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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 dieseDoktorarbeit war es, den Kapazitatsverlust vauNiO, (LNO) und verwand-
ten LiNi,Co,Mn:O, (NCM) Kathodenmaterialienmit Schichtstruktur im ersten Lade/Ent-
ladezykluszu verstehen und die spezifischen Einflisse der Materialeigenschaften, wie Par-
tikelgré3e, Zusammensetzungund Defektdichte, zu entschlisseln. Das Projekt fihrterzu
Entwicklung einer neuartigenHerstellungvon LNO undnickelreichemNCM, die von der
ublicherweise verwendeten Festkérpersynthese abweicht, da mit diesénsatz. E-Sub-
stitutionsdefekte vollstandig vermieden werdenZunéchst warden Natriumanaloga von
LNO und nickelreichem NCM, NaNi@ und NaNikCo,Mn.O., mittels Festkorpersynthese
hergestellt Der gro3ere lonenradius von Nam Vergleich zu Ltlonenfihrt zuvollstandg
ausgebildetenNickel- und Natriumschichtenin diesenPhasen Daraufhinwurden Na*- ge-
gen Li-lonenausgetauscht, wobei perfekt geschichtetesNO und NCMentstand. Dieser
Ansatz erméglichterstmalig die elektrochemischeUntersuchung von E-freiem LNOund
nickelreichem NCM

Mithilfe der entwickelten Methodevurden Serienmonolithischer LNOPartikel mit unter-
schiedlicherKristalitgrof3e synthetisiert Dies ermoglicht dieselektive Untersuchungdes
Einflusses dePartikelgréReauf den anfanglichen Kapatztsverlust ohne Beitrage von E-
Defekten.Weiterhinwurde der Einfluss von E auf herkémmliches LNO rekonstruiert und
die Ergebnissedurch ein neuartiges duales lonenaustauschverfahren validierDie Vermei-
dung von. E-Defekten filhrte zu eineschnelleren Lithiungiffusion, resultierte aber auch
in Destabilisierung behohen Ladezustanden Dies verdeutlicht die ambivalente Rolen
. E-Substitutionsdefekten. Einerseitsstabilisieen sieLNO, behindern abeandererseitsdie
Lithiumdiffusion, wadurch die vollstandige Entladung des Materiasschwertwird. Daruber
hinaus wurde @r Einflussdes Nickelgehaltsaufden anfanglichen Kapazitatsverlugiepruft.
Eine Serie von ionenausgetauschtennickelreichen NCM-Materialien ohne. E-Defekte
wurde synthetisiert und elektrochemisch untersuchtZiel der Studie war eslen Einfluss
des Nickelgehalts auf den anfanglichen Kapazitatsverlustumtersuchen. Ahnlich wie bei
den. E-Defekten zeigen die Ergebnisseein Zusammenspiekus Stabilitit und Diffision
in Bezug auf die Ubergangsmetallzusammensetzuniin verringerterNickelgehaltstabili-
siert das Aktivmaterialim delithiierten Zustand wohingegenein héherer Nickelgehaltie
Lithiummobilitat verbessert.

Die gesamteUntersuchungverdeutlichtdie GratwanderungzwischenverbesserterMateri-

alstabilitat (Thermodynamik) und schnellerer Lithiumdiffusion (Kinetik) Materialien mit
schnellererDiffusion waren tendenziell weniger stabil und umgekehrt. Bignifikantstabi-

lisierende Wirkung von E, seltst bei niedrigerLadeschlusspannungenvon 4,3 V gegen-
Uber LI/Li, wurde zum ersten Mal in defektfreien Materialien beobachtda literaturbe-

kannte Materialien inharentefekt-stabilisiert sind Dies wirft die Frage nacter optimalen

Konzentrationund den Eigenschaften von LithiurSubstitutionsdefekten auf
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Abstract

The primary aim of this doctorgbroject was to comprehensivelyunderstandthe capacity
lossin the initialcharge/dischargecycle of layeredLiNiO, (LNO) and related.iNi.Co,Mn:O;
(NCM)cathodematerialsand to untangle the specific influences of material characteristics,
such as particle sizecomposition and defect density. The project led to an innovative
method of synthesizing LNO andNi-rich NCM, diverging from the commonly used saohl
state synthesis. This method producdayered oxidesdevoid of. E substitutional defects
by creating sodium analogs of LNO aridi-rich NCM, namely NaNi@ and NaNixCo,Mn.O,.
The larger size o$odium ions,compared tolithium ions, facilitates the formation of per-
fectly layeredphasesin these sodium analogs. Subsequentlguch phasescan be trans-
formed into welllayered LNO andNCM through an exchange of sodium ions with lithium
ions. This approach enabled the examinationmérfectly layered LNGand Nirich NCMfor
the first time.

Threesets of monolithic LNO particles with diffémg grainsizes were synthesized using ¢h
developedion exchangemethod, allowing theselectivestudy of the impact of particle size
on the initid capacity loss withoutontributions from. E defects.The study reconstructed
the influence of. E substitutional defects on conventional LNO and validated the findings
by introducingmagnesium to the lithium siteusing a unique dual ioexchange approach.
The absence of E defects led to faster lithium diffusiopbut resulted in material degrada-
tion at high potentials thus highlighting the ambivalent role of E substitutional defects
which contribute to stabiliation at high state of charge but also hinder diffusionAddition-
ally, the role of nickel conterit the initial capacity lossvas studiedon ion-exchanged NCM
materials withvariable nickel contentSimilar to the effects observed far E defects, the
study revealed a complex interplay between stabiliihermodynamics)and diffusion(ki-
netics). Lower nickel contents were found to stabilize the material at high potentials,
whereas higher nickel contentmitigated polarization during dischge.

Throughout the investigation, a tradeff between material stability and lithium diffusion
was observed. Materials with enhanced diffusion tended to be less stable and vice versa. The
significantinstability of LNQ even at low cuiff potentialsof 4.3 V vs. LiLi, was observed

in ion-exchangedmaterials for the first time Literature known material vas inherentlysta-
bilized due to the presence of E, whichobscured this property. This raisehe question

what the optimal concentration and the ideal properties lithium ion substituentsare.
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polyvinylidene difluoride

(Powder) Xray diffraction

single crystalline
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solid-state synthesis/synthesized
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1 1 Introduction

1 Introduction

Since their inception in the 1B0s and introduction to market in 1991secondarybatteries
based onthe lithium-ion technology, also called lithiurrion batteries (LIB), have become
ubiquitous in everyday live as power sources of mobile devick®ir development has been
honored with theNobel Prize in Chemistry in 2018% While portable electronic devices
were successfully powered with the initial design of a lithium cobalt oxide (LCO) cathode
and graphite anodé’] the recent emphasis on an a#tncompassing energy transition to-
wards a moresustainabk supplygenerates new demand for battery technolags that have
to go beyond the initial LCO/graphite desidf#! Therefore great efforts have been invested
in improving battery technolog with regards to volumetric and gravimetric energy density,
power densit, costeffectiveness, longterm stability, sustainabilityand safety,although
the prioritization of certain aspects can vadgpending on the intended applicatidf While
there are numerous fields in which batteries can and will be applied, the rsattors are
stationary storage and transportatiom the form of electic vehicles (E¥).*” Consequently,
most of the development has been devotet construct batteries for either one of these
applications In the case of EV$igh energy density, stability, low price and safety are para-
mount, which are also desirable properties flamg-term storage, although the emphasis
shifts from energy density to stabilitgnd price For the latter application, notelectrochem-
ical means of energy storage, such as pumped hydro energy storage, are compegnp-
nologies™ Some authors arguehowever, thatby 2030, second life ug of EVbatteries will
be sufficient to satisfy the shorterm stationary storageneeds? Either way, the develop-
ment of high-performance batteries for thd&EVsector sits at the heart of decarbonization of
the economy, and the development of improve batteries ighereforea viable goal.

Regarding improved cell designspif the negativeelectrodeside, lithium-metal anodes, ide-
ally generatedin situ, provide the maximal possible energy density!4 Therefore, several
strategies have been proposetb make lithium-metal anodes industrially viable, such as
protective surface layer§® structured current collectors!® solid-state batteries}” almost
solid-state batterie$'® and electrolyte additive$§® Anotherapproach i¢o improve upon the
commercializedgraphite anodeghroughrefined processing and morphologi#® The wse of
silicon as an anode materi&l23 either pure or blended with graphites also promising to
improveenergy density, but is plagued by extreme volume variations during cyckdSim-
ilarly, for thepositive electrodeside, new compositions have been introduced to the market
and are being developed continuousigome promising examples includeolid solutions of
various combinations ofnickel, manganese aluminum and cobalt in the layered lithium
metal oxidestructure,?>®% which when used in conjundobn yield theLiNi:=Co,Mn:0, (NCM
or NMCO)°®3] and LiNi.C0,ALO, (NCA)3* material families Alternatives aréhe olivinetype
LiFePQ (LFP)and related structuregs3¢ LiMn,O, spineF” and so-called Aigh-voltagea
spinel®® lithium-rich disordered rocksalt materials®4% lithium sulfideY! lithium vana-
dates,“243 and lithium- andmanganeserich layered oxideg*"” Beyond Ithium, other ions
have been proposeds the shuttlingagent, whichaim to lower overall material cost and
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environmental impact#4° Among thesg sodium-ion-battery (SIB) technologyvasone of
the first to findcommercial application in arEV.5%

