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ABSTRACT

The growth ofsurface impurities on positive electrode materials used-iorLicells is
detrimental to the electrode manufacturing process and the electrochemical performance
of the celk. Ni-rich layered lithium metal oxides are promising materials for the production

of high capacity Lion batteries but sufférom poor air stability and high sensitivity to
surface impurity growth. For this reason, it is common in industry to wash these materials
before introducing them in Lion cells. However, very little mechanistinderstanding of

the reaction between the materials and the aqueous solution used for washing is known. In
this work, the effects of exposing-Nch positive electrode materials to aqueous solutions
werestudied. By combining results from the analygibath the washing solutions and the
materials after washing, two peifependent mechanismagere proposed. These reactions
werethen validated bynductively coupled plasma optical emission spectrometry-(ICP
OES) analysisthermogravimetric analysis coupled with mass spectrometry (VSA

and X-ray powder diffraction (XRD) analysisAdditionally, coreshell materials
containing a gradieatoncentration of Nweretested for the possibility to increase the air
stability of N-rich positive electrode materials with minimal compromise to
electrochemical properties. By improving both the washing process factNimaterials

and increasing the air stability of these materials;idti positive electrodes could reach

high perfornance levels which are currently, commercially unattained.
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CHAPTER 1 Introduction

1.1. Motivation and generalobjectives

In his statement published in the World Meteorological Organiz&\WWvO) report on the
state of global climate in 2019, the United NatiqhiN) SecretaryGeneral Antonio

Guterres say$

ACl i mate change i s ttime Timeidfastmunmngoutfdral | e n g
us to avert the worst impacts of climate disruption and protect our societies from

the inevitable i mpacts to come. 0

In this same remt, the WMO data confirms that the global mean temperature has increased
by 1.1 + 0.1 °C compared fwe-industrialtemperature levefsTemperatures recorded in

2019 mark a recortighin global temperature exceeding the previous record set only in
2016. The year 2019 was marked with intense climatic phenomena such as heatwaves and
long periods of droughtkeading to abowaverage fires across the world. Notably, in
Australia wherewildfires have destroyed millions of hectares, ligo in California,

Siberia and regions of the Arctic where fires had previously been almost unhéarakeof.

Paris Agreement tartgea limitation of the global temperatwiseto 1.5 °C, however the
Intergovernmental Panel on Climate Cha(¢CC) reportsnevitableconsequencesven

from al1.5 °Cincrease in temperature levéls.

To reach the targeket bythe Paris Agreement, the UN urges the reduction of greenhouse
gas emission by 45% from our 2010 levels by 2030 othjective is to reach a zereet

emission by 2056 Meanwhile theglobalenergy demand continsi® increas@ndenergy



efficiency is increasinglybeconing anecessity in order to eetthe future demanaf an
evergrowingworld population Part of the solution that would allow a global decrease of
greenhouse gases while satisfying the increasing demand for energy, is the transition
towards renewable energy sources and the efficieuiréication of transpoft both
changes that call for the development of high performance electrical energy storage
technologies: 4 The decarbonization of transpamnd electrical power generatids an
effective shat-term and longerm solution to limit the 1.5C temperature overshobThe

auto industry has recently expressed its commitment to the electrification of transport with
Toyota planning to release more than ten electric vehicle (EV) moeteled20202025
Volkswagen plans to release 80 EV models by 2025Merdedes tamjs 50 EV models

by 2@5.% Other manufacturers such as Volvo and Tesla are also developing electric trucks
and semirucks? Furthermore, the Beijing Automotive Industry Company aims to reduce

the sleof combustion engine vehicles to zero by 2625.

Li-ion batteriesare today thanost appealingnergy storage technology for automotive
applicatiors due to their higlpowerand highenergydensity® 7 Li is the element with the
lowest reduction potenti@l3.04 V)which enablesigh voltageLi-ion cells® Additionally,

Li is the lightest metalthe third lightestelementandLi™ cationhas one of the smallest
ionic radi.® This allows for Li-ion cells to have high gravimetric and volumegitergy
density. Advances in electrode material and electrolyte research Baabledhigh
performance and higmileage all electric card.he 100 kWh Liion battery packfound

in the Tesla Model @and Model X vehiclesffer adriving range of 508 km per charfge

and are expected to last 240,000 ¥nRecent Liion cell testing results published by



Harlow et al. have show that moderrLi-ion cellscanpower an electric car for 1.6 million

km thus setting the benchmark for battery technofdgy.

Despite the high performance and long service life of presemnLbatteries, further
research and development is needed to lower the baradoption of EVs. These barriers
canbelowered by increasing energy densitycreasing powetdlensity, increasing safety
and reducing cosMany promising Liion cell chemistesexist but many challengesich
as limitedelectrolyteconductivity, parasitic reactigmt the electrodelectrolyte interface

and dissolution and degradation of tledrodematerials remain to be overcorhe.

The research work presented in this thesis aims to contribute t@datenaic effortto
understand andecouple the complex mechanisms at work Hiohi cells Advancement
in this field of research would enalileecommercializatiorof higher performance Libon
batterie® a technology whose role will be crucial to fulfill thevergrowing energy
demand while reducing the emission of greenhouse gasestalediecelerating climate

change.

1.1. Specific objectives and sope of thesis

This thesis focuses on the study of positive electrode materialsifom tells, particularly,
positive electrode materials rich in Ni. As will be further discussed in Section 2.2, the
adoption of Ni rich materialprovidesmany advantages in terms of specific capacity and

cost. However, these materials suffem poor surface stability and have a propensity for



degradationand surfaceimpurity growth when exposed to ambient atmosph@rben
introduced in the Lion cell, these contaminations on the positive electrode have
considerable detrimental effects on thendioning of the cell. To resolve this
contamination problem, both manufacturers of electrode materials and manufacturers of
Li-ion cells wash their Niich materials after storage. The washing ofridh positive
electrode materials rids them of surfaogurities but is also likely to further degrade them.

As little is understood about the surface reactions efidki positive electrode materials
when washedthis work aims to study the fundamental mechanisms responsible for
consequent changes these mterials. This understanding can serve to design better
coatings for Nirich positive electrodes as welhd specifybetter storageand handling

procedursin industry.

In this thesis, two different groups of Nch materials are studied in different ¢aniled
conditions to study impurity growth and the effect of washing. The first group of materials
consists of Nrrich materials with compositionally uniform particles, and the second group
consists of corshell materials where the core region of theigiarand theshellregion of

the particle differ in chemical composition.

1.2. Description of remaining chapters

The remaining chapters in this thesis describe the work that was done to achieve the specific
objectivesmentioned aboveChapter Zorovides neessary background information about

the Li-ion cell system and its components. It summarizes the work previously done and



published pertaining to Lion battery research focusing ¢ine research aspectsost
relevant to this work. Chapter &tailsthe experimental methodology and the material
characterization methods used in this kvoicludingthe synthesis of the materiaigsting
protocolsand testingconditions Chapter 4 presents the results obtained from the first
groupof materials(Ni-rich materals with compositionally uniform particleg}stedunder
different conditions. It is concluded with a summary of the findings of this first set of
experiments. Chapter 5 presents the results obtained from the second group of materials
tested (coreshell materials) These results aim to compare the resilience to surface
degradation of these materials to the first group of materials tested in Chapter 4. Finally,
Chapter 6 summarigethe overall findings of this work and suggefiiture research
opportunitiesto further understand and mitigate the degradation efidNi positive

electrodes in L-ion cells.



CHAPTER 2. Liion Batteries

Unlike primary cells (used in common alkaline batterieg)ich cannot be recharged after

use as the chemical reaction which occurs in them is not easily reversibts tells are

a type of secondary cell which can efficientigdergomany chargealischarge cycles.
During charge, a Lion cell converts electal energy to chemical energluring discharge

the reverse occur#\n electrochemical cell refers to the simplest independent unit of a
chemical energy storage system consisting mainly of a positive electrode, a negative
electrode, an electrolyte and gagator. A battery is a module of multiple electrochemical
cells assembled to increase voltage/andapacity, and it also consists of a casing and
electrical connectionfor practical useHigherin complexity, a battery pack is a module

of a large numheof assembled electrochemical cells that also contains a carefully
engineered casing, a cooling and heating system, and a battery management system. An
EV is powered by a battery pack, but at the research and development level, experiments
are carried athe electrochemical cell level amd atthe level of the individuainternal

componerg of the cell.

