*4l Specifically, the free surface
is assumed to facilitate phase transitions by affecting Li-Li interactions. In a similar
fashion, substitutional defects in the transition-metal site may also facilitate the H2-H3
transition, as indicated by the decrease in polarization. This observation falls in line
with the emergence of solid-solution behavior (see below).

As evident from the data in Figure 6, the KH and H1-M peaks decrease with
decreasing nickel content. This indicates slower lithium diffusion at the end of
discharge, as well as a lowering in the degree of monoclinic distortion. The latter can
be explained by reduced interplay between lithium/vacancy ordering and Jahn-Teller
activity of Ni3+ ions.[*245] Also, the lower nickel content and change in oxidation state
caused by Mn* residing on the transition-metal site!*é! contribute towards mitigating
Jahn-Teller distortion. At high SOC, the peaks related to the M-H2 and H2-H3
transitions become more pronounced for IE-NCM95-W, and they are less shifted
compared to those of IE-LNO-W. However, further increase in nickel content seems to
broaden and diminish the H2-H3 peak. The M-H2 peak, on the other hand, clearly
decreases with decreasing nickel content, similar to the H1-M peak, which is due to
loss of Jahn-Teller active species and disruption of lithium/vacancy ordering, as
explained above.

Regarding cycling stability (see Figure 6e, J), the polycrystalline samples, IE-NCM95-
W and IE-NCM88-W, deliver the highest specific capacities, but also exhibit the most
severe fading, which is likely caused by intergranular cracking. By contrast, the more
isolated particles of IE-LNO-W and IE-NCM90-W deliver lower specific capacities, but
cells using these materials show better capacity retention. No clear correlation
between capacity or capacity retention and degree of substitution is observed, as the
effects of processing likely outweigh the fine differences between the stoichiometries
tested.

Overall, the results achieved by reducing the nickel content seem to be threefold. First,
stabilization of the high-voltage regime is apparent, similar to conventionally
synthesized NCM CAMSs.*d Second, slower lithium diffusion is observed upon
decreasing the nickel content. This is somewhat surprising, as Manthiram et al.
reported that manganese incorporation negatively affects lithium diffusion, while cobalt
has a beneficial effect.”’l However, the authors commented on the possibility of
variations in cation intermixing being the cause of differences in diffusivity. In the
present work, the active materials do not contain any Nij; defects. Another factor that
can affect the capacity in the KH region is primary particle (grain) size. The expected
trend for this would be a decrease in capacity loss with decreasing size. However, the
opposite is observed here. Therefore, an additional mechanism is believed to be
responsible for the faster lithium diffusion with increasing nickel content. One
explanation is pinning of lithium vacancies, which would slow down diffusion and has
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been shown to occur in the vicinity of Nij; defects.[*’l Lastly, the data indicate changes
to the degree of monoclinic distortion, which may have several reasons. Loss of Jahn-
Teller active species upon substituting nickel with cobalt and manganese and reduction
of the average nickel oxidation state due to manganese incorporation are expected.
Another reason could be the disruption of lithium/vacancy ordering due to pinning of
lithium vacancies induced by the altered composition, as already mentioned with
regards to the trends in lithium diffusion.

Operando XRD

Several factors were shown to contribute to the Coulomb efficiency in the first cycle. In
short, a combination of kinetic hindrance and material degradation yields the overall
capacity loss. For the kinetic hindrance, a clear inverse correlation with nickel content
is observed (the higher the nickel content, the lower the KH loss), while the loss related
to high-voltage degradation follows the opposite trend. For the CAMs studied here, IE-
NCM95-W is found to exhibit the lowest first-cycle capacity loss.

To compare the structural evolution of IE-LNO-W, IE-NCM95-W, and IE-NCM88-W
during cycling, operando XRD measurements were conducted on LIB half-cells. The
data acquired and the corresponding refinement results (details in Experimental
section and Supporting Information, see Figures S2 and S3) are shown in Figure 8.
The cells were cycled in the potential window of 2.9-4.5 V vs. Li*/Li at C/20, and the
PXRD patterns collected during discharge were analyzed by sequential Le Bail
refinement. Due to thermal noise problems of the detector, some of the patterns could
not be used for reliable refinement. As can be seen from the contour plot in Figure 8a,
IE-LNO-W shows clearly two-phase behavior in the high-voltage regime. The latter
causes minor variations in the a lattice parameter, with -0.5% difference between H2
and H3, while the clattice parameter and the unit-cell volume undergo relative changes
of -8.4% and -9.1%, respectively. For IE-NCM95-W, two-phase behavior in the H2-
H3 region is still apparent, however decreasing the nickel content further leads to solid-
solution behavior (see Figure 8b, c). The volume change during phase transition
decreases to -5.2% for IE-NCM95-W. Also, the overall volume change from
discharged to charged state decreases from —12.7% for IE-LNO-W to -9.6% for IE-
NCM95-W (-9.3% for IE-NCM88-W). This result indicates that increasing the nickel
content from 88% or 95% to 100% has a profound effect on the volume variation during
cycling and may help explain why CAMs with a very high nickel content typically
experience stronger fading and oxygen evolution % even though the absolute volume
change of NCMs is not much affected by the nickel content.’l Especially the abrupt
volume variation and the co-existence of two, increasingly different phases, as
opposed to solid-solution behavior, are believed to negatively affect stability.
Furthermore, the results indicate a stabilizing effect of Nij; substitutional defects on the
high-voltage H2-H3 transition. This is consistent with the calculated linear relationship
between the potential of the phase transition and the Nif; fraction.[? With 95% nickel
content, two-phase behavior is observed (i.e. presence of two distinct layered phases),
while literature data indicate a smoother transition for NCM95.148 Hence, the results
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stress the importance of intrinsic Nij; defects for achieving long-term stability of state-
of-the-art Ni-rich NCM and LNO CAMs. Accordingly, Nij; defects should be thought of
as a functional modification to the CAM, which can have beneficial and/or detrimental
effects on the cycling performance.
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Figure 8. Contour plots of operando XRD data collected from (a) IE-LNO-W, (b) IE-
NCM95-W, and (c) IE-NCM88-W during discharge from 4.5 to 2.9 V vs. Li*/Li at a rate
of C/20. (d-f) Corresponding voltage profiles and results from sequential Le Bail
analysis for (g, j, m) IE-LNO-W, (h, k, n) IE-NCM95-W, and (i, |, o) IE-NCM88-W.

Regarding the monoclinic distortion region, ranging from 3.6 to 3.9 V vs. Li*/Li, distinct
peak separation is observed for IE-LNO-W, while IE-NCM95-W exhibits diffuse peaks

74



75

3 Results

and IE-NCM88-W reveals single-phase behavior (in the range of 3.45-3.90 V).
Because monoclinic distortion is caused by the coupling of lithium/vacancy ordering
and Jahn-Teller active Ni®, it is expected that cobalt and/or manganese incorporation
reduces the degree of distortion by altering the overall nickel content, the nickel
oxidation state (only Mn*+), and the lithium distribution. Nevertheless, we find clear
signs of monoclinic distortion in the 95% nickel sample. Note that this may be more
pronounced due to the lack of Nij; defects, which disrupt the lithium/vacancy ordering
and introduce Niy; defects (get oxidized quickly upon charging though).l'84247] The
monoclinic distortion in IE-NCM95-W is smaller than that of IE-LNO-W, which is evident
from the difference between the a* and b lattice parameters and the angle B (see
Figure S4, Supporting Information).

Taken together, the operando XRD analysis reveals the presence of two-phase
regions with relatively large changes in unit-cell volume at high SOC, as well as a
distinct monoclinic distortion for IE-LNO. Upon cobalt and manganese substitution, the
phase transitions become less apparent. However, in comparison to results available
in the literature, 8! less solid-solution behavior is observed. The absence of Nij; defects
seems to intensify the differences between crystallographic phases and to lead to a
more biphasic behavior. Intrinsic point defects likely stabilize LNO and state-of-the-art
Ni-rich CAMs against degradation, an effect that should be considered when assessing
the cycling performance of such materials.

Vacancy-Pinning Hypothesis

We recently showed that Nij; defects can slow down the kinetics of LNO both by
diminishing the number of ionic charge carriers and increasing the length of diffusion
paths.['842471 The positive charge of excess nickel in the lithium layer, along with the
accompanying local chemo-mechanical strain, creates an attractive potential for lithium
vacancies that also considerably lowers the migration barrier for a lithium vacancy to
approach the defect, effectively making Nij; defects sinks for lithium vacancies.
Following the same line of thought, we conducted a similar study to investigate the
thermodynamics of lithium-vacancy formation in the vicinity of isolated cobalt and
manganese dopants in the nickel layer, corresponding to a concentration of 1.6% per
layer or 0.8% per cell. We calculated the vacancy-stabilization energy for individual
lithium vacancies with respect to the energy of the farthest vacancy from the dopant.
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Figure 9. (a, b, c) Lithium-vacancy stabilization energies and (d, e, f) volumetric strains
in the presence of dilute amounts of cobalt (blue) and manganese substitutional
dopants (purple) and Nij; point defects (yellow). The underlying Ni-O lattice is depicted
as gray polyhedra. Lithium sites in the Li layer are indicated by small green points, with
circular markers representing explicitly calculated points. The Li layer underneath the
Ni-O layer shows similar patterns, with the transition metal acting as an inversion
center.

Figure 9 illustrates the top view of the Ni layer with the dopant, where lithium sites in
the Li layer are represented as small green points. Superimposed on this view are color
maps that depict the vacancy-stabilization energy (see Figure 9a, b) and the
volumetric strain experienced by each lithium ion (see Figure 9d, e) resulting from the
substitution of nickel with cobalt and manganese. The effect of Nij; defects!'84247] ig
shown in Figure 9c, f as a comparison. Upon initial observation, it becomes apparent
that the vacancy-stabilization energies are predominantly negative for both cobalt and
manganese, suggesting a vacancy-pinning effect akin to Nij;. This effect is more
pronounced in the proximity of manganese than cobalt, evident in both the magnitude
of stabilization (energy scale) and the spatial extent of the trapping pattern. The weaker
influence of cobalt is consistent with findings by Dahn et all*®! The stabilization of
specific lithium sites can be partially explained by the volumetric strain that occurs
when cobalt or manganese substitutes nickel. Notably, the lithium site connected to
the dopant through the previously elongated Jahn-Teller distorted Ni-O bond
experiences the highest strain. It is evident that substituting Ni3* with a non-Jahn-Teller
active ion inevitably introduces non-negligible local strain. It is important to note that
both strain and stabilization energy exhibit centrosymmetry relative to the dopant's
position. This indicates that similar pinning effects will also be observed in the Li layer
below the dopant. Therefore, the number of affected lithium vacancies is twice what is
shown in Figure 9. Delmas linked the pinning of six lithium ions to each Nij; defect,®%
and we have explicitly computed that this is a realistic estimate.l*”! Based on a visual
inspection, manganese and especially cobalt seem to be less effective vacancy traps
than Nij;. In the past, we have calculated the effects of vacancy pinning on the
smoothing of voltage profiles and the suppression of phase transitions and compared
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them to experimental results,[*? concluding that the major effect of substitutional
strategies is the disruption of lithium/vacancy orderings, which in turn results in the
establishment of solid solutions and the progressive elimination of phase transitions.