However, brlong-range and highpower demand inEVS energy density and power density
are key parametersTo fulfil these demands, typicallizIBsare used® State-of-the-art cells
feature (i) agraphite orblendedsiliconanode,(ii) acarbonate basedliquid electrolyte and
(iii)for the cathode sideeither NCM/NCA or LFE®51 While LFP has the advantage of lower
processing cost and material priceas well as good longerm stability, NCM or NCAcells
have higher theoretical and practical volumetric andagimetric energydensities®? Never-
theless,the theoreticalspecificcapacity of ~275mAh/gcam Of the lattercathode active ma-
terials CAMs) cannot be harnessed yaetxperimentally>*54 While all NCM and NCA mate-
rials can, in principle, deliver similar specific capacitid® upper cutoff voltage limits the
amount of lithium tha is extracted and thusycled®*%4 Uponchargingto high cut-off volt-
agesthe commonly used carbonate electrolytes undergo parasitic side reactions and form
the so-called cathode solieelectrolyte-interphase,causing an increase in cell impedan&é
Furthermore, high cutoff voltages can causdoss of active materiatiue to its degrada-
tion.55%81 |_astly,some of the capacityof NCM islost during the firstcharge/dischargecycle
due to incomplete relithiation®>%¢! With an increase in nickel content, the average charge
and discharge voltages decrease, whiclcneases the specific capacities achievabigthin
the stability window oftommon liquid electrolytes®® Therefore for NCM and NCA materi-
als with higher nickel contents, secalled Aigh-nickeldor A xrighAmaterials which is com-
monly defined as a nickel content & p Z o p, thé dajs between theoretical and experi-
mental specificcharge capacity decreaseslf this trend is pushed to its extremehe pure
nickel compound, LiNiQ (LNO), canroutinely be charged t0260 mAh/g at just 4.3V vs.
Li*/Li, which is95% of the theoreticabpecificcapacityand corresponds to a residual lithium
content of 5%/

Upon discharge, about90% of the firstcycle charge capacity iseached®” This discrep-
ancybetween charge and discharge capacitycommonly referred to as firstycle capacity
loss(FCCL) In LNO, tre FCCLwas shown to banainly a result of slow lithium diffusionta
the end of dischargesuch that0% FCCLcan, in principlebe achieved witrextremely slow
cycling®8 Therefore, investigating the cause of this firsycle loss is warranted to improve
the utilization of lithium ions in Nrich NCM and NCA materialsSeveralstructural aspects
were correlatedwith the FCCL As mentioned above parasitic side reactions play a role if
materials are cycled to high cubff voltages, but do not seem to be a major factor with lower
cut-off voltages.5>% Particle sizealso has a direct impact on the lithium diffusion path
length andcould clearly becorrelated withFCCLE7596% Lastly,. E substitutional point de-
fects, which are inherently present in Nich cathodes, as a residual from their solistate-
synthesis(sst), also show correlation with thECCL!

The objective ofthis doctoral workwas to devéop a deeper understanding of theCCL
phenomenon ando disentangle the individual contributions of material properties, such as
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particle sizetransition-metal substitutionand defect densiy. The project resulted in a novel
synthesis method for LNO andNi-rich NCM, which, contrary to the widely employeskt,
yields materialsvoid of. E substitutional defects. This is achieved by synthesizing the so-
dium analogs of LNO and Niich NCM, which are NaNi©(NNO) and NaNiCo,Mn.O, (Na-
NCM). Due to the largessize of Na ions (*(Na‘) =1.0A), compared to Liions ((Li)
=0.76 A)*Y these sodium analog form perfectly layered materials, which can be trans-
formed into well layered LNO and NCM by means of sodium to lithium ion excharigg
Thismethodology enabled the investigation gberfectly layered LNO for the first tim&hree
series of monolithic LNO particles with differg particle sizes were synthesized and the im-
pact of particle size on thECCLwas studied in the absence of E defects.An optimized
IE-LNO was compared in detail to a reference materahd the resilts were validatedwith
an artificiallithium-site defect through a novel duabn-exchange approachin the absence
of . E defects, lithium diffusionat the end of dischargéecame faster, while material deg-
radation was observed at high potentials. Thus, the results indicate an ambivalencelof
defects, which on the one hand help to stag#iLNO, while on the other hanthey impede
diffusion and do notallow complete digharge of the materialFurthermore, the role of
nickel content on theFCCLwas also studied by synthesizing a seriesIBfNCM materials
without . E defects. Similar tothe impact of. E defects described above, trade-off be-
tweenthermodynamicasandkineticswasobservedwhenalteringthe nickel content.Lower
nickel contents were shown to stabilize the materiallagh SOC, but higher nickel contents
were observed to lead to more complete discharge.

The substantialstabilization achievedby the presenceof . E defects, even at low cuboff
potentialsof 4.3 V vs. I’iLi, was found indefect-free materials for the first time, as all mate-
rials previously described in the literatuege inherently sufficiently pillared to obscure this
property, as a result of their synthesis histoihis raises the question of an optimekfect,
or pillarion, concentration, as well as the optimal properties sdich pillar ions to improve
the performance of Nirich CAMs Additionally, a novel coating strategy for cathode materi-
als to be used in solidtate-batteries was developed and tested during tliiration of this
doctoral project The results othis project havebeen submitted to a peereviewed journal,
and the submitted draftcan be found in the Appendixn chapter6.2.1.Since the topic of
this initial investigation deviatesomewhat from the main theme of this doctoral thesis, it
was notincludedin the main text



2 Fundamentals 4

2 Fundamentals

2.1 Structure of Lithium Nickel Oxide

LiNiO, owes its properties as promising CAMo its layered crystal structurewhichallows
for simultaneousredox activity andelectronidionic transpott. In the following chapters, the
crystal structure of LNO isdescribed and the presence and role of different defect types is
discussed.

2.1.1Crystal Structure

Analogous to its predecessdtCO) for LIB application, LNO forms layered structureof the
h-NaFeQ type, wherein nickel is sandwiched between two layers of oxygaroctahedral
coordination®2¢3l The spaces in between these nickel oxide layers are filled with lithium
which is also coordinated inctahedral sites. Experimentally-NO adopts the rhombohedral
R03m space group as shown irFigure Ic. The oxygen stacking in this structure repeats
after three layers (AB CA BC), which corresponds to @8 (repetition after three layers)
structure according tothe nomenclature for layered metal oxidemtroduced by Delmagé
¢ R3m
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Figure 1. (a)Molecular orbital scheme of BS-Ni** octahedral complex(b) Molecular orbital
scheme of aLS-Ni¥* JT-distorted complex. Unitcell of LNO in the hexagonal phasé&3m
space group) with nickel igray, lithium in blue and oxygen in burgundigiameters of the
spheres do not correspond to the ion ragfc). Unitcell of LNO withcollinearJT-distortion
(C2/ m space group) with elongated bond axes in réd). Unitcell of LNO withzigzagJT-
distortion (P2./cspace group) with elongated bond axes in reel).

Contrary to LCQhowever, thelow-spin (LS)Ni®*in LNO should be JahsTeller (JT) active
JT-distortion describesthe instability of non-linear molecular systems with degenerate
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electronic states, causig a distortionthat lowers symmetry and splits thelegenerateen-
ergetic states,allowingthe system to adopt an overall lower energetic stateigure 1gb
showsthe JT effect in themolecular-orbital schemes of an octahedral complex and ion-
gated JT-distorted state.

Sincethe ideal structureof LNO contains Ni®*, the 3d orbitals are occupied bysevenelec-
trons. In this case, energetic stabilization is achieved by elongation alongzhgis, which
lowers the energy of thed: orbital (ag) and destabilizes the¥. . orbital (615). Density func-
tional theory (DFT)calculationsvalidate thispicture and find that ideal LNO should adojat
JT-distorted structure. Several crystal structures would fit thaxial elongation of the nickel
to oxygen bonds, as the elongated bonds can adopt sevenalered stated®® One of these
configurations is the cllinear JTdistortion, whereinall elongated bonds are oriented in the
same direction as is shown irFigure 1d, which corresponds to theC2/m space group. A
second configurationis theso-p & L L' ¢ A p TAdystarted séréci@irp, which corresponds to
the P2./c space group, axan be seenin Figure 1le Thirdly, a disproportionate structure
exists, which features random orientation of all elongated bond¥-T calculations have
shown that the energetically most favorable state would be the zigzag JT distorffon.

Experimentally, nocooperative longrangeJT distortion is observed when LNO is probed by
X-ray diffraction(XRD). Instead the rhombohedralnon-JT-distorted ARo3 /7 structure is ob-
served as stated aboveThe JI distortion is nevertheless present and causes dynamic local
distortions with domain sizes of ~1Gm and the presence of three sublattices, due to the
threefold symmetry ofRo3/m, as was confirmed bgxtended X-ray absorption finestructure
(EXAFS)measurementsand atomic pair-density fundion (PDF) studies®Y% The lack of
cooperative JT ordering is explained by fast interconversion through pseudttions of
the three possible directions of Jbased octahedral elongatiol$® However, one should
also keep in mind that truly stoichiometriciiNi,O; is, as of yetnot experimentallyaccessi-
ble andthus the discrepancy between theoretically predicted and expeemtally observed
structure may be caused by a defective sample.