2.1. Electrochemistry of a Li-ion cell

Rechargeable lithium batterieschlaeendiscovered as early as th@70s, but it is in the
1980s that thelayered oxide intercalation compoundsommonly used todaywere
discoveredBy the early 199Qshe commercialization of Lion batteriebegant? 3*Figure

2.1 A showsa schematic of a common intercalation type lithium ion cell. Thecoaltiins



a positive electrode bound to @aluminium current collector. The positive electrode
contains an electrochemically active material which is typically a lithium metaé @xid
lithium metal phosphate. Wieithe active materibserves asheintercalation host for the

Li ions and makes up the bulk of the electrode, the electrode also coateamsluctive
additivesuch ascarbon black to ensuedectronic connectiobetweerthe active material
particles and a bindéor adhesiort® The current collector serves to collect the free moving
electrons which result from the electrochemical reaction that ®octhie active material.
During discharge, the Li in the positive electrodeeidractedfrom the material and
transportedas ionghrough the electrolyte. The electrolyte is an ionic conductor typically
consisting of a solution @ lithium salt in an organic solvent. Separating the positive and
negative electrode of the cell is a microporous separator whéses to mechanically
separate the two electrodes thus forcing the electron cahrenighthe external circuit to
produce uableelectric power. The separator must allow Li ions teebsilytransported
from one electrode to the other while preventing ebgit conduction between the
electrodes which would result in an internal short cirdiis a microporous film of

polyethylene or polypropylerend ranges between 15 ande3@in thickness
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O =Li*
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Xrur

copper current collector

negative electrode
porous separator

positive electrode
aluminium current collector

Figure2.1. Schematic of a Lion cell with an intercalation compound as the positive
electrode and graphite as the negaelectrode

Once across the separator, the lithium ions intercalate in the negative electrode.material
Graphite idrequentlyused as the active material in the negative electntieh is coated
on acoppercurrent collector. The different choicesafrrent collectometalsused at the
cathode and the anode are due to the difter@rstability of these metak their respective

potentials When the positive electrode active materidliyy delithiated the cell is fully



chargedDuring dischargehe reverse occurs, ahthium is extracted from the graphite in

the negative electrode to intercalate in the positive electrode as shévwuia2.1 B.

During discharge the delithiated positive electrode active mat@l&loted as a lithium
metal oxide LIMQ for the sake of example¥ reduced becoming the cathod®iring
charging, the psitive electrode becomes the anode as the lithium metal oxide is oxidized

as per Equatiof2.1].3

QO QQ .

v Qv 31 00 DQULUL wQ [2.1]

Complementarily, dring dischargethe lithiatedgraphite(C) is oxidizedand the negative
electrode becomes the anode of the cell. When the cell is being charged, the negative

electrode becomes the cathode as the graphite is reducedzapipton[2.2].13

QQ QQ, .

0 wQ uQ Sasi 0o Y (6] [2.2]

The overall edox reactions the cel] presented ifcquation2.3], describes thbackand

forth movement of Li from one electrode to the other.

QU QQ. . . .

0 Qb Sasl "0 Y Q0O -0 @ [2.3]



The electrors circulating from one electrode to the other in the same direction as"the Li
are powered by the electromotive force created by the potential ddébetween the
positive and negative electrode. This difference of potentiaetermined from the
difference between theectrachemicalpotentials |§) of the active materials in the positive
and negative electrodel is known as the opetircuit voltage (Mc) andis defined by

Equation[2.4] whereeisthe elementary charget®

o CTQ [2.4]

The opercircuit voltage, as the name sugges the voltag®f the cell when it is an open

circuit (connected to a load of infinite resistance) and the current is zero. This voltage
di ffers from the voltage of the cell when
(Reen) causes drop in the output vage in the presence of a discharge current. The voltage

duringdischargds expressetly Equation2.5].1°

O o O [2.5]

The Voc is an informative and easily observable parameter thatandie s b ot h t he

power outpuindits internalresistanceDu r i ng t h e cherksIstvespropeptiesr at i 0 |

of the cell componentsand capacitive properties of the interfaces between these

component$ or m t he cell 6s overall i nternal i mpe

1C



Impedance

The resisincesof the current collectors, the electrodes, the electrolyte and the separator
form the total internal resistance of the cell. This resistance value is not significantly
affected by thechange of state of charge in the cell during a chdrggharge cycle.
However, it changes with the iag of a cell as the electrolyte is gradually depletgals
evolution occurs, current collectors become corrodedd microcracksor structural
changesoccur on the electrode particlesver the course of many cyclEsAnother
contribution to internal resistance that becenmereasingly important with aging is the
resistivity of films that grow on the electral® s uat tlie anteréase with the electrolyte.
This film growth is most important at the negative electroderiace where a solid

electrolyte interphase (SEI) will form due to the decomposition of the electrolyte.

The chargdransfer resistance is the resistance associated with the kinetics of the
electrochemical reaction as lithium intercalates/deintercaliatethe electrodes. This
resistance is temperatudependent and dependst he el ectrodesé par
surfacearea®* Fi nal | vy, the cell s i mpedance is f ul
capacitance that emer ges ats Abalyssstoolsisuohasf ac e s
electrochemical impedance spectagy (EIS) easily and unobtrusivelprovide

i nformation about the cell 6s internal i mp

concerning he cel | 6s®state of health.

There are many performance parameters by whigbrlLcells are assessathpedance is

only one,but others includespecific capacity (mAlig), power density (W/kg oWI/L),
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energy densitfWh/kg or Wh/L), safety and cosf.he engineering design of the battery
pack must also be considered when calculating practical values of performance
parameters’ The challenge in battery design is to optimize as nuirileseparameters

and not on one at the expense of another.

2.2 Electrodes

The positive and negatiaectrods contain the only electrochemically actineterials in
a Li-ion cell. The properties of the electrode active matedat®rminemany of the
performance parameters of the cdResearch efforts in this field arerucial to the

advancement of Lion battery design.

2.2.1.Positive electrode

The first commercial Liion battery manufactured by Sony in 1991 contained a positive
electrode made of LiCoQ known as LCG? 13 This lithium transition metal oxide
(LTMO) of layered crystal structure remains a common choice of positive electrode
material in commercial cells, but many other materials hage been successfully
integrated in commercial cells today. The criteriat imast be satisfied by the chosen
positive electrode material aas follows
1. The material must beapable of acting as both a reducing agent and an oxidizing
agentin order todonate electrons during charge and accept electrons during
discharge. For thiseason, positive electrode materials willen contain transition

metals(TM) as these elements can have multiple oxidation states.
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2. The material must ba good electronic conductor. In order for the tramsd
electrons to occur during the electrochemical process of the cell, the positive
electrode must be a good conductor of electrons. Conductive additives, typically
carbon blackareadded to the positive electrode active material during electrode
making However, the more conductive thetivematerialis, thelesser the need
for the addition of electrochemically nactive materials that weigh down the
cell 2

3. The material must be stabéd must maintairstructural integrity through the
charging and discharging procesgglditionally, thermally stable materials make
for safer cells and air stability eliminates the need for costly handling and storing

conditions!?

Other considerationsbeyond these fundamental criteree made when choosing a
positive electrode materiaimed for high performanc@& he material should have a high
capacity for storing lithiumatomsand a high potential difference against the negative
electrode. When designing-lans cell for eventual commercialization, one must also

choose materials that arexpensiveabundantand nortoxic.?

Crystallographic structures

Research and commercialization efforts pertaining to positive electrode nsatewal
been focused mainly on two different types of matsdiahaterials of layered structure
and materials of tunneled structdfe!* The lyered materialef most interest to positive

electrodefabricationare the layered transition metal oxides (LTMBigure2.2 A shows
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the structure of a LTMQexemplified by LiNiQ (LNO), which consists o4 lattice of cubic
closepacked oxygen atomwhere the transition metaln this case Ni, is found in
octahedral sites formed by the oxygen até#ihe Li atoms are intercalated in octahedral
sites between the layersf oxygen and Ni atomén these layered materials there is one Li
atom for every transition metal oxide resulting in a material of hpgitific capacity A

major advantage of layered materials is their high rate of Li diffusion as this crystal
structure provides a-@mensional interstitial space for tlieee movement ofLi.8 In
contrast, mterials oftunneled structuresuch as thepinel crystal structure and the olivine
crystal structure shown figure2.2, have3-dimensional tunnels along which Li is free to
move

A B° o
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Figure2.2. Schematics of the crystal structures exemplified by three commonly studied
positive electrode active materials. Laygrgructure of LiNiQ (A) spinel structure of
LiMn 204 (B) olivine structure of LiFeP@(C).