However, in NCMs, both dopants are present simultaneously and in greater
concentrations, which means their strain fields are bound to overlap and could lead to
unexpected trapping patterns in these configurations. To gain a qualitative
understanding, we conducted the strain analysis on a relaxed NCM88 model
(Li128Ni112C0sMnsQOzss) with uniformly distributed cobalt and manganese. Although an
even distribution of dopants is reasonable, it may not be realistic if the substituents
have a tendency to cluster or segregate. The strain analysis is presented in Figure S5
(Supporting Information), clearly illustrating overlapping effects in close proximity to
the substituents, as well as in the regions between them.

Conclusion

LNO and the related Ni-rich NCMs intrinsically contain Nij; substitutional defects, which
are generally believed to be detrimental by impeding lithium diffusion. Herein, we
successfully studied a series of Ni-rich cathodes synthesized by sodium-to-lithium ion
exchange. In contrast to state-of-the-art positive electrode materials, the ion-
exchanged samples are devoid of Nij; defects and thus serve as an ideal platform to
examine the intrinsic role of transition-metal site dopants, without intermingling effects
induced by substitution and point defects. We find that the nickel content affects the
first-cycle specific capacity, with higher contents allowing for faster diffusion,
particularly at the end of discharge. We hypothesize a mechanism involving lithium-
vacancy pinning to be responsible for this observation and confirm the results by DFT
calculations. However, lower nickel contents are associated with increased stability at
high state of charge. The latter was studied in some more detail by operando XRD,
which reveals more severe phase transitions during cycling upon approaching 100
mol% nickel content. Furthermore, we demonstrate that point defects help to mitigate
the negative effects of electrode breathing (volume variation) and suggest that the Nij;
fraction should be considered more carefully when studying Ni-rich NCM and NCA
cathode materials, as the stabilizing effects of cobalt, manganese, and Nij; emerge
simultaneously.

Experimental Section

Synthesis of NNO and Na-NCMs: Ni(OH)z or co-precipitated NCM hydroxide pCAM
particles (BASF SE; dso = 4.0 um with 100:0:0, 95:4:1, 90:5:5, and 88:5:7 Ni:Co:Mn
molar ratios) were mixed with 1.1 eq. NaOH (Sigma-Aldrich) and, if stated, with 0.02
eg. ammonium paratungstate (Sigma-Aldrich) using a laboratory grade blender. The
powder mixtures were first pre-annealed at 300 °C for 10 h in argon (unless stated
otherwise in the main text) with two atmosphere exchanges per hour. Subsequently,
the samples were mixed again under an inert atmosphere, followed by calcination at
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700 °C for 12 h in oxygen with two atmosphere exchanges per hour and 3 K/min
heating and cooling rates.

lon-Exchange Procedure: Sodium-to-lithium ion exchange was accomplished by
mixing NNO or Na-NCMs with LiNOs (1:1 by weight) in a mortar and pestle. The powder
mixtures were then filled into alumina crucibles and heated at 300 °C for 6 h without
control over atmosphere. After cooling to room temperature, the samples were washed
twice with 1:10 by weight of CAM to 0.025 M LiOH solution in DI water for a total of 30
min. Residual water was removed by washing with ethanol and acetone, followed by
drying in a vacuum at 70 °C. Prior to electrochemical testing, the samples were sieved
with a 32 um stainless-steel mesh.

Electrochemical Testing: The CAM particles were first mixed with polyvinylidene
difluoride binder (PVDF; Solef 5130, Solvay) and Super C65 carbon additive (TIMCAL
Ltd.) in a ratio of 94:3:3 by weight and then cast onto 0.03 mm thick aluminum foil using
a stainless-steel blade with a slit thickness of 140 and 200 um for electrochemical and
operando XRD testing, respectively, using an Erichsen Coatmaster 510 applicator
(resulting in areal loadings of ~10 and ~14 mg/cm?, respectively). The as-prepared
electrode tapes were dried in a vacuum at 120 °C, calendared at 14 N/mm (Sumet
Messtechnik), and cut into circular 13 mm diameter discs. Coin cells were assembled
using a glass fiber GF/D separator, LP57 electrolyte (1 M LiPFs in a 3:7 by weight of
ethylene carbonate and ethyl methyl carbonate), and a lithium-metal anode in an argon
glovebox.

SEM: Sample imaging/mapping was carried out using a LEO-1530 microscope (Carl
Zeiss AG).

FIB Cutting: Electron-transparent samples were produced by the lift-out technique
using an FEI Strata 400 S dual-beam system. Sample damage and amorphization from
the gallium-ion beam were minimized by stepwise reduction of the acceleration voltage
from 30 to 2 keV during final thinning of the lamellae. Specimen preparation was
immediately followed by TEM investigation.

(S)TEM: Measurements were carried out on a probe aberration corrected Thermo
Fisher Scientific Themis Z microscope at 300 kV. EDS maps were acquired using a
Super-X EDX detector.

ICP-OES: A Thermo Fisher Scientific ICAP 7600 DUO was used for ICP-OES analysis.
Specifically, the samples were dissolved in an acid digester in a graphite furnace. Mass
fractions were obtained from three independent measurements. About 10 mg of
material was dissolved in hydrochloric acid and nitric acid at 353 K for 4 h. The digested
samples were diluted for analysis. The range of calibration solutions did not exceed a
decade. Two or three wavelengths of the elements were used for quantitative analysis.

PXRD: Patterns were collected on a STADI P (STOE) diffractometer in Debye-
Scherrer geometry using monochromatic Mo-Ka1 radiation (A = 0.7093 A, 50 kv, 40
mA) and a Mythen 1K detector (DECTRIS AG). The data sets were analyzed using the
TOPAS-Academic v7 software. Le Bail fitting was done first, in which background
correction was applied by a set of Chebyshev polynomials, and lattice parameters,
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zero-shift, axial divergence, and crystallite size were extracted as Gaussian and
Lorentzian contributions. During Rietveld refinement, the parameters from Le Bail
fitting were first fixed, and the oxygen coordinates zo (LNO) and zo_1 and zo 2 (NNO),
site occupancies, and Debye-Waller factors were refined while applying an absorption
correction. Eventually, all parameters were refined in parallel until convergence was
achieved. The confidence intervals were three times the estimated standard deviations
as obtained from TOPAS-Academic v7 software.

Solid-State NMR Spectroscopy: 'Li MAS NMR spectroscopy measurements were
carried out on a Bruker AVANCE NEO instrument at a magnetic field of 4.7 T,
corresponding to a resonance frequency of 77.8 MHz. Spinning was performed in 1.3
mm rotors at 55 kHz. NMR spectra were acquired with a Hahn echo pulse sequence,
a n/2 pulse length of 0.85 s, and a recycle delay of 1 s. The ”Li chemical shifts were
referenced to a 1 M LiCl solution at 0 ppm.

Operando XRD: The positive/negative caps and spacers of the coin-cell casing were
modified by electro-erosion to have a hole of 5 mm diameter in the middle, sealed with
Kapton foil of 6 mm diameter and 160 um thickness. The cells were cycled at a rate of
C/20 using a Gamry Interface 1000 potentiostat, while patterns were collected
simultaneously using a STOE Stadi-P diffractometer with a Mo anode. Data were
acquired in the range 5° < 26 < 37° with a collection time of 10.3 min per pattern. Le
Bail fitting was carried out sequentially on the diffraction data using the TOPAS-
Academic v7 software. The zero offset was refined for each cell component
individually, and the instrumental contribution to peak broadening was determined by
measurement of a LaBs 660b standard.

Theory: The Vienna Ab initio Simulation Package (VASP)B':52 was used to perform
spin-polarized DFT calculations with projector augmented wave pseudopotentials!53:54
and the optB86b-VdW exchange-correlation functionall®® that has recently been used
to model intercalation compounds.[364256:57] |golated cobalt and manganese dopants
were inserted in a 2-8-4 supercell of the P21/c cell of LNO, allowing for the proper Jahn-
Teller distortion caused by Ni3+ ions.[58:5¢ Structural models have been fully relaxed by
releasing all degrees of freedom (ionic positions, cell shape, and volume) with a cutoff
energy of 600 eV and a k-point spacing of 0.5 A~" until the forces were lower than 102
eV/A. The convergence criterion for the electronic self-consistent cycles was set to
1075 eV; the minimum number of electronic self-consistency steps was set to 6, which
occasionally enforced tighter convergence. Atomic volumetric strains have been
calculated using OVITOI80],

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.

Rietveld refinement results for NNO-W and Na-NCM-W, details on the size analysis,
electrochemistry of IE-NCM90, additional data from operando XRD, and volumetric
strain at the Li positions calculated for an NCM88 model.
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Nickel substitution strongly impacts on the electrochemistry of layered Ni-rich oxide
cathode materials. In particular, changes in composition alter the defect concentration,
rendering substitution-based structure-property relationships ambiguous. In this work,
the nickel content is varied while maintaining defect-free character, thus allowing for
selective study of substitution effects.
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4 Conclusions

The trend towards ever higher nickel contents, in an effort to maximize the capacity of lay-
ered lithium metal oxide CAMs, is opposed by the unfavorable trends of material (in)stability
and defect formation with increasing nickel content. LNO can be almost fully delithiated in
the initial charge, but the corresponding discharge capacity is lower. This so-called “first-
cycle capacity loss” limits the capability of LNO as a CAM. Because of the relatively low cut-
off potential used for testing LNO, almost no capacity is lost due to irreversible side reac-
tions, and only slow diffusion at the end of discharge is contributing to the FCCL in
sst-LNO."® The energy barrier for lithium diffusion increases with decreasing lithium va-
cancy concentration and thus directly with the degree of lithiation. However, the gross lith-
ium content is not the only variable affecting the concentration of mobile vacancies. Intrin-
sically present Nij ; substitutional defects in LNO can also trap lithium vacancies due to their
energetically more favorable localization in the vicinity of such defects.!'®! Another but
equally important factor for the FCCL is the grain size of the LNO particles. With increasing
particle size, the lithium diffusion path length increases and thus the onset of a slower lith-
ium diffusion affects these particles more strongly. Lastly, the influence of the transition-
metal composition on the electrochemical performance, particularly on stability and lithium
diffusion has been the subject of numerous investigations.53219.250! Prior to this work, corre-
lations between the stated factors, Nij; defect density, transition-metal content and particle
size, and the FCCL have been proposed, singling out different factors to be the key in ad-
dressing this problem. However, in the employed solid-state synthesis of LNO, and by the
same token also of the related NCM and NCA CAMs, the individual contributions cannot be
varied independently and thus, in many cases, only an ambiguous structure-property rela-
tionship can be drawn.