2.1.2 Defectsin Lithium Nickel Oxide

In principle, aplethora of structural defectscan occur in Ni-rich cathodes such asLNO.
However, the main defects typically studied are either plamgfects (2D) or point defects
(0D)I"Y Among the planar defectstwin boundaries™ antiphase boundarie§? edge-dis-
locationd™ andfree surfaces resulting irmpurity phaseformation”* are known to occur
in pristine(uncycled) LNO. Of these defectsthe most intensively studed is most likely the
free surface, as it is highly reactiand its presence obviousThe surface reacts spontane-
ously with moisture under ambient conditions which leads to intercalation of protons near
the particle surface, as well as formation of litim residues, which are quickly converted to
lithium carbonate on the surfac&®’”l The free particle surface is further prone to reduction,
whichis accompanied by release of lattice oxygé&f. While theother planar defectsare less
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studied, their impact on electrochemical performance is generally negatesed their impli-
cations are an active area of study.’®

As to the point defects,vacancies?®®U anti-site defects®? and substitutional de-
fectsl62638384 gre the commonly described intrinsidefects in layered oxide cathodeghat

is not intentionally synthesized through foreign ion additietc. Within the group of point
defects, only. E substitutionaldefects, accompanied by. E defects for charge ompen-
sation, can be observedn LNO close to stoichiometric conditiongwhen z< 0.15 in Li
Ni-0,), as was shown by combined refinement of synchrotron and neutron diffraction
data, the latter of which is more sensitive to the lithium sudttice.285#7 The formation of
this defect pair causs the average oxidation state within thiansition-metal slab to de-
creasel®+888l thus causingthe nickel slabsize to increase, while the lithium slab size de-
creases due to tk presence ofsmaller N+ ions (r(N*, LS)=0.69 A)compared toLi*(r(Li")
=0.76 A)5U Consequently, the L-O bond length decreases while the Mb bondlength in-
creases which results in an increase in the lattice parameteand ¢, as well as theinit-cell
volume V74868813 Regarding the potential JHistortion of LNO,such defects were shown
to actasnon-distorted centers, disrupting the longange JTdistortion 4

For simplicity, within this thesisthe presence of E and. E defectsis referred toasonly

. E, while the cepresence ¢. E isimplied The role of these defects is vital to the proper-
ties of LNO, as well as those bli-rich CAMs 62951 A truly defectfree LNO was in this regard
likely never synthesized, which is due to the experimentally challenging requirements of
highly oxidizing conditions which benefit from low temperaturespaired with sufficieny
hightemperaturesneeded forreactant interdiffusion irsolid-state reactionsTo sum up, the
everpresent. E substitutional point defects affect almost every property of LNOn the
pristine material, . E defects change the magnetic properties, the structurglarameters
and theJT-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 kégiergy CAMfor LIBs The

electrochemical performance of materials is contingent on a variety of factors acudiffer-

ent length scales, which are dependent on the synthehistory. In the following chapters
an overview bthe relevant processes for the synthesis of LN©given

2.2.1 SolidState Synthesis

The first synthesis of LNO was reported 1954, simultaneous withits sodium analog NNQ
as the reaction product ohickel metaltubes with LIOH and NaOH, respectivelyt 650 -
850 °Cunderoxygen flow.*s! Whilea simila approach is still being investigate®f! the com-
mercial interest inlithium layered oxide materials of high purityas spurredthe pursut of
other synthesis methodsand by nowa plethora of synthesis optionis available.

State-of-the-art synthesisof Ni-rich CAMs relies onsolid-state-synthesiswith precursors of
transition metalsand lithium, which are mixedas powdersand annealed at elevated tem-
peratures in a flowingoxidizing atmosphere!®? Atmospheric flow is needed for mass
transport, becausebyproducts have to be removed from the reactidti®® In the case of
LNO, Ni?* has to be oxidized to Nt, for which an oxygenatmosphere 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 aee
position of LNO, while too low temperatures cause incomplete reaction and overlithiation
of LNO to form LiNiO; domains[t0-101]

While several synthesis techniques shatbe calcination conditions mentioned above, the
choice of precursorsas well as the means to mix the precursaqiis crucialand distinguishes
severalsyntheticapproaches to LNO. The simplest reaction scheme is the mechanical mix-
ing of nickel oxide with lithium oxide, hydroxidenitrideor carbonatein a mortar, mixer or
ball mill.[84102.103 Depending on the precursor morphology, too large domains of nickel pre-
cursor lead to incomplete reactiordue to slow reactioneven if the temperature is chosen
correctly, as was the case in the initial synthesis of LNO fréemge pieces of metap3°®
Therefore small nickel oxidegrains which remain in asolid state at the calcination temper-
ature,are beneficial to decrease theactiontime, 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 losglue to volatilizatiori®?

Some ndustrial processes foNi-rich materialsrely ona nanoporaus transition metalpre-
cursor (pCAM),which is synthesizedby co-precipitation in a batch feed reactd®* In the
case of LNOprecipitation of Ni(OH} is achieved by addition of alkaline solutions to aqueous
nickel salt solutiong!®! The obtainedparticlespossess aefined morphology consisting of
secondary particle agglomerates in the micrometer range, which are each comprised of na-
noscale Ni(OH) grains31%! This method allows for facile inclusion of dopants with intimate
contact between all reaction partners and is thus vextgractive for the synthesis oNi-rich
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NCM and NCACAMSs'%¢ Furthermore, gradient distributions can bachieved, which allow
to design paticles with coreshell type morphology*°” Due to the retention of the second-
ary particle morphologywhich isbeneficialfor lithiation reactionsas wellag) GE pné Uc T Heé L

electrochemical properties’®® precipitated Ni(OH). is often used as precursor for
LNO [57.59,1090111]

Another method to ensure intimateontact between the reaction partners is sglel synthe-

sis. Typically wateror ethanol soluble salts of lithium and nickel, such as nitrates, hydrox-
ides and acetatesare dissolved in water or mixtures of water and etha#®l!2'3IThe use

of additional chelating agents has been reported, but-gm@l 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 synthesisfd.NO has been attempted, which yields only
the rock-salt-type Li Nii+O. material and not layered LN®°2 However, when tlis material
is subjected to annealing conditions, as outlined abovewall-layered LNO is formed?
Therefore, one could consider mechanochemical mixing@her method to combine the
respective precursors intimately.

2.2.3 The Relationshipbetween Calcination Conditions, Particle Size and Microstructure

Key factors that govern the electrochemical performance of LNO are the crystal structure
and the microstucture/morphology. Both features are directly linked to the calcination con-
ditions and, in particular, tothe calcination temperatureAs established by the first system-
atic investigationsgi®*!®land as mentioned in the previous chapter, LNO is typica§ynthe-
sizedat areactiontemperature of ~700°C in an oxygen atmosphere. Too low temperatures
cause incomplete reaction, which is most likely réda to slower interdiffusiort’? This is not
the only reason for impuritiesn low-temperature synthess, becausethe oxygen activity
also increases as theemperatureis lowered Such conditions favor, in sufficient supply of
lithium, the formation ofoverlithiated CAMwith LLNiOs; being the most oxidized structure
that can be formed in which nickel isdrmally present as\i**.2%01161The full solid solution of
Li+-NiO:.down to LNO exists, but if lithium is supplied in exactly one equivalent tokeic
the reaction product still differs from LN@ynthesized at 700 °C°? An obvious difference
is the much smaller particle size, due to the mentioned slower interdiffusidrreactants
and reduced sinteringA second difference is the presence ofE defects, which typically
only occur in LNO far from stoichiometric conditiorf¥ As outlined in 2.1.2 such intermix-
ing effects normally occur only for samples with high edtoichiometry, but appaently the
higher oxidation potential at 550°C is sufficient to drive full oxidation of nickel to induce
true cationintermixing. Another reason forhis observation could be incomplete layéor-
mation from rock-salttype LiNi. ,O, due to the lower calcination temperature, which is the
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intermediate structure formed during calcination of LN@vith residual impurities being mis-
interpreted as intermixingdefects.[o1!

The mechanism of LMD formation was studied in detail by situsynchrotronXRDand neu-
tron powder diffraction20:117118After initial dehydration of the precursors to yield NiO and
partially dehydrated LiOH, the sokdtate reaction between the nickel and lithium precur-
sors can be separat# into three regiongi®**71The first region is the gradual lithiation of
rock-salt type NiO, which crystallizes in thé&mw3m space group, to yield Ni; yO up to

y1 0.4 101117Region |l defines the onset of the layering transition to yield a defective layered
phase that is rich in Li/Ni intermixing, opposed to E substitutional defcts*1111As the
reaction progressesthe defects in this phase heal out further until a fully layered state is
reachedin region lll, which may be when intermixing disappears, belavé@ p ol QR p Hn p n
«Ni1+0O., as described by Weber and eworkers®21011171The temperatures at which these
phases are observed are related to the specfarametels chosen to study the reaction and
may therefore varye.g.depending on the temperature ramp speed, but judging from sys-
tematic analyses of the annealing temperature, the desired toefect LNO phase is likely
only formed above 650°Cl"*"! As described above LNO can also be synthesized at lower
temperatures,but then contains defects due tooverlithiationof the materiali:®®

Too high calcinatiortemperatures also result in several structural defects, which are ulti-
mately detrimental to the materiald p S¢ T e 8 T n é With@mpiicldasd. in caltipation
temperature or too long reaction timesthe crystal structue of LNO proves unstable and
decomposes tolithium-deficient states!'*!29This could be due to the decrease of oxygen

activity,* , with rising temperatureswhich can be expressed by the following formiga
R RY R RY QY I— (1)
R RY Q fqRY Y /{RY QY T— (2)

with the oxygen partial pressurd) , a reference oxygen partial pressumg,/ 6 L UYnénnau
constant As, the specific entropyi  andthe specific enthalpyQ of oxygen, and the tem-
perature 71112 Thereforg as 7increases, the entropic term becomes more relevant and
favors the formation of Ni* and the release of molecular oxygen. Tlikecrease ofoxygen
activity is likely not the only reason for LNO decompositioseveral authors describaloss

of lithium due to the vadtilization of LiO in an environment of pure oxygen, which is sus-
pected to sublimate as the peroxide, 40, at highcalcination temperature.:2°122 For this
reason lithium carbonate, which is otherwise a common precursor REEM-type material
synthesis is not commonly used for LNGynthesis as it only decomposes and fully reacts
above 720°C, which is sutoptimal for LNO synthesis with regards torgstallinity, as well

as lithiumloss®+1% Therefore, soligstate synthesis of LNO should ideally be carried out at
temperaturesof 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 growttacoarse grained ma-
terial while sacificinglow. E defectconcentrationt759.111