The most common example of a spitygle positive electrode material for-lan cells &

LiMn20O4 (LMO). Figure 2.2 B shows the crystallographic structure of LMO whbfte
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atoms are found in octahedral sitghile the Li reside in tetrahedral sites. Unlike the
layered structure, the spimahterialdoesnot consist of pure layers of lithium but rather of
a multidirectional network of linked tunnels aong which Li can diffuse during the
intercalation and deintercalation proce$$ie advantage of LMO is that its tunneled
structureprovideshigh Li conductivity,however,its specific capacitys low as a less Li
can be stored per gram of the material relative to layered mat&igiire 2.2 C shows
LiFePQ: (LFP) as a prime example of an olivityge positive electrode matergtlucture

In the LPF crystal lattice theP atoms occupy a tetrahedsée while the Fe and Li atoms
occupy two different octahedradites differing in size.Li atoms diffuse along -1
dimensional tunnels, but the presence of crystal defects can block these tunnels and lower
Li diffusion rates in the materidf. LFP is advantageous due to its high stability against
electrolytes used in Libn cdls but its low voltage and low tap density mean that LFP cells

have loweroverallenergy densities.

Morphology

Positive electrode active material® used in powder form in the fabrication of electrodes.
Material powders come in different morphologiebiet influence the behavior of the
material and affect the performance of the electrode. Active material for positive electrodes
in Li-ion batteries are commonly synthesized in single crystal (SC) particles, spherical
polycrystalline (PC) particles, asnanomaterial$® Single crystal mateais are made of 3

to 5um diameter particles whose exterior surface is smooth due to the lack of aggregates
and gain boundaries. Ideally these single crystal grains would have an unbroken crystal

lattice throughout the particle Spherical polycrystalline particles are a spherical
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agglomerate (known as the secondary particlé)mfsands of smadingle crystals (known

as the primary particles). Polycrystalline particles are characterized by rough surfaces due
to grain boundargbetween the primary particldhe secondary partidean range from

3 to 20um in diameterLastly, nanomaterialsuch as.FP, are composed of agglomerates

of nanosized primary particles. LERan besynthesized in shapeless secondary particles,
averagng 2 um in size, composed of polydispersed monocrystalline primary particles,
averagingl00-200nmin size!® The morphology of the material, its tap dengihe density

of the powder after being mechanically tapped in a veasdthesize of the particles, are
tuned by controllig the conditions under which the precipitation process occurs during the

production of the material 6s precursor.

Transition metals in layered materials The Co to Ni transition

As mentioned, layered LiCaQvas the active material used in the first commerciabhi

battery and it remains to this day one of the most common choices of positive electrode
materials. In a molecule with heteronuclear bonds such as LjQo® useful to use the
oxidation state fothe present atoms to estimate their charge. Unlike ionic bonds, where
there is a more distinct loss and gain of electrons from one atom to another, in covalent
bonds where electrons are shared, oxidation states provide an ionic approximation of the
atom® charge based on t he,iLirhasan oxidation state o1ff i ni t
and each O atom has an oxidation state-dé&ing the Co with an oxidation state of 3+

to reach neutrality. As the cell charges and A€o0, becomes increasingly lithiated (x
increases from 0 to 1), the oxidation state of Co transitions from 3+ Faglire2.3 shows

the lowetlying energy band of C&/** overlaping with the top of the ©®2p band in the
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crystal latticé°The Co 3Ja@yldwhyddsg ener gy rel alfingve to

energy bands responsible for the high OCaf 3.9 V of LCO/graphite cell°

E
T —b Graphite

ocv

I Mn3+4+: e

NI+ e
- 3+/4+.
Co 4 ty,

0%: 2p

>~

Density of states N(E)

Figure2.3. Energydiagram of the relative redox energ@sedox couples corresponding
to common positive electrode active materials relative to the oxygen 2p band and relative
to theenergy ofgraphite

LCO allows for the production of high voltage cells, Ratis a codly metal plagued by

an unsustainable market. As of June 26, 2020, the price of sudsit2.93 USD/Ib as

opposed to the mere 5.76 USD/Ib cobhickel?! The cobalt mining industry has a long

history of human rights violations and chllmbour?® 2 The Democratic Republic of
Congo (DRC) is where 60% of the worl dbds su
has increased in synchronization with the boom in the battery markett, 50% of the

extracted cobalt is used in batteries found in mobile phones, computers and electric

vehicles. Additionally, the corrupt political economy governing the DRQwetdlmining
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companies have caused great instahitityre cobalt markeind has resulted in devasng
environmentalsocial and health concerns in the regi®i® The high cst of cobalt, both
monetary and moral, has great weight on the overall cost of tiom ldell. The positive
electrode material can account for more than 40% of the cost of the raw materials used in
a Li-ion battery and about 24% of the overall cost oftthttery pack* 2°As high cost is

a major barrier of entry for electriehicles,and in addition to thdimited capacities of

Co-based electrodes, there has been great interest to daltelmativematerialso LCO.

Figure 2.3 shows the lowelying energy of Ni*** to be marginally higher than that of
Co**#*. This will causeLNO to have a lower voltage against graphite as opposed to LCO.
LNO and LCO have almost identical theoretical specific cajgaeis they are isostctural

and both Ni and Co share similar masses. How&WD has yet to be used in commercial

cells; despite its high voltage and high accessible capacity, other complications and failure
mechanisms occuin the positive electrodasits Ni content increses. As more capacity is
accessed from the Mich electrode, less capacity retention is observed over cyéliffg.

The capacity fade is a major disadvantage efi¢hi eled¢rodes and it has been attributed

to parasitic reactions at the surface of the secondary particles and to the volume change of

the crystal lattice during charge and discharge.

Drawbacks of high Nicontent materials
First, it is difficult to control L N O éswichiometry during synthesis. Ideally, in
stoichiometric LNO, all the Ni atoms would be in the 3b octahedral sites (on the Ni layer)

and would have an oxidation number of 3+. This is difficult to achieve during synthesis
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due to the instability of Nf and its inclination to be reduced to®NiTheionic radiiof Ni?*

(ry;2+ = 0.69 A is more comparable to the radii of (i .+ = 0.76 A in comparison toNi**
(ry;3+= 0.56 A),2 andthe reduction from Ni to Ni?* favours the migration of Ni from the

3b sites (in the Ni layerjo the 3a site (in the Li layer) resultg in Li1xNi1+xO2. The
presence of Ni in the Li layes known as cation mixing and it hingési diffusion in the

material?®

Furthermore Ni-rich electrodes suffeirom anisotropic volume chang&ssociatedvith

the delithiationand lithiation of the material during charge and discharge. The lattice
constantof the layered crystal, namedy thelengthof the unit cell parallel to the layers,
andc, the height of the unit cell perpendicular to the layers, change during theddacs
operation.During charge, the Niich material is delithiated and Niis oxidized to Nt*.

As the radis of Ni** is smaller than N, the crystal structure will decrease in the direction

of a.3° The increasing absence of Li between the Nif@bs will increase the repulsion of

the slabs and expand the crystal in thdirection. At a critical state of delithiation, the
crystal interlayers collapse andle@amaticdecrease ig is observed® > These changea

the lattice parameters and crystal unit cell volume create strains between the primary
particles that result in microcracks in the polycrystalline material. Cracks between the
primary particles decrease the electrical contact within the electrodenamehse the
electrodeelectrolyte interface area making the material more prone to parasitic reactions

with the electrolyte.
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The presence of Ki, which increases with delithiatiomJso contributes to the rise of
impedance andtthermal instability of Nerich mateials. Ni** is highly unstable against

the electrolyte and will have a propensity to reduce to a lower valefaym aspinetliike

phase which then transitions tdN#-like rocksalt phase at the surface of the matetfal.

The electrochemically inactive roséltp has e wi | | significantly
resistance and contribute to the capacity fade of thé*céThis phase transformation is
accompanied by a release of oxygen gas which will in turn react witihgheicelectrolyte

and lead to cell failur& This failure mechanism is accelerated by heat and delithiated

LNO has prova to be lesthermally stable than delithiated LC®.