For this reason, new synthetic protocols were developed to enable the synthesis of LNO
without the characteristic Nij; substitutional defects. The novel method utilizes the larger
size of sodium ions, compared to lithium, to develop fully separated layers of nickel oxide
and sodium in a precursor material with proper particle size by means of solid-state synthe-
sis. This material can be synthesized in a larger temperature range as LNO and still be ob-
tained phase pure due to the inability to form partially sodiated structures in the form of
electrochemically inactive rock-salt materials. This in turn allows for tailoring of the primary
particle (grain) size by temperature while preventing Nij; defect formation. The advantage
of this approach lies in the absence of Nij ;, which was previously not attained in any reported
synthesis. The successful mitigation of Nij; is demonstrated by MAS NMR spectroscopy
and XRD measurements, and is further evident from the electrochemical behavior. By XRD,
conversion of the C2/mphase to a hexagonal #-3mstructure was demonstrated. For larger
particle sizes, the XRD refinement still yields residual electron density, which however orig-
inates from residual sodium in the material, as indicated by ICP-OES and TEM. For smaller
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particles, the XRD/Rietveld analysis demonstrates the absence of this residual electron den-
sity, because the particles are small enough to completely ion exchange. The effectiveness
of ion exchange with smaller particles was then demonstrated by focused ion beam (FIB)-
cut EDS. In MAS NMR, the main signal is very narrow and lacks a characteristic shoulder at
higher ppm values, which could be correlated with an increase in defect density. Further-
more, an additional feature originating from twin boundaries'’?' is also absent in the IE-LNO,
demonstrating that truly SC material is obtained. The mechanism of ion exchange was fur-
ther investigated by variable temperature XRD, demonstrating an onset of the reaction at
around 180 °C and the formation of an intermediate with larger interlayer spacing before full
conversion to LNO. The microstructure of larger grains showed an abundance of cracks in
the center of the particle, which certainly impede the diffusion of lithium ions, as well as
sodium during the ion exchange process. It was therefore attempted to heal these cracks
out by a second calcination step to obtain SC-LNO. However, upon annealing the materials,
Ni; defects reformed in large amounts (> 5%). Addition of LiOH-H-0 to the second anneal-
ing step helps to reduce the defect density to values comparable to PC-LNO (after heating
the material for 40 h), but the electrochemistry of the obtained material improved only
slightly.

Alternatively, the problem of residual sodium and microcracking can be addressed by low-
ering the particle size. NNO was synthesized in the temperature range of 450-750 °C, and
after ion exchange, a series of size-tailored LNO particles could be obtained. The materials
were probed by XRD, SEM and galvanostatic cycling. With decreasing particle size, the unit
cell volume decreased and the residual sodium content in the lithium site decreased. In elec-
trochemical testing, no clear correlation of the discharge capacity with particle size was
found; however, the FCCL clearly correlated with particle size. The analysis was repeated for
two other methods of grain-size tailoring. The first method was high-energy ball milling with
varying rotation speeds, which proved to be not optimal, as the obtained materials were size
tailored, but the particle-size distribution was broad due to chipping of the primary grains.
Furthermore, disorder and amorphization of the material could be demonstrated by HR-
TEM. Nevertheless, the obtained particles followed the same trend outlined by the temper-
ature-based size tailoring, albeit with poorer overall electrochemical performance. The third
method for size tailoring followed previous results from our group, which is now also
adopted by other groups to control the microstructure through anti-sintering agents.!25284
Herein, 0.1-2.0 mol% ammonium paratungstate was used, which proved successful to con-
trol the microstructure of NNO calcined at 700 °C. Depending on whether ammonium para-
tungstate is added before or after the pre-annealing step of NNO, PC or SC materials can
be obtained. From the SC size series, the same findings as in the other two size-tailoring
methods were made. However, the XRD/Rietveld refinement analysis proved less success-
ful in determining a decrease of defect densities with lower particle sizes, most likely due to
the formation of rock-salt type impurities resulting from the introduction of tungsten. Again,
no clear size trend of specific discharge capacities was found, while for the FCCL a clear
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correlation with size was observed in all size-tailored samples. The FCCL was still relatively
high, even though the low-potential regime showed almost full reversibility for the smaller
particles, as was evident from differential capacity analysis. To delve deeper into this new
loss phenomenon, an analysis method for LNO charge profiles was developed, which allows
extracting degradation (high SOC) and KH (low potential) losses directly. The method relies
on aligning the first-cycle charge and discharge curves in a stable regime, which is the mon-
oclinic range at around 3.9 V vs. Li*/Li with a lithium-lithium/vacancy ordered state corre-
sponding to Li»sNiO2. KH losses showed a strong correlation with grain size, while the high-
voltage degradation appeared to be more or less constant with respect to grain size. This is
counterintuitive to the expected surface dependence of the degradation reaction, as most
degradation-induced losses are assumed to be due to surface side reactions and loss of ac-
tive material. The validity of this analysis was demonstrated with a reference Nij ;-containing
sst-LNO, which showed only KH loss and negligible high-voltage loss, likely due to the pres-
ence of pillaring defects. The high-SOC loss could be caused by the ion exchange process,
or it could be related to the absence of Nij;, which would otherwise hinder severe volume
collapse and oxygen evolution, as was shown by ex-situ XRD and DEMS measurements.
Furthermore, GITT results revealed that the high-potential region of ion-exchanged material
exhibits much larger polarization, which may be due to the more pronounced difference in
H2-H3 region causing impeded diffusion. This would agree with the findings by Xiao and
co-workers,'® who propose that defect sites, such as Nij; point defects, can facilitate lith-
ium diffusion at high SOC by funneling lithium ions from the H2 to the H3 state. The ob-
served capacity loss could also be related to irreversible side reactions in the bulk material,
such as layer gliding and irreversible formation of stacking faults. Because of the large in-
herent strain of material obtained viaion exchange, the oxygen stacking sequence at high
SOC could not be assigned unambiguously, which leaves the correlation between Nij; pil-
laring and H4 phase formation open.

When the PC-IE material was tested, it was evident that this material performs much better
and that most likely the larger surface of the smaller primary particles in SC morphology is
detrimental to the specific capacity. Since the samples have to be washed with water, which
is known to negatively affect the charge/discharge capacities of Ni-rich materials and LNO
in particular, this comes as no surprise. In the PC morphology, however, the interior grains
are protected and the material quality retention during washing is better. This PC IE-CAM
was then compared to PC reference LNO as well as to a magnesium-doped IE-LNO. Mag-
nesium doping was first attempted in the NNO synthesis step, which proved unsuccessful,
because Mg was inserted into the nickel rather than the sodium site. Therefore, a novel dual
ion exchange method was devised, which simultaneously exchanges sodium for lithium
and magnesium in the desired ratio. The materials were compared in a variety of electro-
chemical tests, such as cycling in low-and high-potential regions and GITT measurements.
The results corroborated the hypotheses stated above. In short, the effect of lithium-site
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substitution, whether inherent as in Nij; or deliberate as in the inclusion of Mg, was demon-
strated to be ambivalent with respect to the capacity of layered oxide CAMs. Lithium-site
substitution helps to stabilize CAMs at high SOC against oxygen release, while at the same
time the diffusivity, particularly at the end of discharge, is affected negatively. This raises the
question what an ideal concentration of pillaring ions might be, as well as whether pillaring
ions are only locally needed, e.g. on the particle surface. The developed methodology of ion
exchange and novel dual ion exchange may help in elucidating that question, particularly
for the defect range below 1.6 mol%, which prior to this work was not accessible experimen-
tally.

Additionally, the usually complex interplay between Nij; and transition-metal-site dopant
could be separated by the ion exchange method. By doing so, materials with variable nickel
content were synthesized viaion exchange. Similar to IE-LNO, the grain size had to be ad-
justed to allow full conversion to the lithium analogs. Furthermore, the annealing conditions
had to be adapted to prevent dopant segregation. The obtained material series was investi-
gated by FCCL analysis and operando XRD.

For the FCCL, a trade-off between stability and optimal lithium diffusion was observed, sim-
ilar to the function of Nij; sites. By operando XRD, it could be shown that transition-metal
substitution helps to mitigate abrupt volume changes and to induce solid-solution behavior,
even in the absence of Nij; defects. Also, the interlayer distance collapse at high SOC proved
to be most severe for the 100% nickel-containing material. From these results, it was hy-
pothesized that transition-metal substitution may also cause pinning of vacancies close to
the substituents’ location. DFT calculations revealed that this is in fact feasible and that
manganese in particular has a strong affinity to lithium vacancies. This may explain the
smoothening of the voltage curves and the emergence of solid-solution behavior, as the
pinned vacancies disrupt the ordering of lithium and lithium vacancies.

The complex interplay between stability and diffusion for the common dopants, cobalt and
manganese, as well as for the ever-present Nij; substitution, was investigated with a novel
ion exchange approach. With this synthesis method otherwise inaccessibly low defect den-
sities can be probed. However, the method relies on water washing, which is one of the main
drawbacks. Nevertheless, the results generated herein raise new questions as to what the
optimal pillar ion density might be and whether this value also depends on the CAM particle
size and the nature of the pillar ion. Particularly for the emerging SC morphology, for which
diffusion properties play a crucial role, these questions need to be addressed. Furthermore,
the independent study of doping effects is paramount to identify the best candidates, which
ideally stabilize the structure and improve diffusion. Due to the normally intrinsic convolu-
tion of Nij; formation and nickel substitution, ion exchange synthesis offers a unique ap-
proach to understand transition-metal-site dopants and lithium-site dopants at a more fun-
damental level.
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6.1 Publication IV: Protective Nanosheet Coatings for Thiophosphate-Based All-Solid-
State Batteries

Publication IV describes the initial project of this doctoral work, aimed at using so-called
nanosheet materials as protective barrier between cathode material and argyrodite-type thi-
ophosphate solid electrolyte. Without such a barrier, oxidation and decomposition of the
electrolyte would occur during cycling. Nanosheets, in principle, offer ideal properties, such
as high mechanical strength and atomic thickess, for such an application. Therefore, several
methods were tested for the deposition of nanosheets. While dry coating provided good
surface coverage, the secondary particle structure could not withstand the ball-milling con-
ditions. Therefore, deposition from organic solvents was chosen for the testing of three dif-
ferent nanosheet types. The respective materials were WS,, h-BN and exfoliated
((CH3(CH2)3)aN)4NbsO17 nanosheets. Stabilization was only observed in solid-state batter-
ies, most likely due to the partial coating that allows liquid electrolyte to bypass the barrier.
The transformation of WS, to partially oxidized material was observed and the stabilization
mechanism was investigated. From the results, we infer a stabilization due to prevention of
contact loss instead of solid electrolyte degradation (electrochemical oxidation).

Figure 10. Graphical table of content of publication IV [3141.

The experiments were planned and designed by the first author under the supervision of A. Kondrakov, J.
Janek and T. Brezesinski. The first author developed and optimized the deposition method, and applied it to
h-BN and WS, nanosheets. The first author carried out the electrochemical measurements in LIBs and solid-
state batteries on those materials, as well as a reference material. Synthesis and coating of the niobate
nanosheet, as well as testing in LIBs, was carried out by B. Nunes. Y. Yusim carried out the ToF-SIMS meas-
urements and analysis under the supervision of A. Henss and J. Janek and discussed the data with the first
author. A. Mazilkin carried out the TEM analysis and discussed the data with the first author. R. Zhang con-
ducted the SEM experiments, and the data were analyzed by the first author. W. Zhao carried out electro-
chemical tests in solid-state batteries for the niobate-coated material. The manuscript was written by the first
author and edited by all coauthors.
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Abstract

Superionic sulfide solid electrolytes (SEs) are of considerable interest for application
in solid-state batteries, but suffer from limited stability. When in combination with state-
of-the-art cathode active materials (CAMs), severe degradation at the CAM/SE
interface occurs during electrochemical cycling. To improve upon the interfacial
stability, inert coatings can be applied to the CAM particles, with the goal of preventing
direct contact to the SE. In this study, different methods of depositing coatings,
including hexagonal boron nitride, tungsten sulfide and exfoliated
((CH3(CHz2)3)4N)4NbsO17, in the form of nanosheets onto the free surface of a Ni-rich
LiNixCoyMn:02 (NCM) CAM are examined and compared with one another. While dry
coating is shown to produce relatively uniform coatings (good surface coverage), the
secondary particle morphology of the NCM makes ball milling as a mechanical
deposition method less attractive. In contrast, deposition from dispersions in organic
solvents yields protective coatings with a lower degree of surface coverage. The
different materials are electrochemically tested in liquid- and solid-electrolyte-based
lithium-ion batteries. A stabilizing effect from nanosheet coating is only observed for
the cells with lithium thiophosphate SE.