When attempting to synthesizemuch larger grain sizes, up to single crys{@C)morphol-

ogy of several micronsn sizeby high-temperature sintemng, the thermal instability be-
comes more problematicand the obtained materials are oftoichiometric*?3124 An alte-
native to this is to use fluxes to grow larger grain materials, which can either protect the
sample from decomposition or assist in losemperature (~700 °C)sintering to obtainmi-
cron-sized, ideally isolated grai¥$5"2% These saltmelts have an inherent drawbaclas they
have to be washed off the O particles after sinteringultimately causng degradation of

the surface, as outlined ithe 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 techniguese.g.flux-assisted singlecrystal growth, require gost washing
step 1264128 |ndustrially, washing steps are implemented, because they help to remove re-
sidual lithium{*?®! Excesssalt has to be removed, becausé canotherwise cause gelation in
the preparation of an electrode slurfi?” as well as clogging the particles pores, which de-
creases the specific surface aador electrochemicalintercalation reactionst334 Washing
helps to removesuchresidues, which areoften present in the form of carbonateand cause
gasevolution during cyclindg*****The presence of carbaates can be explained by the high
reactivity of free surfaces even at ambient conditions, in the presence of moisture andCO
which is whysuch materials should be handled in dry or inert gas conditiofs137%39 Next

to conversion of lithium oxide to lithium carbonate, ambient moisture can also leach lithium
from the lattice v/alithium to proton ion exchange near the surfee, as idepictedin Figure

4p 6140 Thisreaction also occurs duringrashingwith water, forming a partiallyprotonated
surface layef**!I Depending on thesubsequent processingthe surface layer either still con-
tains protons during cell assemb)yf the material isnot heat treated, oit transforms into a
decomposed rocksalt type structure when increasing the dryingemperature from 80°C

to 300 °CY Upon further increase ofthe drying temperature to thecalcinationtempera-
ture (~700 °C) the decomposed surface layer undergoessolid-state reaction with lithium
from the bulk material, thugpartiallyrecovering the layered structuré?? Another method

to avoid the formation of rocksalttype NiOwhile also removing intercalated protons, is the
addition of dopants, such as baracid or certaintransition metals, to the washing solution

or the freshly washednaterialto obtain alithium-conductive surface laye#*"! |t should

be noted that the conversion of residual lithium into coatings or additional electrochemically
active phases, to avoid water exposure and the associated pitfadlsan active area of re-
search as welf46.147]
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2.2.4 Other Synthesis Methods

Alternative to the controlled synthesis by higlemperature annealing, the combustion
method, also referred tas selfpropagating heat treatment,js appealing as it is usually
faster than solidstate calcination and provides the heat needed 1aXO formation directly
from the combustion fue) whichcan beurea, starch, hydrazinggelatinor glycine48%51|n
some instancesthe combustion product is used directly as CAM,248152 while other au-
thors use the combustion to obtain a poeirsor mixture, which is then further calcined, sim-
ilar to whatis described for the segel method in 2.2.2(4U5U\When the combustion prod-
ucts are used directly aa CAM,the performance is worse than the materials obtained from
solid-state synthesisin terms ofcapacity and capacity retentiort*® 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@omising alternative to the soliestate
reaction.

Another alternative is the use of microwaves as the energy source for LNO formalfibe.
advantageis again faster reactionwhile control over the synthesis parameters is logivo
typesof microwave-assised synthesis were reported, of which one investigates the product
obtained directly from microwave irradiatiof®! while the other method employs ahigh-
temperature calcinationafter microwave treatmenf!>21%4 While the direct microwave syn-
thesis product is shown to work extremely well @&CAM(gusis >260 mAh/g), this is ambig-
uous as the phase evolution described does not allow for this capacity tadigeved, even
theoretically™®® and is therefore likely a measurement error. When compared to the other
synthesis methodssolution-based combustion igound to yield the overall best results, but
since thedate ofpublication, better results have been achieved with the sedite synthe-
sis approach®7:59.152

Autoclave synthesis under ydrothermal conditions has also been used to obtain LNGY

1591 n one instancethe solid solution of LNO with LCO was investigated, but particularly for
the synthesis of LNCGrom NiCl; the pure product could not be obtaineé® When instead

of Ni#* precursors,Ni**in the form of rickel oxy-hydroxideis used,phase-pure LNO can be
obtained, even without annealingSun and ceworkers use ths precursor and thenydro-
thermal method as a means for reaction mixture preparation and calcine the material in air
to obtain awell-layeredstructure.**® Nickel oxy-hydroxide can also be used directly as a
hydrothermal precursor fophasepure LNO®5"1%¢ Contrary to layered -Ni(OH), 1 - orr -
NiO(OH) contain nickel in the same oxidation state as LN&hich is N#*. This is achieved

by oxidizingr -Ni(OH),, e.g.with hypochlorite saltsin highly basic conditions, which yields
two forms of NiO(OH) with smallerr() or larger() interlayer spacing, as a result of interstitial
water and potassium ions in the latter ca$é’!* One method to obtain NiO(OH) is the
ion-exchange reaction from sodium to protonswvhich s 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 varie§®! Under high-pressure hydrothermal condi-
tions, NiO(OH) can then be transformed into crystalline LN®:**® The capaciy achieved
with these materialsis consistently lower thanthat of sst-LNO and also lower than LNO
obtained from the hydrothermal approach paired with annealing, as utilized by Sun and co
workers57459 One method to improve the performance of LNO obtad from direct hy-
drothermal synthesis is the inclusion of cobalt, which likely helps to reduce the water affinity
of the structure and thus drivethe reaction towardsfull lithiation.**¥ Indeed for LCO, the
hydrothermal methodyields high-capacity material whichis comparable tosst-LCO!5
Apart from the hydrothermal proton to lithium iorexchange, sodium to lithium iorex-
change can also be conducted under a variety of conditid%!4 but for LNO synthesis

no resultswere reportedprior to this doctoral project. By nowgne paperhas been reported

on the molten-salt-based ionexchange of aNi-rich NCM,with capacitiesthat are overall
lower than the materia studied during this doctoral project®t Depending on the iorex-
change conditionsthe material has to be washed after synthesis, particularly in the molten
salt-based ionexchange This makes theion-exchangetechnique challenging for the syn-
thesis of LNO, which is known to be sensitive to water exposuréis may bethe reason
why the literature reported performance afli-rich IEENCM has been lower thaits sst-an-
alogs.

Finally, several synthesis techniqueist that are specific to the formation of thin films of
LNO, rather than bulk material. Some of teetechniques are adaptions of bulk syntheses,
such as the hydrothermal approaghwhichcan either be conducted as a direct adaption of
the hydrothermal buk synthesis®! or coupled with electrochemical deposition to promote
film growth.'®® Alternatively, pulsed laser depositiofPLD) chemical vapor deposition
(CVD)and sputteringhavebeen used to obtain thin films of LN}7%69]

While several alternatives to the solgtate synthesis were proposed and tested, to date no
true contester has emerged that can deliver similar capacity $st-LNO. Indeed, of all the
alternative techniques described here, the techniques involving a final annealing step ha
alwaysshown the best capacity At least to some degree, this is caused by the decreasing
stability when moving to high nickel contents, whigbuts tight constraints on the synthesis
window of high-performance Nirich CAMs.
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2.3 Electrochemistry of Lithium Nickel Oxide

While LNOdeliversremarkably high reversible capacity, outperforming all other NEahd
NCA-type materials, it stillosesabout 10% of capacity due to kinetic limitationaddition-

ally, the introduction of LNO as a commerci&AM is hampered by itantrinsic instability.
The following chapter aims to give an overview of the electrochemistry and degradation of
LNO.

2.3.1 Pha< Evolution

Upon electrochemical lithium dentercalation, LNO undergoes a cascade of phase transi-
tions, which can beracked viaex situor operandoXRD and correlated with the charge/dis-
charge curveg®”748.15517017|f these curves are transformed to differential capacity plots,
the phase ransformationsappear as positive peaks during charge and as negative peaks
during discharge while thesingle-phase regions appear as trough3he typical phase evo-
lution of LNO is shown irFigure 2a, b. The first change in space groygorrespondng to

the second peak during charge (H¥), is the emergence of cooperativecfllinearn JT-dis-
tortion, which results irfformation ofthe monoclinic C2/m space group, due to oxidation of
nickel as well as lithiuntvacancy orderings that stabilize thelongated octahedra®172 The
next change in crystallographic phase is the loss of monoclinic distortioorresponding to

the fifth peak (MH2), which yields a hexagonal phase that crystallizes in tR@e3/m space
group with | -NaFeQ-type structure. Thigphase is commonly labeled H2 (second hexago-
nal phase) and corresponds to an 3B CA BQ structure type Upon further charging,
another phase with the same space group and structure is formbadwever, which does
featureamuch smaller interlayer spacing due to the smalled 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 (fourtixhg-
onal phase) is observed, which adopts an @BAB) structure ina distorted Cdl-type struc-
ture inthe C2/m space group®2173174 This phaseforms upon approximating the fullydeli-
thiated state, which isNiO,, and features the smallest interlayer spacing during cycling of
LNO 7317 Reversible (deintercalation was reported for all phases described above, if the
material is cycled to moderate cubff voltages!'”® However,when keeping the materiaat
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 occli®1’® Other authorsreject

the notion of nickel migration due to théighly destabilized state of nickel in face sharing
tetrahedral siteswhich would be the intermediate migration states well asdue tocom-
plete reversibity of the deintercalation reaction, even with cubff 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 $anabus
formation of H3 and H4 from H2'"® Thereforg the phase sequence may be noted dd2-
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H3-(H3-H4)-H4" or H2-H3+H4"51, depending on the assumed formation mechanism of
H4.
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Figure 2. Firstcycle charge/discharge curve of LNO in tipatentialrange of 2.9 to 4.35 vs.
Li*/Li, with crystal phase changes and kinetic hindrance regindicatedin gray (a). Second
cycle chargédischarge differential capacity plotwith lithium content of ordered phases
presentedin bold letters (b). lthium/vacancy ordered phases reproduced with permission
from reference [155](c).

