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Abstract

Lithium-ion batteries have become a vital part of our modern life and are anticipated to
play an essential role in substituting combustion engines in automotive applications and
storing renewable energy sources, thus leading to a more sustainable futiveeplanet.

The impact of this technology was highlighted in 2019 when the Nobel Prize in chemistry
was given for the development of-ion batteries. Although several milestones have been
achieved in terms of Libn battery development throughout thesge indepth studies are

still required to either modify the existing materials or introduce new materials in order to
overcome the limitations in capacity, durability, cost, and safety of such materials. The
main components in kibn batteries are catedped into cathode, anode, electrolyte, and
membr ane, which can all affect the batterieso
energy density. Studying cathode structures and understanding their internal reactions are
particularly important since this ogponent dictates the cost and constraints of the energy

density in the Liion batteries.

One of the most feasible strategies to enhance the energy densiipofiatteries is to

use layered, Niich cathode materials. Higher nickel content, howevauses several
problems in terms of cyclic life, thermal stability, and safety which should be properly
addressedSeveral methods, including doping, cateell structures, and coating, have
been utilized tostabilize (chemically and mechanically)the high-nickel layered oxide
cathodes and boost their performance. This thesis aims to understand the microstructure of
such engineered complex cathode materials. This thesis seeks to provide valuable

contributions by comprehensively understanding, especiallghlilancement techniques,
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namely doping and sokistate coating, and establishing a link between the composition,

structure, performance, and properties of these complex materials.

In this regard, this project aims to characterize these engineemguex materials using

the most advanced electron microscopy and synchrbi@sad techniques to uncover the
fundamental underlying reasons for the enhanced performance or degradation parameters
in these complex cathode structures. This study showstinadliicing a high valence W

cation inside the LiNi@ (LNO) secondary particles results in newwfiants with a
heterogeneous concentration on the top surface as well as through grain boundaries of the
host secondary particles. Theserlh regions play aeinforcing role in grain boundaries

and protect the outer surface of LNO particles. However, synthesis defects, such as
porosities, could deteriorate these advantages by increasing the electrolyte infiltration
inside the cathode patrticles. It is also desimated that the degradation process @an b
studied through the changes éfectron energy loss neadge structure spectra. The
investigation of a coating approach on LipGoy 15Al0.0502 (NCA) materials through the
mechanofusion process illustrates maticroscopiescale details regarding the thickness
unevenness of the coating and some degree of physical intermixing between the core
(NCA) and coating (LFP and alumina) precursors. In addition to good physical contact
between the core and coating materifurther analysis at higher resolution reveals some
level of structural alternations through the formation of nanoscale grains and defective
areas near the top surface of the secondary particles following the mechanofusion coating

process.
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Chapter 1

Introduction

1.1 Lithium -ion battery

A battery is an instrument thistused in order to either generate or restore electric energy

based on its energy converting capabilities through electrochemical reactions. Since the
batterydéds work is based on elye¢he Carnotcycle mi c al rea
determined by thermodynamics®dé second | aw. Ther
in terms of energy conversi¢h]. To classify and compare different battery technologies,

several characteristterms should be considered, which are listed as follows:

V  The volumetric power density and specific power density (the gravimetric
power density) definbow quickly that energycan be provided Having
higher values regarding these parameters denotes the presence of lower
amounts of electric resistances and energy losses.

V The volumetric energy density and gravimetric energy density (the
specific energy density), describe the tankrgy that can be obtained
from the battery.

V Energy efficiency is a parameter that can be described as the ratio of the
discharging to charging energy.

V The calendar lifetime is used to define the life span ofusad or very
marginally used batteriestil their failure.

V The cyclic lifetime, unlike the previous one, illustrates the number of
cycles that a battery can tolerate before its failure, which depends on the
C-rate, depth of discharge (DOD), and the average of the state of charge
(SOCQ).It is worth mentioning that €ate is a parameter that defines how

fast the entire capacity of the battery will be discharged or charged in
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comparison with its maximum capacity and its value is inversely
proportional to time.

In order to compare the performanceddferent energy storage devicesRagone plots

used In this plot,as illustrated ifFigure1-1 for different battery technologiethe specific
energy (Wh/kgpandthe specific power (W/kgaredisplayed in the horizontal and vertical
axis, respectively. It is noteworthy that the practical value of specific energy density is
considered about 250% of the theoretical amount, which is computed from the

electrochental reactior{2].

100000

Li-lon
SuperCap Very High Power
10000 4

| Pb "spiral Li-lon
| wound" High Power

1000

NaNiCl,
(ZEBRA)

N\

40 60 80 100 120 140 160 180 200
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10

Figurel-1 Ragone plot of several battery systems which are used for the vehicle
industry. SuperCap, PendZEBRA mean supercapacitor, lead, and Zero Emission
Battery Research Activities, respectivly. Reused with permission from the copyright

owner

According to the Ragone plot,idn batteries (LIBs) have proven to be ondhad most
proper candidates for vehicle applications because of their high amount of specific energy

as well as their long cyclic lifg3,4].

Lithium-ion batteries can be categorized into two main groups: primary (gisg)eand

secondary(rechargeable). A rechargeable-ibh battery has four main components:
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cathode, anode, electrolyte, and electropgemeable separator. Besides the similarities
between traditional galvanic cells and LIBs, battery scientists should deal with more
complex heterogeneous redox reactions inside LIBs. Since these reactions are usually
complemented by mass diffusion in the sdltdte or alterations in the local structure,
chemical composition, and volume (contraction or expansion) in the eleci{fmégs
Figure 1-2 shows schematics of dion bdtery configuration. As is apparent, during the
charging process, Li ions are extracted from the cathode (delithiation) and then inserted

into the anode, and during the discharging procedure, the reverse reaction occurs.

SEI SEI
Electrolyte

Cathode
Anodes
Cathode

Ceo O
@)
W oR

=

Figurel1-2 Schematic of charging and discharging procedure in the first commercial Li
ion battery (with LiCo@as the cathode and graphitetasanode)7]. Reused with
permission from theopyright owner

The charging reaction can be described as follows:
LIMO,Y L[4€ +MO; (cathode)

Li*t+d +GY L4 C (anode)
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By using thermodynamicapproaches, some of the most significant performance
parameters of a battery can be calculated. One of the most important terms to estimate the
energy density of the batteries is the operating voltagieeoopercircuit voltage (OCV)

This parametecomesfrom the voltage differences-imetween the cathode and anode of a

battery and can be calculated according to the different amounts elettisochemical

potential ofelectronsn the anode~ ) and cathode~( ):
® (1.1)
By inserting the chemical potential of Li in the anode and cathodes — — ,in

which X = anode and cathode, respectively, the following equation is obtained:

@ (1.2)

Here,— and— represent the Lion electrochemical potentials in the electrodes.
Since at equilibrium, these two parameters are equal, the voltage equation is simplified as

follows:

0 — (1.3)

Where F stands for the Faraday constant, and z signifies the number of transferred charges.

By considering the alternation in the Gibbs free energy of the cathode and anode materials

as a function of L-ion concentratiort, ——, and Nernst equation, the average voltage

can be calculated based on changeSibbs free energy in a limited amountaafthode

and anode reactiof8]:

A (1.4)
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The OCV is restricted by (H)hwhiched teecenargy|l yt e ener
difference inbetween LUMO and HOMO (lowest unoccupied molecular orbitals and

highest occupied molecular orbitals) of a liquid electrolyte or the gap of energy between

the top and bottom level of valence and conduction §amsgpectively, inside a solid

electrolyte, as illustrated Figurel-3(a). Accordingly, the formation of a passivation layer

(SEI) in both the anode and cathode is necessapyeeent electrolyte reduction and

oxidation, respectively. This is due to the fagittthe locations gf andt are above and

below theelectrolyte LUMO and HOMO, respectively. In other words, the electrolyte will

be stable if only its LUMO and HOMO are placed
cathodeds Fer mi poadngy9b iy shduld beednsideredcttmtrthe pwsest

level oft is limited by thetop anionp bands energy level in the cathode as well.

A
(a) _(_t_)_) ______________ ‘_':_ B UL (C) Energy ﬂ
LO‘ Voltage limit Graphite EnLD) [oss 9 ""
MA""""‘,“,""""‘ —— in a sulfide LUMO
E | eV T, 4, (1) T 4y (Ti0)
9 X  Femeeememmceee--oopas
B Mn*: ¢, (LiMnO,) Co*/Co*
HOMO |, by e
et 7 Ni**4*: e, (LiNIO,)
' Co™*: , (LiCoO) HOMO
O*:2p*
Reductant Electrolyte Oxidant LiCoO, Electrolyte
Density of states, N(E) 2
Figurel-3Rel ati ve el ectronic energy |l evels of the

electrolyte window Eg: (an aliquid-based electrolyte; (B3elative locations of the
redox energies concerning the t ccltivenergy | eve
energy level places ¢f (Li as the anode) arid (LiCoO; as the cathode) inside a

carbonatebased electrolytfl0,11] Reused with permission from the copyrightress.

As itis illustrated irFigure1-3(b), the difference between the top energy level of the anion

p band and thé i a nto,dirsidesthesulfide-based cathode materials (the layered
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sulfides LIMS with S-3p bandgis much lower than in the layered oxides (LiM@th O-

2p bandpand is aboubD2.5 eV and4.0 eV, respectively. This was the primary idea which
led to the use of oxide host sttures instead & u | -fadeel cathodes, aiming to increase
the cell voltage and the energy density. In a practical situdtigare1-3(c), whenthe top
energy leveof the O2p bands is lower thathe organic liquid carbonate electroliige
HOMO (4.3 eV lower than thke i a nt o)bryges is released or proton insertions will

occurduring the delithiation of the cathotée ; GoO; (more than x = 0.5)10,11]

1.2 Overpotentials in Lithium -lon Batteries

During thecharging and discharging procedure, by applying a current inside the LIB, the
equilibrium voltage or open cell voltage
el ectronic and ionic resistance, which i s
parameter can be measured by considering the main causes of overpotentials (some of them
are shown irFigure 1-4), such as the contact resistance (according todsistance of
electrodes at the current collector interface), the ohmic overpotential (which results from
the electronic conductivity of the electrodes and current collector as well as the electrolyte
ionic conductivity), the diffusion overpotential (dedth by lithiumion intercalation

process or diffusion, particularly near the electrode interface with the electrolyte and the
solid-state diffusion in the electrode structures) and the charge transfer overpotential
(owing to the amount of required activati@nergy to transfer charge in between the
electrodes and electrolyt§)2]. The following equation describes the effect of all the

overpotentials components:

d Eontacd' ohﬁ*ic"‘ difd."' ctd_ (15)

i s

cal

C
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By consideringequation {.5), the closegtircuit voltage (CCV) of the LIBs can be

calculated below, in which the g symbolizes the state of chhh@ye
Vdischarg? Voc q_ ( ﬁschar!‘a (16)

Vcharge_- Voct d,c(‘nar@ | (17)

Ndift,solid,a Nera Nere N it solid,c

POOO®
POOOE

-

anode active material SEI diff. layer separator diff. layer cathode active material

Figurel-4 Representation of the main overpotential parameters in a litonrattery
which are responsible for nonlinear behav r o f [12]. Reusedhwvdth pgrmission

from the copyright owner.

It is worth noting that the relationship betwe
low current ranges and then becomes nonlinear by fuitieeeasing the current to

moderate and higher levels. The linear part is mostly caused by the contact and the ohmic
overpotential, while the diffusion and charge transfer processes contribute to the

appearance of the nonlinear region. These limitationsiwdrie caused by kinesiaceduce

the theoretical value of specific energy (based on thermodynamic calculations) via

increasing Vharge OF lowering Miischarge Which sequentially decreases the specific capacity

[13].
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1.3 Cathode materials for Li-ion batteries

The cathode is one of the crucial components insidétkiiem-ion cell, which limits tke

cell's specific energgnd dictates the material cost, leadingxttensive research regarding

its structure and internal reactions. As mentioned eathegsing the oxide cathodes over
thes ul y d paves the way to reach thmwver level of energy énds of the cathode,
accompanied by higher oxidation states of transitmtal ions, which all help to enhance
cell voltage and energy density. The oxide cathodes can be classifiethraganain
crystallographic structure groups: layered oxides, spgirieles, and olivine or polyanion
oxides[11]. Recently, a new tavorite structure was synthesized, which has low activation
energies and a orémensional diffusion @thway for Li that improve the fast charging of
this material compared to the tiny olivine partid®4,15] Figurel1-5 depicts a schematic

view of these four different crystal structures.

(d)

Figurel-5 Schematic structure of (a) layered oxide (LiGp@b) spinéoxide
(LiMn 204), (c) polyanion oxide (LiFeP£p, and (d) tavorite (LiFeS({pP) [14]. Reused

with permission from the copyright owner.

8
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The first category is the layered oxides (LiMM= Co, Ni)), which is referred to as

| ay e4NaFdQ with Rom space group (No. 166), in which Li and Transition Metal
(TM) ions are in the octahedral sites. This streetuas stacking layers with an ABCABC
sequence and oxygen anions in clpaeked cubic positioning. This structure offers two
dimensional diffusion paths fordion by passing through an empty neighboring tetrahedral
in-between two octahedral sites-{G0). LiCoQO; is the first oxide cathode that became
commercial consisting of the trivalent €dons with a lowspin electronic configuration
state of 1,° e,;”and the monovalent LiDuring the charging process, metallic properties are
observed in the cathodkixCoQ,), because of having holes in the lspin band &%)

of Co with a higher oxidation level (E€%"). Nevertheless, because of the overlap between
the top level of the 2p band in the oxygen anion and tR&“Cmand, the LCO structure
will be unstable over 50% chargingccompanied by oxygen release. To solve this
problem, different transition metals were examined, but some of them, such as Fe, Mn, and

V experienced structural transformations through cydilrig14,16]

LiNiO» (LNO) is another layered oxide with the same structure as LCO and a lower price

due to the higher availalii of Ni in comparison with Co, which offersnégh theoretical

capacity of 275 mAhg§ LNO shows repetitive structural changes (Hexagdnal Y
Monoclinic Y Hexagonal 2 Y Hexagonal 3 in char
material has a feshortcomings as follows: (1) its difficult synthesis to fully reach trivalent

nickel ions (because of theNlinstability at high temperatures and its tendency to reduce

to Ni?"); (2) the presence of cation mixing in the lithium plane as a result odidie size

similarity between Liand N?* ions; (3) Jah#Teller distortion due to the presence of the

single g electron in the low spin of trivalent Ni ion with an electronic configuration’of d

equal to 1y e5%; (4) converting into irreversible pha ions (from layered structure to
| to 4 eg%; (4 t t ble phaseotut f I d structure t
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electrochemical inactive FR)Bm phasejriggeredoby diffusing enough Ni in the Li layers,
during cycling; (5) the highemperature instability and safety hazards due to the presence

of residual Nt* at the surface ahé end of charginfiL1,16 18].

Substituting Co with Ni and Mn, to reduce the cost and overcome the capacity limitation
of LCO, introduced another family group of layered oxides under the name afyLiNi
MnyCo,0, (NMC). In this structure, each TM ion comes with some pros and cons. For
example, from the chemical stability point of view, which triggers releasing of oxygen, Mn
is much more stable than Co due to not having any overlap between & bhamd and

the 2p band of oxygen anion. Still, Mn shows more structural instability than Co, because
of having a smaller amount of octahees#é stabilization energy (OSSE), which eases the
TM ion's diffusion from one octahedral site to the next lithiutaledral sites by hopping
through adjacent tetrahedral sites. Since Ni showed average properties in five major criteria
(electrical conductivity, structural stability, abundance, chemical stability, and
environmental friendliness) in comparison with Co M the tendency to use a higher

amount of Ni has gradually increased in the indudtty19]

Another weltknown layered structure is LiNiyCoAlyO. (NCA), which shows longerm
calendar life and high capacity due to the introduction 8f ifal this structure. Having
strong Aloxygen bonds generates more robust crystal structure and prevents the
dissolution of TM ions. This permanence also helps its air stability, which is important for
major production in electric vehicle industries. However, NCA suffers from generating
many micracracks in its strcture during cycling and high sensitivity to a wide operating

range in the deptii200f di scharge ( pDOD)

10
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LiM 204 is considered as spinel oxide only when M = Mn, V, and Ti, due to the difficult
stabilization of M element with high oxidation stated"1. The most famous one in this
second oxide group is the spinel Lidh (LMO). LMO belongs to the Fain space group,

with Mn®*#*, Li* and oxygen anions in the 16d octahedral sites, the 8a tetrahedral sites,
and the 32e sites (cubic clepacked arrangement), of the spinel structure, respectively.
This framework exhibits-8limensional diffusion channels forlvia 8a16c¢-8a, in which

the 16c¢ position is an empty octahedral site. However, inserting an additional Li into the
empty sites of 16¢ octahedral instead of the 8a tetrahedral site will induce sudden
displacement in the structure and reduce the operating voltagisoly 1V. Furthermore,

the presence of Mh (t¢® e) which is JahsTeller active, in the mentioned structure,
[Li2]16dMn2]16404, induces the phase transition from cubic to tetragonal phase along with
a high amount of volume alternations. Another crlumiacern about the LMO with spinel
structure is the manganese dissolution (due to the trace of acidity in the electrolyte), which
not only damagsthe cathode lattice but also contaminates the graphite anode and reduces

the cyclability of the LIB§11,16]

Olivine or polyanion oxide is the third group of the oxlakesed cathode. In this crystal,
the presence of large (%3 (X = W, As, P, Mo, S, Si) polyanions not only alleviate their
structures but also boost the redox potential ofcditbhodesDue to thecharacteristics
changing in the bonding between Fe anth® operating voltage of K&XO.)s (X = S, Mo,
and W) structure with polyanion oxidés higher than thesimple FeOs. Through the
presence of the more covalent naturehsf Moi O or Wi O bond, the covalency band
between Fe and O becomes weaker, the redox energy ?8f* ke reduced and
subsequently, the operating voltage is enhanced. One of th&negth materials in s

group is LiFeP® (LFP), which has good thermal stability and a lower price with an

11
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orthorhombic crystalline system. LFP has a slightly distorted hexagonatpzaoked
(HCP) oxygen framework, with®Pions in the tetrahedral sites along with?Fand Li*
ions in octahedral sites. The main drawbacks of the LFP are a low amount of electrical and

ionic conductivities, as well as a comparatively low amount of average v{ilthdd,16]

In a comparison between these three main classes ofloas#el cathodes, the spinel and
layered categories exhibit high density with compact crystal structurecaxdegectronic
conductivity, while these proper tOnetse ar e
other hand, thpolyanion oxides group has a high level of thermal stability than those first
groups, making it safefhe layered oxides category is mdemanding between the first

two classedecause of their extensive variety of compositions. The main purpose in this
field is to reach the highest possible energy density to fulfill modern life demands,

specifically in the electric vehicle industid1].