1. Introduction

Engineering of stable interfaces at both anode and cathode is one of the main
challenges in making bulk-type solid-state batteries (SSBs) competitive with the
established lithium-ion battery (LIB) technology.l'-31 Among the existing superionic
conductors, lithium thiophosphates stand out due to high ionic conductivity at room
temperature and favorable mechanical properties for electrode/separator
manufacturing and battery operation.! When used as a catholyte, their reactivity
toward energy-dense cathode active materials (CAMs), such as layered
LiNixCo,Mn_ 02 (NCM or NMC) or LiNixCo,Al 02 (NCA), necessitates protective barriers
to prevent degradation upon electrochemical cycling.l5-71 Coating of the CAM patrticles
is a promising strategy to achieve stable cathode interfaces (i.e., between NCMs and
lithium thiophosphates).[6:8]

Commonly employed coatings for SSB application are (lithiated) metal oxides of
niobium or zirconium, which can be applied by different techniques, such as sol-gel
chemistry,®-'41 dry coating,['® nanoparticle deposition!'8-181 or atomic layer
deposition.['%20] Nanosheet coatings consisting of single or few atomic layers combine
various beneficial properties, including high mechanical strength,'l chemical
stability’®?) and gas blocking ability.?3l Furthermore, nanosheets are extremely thin
(down to the theoretical limit of a single layer),2*25 thus barely affecting the battery’s
energy density (by introducing additional mass in the form of inactive material).

In recent years, some nanosheet materials have already been tested as CAM coatings
in LIBs.[26-301 Graphene takes a prominent position owing to its high stability and
thoroughly researched properties and processing (including synthesis). Reduced
graphene oxide is typically used to produce such carbon coatings due to facile
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deposition upon reduction, although some authors argue that surface modification or
gaseous reducing agents are required, making the techniques experimentally
challenging.®'-34 Alternative methods relying on surfactant-stabilized graphene
dispersions and allowing for controlled deposition have been reported.[*® Hersam and
coworkers elaborate on this approach by employing Pickering emulsions for preparing
conformal graphene shells, ultimately aiming at high volumetric density cathodes by
avoiding low-density carbon black and decreasing porosity.?®! Graphene coating is
found, among others, to attenuate oxygen release from the cathode with cycling to high
cutoff potentials (note: in the SSB case, oxygen loss would contribute to the
decomposition of the thiophosphate solid electrolyte).[?7:36:37]

Apart from graphene, other nanosheet coatings and preparation methods have been
reported. For example, layered double hydroxides were deposited from aqueous
dispersions onto NCM and NCA both before and after calcination.?838 Graphitic
carbon nitride can also be deposited from aqueous dispersions or by chemical vapor
deposition (CVD).[*¥¥ Transition-metal chalcogenides, such as MoS2 and WSez, have
been shown to increase the stability of CAMs.[2% Recently, Maiti et al. utilized CVD-
grown WSe: for improving the cycling performance of NCM851005 (85% Ni content)
and high-voltage LiNio.sMn1504 (LNMO). Stabilization is ascribed to reduced transition-
metal leaching from the CAM particles, while the coating apparently dissolves to some
degree into the electrode, which in turn helps to form a protective layer on the anode.[?!
Overall, nanosheet coatings have been employed successfully in LIBs and shown to
facilitate charge transport(?®! and/or mitigate cathode and electrolyte degradation.[22:31]
Consequently, they may also have advantageous properties for application in SSBs.
However, to date, no such studies have been performed that examine nanosheet-
coated CAMs in batteries using superionic solid electrolytes.

Herein, we investigate the coating of polycrystalline LiNio.ssC00.1Mno.0s02 (NCM851005
with 85% Ni content, referred to as NCM in the following) with commercially available
nanosheet materials. The focus is on improving the protective properties while avoiding
the synthesis of conductive materials, such as graphene. This precautionary measure
is taken to mitigate (electro)chemical degradation (oxidation) of the solid electrolyte.
We first concentrate on establishing a coating method for hexagonal boron nitride (h-
BN), which is isostructural to graphite/graphene, but electronically insulating.[*?! h-BN
is attractive as a coating material because of its high chemical stability, reacting only
under extreme conditions (e.g., boiling sulfuric acid).?? Dry- and liquid-phase
deposition routes are compared with regards to coating content and distribution on the
particle surface, as well as structural integrity of the CAM. Specifically, h-BN coating is
compared to that achieved with WSz and exfoliated ((CH3(CHz)3)aN)4NbsQ17. The latter
materials are known as functional coatings and can be readily obtained in nanosheet
format.#-451 WSz is found to undergo side reactions with the NCM particles upon mild
annealing, and electrochemical testing shows that nanosheet coating leads to stability
improvements in SSBs, but not in LIB cells. This highlights the differences in
stabilization strategies for batteries with liquid and solid electrolytes and emphasizes
the need for further studies.
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2. Results and Discussion
2.1. Coating Methods

Liquid-phase stabilization of h-BN (e.g., from liquid-phase exfoliation) can be achieved
with similar solvents or solvent-dispersant systems as for graphene.[*246471 Much of
the work on h-BN stabilization has been focused on aqueous dispersions.[46:4]
However, water is known to leach lithium from layered Ni-rich oxide CAMs and to
adversely affect their surface structure and electrochemical properties (formation of
rock salt-type NiO, etc.).[*959 Furthermore, the dispersant may decompose and lead
to the formation of surface carbonates during the annealing process after coating. Note
that hybrid coatings containing carbonate species have recently been shown to have
a profound effect on the cycling performance of thiophosphate-based SSBs.['1:12.51-54]
To avoid false interpretation of carbonate coating rather than stabilization induced by
the nanosheet materials, we focus on methods that do not rely on aqueous dispersions
and organic dispersants.

Dry coating is a facile approach to avoid solvent exposure and dispersant chemistry
altogether. Ball milling at a rotational speed of 100 rpm and with small ZrOz balls was
chosen to limit the overall energy input. Further exfoliation of the nanosheets may be
achieved under ball-milling conditions, since the CAM particles, in principle, can act as
an abrasive agent, as reported for the exfoliation of nanosheet materials with common
salts.5556] The material obtained was probed using scanning electron microscopy
(SEM), see Figure 1b, g and | [Figure 1a, f and k is showing the pristine (uncoated)
NCM]. Investigation of the surface of the secondary particles revealed the deposition
of small circular nanosheets and, in some instances, shearing of individual sheets. This
is sometimes observed during exfoliation of individual nanosheets and suggests that
low-energy ball milling helps to further increase the available surface by shearing of
few-layer sheets.[5”1 However, the secondary particle structure was only partially
retained, as there was clearly chipping and fracturing of the NCM CAM.

To improve the mixing of nanosheets and NCM and reduce mechanical strain, it was
attempted to perform wet milling using acetonitrile (with NCM:acetonitrile = 1:1 by
weight). As seen in Figure 1c, h and m, this exacerbated the problem of particle
disintegration, which may be due to dissolution of residual lithium from the
polycrystalline sample. It was also attempted to mechanically mix the materials using
a laboratory grade blender (Kinematica), but they tended to stick to the sides of the jar
and agglomerate rather than being mixed uniformly. Therefore, although there is some
decent deposition, the particle disintegration does not allow employing mechanical
mixing for nanosheet coating of polycrystalline CAMs.

While water is detrimental when working with Ni-rich cathodes,*? organic solvents may
be used to suspend the nanosheets and deposit them onto the particles. Two methods
of attaching nanosheets to the surface were tested, namely evaporation under
agitation and spontaneous aggregation. In the first case, 10 mg of h-BN nanosheets
were dispersed in 10 mL of acetonitrile via sonication for 30 min, after which 1.0 g of
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CAM was added. The mixture was then vigorously stirred for 10 min at room
temperature, followed by removal of the solvent in vacuo with continuous stirring. In
the second approach, the h-BN nanosheets were suspended as described. Afterwards,
NCM was added, and the mixture was vigorously stirred overnight to allow the
nanosheets to spontaneously adhere to the particle surface. The suspension was then
left to separate, and the modified CAM was harvested as the sediment. Lastly, the
residual solvent was decanted, and the powder was dried again under vacuum. The
coated samples were also probed using SEM, as shown in Figure 1d, e, i, j, n and o.
As evident, in both samples, the secondary particle structure was retained, and there
are no signs of deagglomeration or chipping. Aggregates of nanosheets are clearly
visible on the particle surface. However, in the case of “evaporation under agitation”,
the nanosheet content appears to be slightly higher. This is also corroborated by the
observation that even after stirring overnight the supernatant was still somewhat turbid,
indicating that not all of the nanosheets attach to the surface. Furthermore, the
evaporation-based processing takes less time, and the sample is exposed to solvent
for a shorter duration, which is why this route was used in the following coating
experiments.

Taken together, the “evaporation under agitation” approach worked best with this
specific set of materials. However, dry coating also yields high loadings (good surface
coverage). In addition, the nanosheets appear to attach closely to the particle surface,
whereas more fluffy aggregates are formed upon wet processing. For CAM
morphologies that have a higher mechanical strength, such as single- or quasi single-
crystalline, dry coating may indeed be the better choice, as particle (surface) integrity
plays a crucial role in the cyclability.[%%5°1 As a preliminary test, we have examined the
dry coating of a single-crystalline NCM831205 (83% Ni content). The results indicate
that h-BN deposition onto the CAM surface is indeed possible. However, the coating
coverage was not very uniform (see Figure S1, Supporting Information), and
determining the optimal process parameters would require further study. Nevertheless,
dry coating as such seems promising for the emerging single-crystal CAMs, for which
surface-based degradation is also a major contributor to capacity fading.!59
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Pristine NCM  Dry ball-milling Wet ball-milling  Evaporation Aggregation

Figure 1. Schematic representation of nanosheet coating by dry ball-milling, wet ball-
milling, solvent evaporation and spontaneous adsorption. (a-o) Low- and high-
magnification SEM images for the comparison of coating attempts using h-BN
nanosheets (highlighted by red circles). (a, f, k) Uncoated NCM particles, (b, g, I) dry
ball-milling assisted coating, (c, h, m) wet ball-milling assisted coating, (d, i, n) solvent
evaporation-based coating and (e, j, 0) spontaneous adsorption-based coating.