In addition to thermal instability, Nich material are also instable in air. This complicates
the handling and storage procedure for these materials. The degradation mechanism of Ni
rich materials and its | mpacttothiathasihand mat er

will be elaborated in the following sectioBédction 2.2.2.

Metal substituents

Due to the many drawbacks discussed above, safe and durable LNO eddwiradiget to

be commercialized. Howey, batteries containing positive electrode matewdlere 80%

of the transition metal layer is composed of Ni have shown great performance and have
been successfully commercializ€dThe partial substitution of Ni bpther metals has
allowed to resolveto a certain extenthe issues presented by high-ddintentmaterials

Co is an obvious choice of substituent in aridh crystal since LCO has been extensively

studied and Co and Ni share cladenic sizes. LCO dognot suffer of cation mixing and
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the synthesis of stoichiometric, wddlyered Cerich materials is more easily attainable
than with Nirich materials. Although, the substitution of CaheLNO crystal latticecan
supress cation mixing, this is only gdsle atasubstitution fraction of 20% or moféDue
to its cost, the use of large €teoons of Co is not ideal and &ubstitution alone has not
beenable to thermally and structurally stabilize-fiéh crystal materials. Co substitution
has also failed to increase the capacity retention thus suggesting tiedeCagh

performance eleaddes can be develogd with other dopants and/or coatings.

The substitution oMnina Nk i ch mat eri al has shown to i ni
stability. The presence of Mn stabilizes the crystal structure and hinders tratsitiba

rocksaltlike phase of the delithiated material. Moping also increases the temperattire a

which oxygen evolution occurs when the delithiated material is subjected to heat hence
del aying thermal runaway and 3 3Nevedghalsss,ng t h
the synthesis of a layered Mioped material is complex and an excessive amount of Mn

will deteriorate the performance of the material. When Mn in substituted in LNO, only Ni

is electrochemically active and the capacity of the material sees a consequent réduction.

Alisalsoaredoxi nacti ve substituent that will inevi
capacity butoffers alvantagesn terms of stability.3* Al stabilizes the layered crystal
structure and prevents detrimental phtiaasitions which consequently, prevent
microcracking and decrease capacity ffdal-d opi ng i mproves the ma

stability and skety by increasing the onset temperature of thermal runaway even at high
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delithiation state4® Despite decreasing the theoretical capacity of the materiappihg

allows for a safer access to more practicpbcity and high average voltagfe?©

Since not one known metal substituent can resolve the drawbacksicl Niaterials, they
are often combined to optimize the overall performance of theerraa Hence the
successful commercialization and high performancéilf 1.xyMnxCo/O> (NMC) and
LiNi 1-xyCoAlyO2 (NCA). In this thesis, the effect @faterwashingon four different Nt

rich positive electrode active materials will be presented.

The Ist of materials along with information on how they were acquired, their median
diameter size, their metal composition as well as their average specific surface area
measured from Brunau&mmettTeller (BET) surface area analysis (discussedhapter

3) are provided inTable 2.1. This list of materials was chosen in order to assess the
difference in surface reactivity among-hth materials of different Ncontent and of

different morphologes
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Table2.1. List of positive electrode materials studied

Supplier Composition of Average
the transition Specific
metal layer Surface Area

(m?g) SD
LNO Synthesized a¢ 15 100% Ni 0.25 0.10
per Section 3.1
NCA Umicore (Korea) 10 83% Ni 0.18 18t X
15% Co
2% Al
NMC532 Guizhou 10 50% Ni 0.18 0.07
Polycrystalline Zhenhua Echem 30% Mn
(PO Inc. (Shenzhen. 30% Co
China)
NMC532 Guizhou 35 50% Ni 0.44 0.20
Single crystal Zhenhua Echem 30% Mn
(SO Inc. (Shenzhen 30% Co

China)

2.22. Impurity growth on electrode surface

As was briefly mentioned, a major drawback ofrigh positive electrode materials is their
instability in air. Nirich materials are advantageous tor@h materials in terms of raw
material costput the necessatyandling and storingf these materialander controlled
conditions is an additional cost ailsc&ninconvenience in industry. Resolving the problem
of Ni-rich material degradation in ambient atmosphere will be greatly beneficial to the

commercialization of higher Niontent materials.

The degadation of lithium metal oxides occurs when Li near the surface of the particles

deintercalates to react with water, oxygen/andarbon dioxide in air. Tis®reactions
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form lithium oxide (LkO), hydroxide (LiOH), lithium carbonatg(Li-COz) and lithium
bicarbonatgLiIHCO3) impurity species on the surface of the material. The air stability of
lithium metal oxides is closely related to the voltage of the material. Voltage is a measure
of the binding energy of the lithium in the crystal lattice; the highervoltage of the
material, the more bound the Li atoms are and the less irepwill be to deintercalate

at the surface to form impuritiésFor instance, LCO has an OCV near 3.9 V vs. ['ilEi
whil e LNOb6s OCV i€ Foréhia reaséh, LEO has higher airistability

and will maintain a more pristine surface when exposed to air relative to LNO.

The presence of impurity species onthe electrodepac | es ® sur face have
on the cell 6s cyclability, its energy dens.]
of electrochemically viable Li in the impurity compounds will result in reduced capacity.
Matsumotoet al. showed that Nrich lithium metal oxide (containing 81% Ni) exposed to

55% relative humidity (RH) at room temperature would lose 8% of its active lithium to
impurity growth; at elevated temperatsiréhe Li lost to the formation of impurity can reach

70% In fact, a sensitive and practical way to monitor the impurity growth on a material

is to simply monitor its OCV since this voltage would increase with increased
deliathiation® Transition metal reduction has been frequently reported with the growth of
lithium impurity; it is thought to b another causational factor safrfaceair instability3?

46149 1t is believedthat the reduction of the metal & readily reactive oxygespecies

which in turn reacts with ¥ and CQ in air. These reactions produce carbonates,
bicarbonates and hydroxide compounds thatreact with loosely bound Li atoms at the

surface of the material to form 4603, LIHCOs, ard LIOH impurities. For instance,
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LiMn 204 owes its superior air stability to its conteatstable Mnin addition toits high

voltage (around 4.0 V against'Llii).

An increase in cation disorder has bparticularlyobserved in Nrich materials following

exposure to air. This means more trivalent Ni is being reduced to divalent Ni leading to the
structur al transition o fliketphaseandta thesrocksaitl 6 s s u
like phase®? This phase transition leaves active oxygen sites which are thought to further
promot e t he react i vi t The $pinelikb ghasmandethei al 6 s
electrochemically inactive rocksalt phase formed ad#ighiatedsurface and subsurface

region of the material particleduce the electronic and ionic conductivity of the electrode.

In addition to this transformed phase of low conductivity, it has been shown through
impedance analysis that the layer of adsorbed impurities itself also increases the resistance

of the electndeandimpedesthe intercalation and deinteraabn kinetics>* An increase

in resistancelue to impurities could lead to higher heat dissipation in the cell which is far

from ideal considering the poor thermal stability ofridh materials.

Another detrimental effect of the presence of carbonate impurities on the electrode
materials is thevolution of gas associated with the decomposition of the impurity species.

It has been suggested that carbonate impurities on the surface of the electrode are oxidized
during the cRehflted st alf have showthatythe loxddation of LCO;
adsorbed to the surface of Nth electrode materials is responsible @©, and CO
evolution in the cell during chairyg starting at around 3.5 V angh to 4.8 V2 >3 The

evolution of Q has also been found to be correlatéith the presence of kCOs; this
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indicates that impurities are related to the release of oxygen from the eleattode
materialandc o mpr o mi s e t “f*8Residedl lithiure compolindstoy the surface

of the electrode material, evertla¢impurityleve, have har mful effects
stability, impedace and safetySurface impurities on electrode materials also cause
practical challenges to electrode fabrication in industry. During electrode slurry
preparation, the lithium compounds on the surface of the active material cause an increase

in pH due tothe basicity of the impuytcompoundsThis increase in pH results in the

gelation of the slurry and hinders the fabrication of quality electrddes.