1.4 Engineered complex cathode materials

There are so many efforts to boost the energy density of LIBs, such as raising the operating
voltage by tailoring the compositi of the electrolyte or adding different additives, and
increasing storage capacities of the electrodes (by using convegaittion cathodes and
anodes or lithiunrich layered oxides, kix(Ni1 i yMpyC0,)1 1 @2). A new approacfocuses

on increasing thamount of nickel in the layered oxide structuselich is believed to be

a dominant expeditious technology. However, higher nickel content causes some serious
problems which should be addressed, such as the high reactivityeofikhed cathodes
(which auses active material consumption and capacity reduction, gas release, and thermal

stability reduction), cation mixing, and microcracks formafitth 21].

12
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The recurring occurrence of the H2 Y H3
induces cyclic internal stresses in the structure, causing-gichgged microcracks. These
microcracks deteriorate the mechanical integrity of the cathode ands#isgtaonlayer

(the Solid Electrolyte Interphase) and provide microchannels for electrolyte infiltration into
the particle cor§0i 22]. To overcome these problems, several methods, ingjultiping,
coreshell structures, or coating, can be utilizedstabilize thenigh-nickel layered oxide

cathodes and enhance their performance.

Atomic doping is one of the most effectilialk modificationstrategieswhich introduces

some substituted atorirsside the host crystal structureenhance the battery performance

by various mechanisms, whi@re not yet fully understood for some dopantarious
studies have been conducted using small amounts of different elements (zirconium,
magnesium, aluminuntyngsten, molybdenum, etc.) within the-iih cathode structures.

The major effects of cation doping can be summarized as follows:

I.  Increasing the retained capacity and structural stability because of the
stronger bonding between metal and oxygen andepiang oxygen
release orinhibiting the collapse of the Li interlayer in the charging
process and cation mixif$1,17,21,23]

II.  increasing the electrochemical activity and stability by balancing
electrostatic repulsion as a result of the presence ofJzilgimt foreign
cations that contributes to the charge compensfzia4}

lll.  facilitate the Liion diffusion by increasing the Li layer distance or
reducing the energy barrier regarding-idm diffusion alongside the
surfacewith high dopant concentratigth?7,25}

IV.  suppressinginwanted structural transformation from layered structure to
either spinel or rock salt phase (electiemically inactive}23,25}

V.  changing the electronic structure of the material (including a combination
of these effectqR3].

13
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However, in theanion doping approach,?®Gis exchanged by other anions (namety, S

CI', F) to energetically reinforce the bindinglietween the higher electronegative anions
and the TM cations. Therefore, the performance of thenXiched cathode matal$, such

as rate capability, retention capacity, its surface resistivity toward HF attacks, will be

improved[17,25,26]

Coating is the surface modification approach in which different matdrialading metal
oxides [iOy, AlOs, Li,TiOs, ZrO,, etc.), phosphates (LiFeRQ.FP), LiTio(PQy)s, etc.),
metal fluorides and carbon have been applied to enhance the electrochemical performance
of Ni-rich cathode materials. Coatings mostly play a protection layeirraeppressing
parasitic reactions due to the direct contact of the electrolytelvethighly active material

in the cat medutes the extsemelyf reactiee*Ngn the surface)Moreover,

they also bring other benefisuch as reducing the cathode surface corrosion when it faces
HF in the oxidebased coating as well as madia steadier buffer film in the formation
step (initial cycles) due to the more thermodynamic stability of phosphadefluoride
based coatingHowever, most coatings suffer from the rate capability (rapid rates for
charge and discharge), due to thetrinsic insulator behavior and insufficient prevention
from microcrack formation, especially in the ultieh Ni cathodes (more than 80% Ni).
Coating resistivity will be improved by adding conductive materials such as pebased

and carbon coatings aitilizing FePQ, which reduces the activation energy required for

the transferring chargé7,25 27].

In the coating approach, it is essential to optimize the coating uniformity and thickness.
Using dry coating methods (such as {mallling) generate an uneveoating, although, in
wet approaches, the coating becomes more uniform along with some impurity formations
via the leaching of Li from the Nich structure and the reaction between temaiNi ions

14
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and liquid medium. Although chemical vapor deposition (CVD) and atomic layer
deposition (ALD) approaches can be utilized to make-higdlity coating layers, they are

not economically favorabl@5,26]

CoreShell or Concentration Gradient structures are exploited dadifynthe cathode
surfaces by reducing the Ni content at the surface (which is the main reason for thermal
instability and side reactions with the electrolyte). In this category, the concentration
gradient of Nichangedrom core to the surface in a grati(@ll concentration gradient
structures), instant (coighell structures), or moderate (multilaygereshell) manner. The

main differences between the coated cathode and thaleellestructure are having lithium

ion conductive, and thicker film with gimilar crystal structure in the ceshell method.

The quality of final coreshell structures depends on optimizing the synthesis procedure by
consideringcore and shell compositi@nd avoiding Ni depletion as well as shell elements
diffusion during theprocessheattreatmeniand lithiation time andemperatureand also

thefinal size of the particles and thickness of the qRélj28,29]

Figure1-6 summarizes these three maimprovement approaches to nival engineered

complex cathode materials.

15
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Figurel-6 Representation of different engineering complex structures from (a) Doping,
(b) Coating[30], and (c) Coreshell approachd28]. Reused with permission from the
copyright ownes.

1.5 Li-ion diffusion Behavior

The systematic behavior of-idn reacting with electrode structures in other words, the

lithiation/delithiation processcan be classified into three maroups

I.  Intercalation reactions (in which Li ions enter the host structure with low
volume change and more stable structure but having low capacity due to
the limiting number of accommodation locations or the limiting number
of one electron storage per each metallic ion);

II.  Conversion reactiongin which, through the lithiation process, the
electrode materials transform into.Qi and its metallic form and the
reversereaction occurs during delithiation. Although they deliver a high
amount of specific capacity since several electrons are involved in the
conversion reaction for a single M atom, they suffer from high volume

change, alternation in electron conductivitgwlkinetics rate, and huge
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hysteresis in potential due to the presence of an energy barrier required for
the M O bond breaking);

lll.  Alloy reactions (the alloy materials provide high specific energy density
because of their capability for storing severaidris, however, they suffer
from large volume alternation, low kinetics rate, and poor cyclability).

Figurel-7 depicts a schematic representation of each three congaction mechanisms

with their main advantages and disadvant48ek

Several mathematical models can be applied to describe the lithiudiffusion process

for instance: a shrinkingore modela coreshell model, an@ mosaic moddB1,32] To

validate any of these models, using operando synchrotrorehightyy Xr ay di raction
(XRD) or highresolutiontransmission electron microscopy and electroergy loss

spectroscopyHfRTEM and EELS) could be helpf[81,33].

Intercalation Reaction Low capacity (<400 mAh/g)
© Lithium ion Stable structure
@ Metal/semiconductor atom (MZ+Li*+e — LiM Z)
@ Oxygen atom d

Conversion Reaction

Moderate capacity (S00~1000 mAh/g) High capacity (1000~4500 mAh/g)
Moderate volume change large volume change

Voltage hysteresis (wii*+we- + M — Li M)

(MO, +2bLi* + 2be* — aM + bLi,O)

Figurel-7 The three common reaction behaviocsur between Lion and electrodes

[30]. Reused with permission from the copyright owner.
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1.6 Cathode characterization techniques

Li-ion batteries araitilized in a wide range of applicatignom phones to electric
vehicles, and there are an increasing number of demands to improve LIB performance and
safety.A fundamental understanding of LIBs and a full evaluation of the battery materials
are necessyito fulfill these demandsyhich can be accomplished usiadvancednalysis
techniques. In this regard, various powerful techniques have been used in the LIB field
such as scanning electron microscopy (SEM), scanning/transmission electron microscopy
(SITEM), energy dispersive Xray spectroscopy (ERS), electron energy loss
spectroscopy (EELS), -Xay absorption fine structure (XAFS)-rdy diffraction (XRD)

and pair distribution function (PDFgome of the higheend techniques will be briefly
introduced in the following section§hese techniques can bé&vided into two main
groups: electrofbased and Xay based. Commonly, electron microscopy techniques can
be used when a high spatial resolution in a tiny area (hanometer scale) is required, and X
ray techniques will be useful in a wider range (revealimgrage properties) and the

detection of heavier elements.

1.6.1 STEM

The transmission electron microscope is one of the most powerful instruments with a wide
range of high spatial resolutiowhich can be used in either quantitative or qualitative
analysis. TFs instrument is equipped with higbsolution transmission mode (HRTEM),
scanning TEM (STEM) with annular bright field (ABF), annular dark field (ADF), and
high-angle annular dark field (HAADF) detectors, as well as electron energy loss
spectrometer (EEDSandenergy dispersive Xay (EDX) spectroscopy. These options
empower TEM to detect chemical and structural information on an atomic resolution scale,

and the resolution can be even further enhanced by a spherical aberration corrector
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attachment (Cs caector) into the STEM (suBingstrom detail). In general, the brigfigld
detector is rainly used for imaging light elements in the structure, and-fialtt images,
which are complementary to ABF images, have information about the location of the heavy
elements inside the structure. The best advantage of using HAADF in STEM over HRTEM,
is its simple and direct interpretation of atomic number-goitrast in HAADF images
(nearly proportionate of Z In HAADF imaging,in contrastto ADF imaging, Bragg
scateredelectrons are not participatingtime formation ofthe images due to the very high
angle scattered electron collection (above 50 mrad). However, imaggretation is not
directly possible in HRTEM without simulations because of the pbastrastbases of
HRTEM image, whichare altered by image lens aberrations (spherical aberration,
astigmatism, and defocufl4,25] and dynamical scattering of the electron beam as it
propagates in the samp@4i 37]. Figure 1-8 illustrates the location and thellection

angle range of each detector in the STEM.

Incident
convergent
beam

Specimen

8, >10->50 mrads 6 >50 mrads off axis

03 <10 mrads

HAADF HAADF
detector ADF ADF detector
detector BF detector
detector

Figurel-8 Schematic of different detectors' locations in STEM m@dé Reprinted

with permission from the copyright owner.

HAADF-STEM can also be used to study the antisite defects (differentiating between two

octahedral sites) with the aim of studying thedtural stability of the crystal in an atomic
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level resolution instead of using macroscopic diffraction methods. This visualization is
possible, for instance, when some heavier attikesFe or Co, occupy Li columns in LFP

or LiCoPQ crystals and make llocations appear in HAADF imag§38,39]

With the purpose of understanding tstructural changes in-kich cathode materials (with

high energy density due to the occurring anionic redox processes reversibly), there are
some efforts to directly measure oxygen sublattice distortion by utilizing ABF STEM.
However, the precise measuarent of the anion distortions is tricky because of some
challenging issues, including (1) ABFTEM images sensitivity to the sample thickness
and the contribution of the surface especially in the presence of different phases from bulk;
(2) the close locain of the oxygen columns to each other (in case of having two
perpendicular projection of axial and equatorial) as well as having TMs (heavy elements)

in between the oxygen column locatig48].

Nevertheless, by using a fast, pixelated detector and acquiringifognsional scanning
transmission electron microscopy (EBTEM)data (i.e. a 2limensional diffraction pattern

at every pixel of a-@limensional image)capturing all of the elements inside the cathode
structure, even light elements such as lithium, inside LiNoOuld be possible. Studies
showed that the contrasttbie Li atoms was improved, especially in thicker TEM samples,
using enhanced ABF {&BF) imaging instead of ABF (with angles from 8 to 16 mrad),
which is achieved by subtracting MeditangleBF (with angles of 0 and 8 mrad) from
the regular ABFFigure 1-9 illustrates the improvement ofA&BF images by increasing
the sample thickness as well as their both (ABF aA8) good sensitivity to exhibit Li

and O atom$41,42]
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Figure1-9 High-resolution ABF and enhanc&BF images from [100] zone axis of
LiNiO» with athickness (a) and (b) about 8B and (c) and (d) about @Bn. With
magnified averaged images frahe experiment (greeframe) and simulation (red
frame)[41]; (e) A schematic of the MaBF detector location in higisolution STEM
[42]. Reprinted with permission from the copyright owsier

Besides imaging, the 4BTEM technique can also be used for strain measurements on the
nanoscale. In this method, like nanobeam electronadiitn (NBED), the strain is

calculated in reciprocal space since alternations in the values of the structural lattice will
be reflected as position shifting in diffracted disc regarding the undiffracted disc in the

diffraction pattern centg¢d3,44] Appendix I,shows aexample regardinthis cdculation.

ADF images can reveal the differences between the two disparate crystallographic
structures. In this regard, the chosen zone axis for analysis should show different features
or at least differematios in the same feature (like different ratios for diagonal distance in
the diamond shape of LiM@,). By decreasing the detection angle, ADF can show
sufficient contrast for O siteBigurel-10depicts the location of the Mn and O by reducing

the collection angke[45].

21



Ph.D. Thesis Nafiseh Zaker McMaster University Materials Science arg@ngneering

Figurel-10 ADF images from LixMn,O4.z materials with tetragonal crystal aligned in
[100] direction, based on different collection angles: (4228 mrad and (b) 5240
mrad. The contrast level in (b) regarding oxygen is not unifadnich is illustrated with

short and large arrowd5]. Reprinted with permission from the copyright owner.