2.2. Comparison of h-BN, WS: and Niobate-Type Nanosheet Coatings

To study a broader range of materials, the “evaporation under agitation” approach
discussed above was applied to coating of the NCM CAM with 1 wt.% of h-BN, WSz
and exfoliated ((CHs(CHz2)3)aN)sNbeO17 nanosheets (hereafter referred to as hBN-
NCM, WS2-NCM and Nb-NCM, respectively). For ensuring good contact with the
secondary particle structure, the samples were heated at 400 °C in oxygen, which has
been shown previously to be an optimal post-deposition treatment temperature for
oxide coatings('%1920 in thiophosphate-based SSB cells. The organic cation in
((CH3(CHz2)3)aN)aNbsO17 decomposes during heating, yielding some kind of lithiated
niobate-type (LixNbO,) coating.!®

The hBN-NCM, WS2>-NCM and Nb-NCM samples were investigated by SEM,
inductively coupled plasma-optical emission spectroscopy (ICP-OES) and powder X-
ray diffraction (PXRD), as shown in Table 1 and Figure 2a-h. The pristine NCM as a
reference was treated under the same conditions as the other samples, but in absence
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of nanosheets. Structural analysis indicated that all materials are single phase and the
lattice parameters do not change much with coating. Exemplary PXRD patterns
collected from WS2-NCM and hBN-NCM and Rietveld fits to the patterns are shown in
Figure S2 (Supporting Information). The greatest difference to the reference CAM was
found for Nb-NCM, which exhibits slightly larger lattice parameters and unit-cell
volume. This could point towards structural degradation, since an increase in lattice
parameters is typically associated with the formation of Nij; point defects (cation
intermixing). This, in turn, may be due to lithium loss from the NCM and possibly
“absorption” by the niobate-type coating. ICP-OES revealed that the coating content is
lowest for h-BN, with only about half of the nominal amount deposited onto the CAM
particles. However, for both WS2-NCM and Nb-NCM, it was close to the targeted
content, indicating effective coating (note: 0.91 wt.% would theoretically correspond to
0.97 wt.% LiNbQOs). For the WSz nanosheets, it was even higher than the targeted
loading, which may be because of the presence of oxygen impurities, as the
nanosheets can readily oxidize at room temperature. In such a case, the actual
stoichiometry to be considered would be WS2-4Oyx, causing excessive tungsten content
when aiming for 1 wt.% WS: coating due to the lower molecular weight. The low- and
high-magnification SEM images in Figure 2c-h confirm successful deposition of
nanosheets onto the surface of the secondary particles, with h-BN having a relatively
lower affinity to the CAM. As expected, the different nanosheet materials were attached
in a surface-parallel manner.

Table 1. Structural parameters from Rietveld refinement for the uncoated and
nanosheet-coated NCMs and corresponding ICP-OES analysis of the coating content.

Sample NCM hBN-NCM WS2-NCM Nb-NCM
Rup [%] 11.74 10.18 10.63 8.75
Raragg [%] 1.67 1.51 1.39 1.47
VA 101.01(1) 101.04(1) 101.05(6) 101.32(2)
alA] 2.8682(1) 2.8683(6) 2.8687(1) 2.8712(1)
c[Al 14.1770(9) 14.1782(12) 14.1787(10) 14.1897(12)
Sample hBN-NCM WS2-NCM Nb-NCM
Probed element B W Nb
Assumed stoichiometry BN WS, NbeO17+
Coating content [wt.%] 0.45(6) 1.39(@) 0.91(3)
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2,m ESEESY
Figure 2. SEM images at different magnifications of (a, b) uncoated NCM, (c, d) hBN-
NCM, (e, f) WS2-NCM and (g, h) Nb-NCM.

2.3. Electrochemical Testing in Battery Cells

The electrochemical properties of the uncoated and nanosheet-coated NCM samples
were evaluated in LIB half-cells and pellet-stack SSB cells. With regards to the cells
with LP57 electrolyte, the tests were conducted in the potential window of 3.0-4.3 V vs.
Li*/Li at a constant temperature of 25 °C and at C-rates ranging from C/10 to 10C. The
first-cycle charge/discharge curves at C/10 were similar for the different CAMs, as can
be seen from Figure 3a, suggesting that surface coating has no notable effect on the
original NCM structure/morphology. In addition, except for Nb-NCM (guis = 195 mAh
g™"), all cells delivered a similar first-cycle specific discharge capacity of gdis = 208 (+2)
mAh g~'. As indicated by PXRD analysis, this observation may be attributed to a larger
fraction of nickel substitutional defects in Nb-NCM due to formation of lithium niobate
during post-deposition anneal. It should be noted that the latter may also add to the
cell resistance (impedance buildup).[5%
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Figure 3. First-cycle charge/discharge curves of the uncoated and nanosheet-coated
NCM CAMs (a) in LIB half-cells with LP57 electrolyte and (b) in SSB cells with LPSCI
electrolyte at a rate of C/10. (c) Differential capacity curves of the cells shown in (b).
For each material, three (LIB) or two cells (SSB) were tested and the data averaged.

Unlike LIBs, the SSB cells with argyrodite LisPSsCl (referred to as LPSCI) electrolyte
were tested at 45 °C in a potential range between 2.28 and 3.68 V vs. In/InLi (approx.
2.9-4.3 V vs. Li*/Li). As expected based on the LIB data, the different CAMs revealed
similar electrochemical behaviors in the initial cycle at C/10 rate (see Figure 3b).
Except for No-NCM (gais = 184 mAh g-), the coated samples achieved a higher initial
specific discharge capacity that the uncoated NCM [qdis = 204 (1) mAh g™' vs. 185
mAh g']. As shown in Figure 2¢c-h, the nanosheets did not fully cover the particle
surface, especially when considering areas where the primary grains meet, resulting
in a somewhat non-uniform coating. When tested in LIBs, liquid electrolyte can easily
access the exposed surfaces and penetrate into microcracks, leading to minor or even
no improvements in cycling performance (see also Figure S$3, Supporting Information).
By contrast, when tested in SSBs, the coatings strongly reduce the contact area
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between the bare CAM and the LPSCI electrolyte, which helps to prevent interfacial
side reactions from occurring, and therefore positively affects cyclability.

Differential capacity plots can provide thorough information about the phase transitions
occurring during cycling. As seen from Figure 3c, the only difference between the
uncoated and WS2/h-BN nanosheet-coated samples is an additional feature at the end
of discharge (at ~2.9 V vs. In/InLi). This is commonly referred to as the so-called
“kinetic hindrance” region, and is more apparent for Ni-rich CAMs exhibiting a high
lithium diffusivity (e.g., because of low Nij; defect concentration or cycling at elevated
temperatures).6'-63 However, in the present work, the primary particle (grain) size and
defect concentration are similar for the different materials tested. The same holds for
the temperature during cycling. This leaves the protective coating as a reason for the
facilitated lithium diffusion (by preventing unfavorable side reactions and impedance
buildup during cycling). Additional features that may originate from redox activity and/or
degradation of the nanosheets upon battery operation were not observed. By contrast,
Nb-NCM revealed smaller peaks, which is indicative of a different mechanism of
improved capacity retention and further agrees with the lower specific capacity
compared to the uncoated NCM.
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Figure 4. Cyclability of uncoated and nanosheet-coated NCM CAMs in SSB cells with
LPSCI electrolyte. (a) Rate performance testing with two cycles each at C/10, C/5, C/2
and 1C, followed by 50 cycles at C/5. (b) Relative stability (capacity retention) with
100% referring to the first cycle at C/5 after the rate capability test. The error bars
represent the standard deviation from two independent cells.
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Figure 4a shows the cyclability of the uncoated and nanosheet-coated NCM CAMs in
SSB cells at different C-rates. In agreement with the results from SEM imaging and
ICP-OES analysis regarding surface coverage, WS2-NCM and Nb-NCM exhibited
much improved cycling performance and relative stability (see Figure 4b and Figure
S4, Supporting Information). After 50 cycles at C/5, hBN-NCM, WS2-NCM and Nb-
NCM showed capacity retentions of 63%, 85% and 87%, respectively, compared to
64% for the uncoated CAM. Interestingly, the niobate-type coating also resulted in
increased Coulomb efficiency, from 80% for the uncoated material to 85% for Nb-NCM,
in the initial cycle (see Figure 3b). As mentioned previously, residual lithium is probably
being consumed to some degree by the nanosheets during post-processing in the
formation of LixNbOy, which itself is a well-established coating material in LIBs and
SSBs.[*3l For that reason, this kind of coating will be investigated in more detail in the
future.

2.4. Analysis of WS2-NCM

From the electrochemical testing, WS2-NCM was found to deliver the highest specific
capacities (note: similar stabilization was achieved with the niobate-type nanosheets
in SSB cells). Since WSz is reactive toward ambient oxygen,i®-671 it is necessary to
characterize the actual coating species given that the nanosheets may transform into
some oxidized state during deposition and/or post-deposition anneal.

Figure 5a-h shows results from high-angle annular dark-field scanning transmission
electron microscopy (HAADF STEM) and energy-dispersive X-ray spectroscopy (EDS)
of a focused ion beam (FIB)-cut lamella of the WS2-NCM sample. HAADF STEM
imaging (see Figure 5a) indicated sparse distribution of nanosheets on the particle
(apparent from the large differences in contrast). Upon closer inspection (see Figure
5b), the nanosheets were found to not perfectly follow the curvature of the substrate,
unlike conformal coatings, but instead they seem to have relatively loose contact with
the CAM surface. Despite post-annealing in oxygen, WQOs formation was not clearly
recognizable from the EDS maps presented in Figure 5c-h. However, some minor
oxygen signal appeared in the area of the nanosheet coating, which points towards
partial WSz oxidation. Apart from that, when probing other areas of the particle surface
using fast Fourier transform (FFT) analysis of TEM lattice fringes (see Figure S5,
Supporting Information), some of the reflections matched with the tetragonal WOs
phase, thus confirming oxidation of WS2.
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Figure 5. EDS analysis of FIB-cut WS2-NCM with (a) overview and (b) zoomed-in
HAADF STEM images and (c-h) corresponding elemental maps from EDS analysis.