Due to the change from O3 to O1 stackirduring the H3 to H4 transition the NiQ layers
have to glie, in athreefold degeneratalirection, to accommodate for tre change in oxygen
stacking. The change in stacking fold is driven by dislocations, such as screw dislocations,
which LNO can accommodate better #n, e.9.LCO, due its JRctivity*’® Such dislocation
cores can act asithium-vacancy sinks, which is why they were hypothesized to caukeg-
radation of the material™ In LNO witha low defect concentration, the H3 phase is the
main phase formed after charging to 4.¥ vs. Li/Li, while only smalfractions of H4 are
observedwithin the H3 layered structurd™ The coexistence of these two phases with
different oxygen stacking causes strain, which can be visualized as bending of the NiO
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sheets*7717 At sufficiently high. E defect concentration (37 mol%), the H3H4 transition

is not observedanymore®”® This may be explained by the pillaring effect of these intrinsic
defects, which prevent dislocation of the Nidayers,as schematically shown ifrigure 5b,
similar to the pillaring strategies developed for LEG:1#8UUpon discharge, the H3 phase

is relithiated fasterthan the H4 phase which isthe remaining phase at the cusp of trans-
forming to the expandedH2 phase!*™ This could be related to slower +#ighiation of the
NiO, 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, @Bichis the stacking
sequencein the H2 statel!"

Apart from the phase changes according to the pattern #EH2-H3(+H4), several other,
less intensepeaks are also visible in the differential capacity curve showrFigure 2b.
These transitions are suspected to correspond to thevo-phase regions betweerlith-
ium/vacancy ordered statesFrom simulating stoichiometric LNO at 0K, Mock and ce
workers predict ordered phases for.NiO, at x= 0.25(1/4), 0.4(2/5), 0.5(1/2), 0.625 (5/8)
and 0.75(3/4),2%I which are shown irFigure 2c, while other authors predict additional sta-
ble phases atx=0.33, 0.6 and 0.83%2 and x=0.125, 0.33, 0.5, 0.6, 0.67, 0.83 and
0.875 .81 When increasing the temperature, some of the miscibility gaps in the models
close and solid solutions appear inghrange from 0.5 to 0.75!%% Experimentally, these
lithium orderings can be observed byagic-angle spinning (MAShuclear magnetic eso-
nance (NMR)spectroscopy*®+18l and electron diffractiori® The NMR measurements
show the presence of the ordered stated x=0.25 and 0.51%" as well asx=0.4, 0.6 and
0.75184 while no close agreement between predicted and observed NMR shifts was found
for x=0.33. From electron diffraction patternsDelmas and coworkersidentified the or-
dered states of x=0.63, whichlies in the predictedmonoclinic region from 0.5 to 0.7526
andof x=0.25, 0.33and 0.65 .15l

The abovedescribed orderingdound by Mock and ceworkers, 1/4, 2/51/2, 5/8, 3/4, coin-
cide with the single-phase regions (minima) observed in the differential capacityrve
shown inFigure 2b, to whichthe trivial states ofx=1 and 0 were added. The labels added
in Figure 2b do not perfectly correspond to the lithium content found electrochemically, but
rather ae tentative correspondences between the predictions for stoichiometric LNO and
the chargédischarge curves of LN@roduced bysolid-state synthesis. As outlined in the
synthesis section, LNQreparedin this way is inherently defectiveand the. E point de-
fects may change the positionn the charge profile and the energetic stabilization lith-
ium/vacancy ordered statedn close proximity to such defects, up to six lithium vacancies
may be trapped energetically, as the local strain induced b substitutional defects raises
the zerapoint energy of relithiation!*®® 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 déhiation (lowerx values).In the presence ofithium
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pinning substituents the opposite effectshould be observedbecause in this cas¢he ef-
fective lithium concentration available foformation of lithium/vacancy ordered states
would belower. The presence of eithginning featurealso decreases the domaisizes that
are available to establisfully ordered phasesas thepinning sitesforce lithium or lithium
vacancies into speci€ positions in the crystal latticethus destabilizing the ordered states
and smoothing the obtained voltage profil@herefore,an increas in. E defectsresults in
smoothed voltage profiles, shifts of phase positionand promotes solidsolution behavior,
as observedexperimentally and in simulatiorischematicallydepictedin Figure 5a, d).56:1%]

In addition to theseeffects, the first peak observed during charge is particularly affected by
the . E defectfraction, due to the importance of lithium diffusiofior the deep dischargeof
LNO. The impact of [ defects on the presence or absence of thparticularfeature is dis-
cussed in the next chapter.

2.3.2 Lithium Diffusion in Lithium Nickel Oxide

The movement of lihium in the h-NaFeQ,-type structures LiNiO,, LiCO, and LiTiS, with
octahedral lithium environment is simildf®*¥Lithium jumps to a neighboring interstitial
tetrahedral site, from whicht jumps againto an adjacent otahedral $te, as depicted in
Figure 3al’® The chemical diffusion coefficientO , can therefore be expressed as the
product of the jumping coefficient [}, and a thermodynamic factorg, according to thefol-
lowing formulas

0 Og (3)
g — 4)
O 1 EFG-B ipo O (5)

with the chemical potential of lithium , the lithium content in LMO. x, the number of
diffusing lithium ions A, the time ¢t and the /th displacement after timet labeledip O .19

According totransition-state theory, the rateRwith which lithium ions jump to neighboring
sites can therefore be calculated as

Y LA @B ©)

with U being an effective vibration frequency andO the activation barrier, which is the
difference between thdransitionstate and the ground state from which diffusion begifts?
Diffusion of lithium ionsthus depends on the temperature of the systenthe chemical po-
tential of lithiumand the activation barrier.

When cycling Nirich CAMs, the regionof 20-70% SOC (delithiation) is usually unproblem-
atic with regards tcstability and lithium diffusiori*®? However, kelow and above tlsregime,
diffusion plays a crucial rolas ratelimiting.*8>1%2 |[n thelow-potential regime at the end of



17 2 Fundamentals

discharge, the lithium content in the material increaselhe activation barrier depends on
the lithium content, as the barrier to diffusion increases with increasing lithiatievhich is
caused byfilled lithium sites adjacentto the tetrahedral junping site, whichraisesthe en-
ergy level of lithium in tetrahedralaordination, as is shown iRigure 3b, c.'*@ This causes
sluggishdiffusion at the very end of dischargevhich can be measured ascreasingpolar-
ization®® Capacityis lost in theso-called kinetic hindrance (KH) regiomepending on dis-
chargerate. Upon slow cycling, a plateau peakin dg/d 1 will be visible in that region (34
3.6 V), which immamed KH peak, as shown ifrigure 2a, b, which doeshowever, only par-
tially recover undeslow cycling (C/10and even under extremely slow cycling (C/5@pes
not lead to full lithiatiori®

Thedegreeof polarization(capacity losg is dependent on thdractionof . E substitutional
defects™® Througha combination of experimental and theoretical work, Xiaod cowork-
ersconclusively showed that an increase in E affects the reversible capacity obtaineat
the end of discharge. They arguhat this is, as outlined aboveaused byoccupation of the
neighboring octahedal lithium site (gate site and its respectiveneighbors which dictate
the diffusionproperties because tle average occupation of the gatsite depends on its re-
spective surrounding$® The presence of E in these gate dies increases the energetic
barrier to diffusionand the defects are completely immobile, thus exhibiting roughly the
same effect as three additional lithium ions on adjacent diffusion patlisWhile this may
be true,. E defects canaffect the end of dischargethrough another mechanism As
demonstrated by Sicolo and cavorkers, the fredithium-vacancy content cannot simply be
calculated fromthe lithium contentx (and the occupied E sites), as the E point defects
themselves alter thalensityof free vacancies through trappings described in the previous
chapter and shown ifFigure 5f .89 Eachpoint defectcan, in this fashion removesix lithium
vacancies from he defectfree regions, causing an earlier onset of the low diffusion regime
due to high lithium concentrationsLithium/vacancy ordered states may further complicate
the picture, as they can alter the energetic state of the initial diffusion posito thus
change the activation energy
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m

Figure 3. Scheme of lithium diffusion through tetrahedral sites in a lithium layered oxide (a).
Comparison between lithium diffusion in dilute (blue) and nalilute (orange) conditions (b).
Energy diagram and scheme of lithium diffusion through tetrahedraiesi using the color
code frompanelb (c).