With the intention of studying the degradation mechanism iriddi cathode materials,

HAADF images can be extensively used to observe the differences between layered

structure and degraded structure (rgelttype structure) near the surface or grain

boundaries. Aseen inFigurel-11, Li layerscan be determineowing tothe presence of

heavier elements (TM) in the Li vdlupyr@r s. Accord
the core to the grain boundary, the structure progressively deviates from the layered

structure to the moderately layered structure and then es#ud disordered rockalt

structure. It is worth mentioning that the thickness of this disoddereksalt structure

(with a higher amount of TM atoms in Li sitésgreases with the numberofcles[46,47]
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microcrack

Rock-salt like structure

(0007)

Partially layered structure

©0[1120]
Grain Interior

Figurel-11 HAADF-STEM images of LiNjsCa.15Al0.0502 after one cycle in (a) and (b)
[46], and after 10 cycles in (§37]. Li layers are revealed with doubtteaded arrows and

singleheaded arrowdReused with permission from the copyright ovener

1.6.2 EELS

Electron energyoss spectroscopy (EELS) is one of the most powerful tools inside the
TEM, placed either at the endtbie TEM column or in its projector lens system (pasid
in-column filters). This technique is capable of delivering valuable information with a high
spatial resolution (Angstrom level) about the chemical state, local electronic structure,
phase recognition, lat changes in bonding environment, valance and ionicity, and radial
distribution function. EELS analysis is much more appropriate than EDXS in detecting
light atoms in the system becaudahedecreasing trend in the fluorescence yield (orders
of magnitue) of light elements in comparison to the heavier caesvell as having higher
detector efficiency in EELS (due to small solid angle ar@yabsorption with a detector

in EDXS). The energy loss spectrum generally can be divided into two main regions, L
loss (from Oev to 50100 ev) and Cordoss (above the lowoss region). The Corloss
energy range has two main modulations: the energy loss near edge structures (ELNES) and

the extended energy loss fine structures (EXELFS). The ELNES part is agsigmetb

23



Ph.D. Thesis Nafiseh Zaker McMaster University Materials Science arengneering

10-30ev after the onset of ionization eqdgad from 3650 ev to several hundreglectron
volts is considered as EXELFS region. Information about phase and valance state as well
as radial distribution function of materials (like XANES &8¥AFS) are provided from

ELNES and EXELFS regions, respectivid,49]

In the field of LIBs, EELS has also been used for detecting Li since-éidgé is located

in the lowloss region. However, the alapping of My s-edges and ¥dge in TM elements

and lithium, respectively, makes the analysis more complex, especially in a more realistic
case of having polycrystalline structure and thickness variation in prepared TEM samples
[41,50] Multivariate curve resolution (MORs one way of separating mixed spectra in
each psition into a linear combination of different pure components by usingdgaates

fitting [50]. MCR can be used in the energy loss spectrum tstigate the local valance
states and quantitative mapping of the TM ions and oxygen in the cathode active materials
in real spacgs1]. Multiple linear least squares (MLL8)ethodds another comian fitting
technique that fits reference spectra into the original dataset to calculate andesxtinact
reference's amount amlistribution in a spectrum image. It is also utilized for separating
overlappingedges and for background improvemeirialyzing a large data cube like an
EEL spectrum image (Sl) with many variables, which are sometimes known or unknown,
requiresmultivariate statistical analysis (MSA) to understand spectral data. One of the most
comnon MSA approaches in the EELS field is principal component analysis (PCA).
Through PCA, the dimension or the number of variables in the original data is reduced
and the spectral with a lower noise level without losing substantial information is obtained

[52].
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1.6.3 X-ray absorption fine structure (XAFS)

X-ray absorption is based on ttaio between the intensity of monochromaticays after

and before interacting with an examined sample. To see a sharp absorption edge, the energy
of the incident Xray beam should be equal to the electron energy bondingtudad

mat er i al Iolrsgenemlywhen kthe-Xayeenergy is close and higher than the binding
energy, some of the sampleds electrons might
(become excited by leaving holes in core levels), and two major mechanisms might happen.
In the first one, the core hole is filled by another electron from the core level with higher
energy, and the difference between these two levels will be revealed as fluorescence
emission. This emission is the characteristic property of each element andutdizdu

to detect the atoms. The second mechanism might happen if the energy difference between
those two mentioned levels has enough energy to eject another electron into the continuum
called the Auger Effect. It should be noted thata) fluorescentrad Auger emission are
moredominantly taking placat higher Xray energies (>ReV), and soft Xray regimes,
respectively.lt is worth to be noted that by absorbingra§ energy, if the ejected
photoelectron (with a wave property) from a tightly boundedevel hasenough kinetic

energy, it carescapento unoccupied states of the absorblement andhteract with other

electrons in the chemical neighborhood of the absorber atoerphotoelectron can scatter

b

back from the | ocal s imethe dbkorber one tagmesade el ect r on

modulatiors in the extended part of absorber coefficient shape of the absorbing atom.
Therefore, the XAFSanbe classified into two main sections: tXeray absorptiomear
edgestructurg( XANES) is visible from the thlieshold of the main absorption edge up to 30
eV, and the extended-ray absorptionfine-structure (EXAFS) which contasnthe

oscillations which are resolved fairly after the absorption edge. The EXAFS is mostly
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illustrated in terms of the waveimber (meanng 6 ( k) as *Pantlalsoduei on of Kk
to its fast dec &@yrk The(skveral freguermiespwhictf are eegealédy  k

as oscillations in ¢6(k), are related to the di
can be used imr der to calculate the neighboring at
disordering. A synchrotron is mainly employed as ara)X source in this technique and

offers a full wavelength or energy range ofa¢ with high intensity. This full wavelength

range can bdesignated for a specific energy by using a monochromator (such as silicon)

to reach high energy resoluticabput 1 eV at 10keV). XAFS measurement can be divided

into two main categories: transmission measurements and fluorescence measurements. The

first method is suitable for lothickness and uniform samples, and the second is preferred

for thicker or lower elemental concentrated samp&sb4]. It is worth noting that the

EXAFS technique can illustrate the structural environment around the specific absorber

el ement mo sdistaycehovevet, t sebé allithe bonding pair distantcethe

material structure, using anotherrXy-based technique called pair distribution function

(PDF), would be requirefd5,56]

XAFS analysis in LIBs can be used to calculate the capacity degradation and afmount

inactive materials production based on &mergyshifting in Ni K-edge as a function of

different SOC and cycling effect, especially at high temperatures. As sh&igurel-12,

the K-edge onset of Ni is shifted to higher enerdigsincreasing the SOC, due to the

oxidation of the Ni* ion to the Nt*ion. After applying 500 cycles at high temperatures,

the K-edge onset of Ni was reduced to loweaergies. The shifting at a fully charged state

results from the reduced number of availablé’diue t o t he production of

i o n s?%and Nit"), which are not able to change their valence during cycling. At high
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temperatures, since the Ni ieaduction happens with no Li intercalation (at the same

SOC), oxygen release could cause capacity fdéing

8043.0 T T T T T T

W Before cycling

© After cycling at 20 *C
@ After cycling at 60 °C
O After cycling at 80 °C

80425 -

80420 -

8041.5

Ni-K absomtion edge energy’ eV

80410

00 01 02 03 04 05 06 07 08
x in Liy Nip .Cog Al 550,

Figurel-12 Shifting in the location of NK-edge energy from XANES spectra versus the
SOC of NCA before and after the 500 cyd®8]. Reprinted with permission from the

copyright owner.

1.7 Motivation

In light of global warming and increasing carbdioxideemissions, there agnormous
demands for using different kinds of green and sustainable energy sources along with
finding high-energy storage devices. Some countries have planned the banning fossil fuel
vehicles inimminentfuture, and in this regardutomotive industries are curtgnforced

to manufacture electrified vehicles that can be adapted to theseTbathés end, Liion
batteries have receivesignificart attention and entered the electric vehicle industry
because of their higher energy density in comparison with otlcbamgeable battery
technologies. As addressed earlier, cathode materials hawvepartant role in energy
density restriction and the final material price determinationl®$. Thus,it is essential

to scrutinize cathode structures, their phase transfmmand side reactions to boost the

life span of the batteries. Recent studies have utilized two main approaches, inth@ving
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discovey of new materials or modifying thexisting materials, which both aito improve

the performance and cyclic life oflithium-ion battery.Despite several developments in

both methodsmost studies focused on the overall performance of the battery, whereas
fundamentally analyzing the underlying phenomena which lead to enhanced performance
or fast degradation of these teaites was mostly neglected. Therefore, this research aims
to comprehensively study these engineered complex materials by using advanced electron
microscopy techniques (SEM, TEM, STEHBELS, P/FIB, and 4EBTEM) and high
resolution synchrotrobased Xray aralysis (XAFS, powder XRD, and PDF) to achieve a
detailed understanding of which mechanisms and reactions are occurring inside the
batteries as well as their effects on the final performance of the batteries, from the material
perspective. The final resultsf this research will impact the cathode modification
procedures, which will be exploited to enhance the LIBs performahae are

manufactured bgeveral companies

1.8 Research objectives

The interest in engineered complex cathode materials has grown theertde of these
materials in providing higher quality in the performance of the LIBs. To fully benefit from
these modern materials, itassential to havadeep and fundamental understanding of the
relationship between their performance and chemioattsiral properties which provides
the opportunity tocomprehend th@ossible enhancement mechanisms and detrimental
factors for capacity deterioration, particularly from the material point of Vvigaged on

the literature review, several topics have bedantified which are not explored

comprehensively in this field and therefore require more scrutiny.
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X

Enquiring the inhomogeneoudistribution of elements, especially in doped
materials, from the surface to the bulk and the dgpasition, which plagssential
rolesin the performance of Lion batteries. Since in this research;ddped Ni

rich cathode materials are being investigated, using EELS and H/SNIEHM

along with EXAFS and XANES spectroscopies are required in order to acquire
comprehensive imrmation regarding the exact location of W, its phases and
structuresas well as its valence and site preference in the doped host structure in

pristine and cycled states.

Exploration of possible mechanisms that are responsible for performance
degradatitn and enhancement in engineered complex cathode materials. This
analysis requires an-aepth study of the chemical and structural changes inside
lithium-ion batteries before and after cycling. In this investigation, utilizing
various advanced charactatiion techniques such as HRTEM, STHMLS,

XRD, and XAFS analysis will be of utmost importance to achieve a better
understanding. The electrdyased examinations are chosen due to their capability
to reveal information about alternation in electronic angktal structure of
modified cathode materials in both pristine and cycled states (to consider the
effects of phase transitions and other side reactions), with high spatial resolution.
On the other hand, -¥ay-based analysis can illustrate the bulk effettthe
modifying approaches in cathode structure, especially in the presence of heavy

elements inside the structure.

In coating approaches, it is necessary to scrutinize the final structure of the core
and coating along with examining the possibility afzimg interdiffusion at the

nano to micrescales between core and coating materials. This procedure is
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necessary for the purpose of optimizing the processing parameters and evaluating
the effectiveness of these approaches to improve cell performance.EEBM,
STEM, selected area electron diffraction (SAED), convergent beam electron
diffraction (CBED), and EELS can all be used to reveal valuable data regarding
the uniformity of the coating, material distribution from the core to surface, and

the crystal sticture of each selected area.

x  Since the main causes of mieracks generation, specifically in-Nch cathodes,
are not clearly discussed and understood in the literature, developing a reliable
method for strain measurement in cathode structures id ¢time @bjectives of this
study. Strain measurements analysis could be performed on both pristine and
cycled states to understand the main reasons that contribute to the structural
stability or degradation of the cathode as well as any changes that aredigju
enhancement techniques in the cathode particles. In this measurement, peak width
from synchrotrorbased XRD data or shifting in PDF peaks could be utilized to
precisely measure the structural strain. On the other hand, electron microscopy
methods wih high spatial resolution can be employed to calculate strain by using
direct (from real space location of the atgomkich requires high quality HRTEM
micrographs) and indirect (from reciprocal spagbkich can be obtained through

4D-STEM analysis) methinlogies.

Ultimately this study will provide irdepth information on the underlying reasons that
result in the higher performance or deterioration of the engineered complex cathode
structures in a Lion battery. This work will be crucial f@xpanding the impact of {ion
batteriesenabling wider use of electric vehiclesidreducing carbon emissions leading to

climate change
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1.9 Thesis outline

Through this Ph.D. journeyhreeconferences, onearkshop, and sipublished ISI papers

in prominern journals have beetihe outcomeshat resulted fronour collaboration with Prof. Jeff
Dahn from Dalhousie University. From our collaboration with NRC, one paper was published.
Additionally, | would state that through other collaborations, two papers on diffexgios were
published as wellThe following chapters present our three pubkdiste papers as the first author
with the dominant contributions of the Ph.D. candidate in acquéiniinterpreting the data as well

as being the primary writer of these manuscripts. $arsdwich thesiss composed ofive major

chapters as follows:

Chapter 1 (the current chapter)ontains some LIB introductions, cathode materials and their
development through complex engineering structures, different characterization techniques (electro

and photorbased)as well as the research motivations and objestiv

Chapter 2 is based on the first papesurrently under review, entitled Pr obi ng t he Mysteri o
Behavior of Tungsten as a Dopant Inside Pristine Cdbrakk NickelRi ch Cat hode Materi al s
this paper, the location and distribution of W have beegsstigated and its form (crystalline or

amorphous) along with its more possible compound chemistry have been discussed. This chapter

mainly focuses on the pristine state of thesWiched structures and fulfills the first twbjectives

of this research.

Chapter 3is written based on theecond papeready to be submittetd,i t | ed AStructur al Evo

of Cycled ComplexNickeRi ch Cat hode Mat er i alThisaRioleprasénésd wi t h Tun
the failure analysis of VWénriched materials, the mechanicalachemical improvement

role of W compounds in the Nich cathode structures, and the effect of some synthesis

defects According to the results and discussion in this chapter, the two initial aims of this

thesis have been accomplished. In both the seanddhird chapters, strain analysis has

been done based on the PDF analyelsch is part of the last objective of this research.
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Chapter 4 presents versiomoft he t hi fmaldrgtemen ¢4 ed AExpl oring th
of Surface Modification on th€oated NickeRi ch Cat hode Materials Strt
paper characterized the quality of the coating by mechanofusion and the effect of this

process on Nrich cathode materials' behavior through different eleeti@sed analysis

techniques. This articleelps to meet the last two goals of this research.

Chapter 5 includes the major conclusions regarding this thesis on two main structural
enhancement techniques, dopiagd coating, as well as introducing some possible advice

for future work.
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Abstract:

Nickel-rich cathode materials with small amounts of tungsten dopants have attracted
extensive attention in recent years. However, the chemical state, crystalline form,
compound chemistry, and location of W in these layered structatbddes are still not
well-understood. In this work these missing structural properties are determined through a
combination of macrQ to atomiesensitive characterization techniques and density
functional theory. Wdoped LiNiQ particles, prepared with eshanofusion and
coprecipitation methods, were used to probe changes in the structure and location of W
species. The results indicate that W is mainly distributed on the surfaces of secondary
particles and in the grain boundaries between primary partielgardless of the doping
method. Electron energy loss spectroscopy mapping confirms the simultaneous presence
of W, O, with and without Ni in the grain boundaries as well as sorand/Orich regions

on the very surface. The ¥ith areas inside the graboundaries are found to be in two
forms, crystalline and amorphous. This paper suggewsspresence of kinetically
stabilizedLi 4+xNi1xWOg (x=0, 0.1) with the possibility dfi\WyO, phases in LiNi@which

are consistent with electron microscopysray ésorption and diffraction data. The
multiple roles of W in this complex microstructure are discussed considering the W

distribution.
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2.1 Introduction

High energy densitlithium-ion batteriesarethe best potentiadnergy storage systefor
electric vehicles antb supporta more sustainable and green future for the pldriéf.

To fulfill commercialkexpectatios, these batteries require higher capacity, cyclititife,

rate capability, and thermal stabilifyi 8]. Besides many ampts to enhance the main
components in Lion batteries by discovering new materials and adjusting ciyrent
availablematerials, the cathode is still the main limgt factorfor energy density anis

the highest price component of a-ibh cell [1,9,10. Layered cathode matersahre
commonin commercial applications. In these materials, higher levelsiakel lead to
higher energylensitied11,12] However Ni enrichment bringseveral problems, such as
decreasdcycling life span, safety, and thermal stability, leading to quicker fajRySi

15]. A new generation of optimized engineered complex cathode structures have emerged,
utilizing ultra-high Ni cathode materiglalong with various methodike doping, core

shell structures, and coatimdhese approaches can be categoraeither bulk or surface
modificationstrategieswith the ultimate goal for all being &iabilize the active material
and/orto increase its lifetime during chargkscharge cycling4,16 24].

Atomic doping is one of the most conventional methods to alter the cathode host crystal
andreinforce its structurfl9]. In this regard, tremendous work hagbe&lone to identify

the best dopant candidates and some cations with avhighce state have drawn
significant attentior{13,25 27]. Using high oxidation state cations like*Tizr*, Te*,

Mo*¢, W*6, etc., would stabilize the Nich cathode structures, alleviate Jarailer active
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elements (NF), suppress the diffusion of Nj protect cathode from side reactions with the
electrolyte, or prevent undesirable phase transformgitiGa8 30]. Lately, a family of W

doped Nirich cathode materials has demonstrated significantly improved LIB
performance, as well éisermaland structural stabilitig81i 33]. These recent studies have
pointed out a few general effects of W on the behavior of LIBs and proposed some
hypotheses a® what drives the observed enhancements. However, no comprehensive
investigation has been conducted thus far to experimentally validate some of the
hypotheses found in the literatufehe highvalence charge and the complex electronic
configuration of Win comparison with other common cation dopants, make the prediction
of its role in the layered structure more complicd84]. Therefore, understanding the W
role would require identifying the location and distribution of W in bulk or surface, its
effect on the structure of the layered material after synthesis, apdegence of possible
W-phases inside the Nich cathode structure.

In recently published papdi®4i 36], the general aspects of performance enhancement and
structural modification have been the focus of discussion. From our previou$3dibrk

36], a Nirich cathode material with only 1%W dopant showed the be$ihgylsehavior

and fracture resistance among the tested matagalempared to other dopitayels It is

worth mentioning that based on our previous paper, the optimum heat treatment
temperature to reach a better-afiriched structure and some level oftenegeneity
regarding the W distribution in the host structure have been rep@®gdTo beter
understand the role of W in battery performance, thiscla presents hdepth
characterization results attiereforereveals the preferred location of W, its forms as well

as new possible Wariants in the dopeHdiNiO, cathode material$:or this purpose, both

X-ray-based and electrdmased characterizatidechniquesas well as modeling, have
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been used. Theseharacterizationtechniques, alongside simulation and fittireg
experimental datgrovide sufficient information to predict and exipmentallyidentify the
location of W inside the cathodeur results show that/ is detected within the grain
boundaries of the secondary particles and forming a thin layer, few nm thickness, on the
edge of primary particles adjacent to these grain baniesl Additionally, W is alstound

on the surface of secondaparticles.As will be discussed in detail below, -¥ith
compounds which contain Ni with chemical compositldn.xNi1.xWQOs (x=0 and 0.1

which are kinetically stabilized compounds) along wi# probability oiLi, W,O, phases,

with the preferred concentration on the top surface and inside the grain boundaries of LNO

structure, play a protective layer role as well as stress absorber medium, respectively.