To further elucidate the interfacial stabilization mechanism, the uncoated NCM and
WS2-NCM composite cathodes—before and after 50 cycles in SSB cells—were
studied by time-of-flight secondary ion mass spectrometry (TOF-SIMS). Surface
analysis via TOF-SIMS enables the detection of decomposition products, such as
phosphates and sulfates, which has been described in detail by Walther and
coworkers.5%6.681 Because the WS> coating contains sulfur, the analysis of
sulfate/sulfite fragments can lead to misinterpretation of data, and therefore they were
not considered here. Representative mass spectra collected before and after cycling
are shown in Figure 6a. To ensure good statistics and data reliability, 10 mass spectra
per sample were measured and summarized in box plots (see Figure 6b). As evident,
the amount of POy~ fragments (PO2~ and PQOs™) after 50 cycles was significantly higher
for WS2-NCM compared to the uncoated sample. This result is somewhat surprising
and not in apparent agreement with the cycling performance in Figure 4, showing that
uncoated NCM suffers from much faster capacity fading than the coated counterpart.
Rather, the data suggest that the decomposition interphase [similar to the cathode
electrolyte interphase (CEI) in liquid-electrolyte-based batteries), which is formed by
side reactions at the interface between the NCM (oxygen source) and the LPSCI
(phosphorus source), is not necessarily defrimental to the cyclability of the
thiophosphate-based SSBs. A possible explanation for this finding may be that the
decomposition interphase exhibits favorable transport properties, especially with
regards to partial ionic conductivity. According to Homma et al.,[8% the ionic conductivity
of a mixture of different materials depends on the actual composition. Consequently, it
can be inferred that the coating directly affects the mixing ratio of degradation products
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and/or WSz catalyzes the formation of other species. Additionally, a signal of low
intensity appeared at m/z = 78.96 in the pristine state. This feature has been previously
linked to the presence of PSO~ fragments.[S! Upon cycling, the electrolyte undergoes
some (electro)chemical degradation, accompanied by the formation of oxygenated
sulfur and phosphorus species, among others. The reliability of the presented data
(i.e., trend in signal intensities) was also verified by another normalization technique
(see Figure S6, Supporting Information). In this case, the intensities were not
normalized to the total ion signal, but rather to the NiO2" fragment, the latter
representing the NCM.
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Figure 6. ToF-SIMS data for fragments (PO2" and POs") characteristic of interfacial
degradation products. (a) Representative mass spectra collected from the uncoated
NCM and WS2-NCM composite cathodes before and after cycling. (b) Corresponding
boxplots of normalized intensities containing 10 data points each.

Overall, the results hint at an underlying stabilization mechanism that is distinct from
the classical “inert” cathode interface/interphase associated with oxide
nanocoatings.['? Another explanation that would be consistent with the observations
would be mitigation of transition-metal dissolution, as proposed by Maiti et al. for WSe2
coating (LIB application).l?? Indeed, leaching is not limited to liquid electrolytes, but has
also been reported recently for thiophosphate-based SSBs.["® Regardless, higher
surface coverage of the NCM particles would likely help to unravel the mechanism
more easily. However, in this work, we were limited to partial surface coverage due to
mechanical stability issues of the CAM secondary particles, as discussed above.
Nevertheless, these relatively poorly coated materials demonstrated substantial
improvements in cycling performance, which renders the tailoring of nanosheet
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coatings, e.g. by focusing on mechanically more robust single-crystalline CAMs, all the
more intriguing.

3. Conclusion

Lithium thiophosphate solid electrolytes are promising superionic materials for use in
solid-state batteries owing to their high room-temperature ionic conductivity that is
readily accessible by cold-pressing. However, their enhanced reactivity toward
oxidation necessitates the application of protective coatings to stabilize the
cathode/electrolyte interface. Here, we have examined whether nanosheet materials
lend themselves as protective coating agents in liquid- and solid-electrolyte-based
lithium-ion batteries. First, we have evaluated various coating methods and found that
deposition from dispersions in organic solvents is best suited for surface modification
without harming the cathode active material. Next, we have compared different kinds
of nanosheets in conventional and solid-state batteries. Our findings demonstrate that
significant stabilization through nanosheet coating can only be achieved in
thiophosphate-based solid-state cells, which is likely related to the relative immobility
of the solid electrolyte when compared to organic liquid electrolytes. However, for the
chemically inert coating, h-BN, no stabilization was observed, while the “more reactive”
coatings, WS2 and Li\NbOy, had a major effect on cycling performance. Overall, the
concept of nanosheet coating may be a promising addition to established surface-
modification strategies, especially in the context of solid-state batteries. Nevertheless,
the main challenge that needs to be addressed is achieving uniform and conformal
surface coverage.

4. Experimental Section

Coating Procedure: The CAM was received from BASF SE (NCM851005, dso = 4 pm)
and the coating materials, h-BN (90 nm) and WSz (200 nm), from Sigma-Aldrich as
commercial products. The latter materials were used without further processing, while
the niobate-type nanosheets were synthesized in house. 10 mg (in case of Nb, for
[K4-xHxNbsO17]) of nanosheet precursor was weighed into 10 mL of dry isopropanol
(WSg, h-BN) or dry ethanol (Nb) and sonicated for 30 min in an ultrasonication bath.
To this mixture, 1 g of CAM was added, followed by stirring for 10 min, after which the
solvent was removed under vacuum with continuous agitation. The obtained powders
were calcined in a tube furnace under flowing oxygen atmosphere (two atmosphere
exchanges per hour) at 400 °C for 1 h and then sieved using a 32 pm stainless steel
mesh.

Preparation of ((CH3(CHz)3)aN)sNbsO17: First, bulk KsNbsO17-3H20 was prepared by a

solid-state method, in which Nb20s and K2CQOs (2:3 molar ratio) were ground and

heated at 1100 °C for 10 h.[”":72] The material was then subject to ion exchange (K* to

H*) by stirring 3.0 g of K4aNbsO17-3H20 in 150 mL of 0.2 mol L™' H2SO4 for 3 d. Next,

the solid was filtered, washed with water and dried at 70 °C. The nanosheets were

obtained by exfoliation of bulk K4-xHxNbsO17 (0.5 g) using 100 mL of 8-10~% mol L'
14
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tetrabutylammonium hydroxide for 7 d (see Figure S7, Supporting Information).[”374
Once the stirring is suspended, the non-exfoliated material tends to precipitate out,
while the exfoliated layers remain in the form of a stable suspension. The suspension
of nanosheets was collected, followed by drying at 70 °C.

Microscopy: SEM imaging of the as-prepared samples was performed using a LEO-
1530 microscope (Carl Zeiss AG).

TEM was performed on a Themis Z (Thermo Fisher Scientific) double-corrected
transmission electron microscope operated at an acceleration voltage of 300 kV. Lift-
out samples were prepared on a STRATA (FEI) dual-beam system equipped with a
gallium-ion source. The samples were milled at 30 kV, followed by final polishing at 2
kV to reduce surface damage. Prior to milling, the sample surface was protected by
deposition of a carbon layer. STEM images were recorded using a HAADF detector.
Elemental analysis was performed by EDS employing a Super-X detector. JEMS
software was used to index the FFT patterns.
The TEM image presented in Figure S7 (Supporting Information) was acquired on a
Tecnai G2 F20 TMP equipped with a field emission gun operating at 200 kV (featuring
TWIN objective lenses and a point resolution of 0.27 nm).

Powder XRD and Pattern Refinement: XRD data were collected from powder samples
in 0.03 mm glass capillaries (Hilgenberg) on a STADI P (STOE) diffractometer in
Debye-Scherrer geometry with monochromatic Mo-Ka1 radiation (A = 0.7093 A, 50 kv,
40 mA) and a Mythen 1K detector (DECTRIS). The different datasets were analyzed
using TOPAS Academic V7. First, Le Bail fitting was done (Chebyshev polynomial with
10 terms for background correction); lattice parameters, zero-shift, axial divergence
and crystallize size were extracted as Gaussian and Lorentzian contributions. The
results of the Le Bail analysis were used as initial parameters for Rietveld refinement,
during which the site occupancies, Debye-Waller factors and oxygen coordinates were
refined in parallel until convergence was achieved.

Chemical Analysis: ICP-OES measurements were conducted using a Thermo Fisher
Scientific ICAP 7600 DUO. The CAMs were dissolved in an acid digester using a
graphite furnace. Mass fractions were obtained from three independent measurements
per sample. About 10 mg of material was dissolved in a mixture of hydrochloric acid
and nitric acid at 353 K for 4 h. The digested samples were diluted prior to analysis,
which was done with four different calibration solutions and an internal standard (Sc).
The concentration range of the calibration solutions did not exceed a decade. Two or
three wavelengths of each element were used for quantitative analysis.

Electrochemical Testing: The sieved CAMs were mixed with Super C65 carbon black
additive and polyvinylidene difluoride binder (PVDF, Solef 5130, Solvay) in a ratio of
94:3:3 by weight and cast onto a 0.03 mm-thick aluminum foil using an Erichsen
Coatmaster 510 film applicator (140 um slit thickness of the stainless-steel doctor
blade). The electrodes were dried under vacuum at 120 °C for at least 10 h, calendared
at 14 N mm~' (Sumet Messtechnik) and cut into circular 13 mm-diameter discs. LIB
coin cells were assembled using the cathodes, a glass fiber GF/D separator, LP57
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electrolyte (1 M LiPFs in a 3:7 mixture of ethylene carbonate and ethyl methyl
carbonate) and a lithium-metal anode in an Ar-filled glovebox with a crimping pressure
of 1t. The uncoated and coated CAMs (~10 mg cm™ areal loading) were tested
electrochemically at 25 °C and at C-rates ranging from C/10 to 10C (with 1C = 190 mA
g7).

SSB cells were assembled according to a previously described procedure.l'% For the
cathode, 10-12 mg of a composite containing 69 wt.% CAM (~10 mg cm™ areal
loading), 1 wt.% Super C65 and 30 wt.% LPSCI solid electrolyte was used. LPSCI (100
mg) and In/InLi were used as separator and anode, respectively. InLi alloy was
prepared in situ by pressing In and Li foils together, with the In foil initially facing the
separator layer. The cells were cycled under constant current mode at 45 °C while
maintaining a uniaxial stack pressure of 81 MPa. An initial rate test of five cycles at
C/0, C/5, C/2 and 1C was followed by 50 cycles at C/5.

SIMS Analysis: ToF-SIMS was conducted using a M6 Hybrid SIMS (IONTOF GmbH)
equipped with a 30 kV Bi-cluster primary ion gun for analysis. In general, during ToF-
SIMS measurements, charged fragments are obtained as a result of a collision
cascade that results from the impact of the high-energy primary ion beam. All samples
were prepared in the same way and under the same conditions in a glovebox, attached
to the sample holder using non-conductive adhesive tape and transferred to the
instrument using the LEICA EM VCT500 shuttle (Leica Microsystems). Accordingly,
composite cathodes with WS2-coated NCM were compared to those using uncoated
material. The samples were analyzed before and after cycling. To probe the interfaces
in the composite cathodes, the current collector was removed. The instrument was
operated in spectrometry mode using Bis* as primary ions (0.60 pA) in negative mode,
providing high mass resolution [FWHM m/Am > 13000 @m/z = 62.97 (PO27)]. The
analysis area was set to 100-100 pm?, which was rasterized with 128-128 pixels and
a primary ion dose of 1.0-10'2 ions cm™. To ensure data reliability, 10 mass spectra
were measured per sample. Evaluation of the ToF-SIMS data was done with the
software SurfaceLab 7.2 (IONTOF GmbH).
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Synthesis

Reference LiNiO; and Na,Li;-,NiO, were synthesized by solid-state reaction from the
starting materials Ni(OH); (dso = 14 uym, BASF SE), LiOH-H,0 (10 - 20 ym, BASF SE)
and NaOH (Sigma-Aldrich). The reactants were dry mixed in a blender (Kinematica)
under argon atmosphere for 5 min in the required ratios with 1 mol % excess of
LiOH-H,0. The reactant mixtures were calcined in an alumina crucible under oxygen
flow (2 atm h™') in a tube furnace (Nabertherm P330) at 700 °C for 8 h with 3 K min™"
heating and cooling rates and with a pre-heating step at 400 °C for 4 h.