Removal of electrode surface impurities

The detriments of impurity species on positive electrode active materials are many; the
removal of these species before electrode fabrication is crucial particularly -fashNi
materials which have a propensity for impurity groweheating the materiaé an
effective way of purifying the surfac&iOH and LbCOz; decompose at 410 °C and 710
°C respectively’®> However reheating at high temperatures is not ideal and must be
carefully done to avoid Li diffusion towards the surface of the particles and cation fixing.
What is most commonlgionein industry to remove surface impuesis a waterwashing

of the material$ollowed bya drying stepat low temperaturé® >’ The water stbility of
Lio,COs is 1.3 g/100 mL and LiOH is 12.4 g/100 mL at room temper&fufdis makes
these impurities conveniently and reliably removable by water rinsing, oigever
concerning to be exposing these humidignsitive materials to water; indeed there are
undesirable sideffects that are suspected to accompany this waghowgsgshat would

cause the deterioration of the electrochemical properties of the méftdtidias been
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suggested that when exposed to wateiidti materials especially, will undergo aMH*

ilon exchange which will delithiate the surface and subsurface region of the particles and
fill the vacant Li sites with Hrom the aqueous solution to maintaiectricalneutrality>®

0 The temperature at which the following drying sigplone is also a dominant factor in

the resulting surface structucé the materigf® preferable, this temperature should be

between 120 °C and 250 t€ avoid undesirable changes in the structlre

Other dternativesto using water to wash Nich materials have been tested. Naueous
solvents such as alcohol have bestadiedfor their effectiveness to remove surface
impurities These alternative are not as practical in industry and are likely to add cost and
complicaton at scalé! Whether to mvestigate alternatives to the conventional washing
process or to improve the utilized process itself, a fundamental understanding of the

reaction between positive electrode materials and water is needed.

2.22. Coreshell materials

Ni-rich materials prode high capacity and energy density but suffem poorsurface
stability. To benefit from the high performance corresponding to higtohNient while
stabilizing the material, different techniques such as doping and coating have been tested.
The desigrof coreshell (CS) particles integrates these two approaches to minimize the
compromise between energy and stabfftyh core shell material is a material whose
particles have an interior bulk region (the core) and an exterior layer (the shell) each

differing in elemental composition as showrFigure2.4.

27



Figure 2.4. Schematics of a comghell material particle cut to show the different

Stable outer shell for
increased lifetime

High energy
density core

composition of the core and shell region

To avoid the disadvantages ddtauctural mismatch between the core and shell, the change

in composition in a corshell particle occurs gradualfy For instance, a particle designed

with a Nkrich core for high energy and capacity and a-méh shell for higher surface

stability will contain a concentration of Mn that will gradually decrease from the surface

of the particle to its interioiCoreshell paticle desigs have proven to be effective way

to improve the thermal stability of positive electrode materials. The problematic oxygen

evolution which occurs due to the layered phase to spinel phase transformation has an onset

temperature around 200°CNi-rich materias. In a coreshell material with a Nrich core

and a Mnrich shell, this exothermic onset temperature has been increased up to 235°C and

even to 280°C depending on the thickness of the $1Ettle thickness of the shell can vary

from the nanometet o t he mi cr ometer

composition allows for the design of positive electrode material with targeted
performances. In this thesis, the reaction ofibh positive electrode materials to water is
tested and compead in both conventional particles of uniform composition as well as core

shell materialsTable2.2. Table of coreshell materials tested and comparative materials

scal

e -

t

he

tun

lists the coreshell materials studied as well as some uniform materials used for comparison

analysis.
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Table2.2. Table of coreshell materials tested and comparative materials

Labels

Supplier

Average
Specific
Surface Areal
(m?/g)

SD

Overall
composition
of the
transition
metal layer

Schematics

CS
LNO:Ni 80Mn20
16:2

Synthesized as
per Section 3.1

18

1.46 0.02

16 pm radius
Composition:
LiNiO>
(100% Ni)

1 um thickness
Compositiori:
LiNi0.8Mno.20
(80% Ni, 20%
Mn)

Ni 93.5%, Mn
6.5%

18 pm

CS
LNO:Ni80Mn
20171

Synthesized as
per Section 3.1

18

1.07 0.06

17 pm radius
Composition:
LiNiO>
(100% Ni)

0.5 um
thickness
Compositiori:
LiNi0.8Mno.202
(80% Ni, 20%
Mn)

Ni 97.23%,
Mn 2.77%

18 pm

LNO NMC811

Synthesized| Umicore
as per (Korea)
Section 3.1
18 16
093 0.10 0.22 0.01
Uniform Uniform
composition| composition
of LiNiO, of
LiNi o,sMno,l
C.10;
Ni 100% Ni 80%,
Mn 10%,
Co 10%

Ni80Mn20

Umicore
(Korea)

16

0.21 0.02

Uniform
composition of
LiNi o,sMno,zoz

Ni 80%,
Mn 20%

* N.B. The listed shell compositions are target compositimasiationsto the shell
compositiongan occur after heat treatment
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The shell thickness and composition presentddliie2.2 represent the target parameters

of the material. Diffusion of the transition metals during the lithiatiorrgss, especially
when done at very high temperatures, can form thicker shells of different compositions
when compared to the gradiezamposition of the precursor materials. THErergy
dispersive Xray spectroscopy (EDSesults shown inFigure 2.5 show the actual
concentration of Ni and Mn across the par8cEDS analysis has served to confirm that
the materials have maintained their eehell structur@nd have reltively maintained their

intended shell thicknesses.

10pm Electron Image 1
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Figure2.5. Cross sectional SEM image of the O$0:Ni80Mn20 16:2(A) and CS
LNO:Ni80Mn2017:1 (B) The magenta lines shawacross the imaggzhrticle define
where the linescans were measuiedS linescans of CBNO:Ni80Mn20 16:2(C) and

CSLNO:Ni80Mn2017:1(D).
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2.25. Negative electrode

Opposite to the positive electrode, the negative electrode ofdba tell is also a layered
material ca@able of intercalating and deintercalating Li ions. While the first
commercialized Lion cell contained a positive electrode made of Liga@ negative
electrode was made of coke. Eventually, as higher quality graphite became available,
negative electrde materials have becomand remain todaymostly graphitebased-
Graphite isan excellentactive material for the negative electrode; it is inexpensive and
abundant, and has alow voltage against commonly used positive electréei@aphite
undergoes minimal strains and structural changes when inserting and removing Li,
allowing it to provide excellent reversibilityAs shown inFigure 2.6, Li resides in
interstitial sitesof the host graphite materidiowever,every 6 atoms of carbon canly
intercalate 1 Li ion. The limited number of intercalation sites for Li result in goecific
capacity for graphite electrodes. For this reason, there has been great interstiign
alloyed negative electrodes composed of Si, Ge or Sn. In these materials, Li is not
intercalated in the host structure, but rather, it breaks the borids lost material and
forms a Lialloy.?® This type of doying allows negative electrodes to reach high capacities;
for instance, LiSi alloys can reach an equilibrium phase with Li contents as high:8&Li

or 27 times as much Li stored per host atom than in grafhitea promising and abundant
material, but thelrawback of Si alloys is th@ramaticchange of volume and structure that
these materials under§bMore work is expected in the nefature in the development of

alloy negative electrodés.
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Figure2.6. Schematics of the structure of the common negative electrode material graphite.
This schematic shows the graphite fully lithiated @)iC

2.3. Electrolyte

The electrolyte in a Lion cell isthe medium by which Lions are transported from one
electrodeto the other. It is typically a liquid solution, but there has been great interest in
solid electrolytes for their advantage in cselifety A dominant majority of liquid
electrolytes are electrolytic solutiomsnsisting mainlyof a solventanda Li-basedsalt.