2.2 Results and discussions

2.2.1 SXRD and PDF

Thesynchrotrorbased powder XRD (SXRD) data for LNI®ped with different amounts

of W is illustrated inFigure 2-1(a). The patterns quantification ihable 2-1 shows that
both lattice volume and cation mixing (amoéwrf Ni in the Li layer inside the LNO) are
increasedwith increasedW dopants. Both of these changae consistent with the
presence of morliZ*, with a larger ionic radius than Hiin the transition metal
(TM) sites andin agreement with other published wofR41 33].

As shownin Figure2-1(b), for higher amountsf W, additionalpeaks can be observed at
2d angl es b e twhiehésconsistenAwith eitheBaSofver symmetry structure
in additional phases avith superlattice reflections in LNO. Additionally, the presence of
a broad hump in the scattering distribution around 19° to 35° in doped materials suggests
the existence of an ampghous phase. However, in the LNO_ pristine sample, the detection

of a weak hump might be caused by the capillary tube scattering.
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Figure2-1 (a) SXRD patterns for pristine LNO and-tddped LNO (1%,2%,4%and
8%W) prepared with mechanofusion, aneédéped LNO (1% and 2%W) prepared by
coprecipitation(b) The emerging tiny peaks in the range @gflietweernl9° to 35° as
wel | as the presence of a broad fAhumpo i nd
According toFigure2-1(a), themajor peaks can be indexed with high precision using the
U NaFeO2 (Rmy-structurg37]. For lower dopant amounts, namely LNO_1%W_mech, a
clear separation between the (006), (012) and (018), (110) peaks, along with the higher
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intensity of the (003) peak, are consistent with a clear laytrecdture. The ratio of—,

identified as the Rralue, has been used to track the amoumtatibn mixing inside the
layered structure. Based on the literature, values below 1.2 are indicative of undesirable
cation mixing due to more disordieg or the formation of inactive cubic phase of LNO in

the layered structures, which reduces electrochemical perforni28ici]. Our results

show that the Rralue decreased from LNO (~1.37)1t#W (~1.34) and to8%W (~0.76),
indicating higher levels of cation mixing in the higherd&ped LNO structures and for

samples prepared by coprecipitation.

Rietveld refinement of the patterns provides a much more accurate way of calculating the
amount of Ni in Li layers sites, as pretahin Table 2-1. The phase fractions of the
LisNiWOs (see further below), the lattice parameters of LNO and the atomic occupancy of
Li and Ni in Li sites were refined, and thevdlue was extracted directly from the raw
XRD patterns. In general, the absence of the (003) peak is consistent with thignkm(
phase rather than the layered strucfafg. In Figure2-1(a), theintensity of the (003) peak

was significantly reduced in Wich structures. Work in the literature suggested that this
could be due to the presence of a rock salt/spinel phase baseldctron diffraction
patterns, caused by the presence of W in the structure@iNNMC (Li Nix Coy MN1x.y

O,) [31,33] As shown below, however, the changes induced by the presence of W alters
the local symmetry at the edge of particles where dkigcted (see secti@i2.9). Also,

the peak broadening noticeably increased with increasing the W content. This effect could
either be caused by higher lattice strain induced by W, if present in the lattice, or ley smal
particle size, as reported by other researcf83}k Our previous work36] showed that
higher levels of WHoping in LNO materials generates smaller primary particles or, in other

words, there are more grain boundaries inside their secondacigzarti
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Table2-1 Crystallographic and phase information for LNO and otheddfyed LNO materials based on the Rietvelc
refinement. The 6 value is a goodness of fit parameter for the Rietvdfldement. The Ralue is the ratio of the
(003)/(104) peak intensities.

Phases Wt. fractions % Lattice parametersin LNO AL ey

Materials Rw% Vol in LNO R-value
LisNiWOs | LNO afli] Cli] ‘[’,l,“;]“e Li1 Nil
LNO_Pristire 0 100 3.86 | 2.87404| 14.18384| 101.463 | 0.982 0.018 1.37

LNO_1%W_Mech 0.652 99.348 | 6.33 | 2.87672| 14.20978| 101.839 | 0.973 | 0.027 1.34

LNO_2%W_Mech 0.686 99.314 | 7.33 | 2.87949| 14.20191| 101.979 | 0.951 | 0.049 1.25

LNO_4%W_Mech 6.645 93.355 | 8.85 | 2.88166| 14.19745| 102.1 | 0.889 | 0.111 0.98

LNO_8%W_Mech 7.733 92.267 | 11.62| 2.89002| 14.21934| 102.852 | 0.82 0.18 0.76

LNO_1%W_Copr 0.679 99.321 | 6.7 | 2.88239| 14.20709| 102.221 | 0.922 | 0.078 0.99

LNO_2%W_Copr 0.818 99.182 | 10.28| 2.88343| 14.19265| 102.191 | 0.898 | 0.102 0.72

Accordingto Figure2-1(a), for the higher W content (e.g., 8% W) material, the (110) peak
shifted to lower angles, which could be ascribed to there being a higbentof larger
radius ions in the TM planes in the-kiéch samples. On possible explanation for this is the
presence of more Rti(0.69 A) with larger radii than Ri (0.56 A) in doped materials.
Some of the previous literature suggested that thieiads tend to occupy the TM sites
and reduce some of the *flto Ni?* ions to maintain charge balance, which inevitably
increases cation mixing due to the similar ionidirafiNi?* and Li* (0.72 A). In our DFT
work, we considered three different scenarios to maintain the charge balance t#li&en W
in the LNO structure: 1) one Nivacancy for each W, 2) three atoms single valence
reductions by formation of three Nions with and without their replacement in Li sites,

and 3)formation of three Livacancies. However, our DFT calculations show that none of
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these configurations is energetically favorable. Additionally, the uniform presence of W in
the LNO could not be emdly validated by the EXAFS data analysis, which will be
discussed isectionO.

Other investigations indicated that the presence of XRD peaks in the range of 20° and 35°
2dr ange baferginated from the ordering in the TM layers withNMhOs-

type structure. For the iIMnOs-type structure, different layer stacking alonge tb
direction might be possible, leading to various space groups such as C2/m, C2/¢1and P3
However, the C2/m system is more energetically favored (albeit by small margin) and
results in a better fit for the IMnOs-typestructurg41]. Other work also reported the
presence of a tiny broad peak at larger angles close to the (003) peak possibly arising from
[ axh &ed R30° superlattice ordering resultingin stacking faults alongside the ¢
direction[42]. On the other hand, these extra peaks might originate from minute contents
of different W phases or variants present within the doped LNO patrticles as second phases.
To validate this possibility, various probable W compisiwere considered either based

on the DFT calculations (predicting which phases are energetically and thermodynamically
favored) or based on existing W compounds, accounting for the combination of elements
(W, O, Li, Ni) and similar space grougs2Z/m,C2 ¢ , Qoheld MnOs-type structure

that were used above to fit the tiny peaks in XRD patterns.

LisNiWOs and Lis 1Nio.0WOs, with C2/m and Cm space group symmetry, respectively, have
been found to improve the fit quality of the XRD patterns beyond the bulk LNO phase. As
demonstrated further below, this is also consistent with simulations to fit the XAFS
modul ati ons f reovitonnehtein thi¢ dapedormater@l® confirm these
results with the XRD refinement, the LNO together with either one or both of these phases

were studied. Due to the similarity of XRD peak positions in these tweah#nts,
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especially between 20° and85 ( b a s e ¢y y@BAnrangehtie fiting residuals were
considered for different scenarios. First, the fitting was carried out considering LNO with
one of the compounds (eithezNiWOgs or Lis.1Nio dWOs) at a time, then considering LNO

with both phasesit the same time. While the fitting residues were relatively low and
approximately similar in both cases, the concentrations yielded some unphysical outputs
when fitting the peaks with both phases at the time. Based on this result and the similarity
of the residues, the fitting of LNO with only one of the phases was considéredesults

of fitting with LNO and Li4sNiWOs are represented iffable 2-1. While there is a
guantitative improvement of the residuals of fit, it is also clear that a perfect match to the
full series of SXRD peaks is not obtainedilasstrated inFigure 2-6S (for brevity, the
figure number wi || be foll owed by #AS0 for
information, sectior2.5) especiallyin lower W amountThis suggests a combination of
phases or of changes in the structure induced by multiple effects that are not accounted for
by a simple Rietveld refinement.

Further insight into theomplexity of the doped material and how the main lattice of the
LNO phase is affected can be obtained from PDF analysis. PDF analysis provides an
average distribution of pairs of interatomic distances. This information would make it
possible to detect ihteratomic spacings and order change. By inspecting the short and
medium spacing ranges, we can deduce that the average structure of the doped compounds
(with the concentration of W used in this work) shows no detectable changes in the PDF
(such as cleaextra peaks) as compared to the pristine material (see SI document for
completeness). These results agmeth SXRD analysis due to the low concentration of

W-variants inside the LNO
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2.2.2 STEM and EELS

High-resolutionSTEM images of the doped samplegsheir pristine state, from both the
mechanofusion process and coprecipitation synthesis, are shdvgune 2-2(a-c). The
contrast mechanism, in HAADF mode of deict is related to the atomic number and the
thickness of regions that are scattering electrons and thus the brighter areas denote heavier
elements or thicker regions of the sample. These-tagblution imageg-igure2-2(a,b),

mainly show the same apparent behavior at grain boundaries: two bright bands (mostly
crystalline) separated by a dark region in between. Since W is the heaviest element inside
these materialdiased on the intensities in the images, thadV area would be located in

those bright band regions. Because the dark areas could also imply a different thickness, a
more detailed spectroscopic analysis with EELS is still required. From inspection,
howe\er, two conclusions can be drawn: 1) there is W diffusion along grain boundaries
between the primary particles, very deep in the structure of secondary particles (this is more
evidentin Figure2-4(a)), and 2) W is located at grain boundaries but it is not clear if W is
also in the structure, given ththae concentration of W away from the boundaries is lower.

In other words, these images demonstrate that W diffhsesgh the secondary particles

and is mainly located inside the grain boundaries. Further analysis using Fourier Transform
(FT) and crystal distance matching was performed to thoroughly understand the high

resolution atomic lattice images, as will be dsszed in the following.
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Figure2-2 TheHAADF images of(a) LNO_1%W_Mech,(b), and(c) LNO_1%W_Copr
from the top and the middfeartof thesecondary particle, respectively. Edigure also

includeshigher magnification images diegrain boundaries.

Detailed atomic resolution imaging of a primary particle (in the core part of the secondary

particle Figure 2-3), near a grain boundary and including a region further away, was

carried out in order to probe in detail the changes to the structure induced by the presence

of W. First, an area further fronrhe gr ain boundary waose sel ected,
2-3(a). The FT calculation providing a local numerical diffraction pattern and the intensity

profiles from twodifferent atomic planes confirm the <010> zone axis of LNO for region

i Qpresemsted ifrigure2-3(b, c). Basen the line profilefigure2-3(c)), onecan notice

the highintensity TM planes and troughs corresponding to the Li planes. However, within
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the Li planes where there should be very clear intensity minima since thee&inot
contribute to the HAADF signal, there are additional intensity maxima (marked by orange
arrows), locally consistent with cation mixing corresponding to either Ni or possible W
atoms. Since the concentration of W is low and the intensity witkirLithayers is quite
uniform within these planes, this suggests that, in these regions, Ni would be present within
the Li layers, consistent with results from structure refinement where some cation mixing
is deduced. In the <010> zone axis, the distabetseen the atomic columns from the

line profiles match well with the spacing between the Li and Ni sites, as shdviguire

2-3(d). In other areas, however, rmation mixing is detected, and the pristine layered
structure is visiblewhich is shown in the purple dotted line boxFigure2-3(a). This also
suggests that this effect is not an electron beam propagation artefact due to the channeling
of the electron beam to the TM columns, since the thickness of the two regionsbheould

very similar.

Very clear fromFigure2-3(a) is alsaa very bright crystalline region (identified as region
All o) at the edge of duldaryBgsedon the intengty ohithee n t
atomic columns, it is expected that this is due to the presence A&$ Wil be explored
furtherin the discussion ahe EELS mapping, this Wich area alsoantairs O and Ni.

The image oftienumericaldiffraction with FTfrom thisbright areain Figure2-3(b) does

not show layered structural phase symmetry. Prior literature has shataspinel phase
(cubic synmetry) which only originates from cation mixing¥3,44] can appear after
electrochemical cycling on the edge of primary particles. Hereresultsllustratethat,

although there is cation mixing between the Nil & atoms, the precise measurements

with EELS (shown further below) reveal more information about the concentration of W
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in such norayered phase areas and demonstrate the presence of some tungsten phase
variants on theery surface of the primary part@s.

XRD refinement results (as well as the subsequent validati&Ehp mapping and XAFS
fitting) indicate a better fit to the pattern with the presence of Li, Ni, W, and O phase, which
suggests that the crystallibeightareai 6 c oul d shoiehiometric bompountd h e
LisNiWOs or its solid solutionLis.iNiodWOs. Furtherclarification is obtained from the
high-resolution HAADF image through the numerical FT diffractipom regionii 0
(Figure2-3(b)), which isperfectlyconsistentvith the <opp> zone axis directionf either

of these two WWeompounds. Furthermore, from the line profiles and the calculated atomic
distancebetween W andNi atoms Figure 2-3(c,d)), the planespacings are in good
agreement with the expectations from this zone axis. For this comparison, the spacing
between the W and Ni atomic pksns have been considered since they #ue most
visible sites fronthe HAADF detector However, as demonstrated Figure2-3(d), these

W variants show almost étical atomic distancem this zone axis. It is therefore
impossible to differentiate between them even by detailed lacallysis. The
stoichiometric compoundisNiWQOs with C2/m symmetryhas three shared sites (4g, 4h
and 2d Wyckoff positions) for Ni and Li with Ni occupancies between 16% to 26% and a
single site for W (2a Wyckoff position); however, in the solid solutioraafeneral
composition Li+xNi1.x\WOs (in this specific case cosponding to a previousligentified
compound with composition LiNio sWOsandCm symmetry), there are four sites with the
combination of Ni, Li, and W ( site 1: W=99.1% and Li=0.9% with 2a Wyckoff position,
site 2: W=0.5%, Ni=28.2% and Li=71.3% with 4by@koff position, site 3: W=0.4%,
Ni=7.7% and Li=91.9% with 2a Wyckoff position and site 4: Ni=12.7% and Li=87.3%

with 4b Wyckoff position).
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Figure2-3 (a) The HAADF image of the LNO_1%W_Copr samplecflwar eas, @Al 0 and

~

All o, with two different atomic |ines and ar
calculations from each selected area. (c) The line profiles from each selected atomic line
in (a), with the same color (the orange arrows represent the hastories within the Li
layer). (d) The 3D structure of the LiN#i41Nio.sWOs, andLisNiWOs from the
appropriate zone axis view with calculated atomic distances. Li, O, and W are in green,

red, and purple colors, respectively. Ni is gray in the LNO and orange in-fitfeagés
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The low magnification EEL$naps from different doped materiategardless of doping
methods Figure2-4(a,b)) reveathat W is mainly concentrated on the very surface of the
primaryand secondarparticles as well as at the grdiaundariesn betweerthe primary
particles.Also, the W concentration inside the deeper level of the secondary particle
especially irnthe grain boundat seems to increase withoreW dopant. These results are
consistent with thereviously presented XRD peak broadening since smaller primary
particles provide more accessible pathways for W to reach inside the secondary particles
through their grain boundaries. This reduction of pringaain size along with the presence

of W in the grain boundaries, improve the strength of this family of doped structure and
increase their resistance toward cracKidg]. Having Wrich areas on the surface of the
secondary particles can play a protectiole in reducinghe direct contact between the
Ni-rich cathode materials and thelectrolyte. A second role of W, given this
microstructure, in addition to strengthening the grain boundaries, would be acting as a
damping medium for the cycling stress due to the presdngerich areas. The detailed
experimentatdiscussiorregardingthe protective role from side reactions during cycling
along with strengthening of the grdiundaries and damping cycling stress through the
presencef W-variantsar e out o0 Bcope hnd will be distessed in more depth

in a follow-up work focused on the effect of W on the degradation mechanisms through
electrochemical cycling. For4idepth characterization of the form and location of W inside
the doped materials, higher magnifioa EELS mapping was implemented.