Reference NaNiO, was synthesized from NiO (Sigma-Aldrich) with 10% excess NayO;
(Sigma-Aldrich). Both materials were ground thoroughly in a mortar and then half of
the powder was pressed into a pellet. The pellet was covered with the remaining
powder (pellet under powder technique) and calcined under oxygen flow (2 atm h™") in
atube furnace (Nabertherm P330) at 700 °C for 12 h with 3 K min~' heating and cooling
rates.

lon Exchange with LiINO; and Water-Free Washing

1 g NNO and 0.75 g LiNO; (1.2 eq.) were mixed and filled into a large Schlenk tube.
The tube was connected to an Ar line and left open until the target temperature of
320 °C was reached. The tube was closed and left heating for 10 h, followed by cooling
to room temperature. Next, a stir bar and 20 mL dry methanol or dry acetonitrile were
added to the tube. The tube was equipped with a septum and heated to 65 or 110 °C,
respectively, under stirring for 1 h, after which the sample was left to separate. The
supernatant was removed with a syringe, and the procedure was repeated twice. The
remaining solvent was removed in a vacuum. The product was sieved using a 45 ym
steel mesh.

lon Exchange with LiFSI and LiTFSI

1 g NNO and 1.99 g lithium bis(fluorosulfonyl)imide or 3.05 g lithium
bis(trifluoromethanesulfonyl)imide (1.2 eq.) were mixed and filled into a large Schlenk
tube. The tube was connected to an Ar line and left open until reaching the target
temperature of 150 or 270 °C, respectively. The tube was closed and left heating for
10 h. After cooling, a stir bar and 10 mL dry methanol were added. The mixture was
stirred for 30 min, after which the sample was left to separate. The supernatant was
removed using a syringe. The procedure was repeated twice. The remaining solvent
was removed in a vacuum and the product sieved with a 45 um steel mesh.

Alternative lon-Exchange Procedures

As the described route required an aqueous washing step that is known to be
detrimental to the LNO, alternative reaction pathways for washing and ion exchange
were investigated. First, it was attempted to wash away the residual salts using
different organic solvents, of which methanol and acetonitrile were able to dissolve the
nitrate salts at 65 and 110 °C, respectively. EELS analysis of the surface structure after
washing with methanol revealed the growth of an interfacial layer with reduced nickel
oxidation state. Methanol is most likely oxidized during the washing step, leading to
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surface degradation of LNO. Similarly, the sample washed with acetonitrile was found
to deliver low specific capacities.

As alternative methods, different lithium sources for the exchange reaction were
tested. Other lithium salts can also be used to produce LNO (when exceeding their
melting point). For the low-melting lithium bis(fluorosulfonyl)imide and lithium
bis(trifluoromethanesulfonyl)imide salts, reduction of the LNO cathode material was
observed, leading to violent decomposition for temperatures above 270 °C.

Solvothermal exchange in glyme ethers was also tested, but proved unsuccessful due
to the oxidizing nature of LNO (evident from discoloration of the solvent and formation
of rocksalt-type NiO by XRD).

a) # #NiO  Fm-3m b) —— NNO 450 °C
*NaOH Bmmb

—— NNO 600 °C
——NNO 700 °C

Intensity

10 20 30 40 50 60
2617

c) f * LiNO, d) IE-LNO, LiITFSI/MeOH

+NaNO, IE-LNO, LiFSI/MeOH

#LNO IE-LNO, LINO/H,0
—— IE-LNO, LiNO,/MeOH

Intensity

S
1|0 1|5 éo 110 2IO 3'0 4|0 50 GIU
20[] 26[°]
Figure S1. XRD patterns of a) NNO premix [Ni(OH), and NaOH heated at 300 °C for
10 h], b) NNO prepared at 450, 600, and 700 °C for 6 h, ¢) IE-LNO from LiNO3 before
washing, and d) IE-LNO from LiFSlI, LiTFSI, and LINO; washed with water or methanol.
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Table S1. Elemental analysis results for NNO and IE-LNO washed with water or hot

6 Appendix

methanol in molar fractions relative to nickel.

NNO-600 IE-LNO water-washed | IE-LNO methanol-washed
[mol % rel. to Ni] | [mol % rel. to Ni] [mol % rel. to Ni]

Lithium - 0.92(1) 0.93(4)

Sodium 1.11(3) 0.094(3) 0.088(3)

Oxygen 2.09(19) 217(21) 2.22(22)

Nickel 1.00(1) 1.00(1) 1.00(1)

Table S2. Rietveld refinement results for IE-LNO and SS-LNO reference samples.
alA) c[A] VA3 Zo Substitutional | Reragg

defects [%] [%]

Water- 2.8748(2) | 14.2001(2) | 101.634(9) | 0.2598(3) | 5.0(8) Na; 1.75

washed

Methanol- | 2.8806(9) | 14.2357(7) | 102.300(8) | 0.2610(2) | 3.6(5) Nay, 2.37

washed

Water- 2.8798(4) | 14.2032(4) | 102.009(4) | 0.2588(2) | 4.9(2) Ni, 1.32

washed &

annealed

(600 °C)

Exchanged | 2.8759(2) | 14.1986(23) | 101.757(16) | 0.2586(3) | 3.83(7) Na, | 3.31

once

Exchanged | 2.8784(6) | 14.1990(67) | 101.937(62) | 0.2573(11) | 2.87(8) Na, | 4.13

twice

Reference | 2.8732(3) | 14.1853(3) | 101.420(3) | 0.2586(2) | 1.7(2) Nig 1.83

LNO

Reference | 2.8775(3) | 14.1976(2) | 101.808(2) | 0.2590(1) | 2.5(1) Ni, 1.33

LNO 1.0%

Na

Reference | 2.8779(2) | 14.2024(2) | 101.874(2) | 0.2581(10) | 2.8(1) Nig 1.35

LNO 2.5%

Na
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Figure S2. a) Initial charge/discharge curves at 0.1 C rate and b) corresponding
second-cycle differential capacity curves for IE-LNO exchanged/washed with
LiFSI/MeOH, LiTFSI/MeOH, LiNO3/H,0O, LiNO3/MeOH, and LiNOs/MeCN. c) Initial
charge/discharge curves at 0.1 C rate and d) first-cycle differential capacity curves for
undoped and Na-doped SS-LNO reference samples.

Formula of dgq and Related Description

To compare the size of the monolithic particles, both the length and width of 100
particles were determined from SEM images using ImageJ. The particles equivalent
diameter was calculated by assuming a rectangular area using the following formula:

A
deq =2 )

probably leading to a systemic overestimation of the particle size.
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[&)]

d,, [um]

NNO IE-LNO
Figure S3. Violin and box-plot particle size analysis of NNO-600 and IE-LNO.

Figure S4. Low- and high-magnification STEM/EDX analysis of NNO-600. Elemental
mapping results for Na/Ni (orange), Ni (green), Na (red), and O (blue).
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Blue - Ni**
Green - Ni**/Ni**
Red - Ni**

IE-LNO LiNO,/MeOH

Figure S5. Surface analysis of IE-LNO washed with water or methanol. EELS analysis
of oxidation state. The thickness of the layer containing reduced nickel species,
possibly rocksalt-type NiO, increased when using methanol as washing medium.
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Analysis of dg/dV Phase Transitions

In order to analyze the characteristic potential vs Li*/Li at which the H2-H3 transition
occurs, a Lorentzian fit was applied to the corresponding peak both in the charge and
discharge profiles of SS-LNO and IE-LNO. The mean value of charge and discharge
for each sample [incl. deviation from Gaussian error propagation of the error of the fit]
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Figure S6. a) Refinement quality of in situ XRD data. b) Individual XRD patterns
collected during the first charge cycle. c) Contour plot of in situ XRD data.
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was used in the present work. The same analysis was also done for the samples
obtained using the alternative Li salts for ion exchange. The results were included to

demonstrate the absence of Nif; defects for samples produced by ion exchange,
independent of the lithium source and washing procedure.
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6.2.2 Supporting Information of Publication Il: Seesaw Effect of Substitutional Point De-
fects on the Electrochemical Performance of Single-Crystal LiNiO, Cathodes

Supporting Information

See-Saw Effect of Substitutional Point Defects on Electrochemical
Performance in Single Crystal LiNiO, Cathodes

Leonhard Karger?, Svetlana Korneychuk?¢, Wessel van den Bergh?, Soren L. Dreyer?,
Ruizhuo Zhang?, Aleksandr Kondrakovad, Jirgen Janek®¢*, and Torsten Brezesinski@*
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Karlsruhe Institute of Technology (KIT), Herrmann-von-Helmholtz-Platz 1, 76344
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bInstitute of Nanotechnology, Karlsruhe Institute of Technology (KIT), Herrmann-von-
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Herrmann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

dBASF SE, Carl-Bosch-Str. 38, 67056 Ludwigshafen, Germany

eInstitute of Physical Chemistry & Center for Materials Research (ZfM/LaMa), Justus-
Liebig-University Giessen, Heinrich-Buff-Ring 17, 35392 Giessen, Germany
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Table S1. Rietveld refinement results for the various NNO samples.

Sample g;'; R[?;i”g a[A] b[A] c[A] B VA3 Impurity
NNO-450 | 14.5 | 3.12 | 5.3140(1) | 2.8421(1) | 55770(2) | 110.441(2) | 78.92(1) .

NNO-600 | 15.2 | 3.19 5.3158(1) 2.8419(1) 5.5779(2) 110.482(2) 78.94(1) -

NNO-700 | 13.1 | 2.67 | 5.3173(1) | 2.8424(1) | 5.5789(1) 110.485(1) | 78.99(1) -

NNO-750 | 11.6 | 2.45 | 5.3193(1) | 2.8429(1) | 5.5800(1) | 110.490(1) | 79.04(1) -

NNO-

soorpm | 159 | 437 | 5:3016(42) | 2.8527(21) | 55745(48) | 110.237(60) | 79.10(4) -
lc\)”\:(\?v- 178 | 5.06 | 5.3210(6) | 2.8451(3) | 5.5833(9) 110.464(3) | 79.19(2) NiO
B";%’ 122 | 3.61 | 5.3204(4) | 2.8467(1) | 5.5834(6) 110.442(2) | 79.24(1) -
':";‘)Sv' 139 | 516 | 5:3179(12) | 2.8523(6) | 5.5891(12) | 110.302(18) | 79.51(1) NiO
NNO- NiO,
oow | 120| 466 | 5.3181(9) | 2.8475(4) | 5.5834(120) | 110439(2) | 79.22(1) wo,

) l(\)l\ll\JV(—)F;C 168 | 3.16 | 5.3096(15) | 2.8433(8) | 55744(21) | 110.376(7) | 78.89(2) WO,

Table S2. Specific capacities and gas amounts obtained in DEMS measurements.