Ideally, the electrolyte should play a passive role in the functioning of the cell and should
not undergo any net chemical transformatjoall Faradaic reactions shouldccur
exclusively in the electrodes. Therefore, the electrolyte solvent isredqto beinert

against both electrodes and against other components of the cell (cell separator, current
collectors, cell packing, etc.Jhis means it must have a wide electrochemical window to

allow a high potential difference between the electrodbawitelectrolytedegradation.
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Additionally, since the electrolyte must be an ionic conductor and an electronic insulator,
the solvent must have a sufficiently high dielectric constant to allow the dissolution of a
high concentration of salt which will rdsun high ionic conductivity. Other properties
such as thermal stability, viscosity, and flash point must be considered when choosing
electrolyte solvent® These many, and often contradigto requirements make it
impossible to develop a single higlkrforming solvent substance. The solvent used-in Li

ion cellsis typically a blend of carbonates such ethylene carbonate (EC), dimethyl
carbonate (DMC), ethyhethyl carbonate (EMQ)r diethyl carbonate (DE®® Esters such

as methyl acetate (MA) have also been used in solvent blends to improve rate

capabilities?® °

As opposed to the large selection of solvents, the choices for the solute are limited. The
lithium salt must completely dissolve in the solveatd he Li cation must have high
mobility while the anion must remain inert in the &ILiPFs is the most commonly used

salt in commercial applications due to its ionic high conductivity and safety. However,
LiPFe reacts with waterat produce hydrofluoric acid or HF, rendering the handling of this
salt difficult. This also means that any residual water that finds its way ifca ldell
containing LiPFk could produce corrosive HF as per Equafi2].’* "> There has also

been evidence of the reaction of Liffad LCOs impuritiesto produce C@gas and LiF

asper Equation[2.7].”® These parasitic reactions are both detrimental to the performance

of the positive electrod@lectrode dissolutiorgndto the cyclability of the cél

0 "O0 P 0 Q@00 0 U0 [2.6]

0B 0BG ° DGO 86 b QO [27]
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2.3.1. Positive electrode dissolution

Acid species in the electrolyte can attack the positive electrode and cause transition metal
dissolution. The lithium salt (LiRf§-can introduce HF species in the cell and the electrolyte
solvent can also introduce trace amounts of water or alcohol that wilipe acidic
species. For this reason, the control of impurities and the control of the atmosphere in which
materials are handled and cells are fabricated is of great impofféhaghermore, at high
voltages, the electrolyte solvent will begin to decompose due to its thermodynamic
instability. This decomposition reacti@manalso yield acids such as HF whicaAncause

metal dissaltion at the positive electrode.The degradation of the electrolyte is a
particularly prominent challenge with Mich materias. The presence of Rfifollowing
delithiation of the material and the reactivity of*Nitowards the electrolyte solvent
promote solvent oxidization. The oxidized spedas a thin interphase at the surface of

the electrode that simultaneouglpmotesthe reduction of Mi* to its soluble dalent state

Ni2*.”® Thus, it appears that the parasitic degradation of the electrolyte and the transition
metal dissolution of the positive electrode material are intertwined mechanismsugtat

be addressed together. Metal dissoluigoan issue that affects not only the electrolyte and
the positive electrode, but also the negative electrode as the dissolved metals can travel
through the separator and deposit on the negative electrode resultgtyation in cell

lifetime.
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CHAPTER 3. Experimental Methods

The experimental method used in this study aimed to shed light on the reaction mechanism
between Nirich positive electrode materials and water. The motivation behind these
experiments was to better understand the effectaianml washing as it is done in industry

and to validat@anyproposed reaction mechanisms. This chapter will describe the synthesis
of the materials as well as the washing conditions and humid air conditions tothdich
materialswere subjected. Followgn these tests, both the resultant materaid the

resultant washing solutisnwere analysed accordingly.

3.1. Materials synthesis

The LiNiO2 polycrystalline powder used in this study was obtained from a-stlid

synthesis using an Ni(Oblprecursoiand LiOHby the reactiorshown in Equatio3.1].

6°®0 0G0 306 Qb Q00 [31]

The Ni(OH) precursor purchased fro@uizhou Zoomwe Zhengyuan Advanced Material
Co., Ltd(China) has a polycrystalline morphology with secondary particles @i(®50)
diameter. The precursor is then mixed wiiOH-H>O (purity > 99.8%) obtained from

FMC Corporationand both powders were hand milled with a mortar and pestle. The mass
of each reactant ascalculated to ensure a 1.02 Li:Ni ratio; excess Li is used in order to

synthesize stoichiometric and w4dlyered LNO withlittle Ni in the Li layer. The mixture
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was then heated in a tube furnace underfl@v at a heating rate of 10°C/mito a
temperature o80°C.An isothermal step of 3 h occurs480° to ensure uniforrmelting

and mixing of the LiOH The mixturewasthentaken out of the cooled tube furnace and
hand milled again before being returned to the furmaciheated to 700°C for 20 h under

O flow. These conditions are known for being the optimum ones under which the highest

performance LNO is synthesizéd.

The two coreshell materials also studied wengnthesized very similarly to LNO. The
precursors used for the synthesis of egirell LiNio.93gVinoosfO2> and coreshell
LiNio.972dMIN0.02702 were Nio.933VINo.0e OH)2 and Nio.972dVINo.027{OH)2 respectively. In

other terms, these precursors, also obtained Foomwe Zhengyuan Advanced Material
Co., Ltd (China)are themselves in ceshell form. The synthesis process aims to lithiate
the coreshell precursors while maintaining the gradienmposition of thetransition
metabk. Overheating the corghell materials would cause the transition metals to diffuse
uniformly throughout the material particle, while underheating the materials will not result
in full crystallization The target compositioof the shells in both CS materials synthesized

is 80% Ni and 20% Mn, while the cores contain only Nhe first CS material,
LiNio.93gMno.0e802, which has a 1fum diameter core and & pum thick shel| is best
synthesized at 750°@Vhile LiNio.972dMINo.027102, Which has a 1am diameter core and a
thinner0.5um shell is best synthesized at 700°C. To the exception of the precursor choice
and the final heating temperature, the same steps employed to synthesize LNO were

followed to synthesize cotrghell LiNio.935MNo.0602 and LiNig.9723VINg.027/0x.
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3.2. Positive electrodenaterial washing method

The washing tests consisted of adding 0.5 g of material to 100 mL of deaerated distilled
water in a closed glass vial. Deaerateder was used so the effect of water could be tested
without the interference of amjssolvedgases; the glass vial was also sealed with parafilm

to ensurdittle to no CO, leakage A magnetic stirring bar was added to the solution to
prevent the powddrom settling ando promoteuniform water exposure to all material
particles. The stirring peri@dwereeither15 min, 30 min, 1 h, 4 h, 6 h, 240h48 h, and

these times were measured from the second the material came in contact with the water
until the powderwasseparated from the mixture. The second step involved centrifuging
the powdeiwater mixture. This step is crucial for easy filtering aadymaterial recovery.

The mixture was transferred to a centrifuge tube and subjected-ioreegof 900g. The
duration of centrifugation did not exceed 10 min. For samples that were washed for only
15 min and 30 min, 3 and 5 min of centrifugation, respectively, were sufficient. Lastly,
once centrifuged, the mixture was vacuum filtered through a Whatmae §rditter
(particle retention size of 2{#m). A fine-pore filter was used to retain any degraded small
particle pieces that may have been produced during the washingigtee3.1 shows the

threestep washing process.

After the washing test, the filtrate was kept in a closed glass vial, while the recovered
material was dried for 1 to 2 h at low he&®(C). Low heat was used to avoid any structural
changes to the material. The studied materials listedainle 2.1 were consistently
subjected to the aboveashing procedure. Additionally, an acid washing test was similarly

conducted The same steps were repeated with a dilute solution of 0.05 M HCI instead of
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deaerated distilled water. The objective of the acid washing test was to observéHhe Li
exchang process when the matenieds exposed to a high concentration 6f However

the acid concentration had to be carefully chpdese LTMOs will fully dissolve istrong

acidic solutions of high concentrat®nlherefore, a 0.05 M concentration of HCasv
chosen as no visible material dissolution was observed at that concentration. The acid
solution was prepared with stock concentrated HChveesldiluted with deaerated distilled
water. The coreshell materialsand their comparative uniform materialisted inTable

2.3, were tested under the same washing conditions to the exception of washing 0.25 g of
material with 100 mLThe ratio of the mass oféhmaterial to the volume of the washing
solution is an important factor in the consequent reaction. ralis must be maintained

when comparing the reactivity of different materials.

Figure 3.1. The threestep washing methodonsisting of stirring the material wittne
washing solution (deaerated distilled waterdilute HCI), centrifuging, and vacuum
filtering.
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Throughout the washing process the pH of the smiuithcreases. There was interest in

testing the effect of washirte positive electrode materials at constant pHeofstinuous

stirredtank reacto(CSTR Brunswick Scientific/Eppendorf BioFlo 310 was used for its

pH control functionto achieve this contlon. This allowed for the stirring mixture to

maintain a constant pH by adding drops of acid to the mixture to compensate for the rise

in pH. A pH probe was inserted in the glass vial where the pesaletion mixture was

stirring. When the probe readirexceeded the set pH, a peristaltic pump would begin

adding acid solution drops to the mixture until the set pH was attained again, at which
point, the pump would stop. This controlled feedback system was maintained for the
duration of the washing té€st24 h Washing tests at constant pH values of 2, 7 and 10 were
conducted. A 0.01 M HCI solution was prepared fortdst at aconstant pHvalueof 2.