A high-magnification EELSmap andthe relatedAnnular DarkField (ADF) imageare
presented irFigure 2-4(c) (as well as Figure 2-9S5(a)), which illustratethat the W is
noticeably present in regions within grain boundaries of the secondary particles with an

amorphous structuréddditionally, the Wsignalis still apparentvithin a few nanometers
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of the surface of the primary particlesthin the crystalline atomic arrangemt of the
grain Furthermorgthere are marked differences between the-@e#&redge structure of
bulk areasnd those containing/, visible in thepre-edge peakeature This preedge peak

is very clearlydetectablen the innerparts of the primary particles and is consistent with
theresults forpure LNQ which hasa sharp and very clearly visible pedge pak. In Ni-

rich materials, the general expectationfor@h&-e d ge peakds shape is
the pre-edgepeak arising fronthe transition between O 1s and the hybridized state of O
2p with Ni 3dstates In addition, the other features over 534 @&\ due to the transition
from O 1s to the hybridized state of O 2p with Ni 4&xies. Based on the literature, changes
in the crystal structure through cation mixing could substantially affect the hybridization
state between TM 3d and O 2p bands, anddacthanges in the O peelge peakd5]. In

our case, the alteration in the mentioned hybridization state seems to be induced by changes
in the chemical environment as a result of the W presence. Trexlgeepeak intensity
decreases from the core pérticles (i.e. awayrbm the grain boundarie$d the grain
boundary until the predge finally disappeared inside the gladmndaries where the shape

is significantly different, as shown in modetail in Figure2-9S(b) and Figure 2-10S(b).

No spectrgcopic evidence indicates an Gellge consistent with WfOBased orfigure
2-9S(a) and Figure 2-4(c), althoughthe pureoxygensignalmapping(i.e. a large energy
range integrating the total edge sigrsiipwedower O contentinside the grain boundaries,
further investigation following Principal Component Analysis for noise reduction and
Multiple Linear Least Square fitting (cddsring two different shapes of O peak, one with
and another one without peglge Figure2-95(c) andFigure2-105(c))) revealghat the O
K-edge within the grain boundary has no-pdgefeature. An example of the quality of

MLLS fitting results isillustrated inFigure 2-95(d). Furtherevidence obtained frorthe
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secondaryarticle,Figure2-11S, also showshe presence @n approximateltO nm thick
region on the top of the surfaceith W- and Orich layers without any Nelement.
Moreover, EnergaDispersive Xray SpectroscopyEDXS) maps were also acquired and

are consistent with the segregation as detestth EELS Figure2-12S).
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Figure2-4 The EELS map of W for (a) LNO_1%W_Mech in total view and (b)
LNO_1%W_Copr in the middle of the sample. {t}e ADF and spectrum images from
one of the primary particles inside thO_1%W_Copr material, with assigned

elemental distribution. (d) The line profile from the yellow line in (c).

The high level of noise IEELS maps and the line profiles is due to the use of a very low
electron beam current in order to minimize radiation damage. As illustrateytne
2-4(d), theW, Ni, and O elements were detected near the primary particle perimeters,
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whichencouragethe authors to perform a complementary analysis in addition to the EELS
measurement to provide further insights on the W phase/phases. XAFS analysis was
utilized to fulfill this demand. The strengilof XAFS over EELS analysiareits better
sensitivityto low concentrationandthe ability to acquir¢he higherenergypeaksof W.

In EELS only thetungsten Medge with its delayed and broad shajseaccessiblebut in

XAFS, theW Ls-edgeis easilycaptured

2.2.3 XAFS analysis

Thenormalized XANES spectra eightsamplesshown inFigure2-13S, reveala double
peakfeature in all the doped W materials regardless of the doping amount (1%, 2%, 4%,
8%) and the doping approach. The energy position ofMte-edge in doped materials is
nearly overlapping with the W{deference, which was attributed to the ested oxidation

state of tungsten (V8). In other researchhé W Ls-edge peak in both Wand WQ
showeda single peak shape as wdl6]. However, these doublgeak shapes can result
from either a distorted environment around the W or the coexistence of multiple W species
insidethe doped sample$o fit the XAFS data, two differentypothesesvereconsiderd

as is discussed below.

As a first considerationt wasassumed that W is uniformly doped in the LNO structure,
and these doped structures are described by considhiffiergent scenarios calculated by
DFT. Among all doped structural assumptions, W occupies the Ni site with octahedral
geometry. To bal ance anth ® maintameutradityséveral e x t r a c he
possibilities were considered, as discussed abuee,tbough these were not energetically
favorable[34] (i.e. (1) meNi® or (2) threeli* vacancies as well as (3) three reductions

of Ni*® to Ni*2 with and without exchanging position with I3*). In addition, an
experimental comparison ¢ifie Radial Distribution Function (RDF) around Ni and W
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atoms, based oBXAFS dataderived from theNi K-edge from pure LNO anthe W Lz-
edge from W doped LNQvas made taetermindf these twadistributionswould clarify
the samenvironment fothe Ni and Wspecies. IrFigure2-5(a), theRDF extracted from
EXAFS modulation®f the Ni K-edge, modeledith Feff simulations based adifferent
hypotheticalNi sites, Nil(on aLi site) and Ni2 én aNi site) andthe experimental data
from the LNO materialare demonstrate@he RDF peaksrom Feff modelingcanbe used
to identify the major differencebetween two Ni local structural environments, notably
after the first tweshells (up to ~3Aidentified afeaturegild andfill ). The main difference
between these two sitésthe presence of featur@Hl 6 and v which are exclusively
specific forsites Nil and Ni2respectivelyThefivofeatureis comparatively less practt
thanfilll 0 since itis located at a higher Ralue andis influenced by the BbyeWaller
effect inthe experimental dataAccording toFigure2-5(a), the experimentalata can be
describedvery well by the model with Nionly at Ni2 site ands congruouswith the
expectationbased on structure refinement from XRD data showing low catieing.
Considering these fingerprint features, the comparison betilvedwo experimental RDF
patterns was carried out depicted inFigure 2-5(b). According toFigure 2-5(b), both
materialsrevealthe same location for the first peaith good first shell matcHHowever,
the significantly weaker peak intetysof thefill 0 peak inthe doped materialwith respect
to the second neighboring shell of Wdicatesthat thew a t @"frshefi coordination is
either incomplete or W is located at the surface site., MsanissingfilV 6 andfivo peaks
might be resultingfrom having large site disordering at the W occupied sitéch is
consistent with théllop e a lovdistensity Consequently, the uniform distribution of W

inside the Ni site of the LNO, cannot be experimentally justified.
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Figure2-5 (a) The EXAFS results calculated by Feff modeling considerirgciupied
Li site (Ni1) or Ni site (Ni2) and their comparison with the experimental data for pure
LNO with respect to the Ni¥edge. b) The comparison of the experimental EXAFS
pattern for pure LNO andNO_8%W_Mechregarding Ni kedge and W i-edge,
respectively

Since the EELS maps demonstrate the presence of W within more localized areas and not
simply uniform doping through LNO, a@nd configuratiorwas investigatedh which

W-rich compounds being found inside tleped materialss assumed, anthe impact on

the consistency of the EELS and XANES was investigated. The compounds considered
here are suggested based on DFT calculatiorarerpreviously published phases.
Furthermore, four reference compounds\W©O,, Li, W20, LisWOs and NiWQ) were

synthesized and examined through the same experimmetflods,Figure 2-14S, to
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comparedata with the doped materials. Normalized XANES features were used for the
linear combination fitting (LCF) analysis since the preliminary matching results from the
15t derivative XANES showed the same major answer as the normalized one. In the end,
eight possible compounds were compared, with either different chemistry or crystal
symmetry for the final fitting. All eight structures askown inFigure 2-15S. Themain
spectral features considered for identifying the candidate phases are appakihape

in the XANES, presenting almost the same intensity ratio between the first and the second
peakas doped sampl e sobcongpraupds contarengimulareoudy aM, a

O, and sometime Ni elemerniswhich by combining their individual XANES features, the
best fitting toward the experimental data could be achieDadngthe final fitting step

(fitting the range-20 to 70 eV with respect to the absorption edgéjeneverthe edge
energyk, difference was larger than-10 eV, thatcompoundvaseliminatedsincesucha

largediscrepancyn the energycalibrationis unlikely.

Comparing the XANES features of the eight phases (247 total possihl@nations), the
stoichiometric compound kWNiWQOs, and the solid solution LiNiodWQOs, presented the
most similarities of their W edge with the doped materials. Though #neynot
thermodynamically stable, these two compounds seem kinetically fagofddd final
fitting results and their phaseeightings between two finalized LCF answers are displayed

in theTable2-3S.

The experimentallyesolved XANES whitdine has two main features: 1) a double peak
fine structure, and 2) a signal intensity trend with the lower energy peak stronger than the
higher enegy one. According to the simulationskigure2-16S, the double peak white

line structure and its intensity trend are reproduced by LCF fitting. However, thetbest f
does not perfectly overlap with the experimental data. The variance, specifically for the
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relative intensity feature, could be driven by: 1) the subtle structural differences in the first
shell WO bond distances, bond angles, and the further beyoral kicucture
environments between those actual W species in samples and the models which guided the
XANES fitting, and/or 2) certain codelated defects in the XANES modeling. For these
reasons, based just on XANES simulations, one cannot completelgexickipossibility

of other coexisting W species besides thpsked ones within the doped material
structures. As discussed in the EELS sections, baseBigume 2-9S(a) and Figure
2-115(e), there is clearly a lack of Ni element inside someidlv areas. Considering
several possible L\V,O, compounds in the XAFS fitting, none of them has been selected
to better match the spectra. This may originate from incompietehes between these
models and the actual,NiyO, compounds in the doped materials. The experimeatal d

from the four mentioned referencempounds have been considered for LCF analysis to
investigate this effect further. AccordingR@ure2-17S, the best fittings in the presented
doped samples show a calculapdcise weight afore thar0.84 for theli,WOsreference

phase. However, the best match between the experimental and LCF results in LNO_1%
W_Mech, considering only these four reference poamds, does not seem entirely enough

to describe all the possible W species inside the rest of the doped samples. On the other
hand, the LWOsreference compound was not a single phase based on our powder XRD
data. Therefore, to consider this compoundaggotential candidate through the final
XANES modeling (based on the crystal structure files), phase identification from XRD
analysis and then separate XANES modeling have been made to validate which of the
identified phases would be a better represeddaif this reference compound. As can be
seen irFigure2-18S, twoLisWOsphases, with B and Fm3m space groups, reveal double

peak XANES features. Howevenone ofthe simulations of these two phases could
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completely reproduce the full experimental features: the correct intensity ratio of the first
two peaks, and the features at higher energy oLt Os reference compound. This
mismatch could be due to the digmmacies between the XANES experiments and fitting
for either of these two considered,WMOs models.We can therefore conclude that a
combination of Wrich phases (with and without Ni) would be required to explain the
XANES features through fitting. Somegsable factors contributing to these discrepancies
are the unknown relative fraction of phases with Ni and without Ni, as well as the
amorphous nature of the Weficient phase due to the changes this would generate on the

XANES.

The following reactionpresenthe energetically favorable products regarding the presence

of a deficient(2.1) or sufficient(2.2) amount of Li source in the environment.

LisNIWOg + p @Liz1mNizeasOs+- 0, Y —LiNiO,+ LisWO,  aE =-163V  (2.1)

LisNiWOs + - Li,O+ -0, Y L i NHLIQVOs ®E -6V (2.2)

For the first reaction, the contact between the inner side of the LNO particle with excess
Ni (1/32) in the Li layer, and the surface of theNiWOs, is considered. In both reactions,
the entropy of @ which depends on pressure and temperawas notaken into account

for xE .

On the one hand, those-M¢h regions between the primary grains might lack access to
sufficient oxygen or Li sources to form meostable compounds. On the other hand, the
heat treatment temperature har@sabove the melting point @he LixW,0, compounds,
and if they were produced at the beginning, they would meltendfore be abl® diffuse

through the grain boundaries thie secondary particlesnd after that reaetith the LNQ
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Then theNi/W ratio in those small gaps would be much different from siethesis
condition, makinghese Li+xNi1.xXWOs compounds metastable. Other stésdhowed that

the essentigbarameters for synthesizing:hNiWWOs werethe amount of Ni/W ratio as well

as the extra amount of precursor combinatioad0s, NiO, and WQ) for eliminatingthe

Li deficiency[46]. Furthermoreunder high temperature and low @artial pressure during
synt hesi s-T &Sh etwrspBsdieeE

It is worth noting thatthe heterogeneous distribution of W and the presence -of W
containing compounds, regardless of used synthesis methods in this research, reached the
same results. However, further investigation on the cycled partietesristrated that the
high amount of porosities in coprecipitated particles whiclviaible in Figure2-2(c) and
Figure 2-4(b), made these particles more vulnerable to electrolyte infiltrainmhfaster
capacity degradation. An unoptimized protocol causes this effect for our coprecipitated

samples, which are discussed in more detail in our future work.

2.3 Conclusion

The role of W in the crystalline structure and its elemental distribution on cathode materials
when used as a dopant in LiNi@vas investigated using electron microscopyra)X
scattering, and Xay spectroscopy methoddynchrotrorbased Xray diffractionanalysis
showedthe appearance afiinor peaks consistent with the additional presence of minor
fractions of thestoichiometric compound HNiWOs or the solid solution form LixNis-

xWOQOs consistent with the.iiNiosWOs phasein doped LiNiQ. However, not all minor
features can be fully explained by structural refinement of the powder patterns with these
phases. Synchrotrdmased pair distribution function analysis reeelaho significant
structural differencesnduced by doping. Electron migoopy analysis with STEM
imaging along with numerical diffraction of atormiesolved images from nanometer scale

64



Ph.D. Thesis Nafiseh Zaker McMaster University Materials Science and Engineering

areas and electron energy loss spectroscopy, howeverdtery clearly the presence of
W in two main distinct types of regionat grain bondaries and in their proximity on the
surfaces of primary particleas well as, on the surface of secondary partiéhighin
crystalline regions at the surface of primary particles, the W presence within dfgéw ~

nm of the grain boundariesas deducednd showed a pattern consistent with either
LisNiWOs or LisiNiosWOs phase structureDetailed highresolution EELS analysis

mapping also provided motkoroughinformation regarding the spatial distribution of W,
demonstrating that this elementwasmostli n crystalline regions on t
perimeter(together with Ni) and within grain boundaries of the secondary panitiese

W-rich amorphousphases (sometime without Ni) were also found, thus indicating the
presence oLixW,O, compounds at the center of theundaries Additionally, these
LixW,0O, compounds might also be available on the very surface of the secondary particles.
Therefore W was found to propagate during the synthesis along the grain boundaries, well
within the ore of the secondary particles, even if W@d been initially placed on the
surface of the particles. From the spatially resolved spectroscopic mapping of the O K
edge, the bonding environment of oxygen atoms at the grain boundaries was different and
not consistent with W@ Spectral fitting of the W iedge XANES indicated that the
spectral features could not be solely explained with.itheNi1.,WOs phases (x& and 0.1)

but must contain other compounds, suchi@d/,O, phases as evident from EELRue to
different environmental conditions inside the grain boundaries and the surface of the
primary particles, these metastable:Ni1.\WOs phases (x=0 and 0.1) their bulk form,

might be stabilized and kinetically favored. These results demomsthateW playd a
significant role through its presence in the grain boundaries rather than the minor structural

modifications of the bulk phases. This is very impdrfeom a mechanical strengthening
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perspective since the most common fracture type in thecNicathode materials is
intergranular cracking. The presence of W in grain boundaries increased the doped
material's total resistance to cracking initiation arahgh, making these series of cathodes
suitable for use due to their longer life and higtegpacity. This complex microstructure

with W-rich areas at the surface of secondary particles and within grain boundaries,
therefore, suggests that W might play tiplé roles, protecting the surfaces from side
reactions, strengthening grain boundaries, and providing a damping medium from stresses
occurring during cycling. These effects will be discussed in more detail in a foflow

publication.

2.4 Experimental section

2.4.1 Synthesis procedures

In this work, two different synthesis methgdmechanofusiond dry particle fusion
method) and coprecipitation inGontinuouslyStirred TankReactor (CSTR)wereusedto

dope W within the cathodeThese two differentapproaches were selectéal fully
understand the ungst e n 6as a Hopanta regamlless thfe synthesismethod.
Mechanofusionvasconducted using a spinning speed of 2400 rpm for 60 minutes. During
this process, a commercial Ni(OHyith a primarypat i cl e si ze of approxi ma
was coatedavith a nanesized (less than 100 nm) W@owder from Sigmaldrich. 50 g

of Ni(OH), was loaded inside the mechanofusion bowl in addition to 1.263, 2.552, 5.210,
and 10.873 g of WeXo reach 1, 2, 4, and 8 molébW in LNO, respectively. On the other
hand, (Nix(OH),) .98 -(NiWOa)o.01 and (Nix(OH)2) 0.96 - (NiWOa)o.02 precursors having
W/(Ni+W) molar ratios of 0.01 and 0.02 were synthesized using the coprecipitettbod

via the CSTRThe synthesis steps veesimilar tothose inthe study conducted by Van
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Bommel et al[47]. Two aqueoussolutions were prepared containing 400 mL of 2.0 M
NiSO; in addition toeither 100 mL of 0.08081 or 0.1633 M NaW®@for the former and

latter precursors, respectiveliore details regarding the aqueous solution, reactor
temperature, stirring speed, andhat processing parameters have begplained in the

aut horsdé p[36evious work

In the endall the precursors frorthe mechanofusiorand coprecipitaion method were

ground with LIOH-HO (molar ratio of Li to (Ni + W) = 1.02/1). After this grinding step,

the blended powdersere placed under an oxygen float apreheated temperatucé

480°C. Next, these preheated batches wengrgragain taeach a niformly homogenized
mixture For the heating stepmder oxygen flow, the ground powdsarticles werdeated

at 480 and 800°C for 2 and 20 hours, respectively. Although different calcination
temperature were used in our previous studies, the presergrpaply focuses on the
optimum temperature results&30°C[36]. Finally, pure LNO and \Woped LNO with 1,

2, 4 and 8% W wersynthesized and used for other characterization techrégueerence
materials The higher W content samples (4% and 8%) were used as references to extend
the structural investigation although there are no benefits to these concentrations from a
perfomance point of view. For the sake of brevity and clarity, two labels wiliseel in

t his manuscript whereby HfAMechod stands for
coprecipitation For reference purposdhe pure LNOwas subjected tthe same heat
treatmensteps with the exception of the heating temperature in the second step which was

set to 700°C.
2.4.2 XRD and PDF

Synchrotron XRD was conducted on the higtergy wiggler beamline of the Brockhouse

X-ray Diffraction and Scattering sector at the Canadian Lightc8diCLS) in Saskatoon,
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Canada, for meticulous crystallographic analy$ise selectedenergy was30.3383 keV
( &= 0. 4,a®ldnickel)powder was utilized for detector calibratiédl the powder

sampleswere placed inside polyimide capillariedll the angles in the XRD data were

modifiedbased on" cyk for normalization with respect to the literature.