At high SOCjncreasing polarization during charge is observethichis commonlyassoci-
ated with the decreased interlayer spacing in H3 compdre H2 and thus slower lithium
diffusion® Contrary to this, Xiao and cavorkers recently proposedhat the diffusion of
lithium from H2 to H3 phase is the limiting stepwhilelithium diffusion within the H3 phase
has similarenergy barriers to the diffusion in the expandétR state. Moreover, they argue
that defects may help in disturbing attractive 4Lii interactions that exist in the transition
regime from H2 to H3 thereby increasing the conversion rate and thuscilitating the
charge processA similar effect is proposed to occur at the free particle surface, which selp
to transform H2 to H3 phasé®® This would eplain the observation thaSC-LNO typically
charges to significantly lowercapacities (<240 mAh/g)/*?®l even at high temperatures,
compared toits polycrystalline(PC) analogs (> 260 mAh/g)5” During discharge on the
other hand, there-intercalating lithiumions can stay at theH2 phaseboundary and thus
convert the H3 phase bak to H2 without diffusing intothe H3 phase which makes the
discharge process in this regime much fast&f The predicted asymmetry between charge
and dischargehas also been observed experimentally as polarization at the end of
chargel™ The authors arguedhat a surface phase formed by thdecomposition of LNO,
which itselfisredox active, is responsible for the observed behaW&f While rocksalttype
impuritiesundoubtedly increase the overall impedance of CAlis yet to be seen whether
they also feature varying ionic condtiwities depending on theelectrochemicalpotential,
as proposed by Delmas and eworkers*” Similar to these surfacémpurities, twin bound-
aries between primary grains caralso impedediffusion through the particles, having an
overall negative effect on the cycling performan¢@

At both ends of the voltage range, diffusion of lithiubecomes slow. In the high-voltage
regime, the charge processs slower, while there-lithiation at low voltage islower during
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discharge Particularly for the largeBC-CAMSs these processes lead to worse electrochem-
istry when compared to theiPC counterparts.® Neverthelessthe PC materialsalsosuf-
fer from diffusion limitations, particularly dtigh current rateg!*#

2.3.3 Degradation ofLithium Nickel Oxide

After delithiation LNO becomes less stable, evident from the lowering decomposition tem-
peraturelt’41951%€ Eor example,when LNO iskept at highSOC(4.5V vs Cs/LikCs ) for 18h

at 80 °C it partially decomposes to rocisalttype 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 evolutbn from electrodes can be measuredzadifferential dectrochemicalmass spec-
trometry (DEMS, also labeledn-line electrochemicalmass spectrometry OEMS)197199 |n
the case ofNi-rich CAMs cycled in LIBLO; is the gas that is observed in highest quanti-
tiesl*70200 There are three distinct pathways through whicBO, may form in a battery
cell01202] Firstly, as mentiomd in chapter 2.2.3, lithium residualssuch as lithium car-
bonate, are present on tle surface oNi-rich materials, which decomposéither chemically
or electrochemicallyand form CQ mostly during the initial cyclé?®? Secondly, the Ni-rich
NCM and LNO latticecan release reactive oxygen during cycling®® which can also be
monitored directly by DEMS, but mostly reacts with the carbonatb@sed electrolyte to yield
CO,.l203e0s] | astly, the electrolytesolvent can decompose electrochemically, which for a
typical solvent such asethylene carbonate occurs at potentials of 4.6 V vs. LLi[206 0]
Therefore, the Ier process is not expected to contribute in the study of iich materials
which are typically cycledo lower cut-off potentials®®3 Only the second pocess isthus di-
rectly related to the structural properties of Nich materials although washingwhich is
typically used to remove lithium residuaendwhich alsoisrelevant tothe firstgasevolution

process can also affect the behavior of the altered surface states in LNO duelégrada-
tion [202.204,209]

Upon oxygen evolution, thenaterial surface undergoes reconstruction due to #simulta-
neous reduction of transition-metal atoms!?%5210211 |n LNQ typically more oxygen is
evolvedthan in Nirich NCM and the degradationcauses spinettype and ultimately rock
salt type NiO formation on the particle surfacd?°2122171 Gas evolution is observed in the
solid-solution regions of H2 and H3, but not during their interconversion according to one
study *” The bulk by which the inside of the primary grains is meant within the context of
this thesis,was not conclusivelyound to participate in thenigh-voltage degradation/aox-
ygen releasé?®® although, as outlinedn the previous chapter, some authors suspect nickel
migration as a bulk decomposition pathwagt elevated temperatureswhich would also re-
guire oxygen releaseThe released oxygenvould then have to diffuse through the lithium
layer to the particle surfacg!® Therefore, the bulk structure oNi-rich materiak is most
likely ot degradng and surface phenomea, as well as possiblgefect-centered decom-
position reactions, are the primary cause of degradati@n leastwith moderate cutoff volt-
ages andat low or moderatecycling temperatures.
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One aspect that mayconsolidate the conflicting viewpoint®f stable bulk, but longterm
instability and rocksalttype formation, is the transformation of bulknaterialto free surface

by consecutive exposure of new particle surfaces through operation in electrochemical
cells. Continuous surface exposure can happen marious ways and while some mecha-
nisms are relevant for all morphologies,ithso-called &racking behaviodis different for PC
and SCmorphologies

Irrespective of the particle morphology, the CAM surface may be attackedldgching
agents formed from he electrolyte as schematically shown ifigure 4g. An example of
this mechanismis the formation of HF from the commonly used LiRFsalt and residual
moisture in the electrolyte, according to the following reactions:

, B0 (/P , & ¢(&0/K& 7)
. EROP , & 0& 8)
0& (/P ¢ (&0 /& [ 9)

Apart from residual water in the electrolyte, tHeachingagents may also form during cy-
cling, e.g.from carbonate decomposition on the surface, or moisture adsorbedt@nhe
CAM surface?? Furthermore, hydrofluoric acidis likely also formed from othefluorine-
bearing electrolyte salts, such as LIiBP?Y Once formed, it readily attacks the particle sur-
face and dissolves transition metabns, which can then be observeid deposits on the an-
ode side220®22] Hydrofluoric acid is not the only cause tfansition-metal leachingandthe
formation of b-diketones?*! acetated??!! and even cycling in thiophosphate solielectro-
lytes??4 haveall been associated withransition-metal dissolution. The leached surface is
againexposed tothe electrdyte and likelyundergoesoxygen loss and surface densification
as outlined aboveé??!

Intergranular cracking is another procedsy which pristine surfacesre exposed continu-
ously during cycling. Nrich cathodes areknown to undergoanisotropic volume change
upon charge and discharg&*1"°"Ylwhich causes severe strain between the individual ag-
glomerated grainswhich arepresent in a secondary particle structure, ultimately leading to
pulverization10925227 Thjs procesexposes the surface of individual primary grairvehich
were initiallyprotected hy the surrounding grain&?22°1 The freshly exposedurface then
undergoes the same side reactiortbat the pristine outer surface of the secondary particle
structure underwent in the first cycleultimately converting a substantial amount of active
material to inactive rocksalt type NiO in the case of LNOAdditionally, the pulverization
leads to loss of active material due to delaminationtbé electrodes, as depicted iRigure
4a?%% Therefore, wlume-change-inducedintergranular cracking imne of the man degra-
dation pathways foPC Ni-rich materials, by exposing more pristine surface to degradation
and due topulverizationinduced contact loss??3l
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Recently, the direct correlation afycling-induced volume change to particle cracking has
been questionedas several studies reported novetactiveelectrolytes to suppress intra-
granular cracking, thereby stabilizing the active matef#& 2% Manthiram and ceworkers
hypothesized that cracking isnerely a resultof detrimental surface reactiopwhich could

be mitigated by coating or change of electrolyt@and that increased crackings not directly
related to more véume changein Nirich CAMs.2%®1 The apparent correlation originates
from increasing nickel contents allowing for high&OC at a given cubff voltageand there-
fore more reactive phases to formpaired withthe increasedproclivity of Ni-rich CAM sur-
facesto release oxyger®>4 If thishypothesisis correct, theefforts to stabilize LNO should
focus onthe semndary particle surfacerather than bulk doping to mitigate volume change
and phase transformationsHowever, 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-Nch CAMs.

SCNi-rich CAMs consistof singleisolatedgrains. In such systens, ntergranular cracking is
per definition not possible and the growth of large primagrticlesisthus an attractive sta-
bilization strategy forNi-rich CAMs501232371 The |arger grainsstill exhibit intragranular
cracks, which can reach from microcrack formation to splitting of the whole graas is
shown inFigure 4e, {89231 Similar to other microcracks, intragranular cracks are visible af-
ter charging to high cutoff potentials and/omprolongedcycling®®2° This process Bo oc-
curs in PCCAMsand was correlated with oxygen release, but it is challenging to discern the
contributions of eachdegradationmode to the overall fadingn PC materials®?*® One cause
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of intragranular crack formationywhich would favor their presence in SC materia inho-

mogeneous lithium distribution and subsequent microstraifi® Once formed,intragranu-

lar cracks also lead to renewed surface reactiyéyg described abovebut only if the crack is

connected to the particle surfaceas otherwise the electrolyte has no access to the exposed

surface, as is shown ifrigure 4d. An internal crackwhich results in theformation of a void

that grows and shrinks withthso-p é L L ¢ Ap A T¢c e UGHn&8apdep UGep SéT
cles, shouldthus not causesidereactions and capacity losg:or this reasoninterior cracks

are deemed stabilizedand could be the key to stable operation of SC CARA1!
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Figure 5. Schematic represetation of the discussed impacts adithium-site doping. Diffu-

sion enhancement at phase boundaries (a). Inducing saaution behavior (b). Mitigating
interlayer collapse (c). Hindering layer gliding (d). Change of interlayer separation distance
(e). Vacacy trapping and ordering disruption (f). Increasing diffusion path length due to
physical barrier (g). Lowering the overall intercalate inventg@ry

Apart from microcrack formation, Gding of the transition-rmetal oxide sheets which is
schematically siown inFigure 4c, can also expose reactive surfaces to the electrolyte at
high SOC. Uponreachinga high SOC, the oxygen stacking sequenctends tochange from

O3 to 01, 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 Ro3m structure 8 While such gliding motions are mostly reversible, not all layers
return to their original position, leaving a slightly defective discharged statkich can cause
microcrack formation at the surfaceEach cycleexposesfresh surfaces on the prticles,
which weredescribed forSC but presumablyalsoexist in PC CAMs. The conditions under
which gliding, rather than cracking, occurs are not yet conclusively understoBdand ce
workers hypothesize that oxygen vacancies are key to tineplane dffusion of transition-
metal species, which is necessary for reversible glidifigThey validate these finding by
cycling oxygendeficient and oxygenrich SC-NCMs at different temperatures!” At low
temperatures more cracking is observeth both materials while the oxygenrdeficient ma-
terial undergoes reversible gliding at elevated temperatuf@sFor LNO, oxygen-deficient
structures with true oxygen vacancies ay@owevernot known in the pristine state and may
only form asa surface-degradation product®?® On the other hand, simulations by Sa-
dowski and ceworkers identify screwdislocationsas possible transition states for layer glid-
ing at high SOC"® In this casethe stiffness of the materials an important metrig and
softer materials favor gliding, whereas more stiff materiashd to crack*”® This could also
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explain theobservation, that cycling at louemperatures is correlated withricreased crack
formation, because the matrialscan beexpected to be stiffe. When comparing LNO to
LCQ, they find that LNOfavors gliding andcan adopt the distortedransition state more
easily due its JIdistorted microstructure*’® Another aspectthat needs to be taken into
account when judgingthe reversibility of glidingis the stability of thenewly formed Ol
stacked domain, which may require more activation energy for its lithiation than @&
stacked H3 phasé™ 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 rantercalationinto the Ol-stacked H4 phase which is likely een
more energetically unfavorable when larger sodium ions havésantercalated?*? Another
hypothesis would be the degradation of the H4 phase g.to a defective spinel structure
and subsequent prevention of gliding back to the original layer position ia dischargecy-

cle. However, the electrochemistry and properties of NNO a@ fully understood not least
because of less interest in NN@ue its significantly lower specific capacity, as is discussed
in chapter2.5.