As this low pH required a large quantity of acid to be maintained, an HCI solution of 0.1

M was userdpsad uthendd The test at pH 7 si mj
water, and a solution of NaOH dissolved in deaerated distilled water was prepared for the

pH 10 test. To maintain pH values of 7 and 10, less acid was required than in the case of
theteg atconstant pH 2, thereforeeaker0 . 05 M sol uti on of -HCI wa
solutiono. The concentration of the drop
changes in the material to washing solution volume ratio, but also needed to be Igtv enou

to provide smooth constant pH and minimize acid shock and pH shikeg the washing

period Figure3.2 illustrates the modified setup for the cardtpH stirring step, this step

was then followed by the same centrifugation and filtration steps described above.
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Figure3.2. Schematics of the modified stirring first step to achmwestant pH washing

3.3.Positive electrode material exposure to humid air

Coreshell materials and their comparative materials listefiainle 2.3 werealsoexposed

to humid air. A humidity chamber was creatgdusing a desiccator aray replacing the
desiccant with watefThe desiccator lidvas then sealed with vacuum grease as shown in
Figure 3.3. This created an isolated environment with a relative hum{&ity) of 99%.
Temperature and hudity sensors were kept inside the desiccator to monitor constant 99%
RH and stable ambient temperature (arourndC22Thetestedsamplesconsisted 0D.5 g

of each materiabn small weighing boats angere left in the humidity chamber for
durations of 15 im, 30 min, 1 h, 2 h, 4 h, 1 day, 4 days, 8 day4,6 days. The effects of

humid air exposurevere less severghanthose of wateor acid exposure and required
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longer testing times to clearly observe any transformations. At the end of each test duration
the samples were removed from the humidity chamber to be charactarizede stored

under vacuum.

Desiccator

Vacuum greased seal
Humidity and

temperature sensors

Sample stage

Water

Figure3.3. Desiccator used for creating a humidity chamber for air exposure tests

3.4. Material characterization

3.4.1. BunauerEmmetiTeller (BET) surface analysis

BrunauerEmmettTeller (BET) surface analysis is a technique to measure the specific
surface area (ffg) of a material. This technique relies on the concept of adsorption and
desorption of an adsorbate (typically a gas) on the adsorbent (the material whose specific
surface area is of inter@¢stAdsorption is a surface phenomenon in where an adsorbate
adheres to the surface of an adsorbent to form a tyén. [RheMicromeritcsF owSor b  ww

2300BET analyzeused to obtain the specific surface area measurements in this study uses
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a gas mixture of Nand He where Nis the adsorbate. The material sample, or the
adsorbent, is first dried from any adsorbed moisture thengila@ecamling bathof liquid

N2 before being exposed to a known concentration of the gaseous mixture. The adsorption
of N2 on the sample reduseghe N> concentrationwhich is then replaced by He gas.
Consequentlydue to the higher thermal conduction of ¢g#es,the thermal conductivity of

the gaseous mixturi@crease When the cooling bath is removed, desorption occurs, and
thermal conductivitgecreasesThe change in the thermal conductivity signal is indicative

of the amount of Nadsorbed on the surfaegich is in turn indicative of the surface area

of the sample. When comparing surface reactivity of diffemgaterials as is done in this

study, it is critical to consider surface area.

3.4.2. Scanningelectron microscopy SEM

Scanningectronmicroscopy (SEM) is an analysis technique whattbws for the imaging

of materials to observe their morphology and the topology of faeticle surfacesThe

image is producelly scanning the sample with a beam of focused electrons. An electron
gun geneates a beam of electrons whiafethen accelerated by a voltage applied to an
anode. The beam then travels through a system of apertures and electromagnetic lenses

which aims to focus the electron beam to provide high resolution images.

The interactionbetween the electrons and the samples produce different signals that
provide different information about the sample. Scanning electron microscopes are
typically equipped with a secondary electron detector; secondary electrons provide

topographic informatin about the sample and allow for the imaging of the morphology
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and surface of the material particles. A backscattered electron detector however, collects
signals from backscattered electrons, whintrease with increasing atomic numper
provide compogional information about the sampl&igure 3.4 shows the working
principle of a scanning electron microscope. The SEM images in this thesis wereabtain
from a Hitachi $4700 equipped witla secondary electron detector. The samples were
mounted on stubs caatin carbon paint to ensure good adhesion when the samasle
placed under vacuum. The accelerating voltage used for imaging was of 3 kV and the

emission current was 20 nA.

Electron gun

Electron beam

Anode (accelerator)

Magnetic
lenses

Backscattered '. [
electron detector \ | |/

Secondary electron
detector

Sample and samples
holder

Figure 3.4. Schematic of the working principle and main parts of a scanning electron
microscope
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3.4.3. X-ray diffraction XRD)

X-ray diffraction analysis provides usefoformation about the crystalline phasend the
lattice constantof a material An X-ray diffractometer uses a cathode ray tube and an
optics system to produce a collimated beam-o&ys. A monochromator is also used either

at theX-ray source or at the@etector level to provide a monochromatic beam. Xtray

beam igncident onthe sample at a specific angle and the crystal lattice of the sample acts
as a 2dimensional diffraction grating which diffracts the incident beam towards the
detector as showin Figure3.5. Constructive interference of the diffracted electromagnetic

waves occurs only at angles that satisfy

E_ cQi Q& — [3.2]

Braggsods L &3], wh&eg isan integer, expresses the relation betwtben
wavelength of the incident-Kays,_, the diffraction angle;-and the crystal lattice spacing,

‘Q The X-ray source and the deter move in synchronization in an orbit around the sample
in order to scan the sammerossa wide range of-2angles. This should cover all possible
diffraction directions of the lattice, since tpewdersample contains a large number of
crystalline @rticles in random orientation. As a result, an XRD profile is obtained where
the diffracted rays seen by the detector measuredand Bragg peaks are observed at
specific 2Z—angles over the processed range. XRD profiles can be used to identify material

and to extract valuable information about their crystallographic properties.
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Detector

I Mono-
chromator

Figure3.5. Schematic of the working prindgof an X-ray diffractoneter.

The XRD analysis presented in this thesis w@sducted on a Bruker D8 diffractometer
equipped with a Cu target-bay tube and a diffracted beam monochromator. Data was
collected over a-2angle rangg from 1@ to 9¢ in 0.02 steps and counts were detected

for 3 seconds per step. When the amousaaiple was limited, a zetzackgroundsilicon
sample holder (510 cut, available from the Gem Dugout, State College, Pa., USA) was
used. This type pf sample holder allows for XRD analysis to be made on a small amount
of sample spread thinly on a surfacesigaed to produce no interference peaks to allow

clean data of the sample to be collected.
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The obtained XRD data wasocessed using a least squares refinement software which
minimized the differences between measured and calculated Bragg peak poEitisns.
type of analysis only requires the input
orientation (Miller indices) and their position on tBe-axis. From this information the

lattice constant®f the material can be calculated.

3.4.4. Thermogravimeic analysismassspectranetry(TGAMS)
Thermogravimetricanalysis coupled with mass spectnetry, is a method to study the
thermal decomposition of a material. A thermogravimetric analyzer is equipped with a
precision balance and a programmdbieace. As the sample is heated over a specified
range of temperatures, precise measurements of the mass are coMwedTGA is
conducted under an inert gas flow, mass is typically lost due to gas evolution which occurs
during the thermal decompositimf many materials. These evolved gases can then be
ionized and separated according to their rtasharge ratio by a mass spectroméoer
identification Therefore, TGAMS provides information about the temperatures at which

gas evolution occurs in aaterial and identifies the elemental composition of these gases.