In addition, pair distribution function RDF analysis was performedon the same

synchrotron beamline, in whiciin X-ray energy of 6%eV was employed to acquire a

higher magnitude wave vector, Q €4 ~ sif §8]. Thissetting reaches a reasonably

high Qnax(26 A?) andresults insharp peaki the PDF

2.4.3 Scanning transmission electron microscopy andinalytical electron
microscopy

We employedScanning Transmission Electron Microscopy (STEM) and Electron Energy

Loss Spectroscopy (EELS) for detailed spectroscopic analysis. A ThermoFisher Scientific

(TFS) Helios G4 plasmfocused ion beam (PFIB) was used to create thethitnssamples

required for these techniques. The samples were first coated with a very thin layer of carbon

to reduce the charging effect in scanning electron microscopy (SEM) imaging mode, then

two more layers of carbon and tungsten were added to theuttgre in order to protect

the surface structure of the particles from potential ion beam damage during the milling

and liftout procedures. The protective tungsten layer was applied due to its high resistance

under ion milling. This step doest influercethe amount of W inside the doped samples,

as we demonstrated by analyzing fumped samples prepared with the same coating

conditions, which resulted in no detectiorVéfeven intraceconcentrationn thin lamella.

All the STEM images were acquired 200 keV incident electron energy using a high

angle annular darkeld (HAADF) detector within an FEI Titan 8300 equipped with

aberration correctors for the probe and imaging lenses. The convergenemghamin
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STEM was 19.Inrad.EELSdata wasacquirel in STEM mode with a collection angle of

55 mrad anda direct electron detector Gatan K2 Summit® was tsidprovethe quality

of EELS signals, especially at low beam current (to reduce electron beam irradiation
damagg To reduce the noise level oretleELS mapsPrincipal Component Analysis
(PCA) was utilized. In addition, more detailed EELS features fitting was carried out using
Multiple Linear Least Squares (MLLS) to separate spectroscopic maps based on different
peak shapes of the O-é&dge. EnergyDispersive Xray spectroscopyEDXS) maps were
obtained on a TFS Talos 200X fitted with a SuR®S detector (results shown in
Supporting Information).

2.4.4 X-ray absorption fine structure (XAFS)

The XAFS dataacquisition was carried out dhe Hard Xray Micro-Analysis(HXMA)
beamlineat the CLS. The HXMA photonsourceis a superconducting wigglensertion
devicerunning atl.9 T, andenergy selection was performieasecdn theW Ls- and Ni K-
absorpion edgesvith aSi (111) and (220¢rystals monochromator, igactively. XAFS

data vere collected in both transmission mode and fluorescence modes using Oxford
straight ion chamber detectors (100% filled with lded 13 element Ge detector with
Soller slits and Cifilter (several layers of Al foil), respectively. The sapmvderform

WOs; model compound that was utilized for doping was set betweeh and b ion
chambes downstream of the sample forstep energy calibration for each tungsten XAFS

scan.

2.4.5 DFT calculations
Density Functional Theory (DFT) was exploited to deduce crystallographic information
for the different W-doped LiNiQ structural scenarios and calculate the most

thermodynamicallystable W compound during synthesi3-T was also employed to
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assess separatzystallograpic informationregardingotherpossible Wcompounds with
almost identical energy.

The Vienna Ab initio Simulation Package (VASP) was used to conduct these calculations
with ProjectorAugmented Wave (PAWpseudopotentialf49i 52]. The exchange and
correlation terms were defined by the Strongly Constrained and Appropriately Normed
(SCAN) functiond53]. An energy cutoff of 520eV wasonsidered for the plangave

basis. The Brillouin zone was sampled wigss than 0.0 k-point spacing. All the

calculations were spin polarized and adopted ferromagnetic spin orderings.

2.5 Supporting information

2.5.1 PDF analysis

PDF ispresented on twepace ranges-{gure2-7S(a,b)) for clarity in the discussion and

better visualization. The fir sEkgusXx/§a)corr espond
and the second set is shown for tFlgee i nter medi
2-7S5(b)) comparing the pure LNO and the-8#®ped compounds from pair interatomic

distance aspect. Althougto major changes like clear extra peaks are detected in the PDF

results of the doped compounds, using a more detailed analysis, we can dediee that

main W influence is reflected through small PDF peak shifts toward highmsition as

well aspeak broadening, which is particularly noticeable with higher W corfégniye

2-8S. The shift to larger-spacing could be caused by an average increase of strain in highly

doped structuredue to a combination of factors: 1) the increase in cation mixing-in W

doped LNO sucture and having more Niwith larger radius than i, or 2) Li deficiency

inside the LNO due to the presence ofrich W-compounds which reduce more®*Nio

balance the crystal charge. The damping of the peaks, causing an apparent broadening,
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particdarly enhanced at largerspacings, might be triggered by several factors: larger
DebyeWaller factors in the structure; the presence of-tmherence areas or few
amorphous phases, either of which could produce destructive interference and reduce the
shapness of the peaks on a further distance than their crystalline domdg83}jza the
presence of crystalline phases similar to LNO but with a range of slightly different lattice
parameters, in small enough concentrations that no strong additionahealearly

visible in the PDF. The larger damping at higher distances suggests that the perturbations
are longer range and that the average structure remains the same, likely due to the low
concentration of W. The main conclusion that can be drawntier®DF data is that no
significant changes in the average structure of the LNO were induced after doping with W

with the concentration of W used in this work.

To quantitatively calculate the effects of the dopant on the PDF peaks, five different peaks
were chosen, markeith Figure2-7S(a). Thelocation of the maximum and the full width
half maximum (FWHM) of the peaks were measured, and the resultspaesented in

Table2-2S. Thenumber s have been rounded baged on t he

=—— — T® T ¢ . As previously mentioned, the genetadnd in all the peak

locations was moving toward highespacings when the W amount increased. Based on

that, the strain value was calculated by considering the location of the peaks in the doped

material with respect to the same peak in LNO. The nuwibesich bond per unit volume

and their effect on the final PDF peaks, considered by separately simulating the PDF shape

of each bond, are different. The first peak i
equal to what we expect from the first®@i(~ 1 . 9 7 i )}O (aswaéll as.Ni in Li sit€®

~2.117) bond Il ength. The second peak, | abeled
isnearthe bondlengthofO ( vari es bet we eli(ortwd Nithiithitmo ~3. 11 ) ,
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site) abowNi(nt2ad8&ig, bHit h Ni either in Ni site ¢

to 2.891 asLiwebddt vaesernt he2 .Ng871 to 2.89i. Based or
peak is placed around ~ 4.987, whicH® could rep
(~ 4.8871 ,LiloNi-Ni,&ndNiii) (~ 4.987 to ~ 5 i). The f ot
is around ~ 6.461, which isOa(mM&s35t heosame. BB
Li-Li (~6.467)LiandNiWel (~a6. Mdi to ~ 6.4671). The
locatedl ar ound ~ 7.6i, which presents a similar di
OO0 (~7.5571 #ad + ~7. ®il)i, tiahdNiNT . § 3i7). 61Ki to ~ 7. 66

A simple correlation of the layer distances with the presence of W is not stoanggdrid

since, for these distances, many factors can cause changes, such as bonding lengths,

bonding angles, or distortion, and so on (Li layer and Ni layer distances are around (lattice
parameter ¢/ 3) ~ 4.73 1 in LN®peaks,Mmedwler t hel ess,
peaks show an increasing trend in the displacement (hence strain) with higher amounts of

W, except for the LNO_2% W_Mech sample. The second peak, on the other hand, still has

a higher displacement value with higher doping concentratioan &vthe LNO 2%

W_Mech sample. The higher precision of the second peak in correctly identifying the

increase in strain can be attributed to its lowest FWHM in comparison with the other peaks

in all materials, which reduces the calculation error to lottaebonding length, r. In

additi on, as described in the XRD result s, froc
parameter showed an expanding behavior with higher W content, and that distance
(~2.8769i) is the same0,la-si Ni-Ni, and blivinSthcerkig di st ance
and O are both lighter elements than Ni and theiayscattering factors are lower than

Ni, they could not make a significant difference in XRD, and the effective bonding change

is caused by NNi. This conclusion is also pported by separate PDF simulations in
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PDFgui. The number of Ni pairs in the LNO in the r location of the second peak is almost
doubled compared to any other place. This is another factor contributing to the shift
behavior observed when this peak is comsd for all the doped materials. By either
considering a higher amount of cation mixing (higher amount &) Ni newLi-rich W-
compoundsn the doped materials, the change in théNNbonding with a higher number

per volume unit cell at the second pgxsition better explains the behavior of this peak

among the others in all the doped samples.
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Figure2-6S Measured (y_obs), and calculated (y_r&%RD patterns, as well as their
difference, are shown for (a) LNO_Pristine, (b) LNO_1%W_Mech, and (c)
LNO_4%W_Mech respectively. The positions of the present phases are illustrated in
each of them as well. The higher magnification map between 19° ad @9 and (c),
provide a better view of the fitting quality. As can be seen, the fitting in thie B®
range is not convincing for (b) due to the very low amount gsh&se Table2-1) and
very high intensity of LNO peaks. However, in higherddped LNO, (c), the quality of
fitting in the 19 to 33 range improves significantly.
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Figure2-8S PDF peaks are shown with higher magnification to better illustrate their shift

toward higher4position and peak broadening as a function of W amount
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Figure2-9S(a)annulardark i el d ( ADF) and spectrum i mages fr
grain boundary, with the labeled elemental distribution. The line profiles from two
di fferent selected areas, AfA0 and fABo al so r
elements simultaneously. (b) Changes in the @Ggdge peak intensity and Oddge
shge from within the core of particlesd., areas away from grain boundaries) into
different grain boundary regions based on the selected areas illustrated in (a) ADF image.
(c) Further investigation by MLLS fitting after principal component analysis, to
differentiate the elemental distribution of O with and withoutgdge and their reference
spectra shape are also illustrated in red and rouged. (d) MLLS fitting results show a good

fit for the three selected regions in.(c)
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Figure2-9S Continued.
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Figure2-10S Spectral variations in different areas of tidO_1%W _Coprstructure(a)
ADF image and (b) changes in the O-pdge peak and edge shape based on different
regions identified on selectedeas of the ADF image (a), which is the samé&igsire

2-4(c). (c)The EELS maps from one of the primary particles inside the mentioned
material inFigure2-4(c), after PCA and MLLS fitting and the line profilgteacted from
the chosen cyan line to distinguish the distributd® peak with and without predge

in red and rouged, respectively
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Figure2-11S (a) High magnification ADF image from the tgoirface of LNO_1%W _
Mech. EELS mapping images illustrate the elemental distribution of (b) W, (c) O, and
(d) Ni in blue, red, and yellow, respectively. (e) The color mix picture of all three
elements (W, O, and Ni) shows that on the very surface, aaty#n in purple contains
only W and O, with about 10 nm in width
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Figure2-12S (a) HAADF image and EDX maps of (b) W and (c) Ni, in LNO_1%W __

Mech sample. The W maps are consistent with the segregationasf fiétermined from

\“;’: “{’*

EELS measurements (see the main manuscript).
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Figure2-13S The normalized XANES spectra of Wddge for Wdoped materials using
the mechanofusion, and coprecipitatapproaches. All data are acquired in fluorescence

mode and energy calibration reference wasz;\Wéhoparticles
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Figure2-14S The normalized ) of four reference compounds from transmission mode.

83



Ph.D. Thesis Nafiseh Zaker McMaster University Materials Science and Engineering

(Li;WO5)o s L, WO, Li,WO,
ICSD_CollCodel09088-F m -3 m VASP calculated ICSD_CollCode108819-P-1

Li,NiWO, Liy 1Nip sWO4
Monoclinic C 2/m (CSD 1884637)-Monoclinic C m

Figure 2-15S 3D crystal structures of eight different compounds were selected for the

final fitting step through the doped materials.
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Figure2-16S The comparison between LCF best fitting results and the experimental data
regarding the normalized ¢€¢(E) of (a) LNO_1%

and (b) LNO_4% W_Mech sample from transmission mode.
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Figure2-17S The comparison between LCF fitting results considering the 4 reference
compoundskigure2-14S, and the experimental data regarding the normabzij of (a)

LNO_1% W_Mech, (b) LNO_2% W_Mech, (c) LNO_1% W_Copr and (d) LNO_2%
W_Copr sample, respectively. All the spectra are acquired in fluorescence mode. Based

on the LCF fitting, all of these fittediata have more than a phase weight of 0.84 for
LisWOs.
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Figure2-18S (a) The normalized E) is based on the XANES modeling performed on 3
phases identified within the AWOs reference compound. (b) Cparison among the
experi ment al n o r JVe:slreferrece compound (framftransniiseionL i

mode) and two calculated ones based on the identified crystal phases. These two crystal

phases are also considered in the 8 final candidate phases.
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Table2-2S The PDF peak analysis and strain calculation in doped materials based on the selected peak locations

Peakf¢ Peakds numb ¢ er/r * 100
Sample name | parameters
(i) 1 2 3 4 5 1 2 3 |4 5
FWHM 0.290| 0.198( 0.247| 0.209| 0.228
LNO_Pristine 0 0 0 0 0
Xc 1.957| 2.878| 4.985| 6.461| 7.615
FWHM 0.289| 0.199] 0.256| 0.209| 0.232
LNO_1%W_Mech 0.095| 0.128| 0.088| 0.115| 0.102
Xc 1.959| 2.881| 4.989| 6.469| 7.623
FWHM 0.285| 0.199] 0.259]| 0.208| 0.236
LNO_2%W_Mech 0.081| 0.152| 0.030| 0.024| 0.063
Xc 1.958| 2.882| 4.986| 6.463| 7.620

FWHM 0.306| 0.205| 0.271| 0.214]| 0.247

LNO_4%W_Mech 0.137| 0.442| 0.217| 0.158| 0.234
Xc 1.959| 2.890| 4.995| 6.472| 7.633
FWHM 0.304| 0.213] 0.279| 0.220| 0.256
0
LNO_8%W_Mech Xc 1963| 2.899| 5.000] 6.478| 7.644 0.341| 0.737| 0.315| 0.253| 0.377
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Table2-3S The finalized normalized XANES fittingesultsfor different doped materials.

Sample name Calculated weighting Normalized weighting Eo Eo R-factor
Li NIWOs | Li4:NiodWOs | Lis;NIWO's | Li4:NiodWOs | Li NiWO | Li«:NiodWOs

LNO_1% W_Mech | 0.341 0.703 0.327 0.673 2.1 0.1 0.0097
LNO_2% W_Mech | 0.232 0.827 0.219 0.781 1.8 0.3 0.0153
LNO_1% W_Copr | 0.203 0.933 0.179 0.821 2.2 0.2 0.0201
LNO_2% W_Copr | 0.241 0.868 0.217 0.783 2 0.3 0.0188
LNO_4%W_Mech | 0.483 0.517 0.483 0.517 1.6 0.2 0.0079
LNO_8%W_Mech | 0.414 0.581 0.416 0.584 15 0.3 0.0089
oo TOSLRNTS | 0.366 0.709 0.34 0.66 2.1 0.1 0.0136
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Chapter 3

Structural Evolution of Cycled Complex Nickek

Rich Cathode Materials Enriched with Tungsten
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Abstract:

The chenrtal stability and structural integrity of MWnrichedLiNiO, (LNO) cathode
materials are investigated following electrochemically cycling to determine the effect of
W on the cycling behavior of these layered materials. The presence of 1%W, mostly located
at grain boundaries between primary particles and the surface of the LNO secondary
particle structures, enhances the cycling performance of particles that have been enriched
through the mechanofusion process. In materials where the LNO cathode partiolas are
optimized and contain porosities, the doping is not effective in spite of the W enrichment,
as the porosities enable infiltration of the electrolyte. ThedW layer on the surface of
secondary particles in the 1%W enriched sample prepared by méadianmlays an
excellent protective layer role as Cihile W-phases at grain boundaries generate a more

robust structure by accommodating some of the cycling stress.