The degradation mechanisms of Nich CAMs all seem to centeraround thefree particle
surfaces as the driveof degradation.Such surfaces arevery reactive particularly at high
SOC,and undego redox reactions with their environment by gassing and/or direct reaction.
During cycling, the bkt material can be exposed as fresh surfacega transition-metal
leaching, intergranular cracking, intragranular cracking alagrer gliding. Of these mecha-
nisms, glidingand intragranular cracking aréhe only mechanisms that mightaffect 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

TheNi-richNCM and NCA material families can be considered as chemically modified LNO
Each dopantthereby alds specificpropertiesto the obtained CAM Apart from theestab-
lished dopantsmanganese, cobalt and aluminungther elements have also been used
alter the electrochemistry of LNOThe following chapters highlightommonly useddo-
pants, theircorresponding position in Nrich CAMsand their impact on the electrochemical
behavior.

2.4.1 Substitution on the Nickel Site

Historically the interest in layered mal oxide cathodes started with the material LCO,
which crystallizes in the same space grogs LNO®! As such, i comes as no surprise that
the full solid solution LiNCo; 0. can by synthesized*3245 wherein cobalt and nickel oc-
cupy the same crystallographic site, as shownHigure 6, althoughcobalt atoms tend to
cluster accordingo NMR results?¢! Due tothe smallerLS-Co**ions (r(Co*, LS)=0.545 A
vs. r(Ni*, LS) =0.56 A), which are also thermodyamically more stable, the layering im-
proves with cobalt substitution and fagl 0.8,. E defects are fully suppresse:3244.247.248]
Cobalt-doped LNO deliversa specificdischarge capaciy of up to210 mAhg with 4.3 V vs.
Li*/Li cut-off and 26 mol% Co contentput suffers from similar instability issues as LN&
Cobalt introduction was further reported to enhance lithium diffusion, but the results could
not clearly be separated®m the reductionin. E substitutional defect concentrationl

Manganeseg on the other hand increases the. E defect density and can induce, E for-
mation in thetransition-metal layer® However, contrary to LCO, the layered LiMn@om-
petes with the formation of other lithim manganeseoxide phases and is only formed under
careful reduction of MnQ@or ion-exchange reactiorand decomposesupon electrochemical
cycling.?512521 Therefore the solid solutionLiNisMn; ,O- only exists for & 0.5. With the in-
troduction of excesslithium, layered phasesre observed fob<0.5 due to the mixing of
LNO with LiMnVOs, rather than LIMAO,.?>%% The favored formation of overlithiated
phases when working with considerable Mn contentss exploitedin the sacalledlithium-
manganeserich layered oxides, which promise reversible capacities beyadhdse ofthe
NCM and NCA material familie®® When Mn contents are limited td=0.75-0.95, good
capacities can be obtaine@nd the materiad showmore isotropic volume change (meaning
that qpc/ guais closer to 1¥%42551 Adding manganesealso decreases the averagackel oxi-
dation state by being oxidized to Mfi, and may allow to synthesize higlienergy cathode
materials in &, rather than pure oxygen, which is normally needed to fully oxidize ni¢k@l

The last dopant to complete the industrially relevant NCM and NCA seriealisninum.

Aluminum can substitute nickel in LNO without changing its oxidation stateut is contrary
to manganeseand cobalt, redox inactive!®® Substitution results in mateals with lower ca-
pacity and higherFCCL, although aluminumis lighter thannickeland improves the cycling
stability slightly, thus compensaing for some of the energy losg%” 251 The introduction of
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aluminum is usuallyonly achieved with ceprecipitation, and even in this caset segregates
within the slabs??2 The. E substitutional point defects are not improved by aluminum
introduction and theFCCLincreases?*”! The main advantage of aluminum seems to be its
beneficial effect on surface stabilityesulting in less gas evolutiaf#”

When used in conjunction, these dopants yiediICM- and NCAtype materials. Upon in-
creasing the nickel content, thaverageredox potential is lowered, which allows to cycle to
higher SOC at a given cubff potential’®*5424 Therefore, Nirich materials were long
thought to be less stabl¢®! but more recent results suggeshigher stability of Nirich
CAMsif capacity-limited cycling is used?54254 However, this comparison alsbasits draw-
backs if one considers the redox inactivity oertain dopants, such aaluminum, and the
higher cutoff potentials that likely induce more undesirable side reactiomesulting in a
falsesense of instabilityof low-Ni NCMs.

Other nickel sitedopants, such as Tips5264.265 Fgl266 L2681 or Cy 1269 have also been tested for
the transition-metal sitesandare actively pursued in conjunction with manganese and alu-
minum in an effort to makecobalt-free NCM inspiredCAMs.2® While synergetic effects of
multi-constituentdoping might be exploited?’Y single dopant effect studies arlkelya bet-
ter way to delve into the #ect each individual constituenoffers.

2.4.2 Substitution on the Lithium Site

Modification of the lithium siteoccupation through introduction of sep é L L ¢ Ap ASHL L & T
which are introduced to prevent extreme interlayer collapse, as schematically showsign
ure 5c, has been investigatedA classic example of this approach is magnesium doping.
Magnesium is stable inthe 2+ oxidation state and is slightly smaller than lithium
(r(Mg?*) =0.74 A vs. r(Li") =0.76 A)*4 Therefore, its addition to the synthesis of LNO is
commonly accepted to lead tmccupationof the lithium sites?’2®74 Upon closer inspection
of the substitution pattern, it was observkthat only after the magnesium ontent exceeds
1.7mol%, itis added to the lithium site as ¢ , while the first 1.7 mol% end up in thean-
sition-metal site as= C . This finding elucidates the complex substitution patterns that can
emerge with such dopants and that careful evaluati@f the crystal structure is necessary
to judge the position of any dopant in Nich CAMs. The addition of magnesium was shown
to slightly suppress. E formation from 2.4mol% to 2.0mol%, while the overallithium-
site content ¢ ¢ +. E) was 3.2mol% and 5.2mol%. A characteristic sign of inclusioof

- ¢ formation was the improvement of thed/alattice parametematio, sometimes referred
to as a layering parametét’? Gallium, which is smaller thaMg? (r(G&*) = 0.62 A was
originally ntended as anickel-site dopant but was found to also exhibit a complex substi-
tution pattern, similar toMg-doping of LNO /262761 For dopants that are larger than lithium,
such as lanthanides and calcium, several reports exist that eithiim successful pillar-
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ing@”7 @89 or surface segregatior?81282 as shown inFigure 6. However, a clear understand-
ing as to whatthe maximal size fora dopantto enter the material bulk, rather than segre-
gating on the surface duringolid-state synthesis isdoes not yetexist.
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Figure 6. lonic radiiin octahedral coordination and low8pin configuratiorf¥ and reported
location within the LNO structure of@ammon additives

Conceptually, . E defects also fall under the category dithium-site dopants and have
many parallels to the functionality of the above described Mg and Ga modification strate-
gies.For example, substitution with &, magnesiumor gallium always causes a decrease
in charge and discharge capacifs?;!1275276.283 dye to a combination of lower lithium inven-
tory and slower ithium diffusion at the end of dischargeas schematically shown ifrig-

ure 5g, h.58 The latter point could be related to the smaller ioradiusof LS-Ni?*, Mg** and
Ga&* compared to Lt and may change for dopants larger thdithium, which could expand
the interlayer distance and thus facilitate diffusion, as schematically showRigure 5e.