PC-LNO IE-LNO- IE-LNO- PC-LNO (less | IE-LNO-2.0W-PC
2.0W-PC 2.0W-PC-Mg | electrolyte) (less electrolyte)
1st-cycle gen
242 218 210 241 232
[mAh/ginol
1st-cycle qqis
207 192 172 206 206
[mAh/gino]
2nd-gycle qen
205 190 177 203 216
[mAh/gino]
2nd-cycle guis
201 185 176 195 204
[mAh/ginol
1°-cycle CO, 6 64 40 1 76
evolution [umol/g no]
2n-oycle CO; 4 18 11 10 12
evolution [umol/g no)
Total CO; evolution 10 82 51 21 88
[Hmol/gino]
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Potential vs. Li+/Li
w
(=]

—— Annealed w.o. Li
—— Annealed with Li

0 2'0 4'0 GIO 86 160 1&0 11I10 1éO 150 2(IJO 250

Capacity [mAh/g]
Figure S1. First-cycle voltage profiles of LIB half-cells using the IE-LNO cathode
material calcined at 700 °C for 12 h (red) and 40 h with addition of 10 mol% LiOH-H,O
(blue).

b 'Bkgrrfmeat e "

Figure S2. (a,d) STEM and (b,c,e,f) EDS results for FIB-cut IE-LNO-700 (a-c) and IE-
LNO-600rpm (d-f).
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Figure S3. Voltage profiles of LIB half-cells using the IE-LNO-450 cathode material
cycled in a potential window of 3.0-4.3 V vs. Li*/Li (black) and 3.0-4.8 V vs. Li*/Li (red)
at C/10 rate.
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Figure S4. Examples of Rietveld analyses with representative impurities occasionally
observed in NNO and LNO. (a) NNO-1.0W, (b) IE-LNO-1.0W, (c) NNO-2.0W-PC, and
(d) IE-LNO-2.0W-PC.
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Figure S5. Example of loss separation into kinetic hindrance and high-voltage
degradation. (a) Differential capacity curve for IE-LNO-700 with indication of the
“alignment point” at ~3.9 V vs. Li*/Li chosen for aligning charge and discharge profiles
to extract the respective first-cycle capacity losses. (b) Aligned voltage profiles.
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Figure S6. PXRD patterns and corresponding results from LeBail analysis for the Mg-
doped NNO samples. (a) Selected patterns and LeBail fitting results for (b) S, (c) a,

and (d) b.
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It was attempted to produce a Na-site (Li-site for LNO) doped NNO material by
introduction of Mg?* ions. Magnesium-doping changes the lattice parameters of the
parent NNO. Increasing amounts of doping reduce the monoclinic distortion. This
behavior is in line with magnesium introduction into the transition-metal site (Ni-site),
as opposed to the desired Na-site doping. Therefore, to introduce magnesium into the
lithium site, a magnesium source was utilized in the ion-exchange process, as
described in the main text.

a4 0.0010 250
——PC-LNO a c
42| —IE-LNO-2.0W-PC 1 o0 g %
——IE-LNO-2.0W-PC-Mg £ 200
5 401 0.000( > % @
5 g 8 <
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g 3.84 -1 E-CI 000! 8 e
k] g | %
z - . -t o
§ 36 g 0.001! £ 100
< = 2
| =]
34 -0.001: o
—— IE-LNO-2.0W-PC-Mg 3 50
22 0.0021 —PCLNO & OIE-LNO-2 OW-PC-Mg
——IE-LNO-2 0W-PC OPC-LNO
OIE-LNO-2 OW-PC
30 T T T T T T -0.0025+— v 5 T T
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Figure S7. Additional information on the comparison of PC-LNO, IE-LNO-2.0W-PC,
and IE-LNO-2.0W-PC-Mg. (a) Voltage profiles (for ex-situ PXRD analysis of charged
materials). (b) Background-subtracted ATR-IR spectra collected from the as-prepared
samples. (c) Specific discharge capacities in the potential window of 2.9-4.35 V vs.
Li*/Li with an initial rate test [C/20, C/10, C/3, 1C, 2C, and 5C (two cycles each)] and
C/3 for long-term testing.
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Figure S8. Results from GITT measurements conducted on LIB half-cells using (a)
PC-LNO, (b) IE-LNO-2.0W-PC, and (c) IE-LNO-2.0W-PC-Mg with C/20
charge/discharge pulses for 30 min and 4 h rest time in between the pulses.

SI-6



6 Appendix 136

a — raw data b I — raw data c — raw data
— refinement refinement — refinement
o — difference ! — difference — difference
3 |
8 '
2
‘»
C
V]
€ | [N Il
|H3 phase |H3 phase |H3 D‘ hase i I
5 10° 156 20 25 30 6 10 15 20 25 30 5 10 15 20 25 30

28] 26[] 26[°]

Figure S9. PXRD patterns and Le Bail plots for (a) charged PC-LNO, (b) IE-LNO-
2.0W-PC, and (c) IE-LNO-2.0W-PC-Mg cathodes, with tick marks indicating the
hexagonal H3 phase.
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Figure $10. CO, evolution for (a) IE-LNO-2.0W-PC and (b,c) PC-LNO as measured
via DEMS in LIB half-cells with less electrolyte volume resulting in sharper gas
evolution peaks.
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Table S1. Rietveld refinement results for NNO-W and Na-NCM-W samples.
Sample Phase | wt% | Rwp | Reragg alA] b [A] c[A] Bl VA%
[%] | [%]
NNO-W c2/m 100 12.0 4.66 5.3181(9) 2.8475(4) 5.5834(120) 110.439(2) 79.22(1)
Na- Caim 78 | 169 | 512 | 5.2700(8) | 2.8547(4) | 55499(7) | 110.064(10) | 78.43(2)
NCM95-W | R-3m 22 495 | 2.9503(8) 15.6751(92) 118.16(10)
Na- Cc2/m 20 148 | 479 | 5.1163(19) | 2.9565(12) | 5.5163(10) 107.966(3) 79.37(5)
NCM90-W | R-3m 80 473 | 2.9570(4) 15.7244(30) 119.07(4)
Na- c2im 9 17.8 | 4.48 | 5.1262(20) | 2.9520(12) | 5.5248(11) | 108.046(3) | 79.49(5)
NCM88-W R-3m 91 5.61 2.9560(5) 15.7271(49) 119.01(6)

Size Analysis

Size analysis was conducted as follows: For each material, length and width of 200
particles were determined from SEM images using the ImagedJ software. The
equivalent diameter was calculated as the diameter of a circle with the same area as
the product of length and width.
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Figure S1. First-cycle charge/discharge curve of IE-NCM90 at C/10 in the potential

window of 3.0-4.3 V vs. Li*/Li.
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Figure S2. Example of refinement quality (for operando XRD results).

Figure S3. Scheme for the definition of a* as calculated for the operando XRD
refinement. For better comparison of the lattice parameters obtained for the refinement
of the monaoclinic (C2/m) phase, a was converted into a*. As can be seen, a*

corresponds to the projection of a onto the next Ni atom in accordance with the
VaZ+b?
-

definition in the hexagonal (R—-3m) phase. The formula for calculating a* is: a* =

SI-3
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Figure S4. Comparison of monoclinic distortion parameters: (a) a*-b and (b) B from
operando XRD refinement of IE-LNO-W and IE-NCM95-W.
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Figure S5. Volumetric strain at the lithium positions calculated for an NCM88 model.
The underlying Ni-O lattice is depicted as gray polyhedra, while the lithium sites in the
Li layer are indicated by circular markers that are colored according to the
corresponding color map.
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6.2.4 Supporting Information of Publication IV: Protective Nanosheet Coatings for Thio-
phosphate-Based All-Solid-State Batteries

Supporting Information

Protective Nanosheet Coatings for Thiophosphate-Based All-Solid-
State Batteries

Leonhard Karger, Barbara Nascimento Nunes, Yuriy Yusim, Andrey Mazilkin, Ruizhuo
Zhang, Wengao Zhao, Anja Henss, Aleksandr Kondrakov, Jirgen Janek* and Torsten
Brezesinski*

L. Karger, Dr. B. N. Nunes, Dr. A. Mazilkin, R. Zhang, Dr. W. Zhao, Dr. A. Kondrakov,
Prof. J. Janek, Dr. T. Brezesinski

Battery and Electrochemistry Laboratory (BELLA), Institute of Nanotechnology,
Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, 76344
Eggenstein-Leopoldshafen, Germany

E-mail: torsten.brezesinski@kit.edu

Y. Yusim, Dr. A. Henss, Prof. J. Janek

Institute of Physical Chemistry & Center for Materials Research (ZfM/LaMa), Justus-
Liebig-University Giessen, Heinrich-Buff-Ring 17, 35392 Giessen, Germany

E-mail: juergen.janek@phys.Chemie.uni-giessen.de

Dr. A. Mazilkin

Karlsruhe Nano Micro Facility (KNMPFi), Karlsruhe Institute of Technology (KIT),
Herrmann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

Dr. A. Kondrakov
BASF SE, Carl-Bosch-Str. 38, 67056 Ludwigshafen, Germany
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Figure S1. SEM analysis of the attempted nanosheet dry coating (1 wt.% h-BN) of
single-crystalline NCM831205, as described in the main text. (a) Low- and (b) high-
magnification images. The CAM was received from BASF SE.
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Figure S2. Examples of Rietveld refinement quality for (a) WS2-NCM and (b) hBN-
NCM. Experimental data are shown in black, fits in red and difference curves in blue.
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Figure S3. Cycling stability and rate performance testing of uncoated and nanosheet-
coated NCM CAMs in LIB coin cells at 25 °C in the potential window of 3.0-4.3 V vs.
Li*/Li (five cycles at C/10, 1C, 2C, and 10C each, followed by 10 cycles at 1C). For
each material, three cells were tested and the data averaged.
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Figure S4. Long-term cyclability of Nb-NCM in SSB cells with LPSCI electrolyte. Rate

performance testing with two cycles each at C/10, C/5, C/2, and 1C, followed by cycling
at C/5. The error bars represent the standard deviation from two independent cells.
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Figure S5. (a, e) Low-magnification TEM images of WS2-NCM with areas chosen for
further analysis indicated by dashed red squares. (b, f) HRTEM images and (c, d, g, h)
FFT patterns.

Panel (a) shows a low-magnification TEM image, with the dashed red square denoting
the area used for high-resolution imaging [HRTEM, see panel (b)]. The phases present
in the sample were analyzed by fast Fourier transform (FFT). FFTs from both the
subsurface and surface of the secondary particle are shown in panels (c) and (d). The
FFT pattern of the subsurface can be indexed to layered NCM (R-3m space group),
while that of the surface is indicative of hexagonal WSz with space group 194 (ICSD
entry 202366). Another feature found in the structure is presented in panels (e-h).
Panel (g) is the FFT of (e). The pattern contains several sets of reflections from
different phases. The analysis revealed that two sets belong to the NCM phase; they
are denoted by green and red circles. The “green” reflections originate from the grain
at the bottom of the image with [122] zone axis. The “red” reflections stem from the
grain at the top with [552] zone axis. Additionally, two reflections, indicated by the blue
circles, belong to the layer between the two NCM grains, as confirmed by the inverse
FFT pattern shown in panel (h). The interplanar distance that corresponds to these
reflections is ~2.7 A, which best matches the (111) reflection of the tetragonal WOs
phase (space group 129, ICSD entry 27962).
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Figure S6. Comparison of normalized intensities of POz~ and POs~ fragments for
cathodes using uncoated or WS2-coated NCM after 50 cycles. The normalization was
done relative to the NiOz2™ fragment.
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Figure S7. (a) TEM analysis of exfoliated Ks4-xHxNbsO17 nanosheets. (b) NCM coated
with 5 wt.% Ka-xH:NbsO17, with a nanosheet feature highlighted by the red circle.
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