Keywords:

Ni-rich cathode; Tungsten enrichment; Structural evolution; Cycling effean battery.
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3.1 Introduction

Lithium-ion batteries (LIB) have grown to be vital energy storage devices for many
portable appliances, especiafliectric vehiclegli 4]. Despite the high energy density of
LIBs, insufficient battery lifeperformance, cosand safety are still playing important roles

in inhibiting the broaduse of this technologj2,5,6]. To reach the favorable perforntan
target, batterynaterialsscientists are working on developing better negative and positive
electrode materials with higher capacity and better cyclic[TifeIn spite of achieving
higher capacity by utilizingilicon-based anodg8], cathode materials are still limiting
the piactical capacity of the cell and dominating the material price, especially for those
industrial materials which contain cobdl®,10]. To address thesémitations, Ni-rich
positive electrode materiglamong other popular layered structyrémve shown
promising resultg increasing the specific capacf8;11]. However, nickekich materials
exhibitsome undesablebehaviorsnanely safety hazarg thermal instabilies as well as

fast deterioration ofheir practicallifetimes [12i 16]. To tackle these challenges in ultra
high Ni cathode host structwea variety of bulk and/or surfaceodlifying approaches
have been recommendeduch aghe introduction oflopans, protectingthe outer part of

the particles by coating, and using a variety of «brell structure$12,17 22]. Recent
findings indicate that adding a low tungsten emtto the Nirich cathode materials can
noticeably enhance the performance of these LIBs and reduce cyclic degrf2Bitit).

In our latest published work271 30], we mainly focused oridentifying thelocation ofW,

its distribution, and any new possible-8@mpoundspresent in Wenriched Nirich
materials wheré¢he addition of W is carried out usimgo different synthesis approaches
namely mechanofusion and coprecipitation. Using higholution microscopy and

spectroscopy techniquese provideddetailedinformation regarding the heterogeneous
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distribution of W (on the very surface of the secondamigles and in between the grain
boundaries of primary particleay well aghe presence of Wich variantsLi4:xNi1.xWOQOs
(x=0 and 0.1), and the likelihood of M/yO, compoundg$28,30] Due to the importance
of understanding th&ailure mechanisms ofhese new complex structurater extensive
cycling, we focus here on the m@structure evolution and the mechanisms ottymacity
fade To fulfill this aim, advanced photeand electrorbasedcharacterization techniques
have been used for acquiriagd processingigh-resolutionstructural and spectroscopic
data This powerful combination provideéa-depth insight intahe most critical factors

affectingthe failuremechanisms.

3.2 Experimental procedures

3.2.1 Synthesisprocedures

To understanathe effect of W additions to LNO, two diffare enrichmentmethods
discussed previous[28,30]wereconsidered, mechahgsion and coprecipitatiofor the
mechanofusioprocess500g o f a ¢ o mreieerN{QH dlonglwith 16268 and
2.552 g ofWOs; nanasized powder, was added simultaneously into the mechanofusion
bowl, for makingLNO with 1 and 2 mol% of Wiespedtely. The bowl spun at 2400 rpm
speed fora duration of 60 minutes. T@repareparticles through coprecipitaion, a
continuously stirred tank reactor (CSTRasused toobtain(Nii.x(OH)) .98 - (NiIWO4)o.01

(with W/(Ni+W) molar ratio of 0.01) and (Ni(OH).) 0.96 (NiWOQO4)o.02 (with W/(Ni+W)
molar ratio of 0.02) precursors. The synthesis prosessnspired by Van Bommel et.al

work [31], and the details involving the materiaisedandthetechnical parameters were

described in the [2880 AWMmghlighteed furthéribeovwn tpeaper s
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manuscriptsamples enriched with W by coprecipitation are porous in nature, an effect that

will be discussed through the pape

For the lithiation proces4,iOH-H>O wasground with eactsynthesizednaterial batch
obtained from mechanofusion as well a@som coprecipitation separately to reach
precursors with a molar ratio of Li/ (Ni + W) = 1.02/1. Thérese ground precursorgre
preheated under an oxygen atmosphere for 3 hours &C480d then reground for more
homogeneus mixing. After that,the heating processes began at 48D for 2 hours
followed by 20 hours at 800 °C (dueitoprovedperformance resulf®8]), all under an
oxygen atmosphere. For reference comparison, the pure (idé@tified hereafter as
LNO_pristine or LNO_70pwasprepared under a similar heat treatingmcess, with a
different seconcheatingstepat atemperatureof 700 °C. To provide a comprehensive
interpretatiorof the effect of the final heat treatment temperature, another LNO batch with
the same heat treatment processthe oneised for theN-enriched particleswas made

and usedin section 3.3.], identified hereafter a4 NO_800. To beconcise in the
identification of samplesthe termsfi Me ¢ h 6  a nvdll bé& &pplipd; @ferring to
mechanofusion and coprecipitation, respectivel

separate the cyclestate materials from the pristine ones.

3.2.2 Electrochemical measurement

To produce cathode electrodes, synthesizeddposvweremixed with polyvinylidene
difluoride (PVDF) and Supe® carbon black from Timcah a92:4:4 weight ratio. Then,
N-methyl2-pyrrolidone (NMP) was mixedvith the above powder for 30§, in a 1:1
weight ratio, to form a slurry which was then cast on the aluminum foil via a 150 pm notch
bar. Afterleavingthe coated Al foilgo fully dry at 120°C under thdaboratory room

environment, the samplegere calendared under 2000 atm pressure.,Nexprepared
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electrodes were cut into 12.75 mm diametsslesandplacedunder vacuunfor about 16

hours (overnight) at 120 temperatureAll the coin cell assemplwasdone inside a glove

box in an Ar atmosphere. In each coin cell, beside the predwathode electroda,Li

metal foil, two layers of Celgard#2300as well as 1.2 M LiPF6 (lithium
hexafluorophosphate) in a 1:4 volume ratio of FEC (fluoroethylene carbonate) /DMC
(dimethyl carbonate), were used as the anode electrode, separator, adralytelec
respectively. An Eone Moli Energy Canada battery test systevas used for
electrochemical cycling measurements of coin cells at 30 °C tempeftereycling test

was set between 3.0 V and 4.3/ Li*/Li, with two different Grates. Two firstnd last
cycles had a C/20 rate, and 50 cycles in between were run at a C/5 rate. Before starting any
analysis, cycled materials were disassembled from coin cells, washed with DMC, and fully

dried in an Arglovebox.

3.2.3 Synchrotron-based Xray Diffraction (SXRD) and Pair Distribution
Function (PDF)

Both SXRD and PDFRanalysis were acquired on the highergy wiggler beamline of the

Brockhouse Xray diffraction and scattering sector at the Canadian Light Source (CLS) in

Saskatoon, Canada. Thery energy was sat 30.338%keV and 65 keV for SXRD and

PDF, respectively-or PDF, higher energfj.e. shorter waveleng)twas selectetb collect

a higher wave vector and better distinguish between different bonding distances in real

spacg32]. In this work, a relatively high Q«(26 A') wasresolved.

Cycled materials wermeasured in the electrode form (on the Al fdipwever, pristine
powder samples were put into polyimide capillaries. To calibrate the SXRD detector, a

nickel powder was usesik a reference
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3.2.4 Scanning Electron Microscopy (SEM) and EnergyDispersive Xray
Spectroscopy (EDS)
To better understand the average morphological @warg cathode materials, a
Thermofisher Helios G#PlasmaFocusedlon Beam (PFIB)was used to prepare SEM
crosssections, acquire elemental mappings via E&Swell as make thin lameddor
further analysisvith aTransmissiorkElectronMicroscope (TEM). T@btain a widercross
sectioning area and reduce the milling time, higher ion curneats usedfirst, with
subsequent milling usingedued current settingsintil the end of the pross,although
someresidualcurtainingremainedon the finishing surfacé pre-tilt sample holder (45°)
was used for crossection milling Higher resolution SEM images were acquiiiad
immersion mode with low voltage afmbamcurrent (2kV-50 pA and 1kV-0.1 nA) to
detect surface features as much as possible. EDS anghssitone at 1V acceleration
voltage. For TEM sample preparatjararbon layers andubsequentlyhicker W layers
wereapplied on the surface of the areas of interest threlegitron and iorbeaminduced
deposition in the PFIB, respectively, before thediit of a chosen patrticle at the top of the
electrode A tungsten protective layavith high milling resistance is desired for optimal
sample preparation. This step did affect the W distribution inside the doped particles.
This matter was confirmed using the same protection layers on a sample without any W

dopant, whichldid not show any trace &Y within the particle

3.2.5 Scanning Transmission Electron Microscopy (STEM) andElectron
Energy Loss Spectroscopy (EELS)

Detailedanalysis by TEMvasconductedisingSTEMfor high-resolution imaginghrough

a High-Angle Annular Dark-Field (HAADF) detector, as well as EELS fdetermining,

with high spatial resolutignthe distribution of elements as well as any changeshigir
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chemical statén the sampleAn FEI Titan 80300 microscope fitted with two aberration
correctors and operated 220 keV was used for this workFor acquiring STEM images
and EEL spectra, 191hrad convergere semiangle and 55 mrad collectiaanglewere
used respectively. A direct electron detector Gatan K2 Summit® was regoigthance

the signal quality of EElkpectravhen the beam current weeducedo minimize electron
beamirradiation damage. Sonstatistical and data processimgthodsnamely, Pincipal
Component Analysis (PCA) and Multiple Linear Least Squares (MLW8je used for
noise reduction othe EELS signal and separately fitting the whole spectrum based on

different O kedge shape referencesspectively

3.2.6 X-ray Absorption Fine Structure (XAFS)

The XAFS experiments were performedth the Hard Xray Micro-Analysis (HXMA)
beamline at CLSSi crystals with different orientations (220) and (1&Ere usedo
produ@ a monochromatic beam atalselect theappropriate energy to acquiké K and

W L3 absorption edges separatefAFS data for this work were acquirgdboth modes,
fluorescence (13 element Ge detector) and transmission (Oxford straight ion chamber

detedors).

3.3 Results and discussios

3.3.1 Electrochemical behavior

The cycling behavior of LNO from two different heat treatment temperatures (700 °C and
800 °C), as well as different enrichment levels (1%W and 2%W) in LNO from two
synthesis procedures (mechanofasémd coprecipitation), are shownhkigure 3-1(a-c).

As can be seen froifigure3-1(a), for the initial cycle at C/20, the Wnrichment reduces

the capacity of the cells in comparison to the undoped samples treated at the lower
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temperature. However, the retained capacitgrafycling is recovered in Wnriched
materials Figure 3-1(b)), especiallyat the 1% W concentration level prepared by
mechanofusion, since the voltage hysterestsvben charge and discharge curves after

several cycling is reduced

The pureLNO sample Figure3-1(a)) showsmany steps in itsoltage profiledue to the
several phse transformati@from Hi(Hexagonalto M (Monoclinic), M to H,, and H to

Hs crystal structurghowever, this discontinuity (step shapes) in voltegeot desirable

In the enrichedcoprecipitated particles (as showm Figure 3-1(b, c)), the capacity
retention over 54 cycles still seems steady despite having lower charging and discharging
capaity compared tohte undoped material synthesized at 700The best performance
among these materials is demonstrdtadthe 1%W_Mechsample with a low voltage
hysteresisFigure 3-1(d) showsthe comparison between tlQ/dV vs. V profiles of the

first and last cycle (with C/20 raté&r 1%W_Mech materiatelated tothe critical phase
transformatiorfrom theH» to theHs structure. Thelifference between tHecationof these
peaksis reducel in higher cycle number and the intensity remasralmostunaffected.

These effects are good indications of the stabilized structure and durability of the cathode

during cycling.

A comparisonof LNO samples produced following00 °C and 800 °C heat treatment
showsa reduced delivered capacity ftire highertemperaturéreatment Eigure 3-1(c)).
However, the 800 °C heat treatment provides a bettdcome for the enrichment
procedureq28], and those enriched structures show higher and more stable capacity
retentionafter cycling, with only a small amouot W. In pure LNO at 800 °QGhe particle

size growth could not be prevented without W present, leatiingoorer kinetics and
therefore lower capacity in those materialghe crystal structure tends teabmpose and
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return to a rock salt phase through various steps at high temperatanasd( 700 °C and
higher)[33]. The pace of this phase transformation increases with higher temperatures and
drastically slows down under@r air atmospherg83] (here,the lithiation is conducted

under oxygen gas flow). In Wontaining materials, specially prepared with
mechanofusion, it appears thlae presence of W likely reduces this unwanted reaction by
protecting the surface of these-ith materialswhichis the most vulnerabl®cationfor

decomposition.
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at C/20ratebetween D V-4.3V, respectively(c) Cycling performance of samples with

two first and last cycles at C/2@teand 50 cycles at Ci#ate (d) Comparison between
the first deriwative of the 2 charge and®discharge curvess well aghe 54" charge
and 5% discharge curves for 1%W_Mech where thediH; transformatioroccurs

LabelsC and DC here refer to the charging and discharging process, respectively.
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3.3.2 XRD and PDF

Cycled electrodes made ohaterialscoatedon Al foil current collectorsvere extracted
from coin cells and studied via XR[Figure 3-2. These cycleccathodes havéigher
backgroundhan pristine material$ue to the presencetbife Al foil which introduces more
scattering than regular capillary sample holders. The patterns also exhibit a sloping
background ( bel owisariricafiof of ahe grésense)of ambrphoul
compounds. This lattecontribution could bedue to the formation of the Cathode
Electrolyte InterphasgCEl), of other side reactioproductsduring cycling as well agrom

the presencef fillers (i.e. PVDF),etc . This sloping backgroundcoversalmost all the
minor extra peakexpectediue to the presence of newd¥mpoundsL(i 4:xNi;xWQOs, X=0
and 0.1 withC2/m and Cm space group symmetry, respecfivasdiscussed in our

previous worK30].

Table3-1 summarizes the XRD fitting results by considering only Li@ Al as possible
phases since the other present phases did not display peaks of sufficient amplitude or
sharpness to be adequately fitted. Consequently, our discussion is only focused on the

effect of cycling on the major peaks of LNO structures. rEgglual fitting values of the
Rietveld refinemenshown inTable 3-1 are thereforehigher thanthose obtained
from the XRD analysis opristinematerialsbecausef the overlap of Al and LiNi@

(with theRom layered structure) peakbe texture in Al foil, asvell asthe omission

of any otheminor phases which amithin thesloping backgroundrea.

108



Ph.D. Thesis Nafiseh Zaker McMaster University Materials Science and Engineering

100 |
~ 80 1
2
X
B fon)
= 60 2
g = ~
£ 2
2 T
S 40
-
=
- -~
>
-
\a)
20 o N
S
A
) +~r—r—r—r-r-rrr-rrrrrrrrrrrrr-r-r-rr-r-r-r-rrr-r-r-r-rrrerrrreerer-rr-r
15 20 25 30 35 40 45 50 55 60 65 70
20- 1 Cu (deg.)
—1%W_Copr_Cycled 1%W_Mech_Cycled —2%W_Copr_Cycled —2%W_Mech_Cycled

Figure3-2 SynchrotronXRD patterns for cycled ¥énriched materials from
mechanofusion and coprecipitation methods. Red stars illustrate the locdt#fdns
peals. TheZiangl es of the patter ngdfoaconparisoaonverted to

purposes with the literature.

The first observation on the higlesolution synchrotron XRD is the broadening of some
major LNO peaks following cycling. The peaks that best exemplify this broadening in the
XRD patterns are the (003) and (101) reflections of LNO which both show higher widths

in cycled materials. There are two possible contributions to this broadening: the grain size
and the residual strain. Since the grain size in fully discharged particles would be expected
to be the same as pristine, uncycled particles, this increased miighih be caused by
residual strain inside the cycled materials. This assumption would be reasonable because,
even in the presence of cracks inside the cycled particles, most of the cracks propagate
through the grain boundaries between the primary partialbich would not affect the

measured size by XRD (primary particles are the smallest coherence domains).
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Furthermore, since strain builgh occurs first and complete cracking would require more
extended cycling, for the 5eycled samples, it would be faip assume the presence of
residual strain, rather than grain size changes, to be the cause of this broadening. The (003)
peak reflects changes in the c lattice parameter, and it has been shown that this lattice
parameter changes abruptly at a high sththarge, especially inside the-Nch cathode
materiald14,26]. A second effect observed from the analysis of the major peaks, compared
to the pristine samples investigated in our mes work[30], is the higher level of cation

mixing in cycled materials revealed by the occupancy ratio Ni (on Li site)/Li, shown in
Table 3-1(Ni/Li%) (For instance inLNO_1%W_Mech the Ni/Li% is 2.779%430]). This

indicates some degradtat in the layered structure of the cathodes after cycling.