2.4.3 Coating and Surface Modification

Particle surface modificatiorhelps to stabiliz Ni-rich CAMs!!3? For this reasongoatings
areoften appliedto the seconday particles, which is good for protecting the surface initially,
but only represents a viable strategy if theC morphology is maintained, either through
cycling to lower cut-off potentialsor through mechanical stabilization by the coating. Oth-
erwise, consecutive cracking of the particle structure will likely cause degtamh, irrespec-
tive of the surface protection layer. One way to still protect timaterialis throughdoping
the surface of each primary graiopants that segregate at thgrimary particle surface,
rather than occupyingecrystallographic sitesfulfill this purpose Examples of these modifi-
cations are tha@ncorporationof Zror W, which can either be added during the eprecipita-
tion process or during the precursor mixingt®12284 One function such dopantsan serve
is stabilizingthe particle surfacee.g.by stabilizhg a favorable intermediate spinel phase in
the degradation cascade, or preferentially formitithium-conducting rocksalttype struc-
tures'[285,286]
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Another aspect of surfacesegregatingdopantscan be theselective enhancanent or inhi-
bition ofthe growth of particular crystal facets, thereby influencing the overall morphology
and stabilityof 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 performanceith specific exposed crystal facetdviore-
over, surfacesegregating 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!1?>127.284.288 Thjg |evel of control is instrumental in tailoring the material's microstruc-
ture to meet specific peformance requirements, making surfaceegregating dopants val-
uable tools in the realm of advance@AM design. Next to the surface-segregation ap-
proach, grainsurface modifications can also be made after the CAM has been synthesized.
One such strategy is wface doping with specific dopants that either occupyansition-
metal or lithium sitesas outlined in 2.4.1 and 2.4.28°2%1 A common example fortransi-
tion-metal site surface doping ipost treatment by cobalt dry coating and subsequean-
nealing, which generates eobalt-rich surface of the CAM, featuring higher stability against
oxygen release and surface densificatié®" In the same fashion, doping of the lithiusite,
e.g.by ionexchange or by hightemperature annealinghasbeen reported?92 29l

In summary, the strategic inarporation of surfacedopants, either through segregation or
post-processingadds anotherdimension to the design and synthesis of materials like LNO.
This approach not only diversifies the range of dopants available for modificabah also
provides a nuanced control over crystal facets and grain growitiys paving the way for
tailored matrials with enhanced and custoimedproperties.
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2.5 Sodium Nickel Oxide

2.5.1 Synthesis andStructure

The synthesis of NNO was first reported with the synthesis of LNE8 mentioned irchapter
2.2.1°% In more recent studies on NNQthe materialis typically produced viasolid-state
synthesis from NiO and a sodium source, such asJa, Na,O or mixtures thereofunder
oxidizing conditions and elevated temperatures, similar to the LNO synthesis tempera-
ture.[1602969%9 |n some instancs, the reactants were pellézed!?*2 while other authors cal-
cined the mixed powderdlirectly.?* Depending on the intended application, shorte3-12
h)2%°l or longer 8-83 days)®?%0! annealing timesare used, to synthesize cathode active
material or in order to synthesize NNO to research its magnetic properfiés

Similar to LNO, NNO also crystallizes in discrete layers of nickel oxide and sodinnvhich
both nickel and sodiumare coordinated by octahedra of oxygefherefore,NNO is aso-
called O3-stacked material(sodium in octahedratoordination repetition of layering after
three stacks) This separates NNO frormany other sodium materials, which adopt afype
structure with prismatic alkaliion environmenti®2% Compared to LNO, the interlayer
spacing increasesbecause othe larger sodium ions/a.=1.00A) compared to lithium £.
=0.76 A) 54 Another key difference is that sodium ions are large enough to prewvibetfor-
mation ofany nickel substitutional defectsand the antisite defect reaction energy was cal-
culated to be 2.84eV, which makes formation unlikel{#°**% For this reason NNO is well
suited as a precursor for the synthesis of perfectly layered LNO.

As outlined abovel. S-Ni** in an octahedral oxygen environment is Jdctive, and in NNQ
this causes the crystal structure to be distortezbllinearly which results in crystallization in
the C2/m space groupat ambient conditions. However, at 220C NNO undergoes a struc-
tural transition and forms the noJ T-distorted hexagonal/Ro3/m phase, vhich is O3 layered
and has higher electronic conductivif§*® The JTdistortion in NNO caralsobe relieved by
substitution of nickel with JFinactive species or by changing the oxidation state of nickel
into the nonJT-active Ni?* or Ni** states, such as in NNO substituted witl22 mol% cobalt
or the structurally closely related sodium analagof NCME%! For stoichiometries close to
the transition towards a monoclinic distorted structuresuch as the sodiated NCA
NaNiosCoo.15Ak.0s02, an effect of the cooling rate on the obtained crystal structure was ob-
served, whereby slow cooling gave the monoclimibase while quenching yielded an overall
hexagonal material, likely as a kinetic prociti*°®!

When substituting the sodium site with lithium, Holzapfel and -eorkers also observe a
relieve of monoclinic distortion in NNO containing 21 molf#thium, but the materialalso
only contaired 91 mol% of combined Na+Li-ions, which is less than what is formally
needed to form either NNO or LN®°" Therefore the origin of the reducedmonoclinic dis-
tortion is unclear as both the smaller interlayer spacingaused by lithium addition or the
oxidation of N#* due to charge compensatiorior the missing sodiumcould cause the loss
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of JT activity. Also, lithium addition tolayeredsodium oxides can force lithium into thetran-
sition-metal site, causing further oxidation of thigansition-metal ionsfor charge compen-
sation, which would also relieve Jistortion.However, in thematerialstudied by Holzapfel
and coworkers!?7 the average transitin metal to oxygen bond length decreaskwith lith-
ium addition, which points to lithium addition to the sodium site and not into ttnansition-
metal slab, whichfurther agrees with the elemental angsis results. Thereforethe most
likely explanation of educed JTdistortion is the smaller interlayer spacing due to inclusion
of lithium ions, as well as the reduction afkaltion content and subsequent oxidation of
the transition-metal slab.If the lithium content is increased further, twphase materialsare
obtained, segregating into NNO and LN@ntil reaching complete LNO formation at sodium
contents of 5%or lower 272307

2.5.2 Properties of Sodium Nickel Oxide

NNO has beertested as a potential CAMor sodium-ion batteries. When cycled in thgo-
tential range 0f1.54.0 vs. Na/Na andwith a liquid electrolyte comprisingeither NaPF or
NaClQG: in mixed carbonate solventdNNO was bund to undergo a cascade of phase trans-
formations. The  structural evolution of NNO can be denoted as
Delmas, O represents an octaldeal sodium coordination, P a prismatic sodium coordina-
tion and the apostrophe denotes the presence of a distorted ph&&&Note that the first
phase transition isvritten asanirreversiblereactionof NNO, because during discharge only
91 mol% sodiumare intercalated?®® Furthermore, when charged above 4.0 vs. N&Na,
HTTcO¢cTURULCppeESEPHRUQpLOUUpHUPpOUUECTOECApPAYCp U
sodiated upon dischargé&#?!

The voltage plateau®f NNO are much flatter than what is typically observed in LNO, for
which a number of reasons can be giv&! Firstly, NNO is naturally void of intercalation
site defects, wheras LNO woud contain. E defects, which smoothen the voltage pro-
file 58 Secondly, the sodium/vacancyordered phasesn NNO can be expected to bénher-
modynamically more stable, sincee.g.the energetic stabilization of ordered Na@rO;
phases is about 2.5 times higher than those found in LI [astly the differences in
oxygen stacking from octahedralo prismatic, which is absent in LNO, prevents solid solu-
tion of these two phases. The specific capacity that can dehieved withNNO is much
lower thanthat delivered byLNO and typically lies in the range @fis=110150 mAh/g,
much lower than what is accessible with other layered SIB cathodesjch as NaNCMs
which easily supplyup to 180 mAh/g 2422993063091 Some of the difference may lie in the en-
hanced reactivity of pure nickel compounds, but to some extentonoclinic distortion also
contributes to the lower capacityindeed, when the same NabdC0o.15Al.0s0: is synthesizd
with and without monoclinic distortion, by changing theooling rate after calcinatiora ca-
pacity increaseby 12mAh/g is observed, while the monoclinic materidkliveredvirtually
the same capacity as NNO.
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Pure NNO has not receivednuch attention asa potential CAM, althoughLi and ceworkers
modeled the effectsof titanium substitution®% During the couse of this doctoral thesis,
doping of NNO, particularly with titaniumwhich was previously predicted as a promising
dopant % was investigated as a precursor for then-exchanged material, but also as a SIB
cathode (patent no. 3, chapter 6.3.2). Interestingly this materialdelivered ahigh specific
capacityof guis= 180mAh/g, likely due to the suppression of monoclinic distortiapon in-
troduction of titanium, as well as changgin oxidation state.

NNO has also been of some interest to solgdate physics because of itguasi 2D structure
and metamagnetic behavigrchanging fom paramagnetic to antiferromagnetic belowhe
Néel temperature of 20KB%302 As briefly mentioned in chapter 2.2.4, NNO can also be
used as a precursor fahe formation ofoxyhydroxides, which is particularly useful to obtain
mixed-metal oxyhydroxide materialg!¢”
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3 Results

3.1 Publication I:Low-Temperature lon Exchange Synthesis of Layered LINi©Single
Crystals with High Ordering

Publicationl describes the development ofanion exchange synthesis fotNO and validates
the absenceof otherwise intrinsic. E point defects inthe obtainedIE-LNO. The parent
NNO phase is preparew/asolid-state reaction from secondary particles of Ni(OH)nd so-
dium hydroxide. The temperature range that can be used for this synthesis is brotdsr
that of LNO and allows fopreparationat calcination temperatures as low as 45C. With a
change in calcination temperaturghe primaryparticle grain) size can be tailored, an aspect
which was studied irsome more detail in Publication Il. The absence.of substitutional
defects was probed by a combination of PXRDJAS NMRspectroscopyand (operandq
electrochemical analysis.

SINGLE-CRYSTAL SYNTHESIS
NaNiO, LiNiO,

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

.:4"\.0.0000 2’0 0 0 00 ¢

Figure 7. Graphial table of content of publiation I. Reprinted from reference3[L1].

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 fastthor developed and optimized the synthesis method fbiNO,
developed the described ioexchange procedures and optimized the process to obtdE&LNO. The first au-

thor carried out electrochemical experiments and data analysis. A. Mazilkin performed S{EEM investiga-

tion and interpreted the corresponding results together with the first author. Y. Ma and R. Zhang conducted
the SEM experimentsand the datawereanalyzed by the first author. D. Goonetilleke analyzed tmerando

XRD data together with the first authgand H. Li as well as S. Indris carried out the MAS N&pRctroscopy
experiments, while the results were analyzeogether with thefirst author. The manuscript was written by the

first author and edited by all codhors.
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Low-Temperature lon Exchange Synthesis of Layered LiNiO, Single
Crystals with High Ordering
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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 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;

652

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
Chem. Mater. 2023, 35, 648—657
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