Table3-1 Rietveld refinement results based on the cycled materials

: LNOb6s Latf Atombs ocaddep
Phases Wt. fractions o
sample name parameters LNO Ni/Li % Rw%
LNO Al a( 1) c(i) Li Ni (on Li site)
1%W_Mech_Cycled| 0.38 0.62 2.88787| 14.25596| 0.9545 0.0455 4.77 10.%
2%W_Mech_Cycled| 0.85 0.15 2.87947| 14.21441| 0.919 0.081 8.81 10.75
1%W_Copr_Cycled 0.62 0.38 2.88242| 14.23713| 0.909 0.091 10.01 7.87
2%W_Copr_Cycled 0.81 0.19 2.88743| 14.25614| 0.892 0.108 12.11 9.65

Our previous work on the effect of W additions on pristine LNO has shown that no major
changes in the PDF of LNSructure veredetected30]. However, some important effects

can be highlighted in the POgatterns when considering the impact of cycling. The PDF
analysis vas therefore used to extract further details on the cycling effects regarding the
bonding distances between the atom paith@¥V-enriched LNO cycled bulk phase. The

full pattern analysiof the entire bonding distance range is not posdiele due to
overlapping AfAl bond pairswith almost all the LNQlistance pairsKigure3-3(a)). The

first peak marked (1 onthe PDF however, correspondasmly to the LNO phase and does
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not present overlap withl. This peak represents X0, and L+O bonds. The comparison
of the first peak between each-&¥riched material in its pristine state and after cycling
(Figure3-3(b,c))shows that in al/l the cycled material s
lower bonding distance, r, and in both materials prepared by coprecipitdine level of
distortion in their peak shape can be detected. The reductior@fiddnding distance is
expected during the charging proceiss. (delithiation) because of the higher oxidation

level of Ni. Furthermore, the LD bonding distance genel@havior is comparable to the

c lattice parameter trend, with expansion up to some charge level and sudden extraction at
a critical charging statgl3]. These two opposite trends (expansion extdaction) arise

from the reduction of the Liscreening effect at the beginning of charging, which is
necessary to keep the -Ni interlayer closer to each othexhich results in eaxis
expansionas discussed if13]. At a higher level of charging, it has been shown that Ni

and O (3d orbital state and 2p orbital state, respectively) hybridize effectively and cause a
sudden reduction in c lattice parametdr3]. Therefore, in the high charge stdteth a

and c lattice parameterdecreaseand generatea contractioninside the lattice.
Subsequentlyduring discharg, the reverse processeégpectedThe shifting of the peak

at ~ 1. 98 patterhtowardsshertebBning distances, suggests that in cycled
materials &fter 54 cycleg the structural changes not fully recoveed during their
following dischargingorocess (especially at the beginning of discharg [13]), andthis

could be due to the separation or isolation of some amtaterialsfrom the conducting

additives network ocurrent collectorvhich could cause i@duction in the caity.
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Figure3-3 (a) The comparison between the pair distribufiorction of W-enriched

cycledmaterials and pure LNO intheloglt r uct ur e dlddmagi.n T(hle. & eid
verticalarrows show the location efuminumd bonds from the current collector in the
electrode sampleand the red dotted oval shape, marked (1), illustrates the position of

the first peak separated fhebdusndottel ovahshape,més bond |
marked with a star, shows the major damping in the PDF peaks. (p)atby more

detailed views of the pair distributions corresponding to the first selected peak in (a

versus the pristine state of each matgaiapared through the mechanofusion and
coprecipitation, respectively. The dott@tes andhorizontalarrowsexhibit the peak

shifting toward the lowebond distance-position in cyclednaterials.
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A second boding pairs range thatoes nobverlap with Alshows significant changés
thepristine materialfigure3-3(a)) ands identified with a star in thenange around ~4.25
i to ~4.8 1. Here the intensity of the
previous study on doped materials in thistine statd30], the W.enrichmentgenerates
no major changem the PDFpeaks of LNO.Therefore, this significant damping in this
bonddistancerange caronly be caused by cycling effects. Based the LNO layered
structure, two main pair bonding distances are located in this mentioned rdtige 4G 7

i and ~4.58i i()~4an4d7 Q4 , ~4.52 1, ~4.58
distances could also be efted by changes in thesgacing of Li and Ni layers which are
about I4theabové bond pairs, oxygen is the common elemadtsince there is
no participation from oxygen in the electrochemical chemical reaction andaar
changes were detectdde to the addition of W, one possible explanafioihis damping

could be some level of oxygen release.

3.3.3 SEM crosssection and EDS mapping and fracture analysis

To better analyze the overall effect of cycling on the morphology, elemental distribution,
and fracture of the particles inside the cathode electrode, iBtading, followingcross
sectioing with PFIB, and EDS mappingvere carried outin Figure 3-4(a), mostof the
secondary particlein the 1% Wenriched materiaprepared bymechanofusion after
cycling (1%W Mech Cycled) stay intagtvhile the remaining cracked particles are mainly
located on the top of thelectrodeThecrackng of particlesat thetop of the electrodenay
originatefrom theelectrodepreparation processhich includeslectrode calerating and
contact with a roller, as well as through cycling because of their moe exgosure to

the electrolyte. Theesecondary particles show high packed denBRyB crosssection of

an individual particle extracted to prepare thin lamelligyre 3-4(a-vi)) showsthat,
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within the particle, cracks are mostly located within the core of the particlexgected,
during the charging process, both surface and abtiee secondary particlegdelLi and
experiencanassie volume shrinkagenotably in Nirich materialsand at the end of the
charge ¢hange in volume of LNCe/ nod -9.38%(26,34). Thesurfaceis expected to

lose Lifirst since it is in contact witlthe electrolytewhere the reactionsitially occur,

and diffusion out of the particles is faster compared to the ddve causes the volume
change and shrinkage initially, more than the serion, generating tension on theface

and compression at the core leva$ discussed ifiL3]. The reciproal effectof these
volume changes and inducstilesssoccursduring discharging, which psithe @re of the
particle under tensiqrresulting in thénitiation and growth of cracksver multiple cycles

In Ni-rich cathode materials, most of the fractuesurthrough grain boundari¢$3,34]

Based orfFigure3-4(a), it appearthat the presenasf W-rich areain the grain boundaries
demonstrated in our previous wdB0] improves the structural integrity of the secondary
particles, suggesting ancreasein the toughness of the secondary particles and better
accommodation of cycling stress without cracking. In previous work by the authors, it has
been sbwn that by increasing theoncentration ofV from 0 to 1% in LNO through
mechanofusionhoth the compression resistance or streraghwell as retained capacity

are improved[29]. The reduction of stress inside the electrode atso affect the
electrochemical behavior of these matkribased on thermodynamiécguments For
example, in previous work, it has been shown that higher internal strain would consume
some part of the necessary energy for the charging and discharging phase transformation
toward elastigplastic deformations anchange the equilibrium potential (for charge and
discharge reactiongp6,37] These phenomena increase the hysteresis cycling behavior

and reduce the electrochemical energy of tHé &t our casethe presence ofW-
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compoundst the/near the grain boundaries wittiiesecondary particlesyith the ability
to accommodate some paftthe volume changevould aid the phase transformation and

reduce the potentidlysteresis in \Aénriched materials

4 pm

Spm

(0] Ni o

Figure3-4 (a) crosssectional views 01%W_Mech_Cycledin the electrode shape aift

54 cyclesfiv 0 s how t hnedetailedeviewsiofenwltiple highesolution SEM
crosssecti on i mages as vPHIBlamelsearfdyhb)the whi c h

corresponding EDS maps revealing #hemental distributiondue to the cycling proces
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Based orfrigure3-4(b), dueto the reduced cracking as discussed above and highly packed
and dense particles, reactions with the electrolyte are limited and mostly occur on the
surface of the secondary particleseethe elemental distribution of fluorine in EDS
mappings). However, due to the large interaction volumes-afyXand poor detection
limits in EDS, the accurate W distribution is not detectesh¢e th&V mapis not shown).
Overall, basednFigure3-4(a,b), the %W_Mech_Cycled materighows good resistance

to fractures and side chemical reactions (evidenced by the presence of fluorine and
phosphorus mostly otitie of the secondary particles), making this material exhibit the best

performance among other samples in this study.

As can beseen fromFigure 3-5(a), the secondaryarticles in thel%W_Copr cycled

materialsaresmaller anchave a higher level gdorosites, clearly more visible in the FIB

crosssectional samplefFigure 3-5(a-vi), as comparedto the sample prepared by
mechanofusionl®W_Mech Cycled). There are two possible contributions to the higher

level of porosities in the samples which haverbpreparetly coprecipitation to reach W

enriched precursors. First is the contribution of theidh phases at the grain boundaries,

leadingtoac hange in the kinetics of grain boundari e
grains (more clearlyisible in Figure3-6(d)). Thesecond contributiosould be attihuted

to the Kirkendall effecbecause of the opposite direction and different speed of diffusion

between Ni (speedily outward) and O atofgently inward), producinginner voids or

cavitiesdue to the supersaturation of interior vacandiging the syntésis of the samples

[38i 40]. Since these porosities appear to be between the primary particles (see further

evidencen Figure 3-6(d)), thelikely origin is the synthesis process which would require
optimization to completely suppress the many g

seen inFigure 3-5(a), anddevelop more dense secondary particlé® rate ofchemical
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side reactions in %W _Copr_Cycled materials increases due to the higghels of
porosities (hence affecting the particle integrity during cycling), which is visible from
Figure3-5(b), with fluorine detected even within the core of partiese further results

in section3.3.4. Accordingly, the detrimental effect of porosities (due to the not optimized
synthesis process) ultimately ake coprecipitated particles more vulnerable to

electrochemical side reactions.
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Figure3-5 (a) crosssectional views 01%W_Copr_Cycledin the electrode shape after
54 cyclesfi-v @emonstratseveralviews of multiple highresolution SEM crossection
imagesandil v potnts outthe PFIB lamellae(b) The obtainedEDS maps.
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3.3.4 EELS and STEM

For higher sptial resolutionnvestigation of tk elemental distribution in cycled materials

and bettewisualizationof cycling effecs on the samples, EEL&alysis was carried aut

Two generally different behaviors are identified in samples prepared by mechanofusion
and coprecipitation. In the Wnriched LNO fromthe mechanofusion process, W is
detected on the top surface of the secondary particle and also inside the grain boundaries
asshown in previous work30]. In the 1%_Mech_Cycled sample, based on the presence
of fluorine and phosphortrich areas on the surface of tparticle Figure 3-6(a)), it
appearghat this Wrich layer on the surface of the secondary particles plays a protective
role between LNO and the electrolyte, and limits the siddice®s to the very surfac&he

effect ofcycling can also baleducedrom thechanges in the EELS K-edgeshapen
Figure3-6(b, c). TheO K-edge in pure LNO hasvb main features: 1) the pesige peak

below 530 eVwhich is the transition from O 1s to the hybridized state of O 2p and Ni 3d
unoccupied states, and 2) the main peak resulting from the transition between O 1s and the
hybridized state of O 2p with the Ni 4sp unoccupied stéteg kind of structuralchang
affectingthe hybridization statef the first mentioned transitiosuch asaltering crystal
structureor local chemistrycan provokehe suppression dghe preedge[30,41] Using

this pre-edgepeak as a probe of the transformation, the EELS maps show areas where the
O K-edge preedgeis absenteind has droader shape inside the CEI lay€hese maps

show thatthe mostaffected regionsare locatedust near the surface of the secondary
partides as well ag areas adjacent wpencracks,Figure3-9S. Although, theW is not
present as a uniform distribution within LNO, the resulting heterogeneous distribution of
W appears to be very effective in protecting the integrity of secondary particle by limiting

the cyclic effect to the very surface.
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On the other handthe 1%W eniched sample, prepared through the coprecipitation
process, with synthesis conditions still generating high levels of porositiess
significantly more degradation Figure 3-6(d-f). The occurrence of a massive
transformationas evidenced bghanges in oxygen 4€dgeshape can be seen iRigure
3-6(e,f), further away from the surface, near the coféhe secondary particld-igure
3-10S(b,c)). Becausef the significant number of porositiestime particles prodwex by
coprecipitaion, side reactions can thextcur deeper within the particles via electrolyte
infiltration facilitated byporosities. The surface reaction layer in 1%W_Copr_Cycled

seems thinner than 1%W_Mech_Cycled. Still, havingnary particles coved by W

partially reduces the reactitevel justneathep r i mar y par tRigare3el@S6 peri pher
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Figure3-6 The Annular Dark Field (ADF) images, EELS maps and spectra related to
different shapes of the O-&dge peak with respectéd Green Blue (RGB) composite
imagesllustrate for (ac ) 1 %W_ Me ¢ h _ C yf)clvoW dCops_Cyatadnods ( d
secondary particle. In (a) the EELS maps showPtikeedge peak clearly visihlbut it is
not clearly detectable it%W_Copr_Cycleddue to the noise level, the P map is not
shown in (d) For clarity in the F map given the noise level, the spectrifrefige
extracted from t he A(t)andd)illestate theee differenb s h o wn
shapes of the O4€dge peak, with a broad shape peak inside the CEl/reaction layer, in
red, without a preedge peak in blue, and with a grdge peak in greefb) and (e)
illustrate theRGB imagesased on the color of spectra in (¢) and (f), respectively. The
red circle inside imag@) identifiesthe grain selected for more detailed STEM analysis
in Figure3-11S.
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Figure 36 Continued.

Foradetailed analysis of the cycling impadthe atomic level of cathode materials, kigh
resolution STEM HAADF imaging was utilize&igure 3-7 illustrates the cycling effect

on 1%W_Mech_Cycled material from two different selected primary particles (their
positions are marked iRigure3-9S(a)). Figure3-7(a) showshe atomic resolution image
and itsFourier Transform (FT) in the insgbm aprimary particle located just beneath the
very surface of the secondary particle (regionRigure3-9S(a)). Sincehe calculated FT
has 6fold symmetry for the orientation of this particular grain, other complementary

evidence is needed to identify whether the layered or spinel structure is present.Brhe RG
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image Figure3-9S(b,c)) basedn the O Kedge peak shapes shows evidence of a pristine
structure for area A 0-edgedwithen strongpretedige pepkr e sence o
(shown with green color). Also, for the pure spinel phase, more reflections weu
expected on the <111> zone axis. Hiediffraction patternalsofits well with the<001>

zone axis of the layeredNO crystal Given this combined evidencig,is possible to
deduce that close to the surface of the secondary pantides®V_Mech_Cygled material
thepristine LNOstructure isstill present The presence slperlattice reflections (i.e. the
extraspotsmarked with red circles in the FT pattériean be interpreted as evidence of
ordering possibly due tdhe early onset of phase transformation to the spinel pfdme.
interatomic spacingFigure3-7(b)) is alsoconsistent with th&NO crystal on the 801>

zone axisn Figure3-7(a).On the other hand, HAADF imaging of a grain locatedr the

very surface of aecondary particldsigure3-7(c), (from region Il inFigure3-9S(a) where

the O Kedge prepeak is absent particularly closest to the surface), shows that cycling
alters the crystal structure intioe spinel phasghis time viewed on the001> zone axis.

The spacing from the FT pattern is consistent with the expected interptatamgsrom

this orientationalso shown in the HAADF intensity lin@ofiles Figure3-7(c, d)). The

{220} reflections in the FT pattern, expected from a selected area diffraction pattern,
however, are not detected, possibly due to the lower sensitivity to ordering in HAADF

imaging.

In the porous sampld %W _Copr_Cycley regardless of thimner position of the selected
primary grain,the crosssection of thesample reveals the spinel structure near the
secondanp ar t i c | e &iguredS).dlsis résyltis consistentvith the capacity
results showing more degradationsemples prepared by coprecipitation, due to the high

level of porosities.
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Figure3-7 Detailed HighAngle Annular DarkField (HAADF) imaging of two areas
marked | and Il irfFigure3-95(a) fromthe 1%W_Mech_Cycled sampléa, b) and (c, d)
show HAADFimage, FT witHitted indexesand related intensity line profilegth the
same colors as marked inside HAADF imafgesn areasmarked | and Il, respectively.
(a) and (c) also contain the 2D crystals ®lqatojections with the related zone axis
orientations, layered structure with <001> zone axis displays some orderings marked by
red dotty circles and spinel structure with <001> zone axis, respectively. Model

structures with Ni and Li atoms in crystallsedre gray and green, respectively

123



Ph.D. Thesis Nafiseh Zaker McMaster University Materials Science and Engineering

Figure 37 Continued.

3.3.5 XANES analysis

For more bulksensitive chemical analysi$ the cycled materials, XS measurements

were carried outThe XAFS spectr&ffectively probe the Ni and W atonesivironment

To betterdetectevidence of changes the environment of Ni atoms after cyclirdye to

the lowW-enrichmentevel compared to the amount of Ni, a sample waitigher level of

W concentrationl 2 %W prepared by mechanofusion) was us
performance is marginally lower than 1%W_Mech). Tomparison between pristine and

cycled states of 2%W_Mech from the Ni atoms environment perspectiigure 3-8(a)

revealsminimal shifts toward lower energy after cycling, which cotid due to only very
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