Thermal decomposition data in this thesis were obtained using a TA Instruments SDT
Q600 coupled to a Discovery MS. The analysis was made under argon gas flow of 100
mL/min and always beganithi an argon purging period of 20 min. The sampiere
heated at a rate of 10°C/min from room temperature to final temperafwgither 600°C

or 900°C.
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3.5. Solution characterization

3.5.1.Acid-basetitration

Acid-base itration is aquantitative method to meare the concentratioof anacid or a

base by neutralizing it with a base or acid, respectieélynown concentratioriccording

to the Arrhenius definitions, an acid is a substance that ionizes in water to prodame H
canherefore be charact er i z e dForbngtancef HCl fullypp o we r
ionizes to produce Hand Clin aqueous solution, therefore it is a strong acid. The relation
between the concentration of End the pH of a solution is given by Equat[8(8]. It is

worth mentioning that relating acidity to THis convenient, but it is not accurate as free
protons cannot exist in water.”Hn aqueous solution will inevitably bond to water

molecules and form hydronium ions3®f).

no a¢ Q0 [3.3]

A baseis a substance that produces Qthen ionizedn water and can be characterized
by its fApower oThe rélatiah between the aoncénppabad pf @htl the

pOH of a solution is given by Equati¢®4].

ROO aé Qb0 [3.4]

A neutral solution is one where the concentrationsoétl OH are equal. For example,
when pure water autoionizes, it can only form equal amounts ahtl OH ions. This is
defined by a pH value of 7 and, simultaneously, a pOH value of 7 as well. For any agueous
solution at 2%°C, the relationship between pH andhb@ always defined by Equation

[3.5].
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nNOoOnNOOprt [3.5]

TheBrgnstedLowry theory further develop&r r heni usdés definition b
asaproton donor and a base as a proton acceptor. By this theory, a base does not need to
contain hydroxide; it cahe a substance whigfeneratehydroxide during hydrolysis. For

example, LiCGQs is a base because carbonate is the conjugate base of a weak acid, which
means it will strongly attract protons and leave hydroxides during hydr¢gsisquation

[3.6]).

be6 00 oo §C O [36]

In acidbase titration, the concentration of a basic solution, for instance, is measured by
slowly adding an acid of known concentration (the titrant) while monitoring the pH. When
only a small amount of titrant has been added, little change in the pldoaill as the
solution will act as a buffer solution. When the titrant exceeds the buffer capacity, a sharp
drop in pH will be observed. The mpbint of thisdramaticdrop in pH coincides with the
equivalence point as shownkigure3.6. The equivalence point is the point at which the
moles of OHequal the moles of Hadded. This point does not necessarily occur at a pH
value of 7 since during the nealizing of the base a conjugate acid will be formed.
Knowing the volume of titrant needed to reach the equivalence point alfeis calculate

the concentration of the base in the initial solution. Titration curves provide useful
information about a sotion. They indicate if an acid/base is monoprotic or polyprotic
(donor/acceptor of one proton or many proton) by displaying one or multiple equivalence
points. In the presence of a mixture of acids or bases, the titration curve will be a

superposition oftte individual curves of the present acid/base species.
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Figure3.6. Acid-base titration procedure and titration curve example

In this thesia Mettler Toledo G20 compact titrator was used. Solati@realways stirred
for 1 min prior to titration and the solution remained under constant stirring throughout the
titration process. Only basic solutions were analyzed by titration for this study, and the

titrant used was a 0.05 M solution of HCI prepared Wittilled deaerated water.

3.5.1. Inductivelycoupledplasmaoptical emissionspectrometry (ICPOES)

Inductively coupled plasma coupled with optical emission spectrometry is a technique to
identify the elemental composition of a solution or a material (which must be dissolved in
solution) and the concentration of those elements atkeaets.Figure3.7 shows the main

parts of an ICROES system and the pathway of the sample through the machine during
analysis. First the sample is pumped through a redsulihere it is transformed from liquid

form to an aerosol and pushed into the aerosol chamber. Most of this aerosol is drained
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while a small fraction is led into an argon plasma. The plasma is generated at the end of a
guartz torch by a coil of high fregacy alternatig current; the resultant argon plasma
reaches temperatures between 6000 and 7000 K. Under the conditions produced by the
torch, the sample is atomized and ionized. When the excited atoms relax, their emission
spectaarefocused by a systeof lenses and the component wavelengths are separated by
diffraction. The signature emission spectra of the present elements are captured by a
charged couple device (CCD) which allows for the identification of the elements, while the
intensity of the emidd radiations indicate the corresponding concentrations of each

element. However, to quantify these concentrations, calibration curves are required.
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2N g
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Nebulizer Torch
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coil |‘ \\\
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—
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HHH m—k Prism  Diffraction
L S grating
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Figure3.7. Schematic of the working principle of IGPES.

For this work aa Perkin Elmer Optima 8000 IGBES SpectrometefDepartment of
Dentistry, Dalhousie Universitywvas used for analyzing wash solutions. Solutions for
calibration were made by carefully diluting commercial standard solutions oheteds

expected to be present in the samples. For instance, when washinfpN@#ance Li,
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Ni, Co and Al are the only metals expected to be present in the wash solution. The
calibration solutions wused incl watlgicghina ADbIl a
Nanopure water. The two other calibration solutions were made by diluting commercial
standards with 2% HNgXsolutionmade withNanopure water as welfable3.1 shows the
components of each calibration solution and their corresponding concentrations. The
dilution of the samples should aim for concentrations within the calibration curves to
ensure that the measured concentratiavitisin the detetion limit of the ICROES and to

reduce the error on the collected data.

Table3.1. Concentrations (ia g / )rofleach element in the three calibration solutions
used for ICPOES analysis

Elements Calibration solution 1 Calibration solution Calibration solution

(Blank) 2 3
Li 0 0.5 1
Al 0 0.5 1
Ni 0 1 2
Mn 0 1 2
Co 0 1 2
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CHAPTER 4. Effects of washing Nich positive electrode materials

To improve or to find alternatives to thedustrial process of washing WNch positive
electrode materials, a better understanding of the reaction between these materials and
aqueous solutions is needed. The characterization of the washing solutions and the
materials after washing have led toe tiproposition of two pHiepenént reaction
mechanisms in occurrence when-idh positive electrode materials are exposed to
aqueous solutions. Further characterization was made to validate the proposed

mechanisms

4.1. Washing in distilled water

Acid-base titration has proven to be of utmost importance when studying the washing of
Ni-rich materials as it allowsneto identify and quantify the specidegt are removed from

the material surface and found in solution. Water soluble L8 and LyCOz arethe

main surface impurities that are washed, and their presence explain the rise in pH observed
in the washing solution. LiOH is a monoprotic base and displays one equivalence point
when titrated with an acidLi.COzs is a diprotic base and can be distirgingd from LIOH

by its double equivalence points as showRigure4.1.
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Figure4.1. Titration curve for solutions df.0 x 10* moles of LiOH-HO and 5.0 x 18
moles of LCOs dissolved in watewith 0.05 M HCI aghetitrant

When a solution where both bases are present is titrated, the resultimgntittate is a
superposition of the titration curves of the individual species. A more careful |Ibakua¢

4.1 shows that the titration curve farOH-H>0 has two close equivalence points instead

of the expected single equivalence point. This is due to the presence of a small amount of
Li2CGs in the LIOH-H20 solution. LiOH reacts readily with GQo form Li.COs as per

Equation[4.1].

0Q0 @0 © 08 OO0 [4.1]

The conversion of LIOH td.ioCO; emphasizes the importance of minimizing L£LO
exposure of the washing solution before and after the washing pafted.stirring the
four studied Nirich materials in water for periods ranging from 15 min to 48 h, the
recovered aqueous solution was tédgtand the resultant titration curves are shown in

Figure4.2. These titration curves show thilaeé amount oLi>CGOs in solution was minimal
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and constarwith increasing stirring durationshich indicates efficienexclusionof CO;

during the washing experiment. They also show thatsblutions contain mostly LiOH

and the LiOH concentration increased continually with stirring time which explains the
coninually rising pH valuesThe Li ions in solution originate from one of two main
sourceBr esi dual | ithium compounds formed on t
a Li which was deintercalated from the mat
Figure4.3 shows the change in pH value of the solution over a washing peritsdioin

dearated distilled water. The rise in pH is steepest durimg first minutes of water

exposure. The pH continues to rise as more Li ions are deintercalated and more LiOH is

produced but the reaction rate decreases over the washing period.

The loss of Liions from the material infers the migration of a cation fhensolution into
the crystal material to maintain electrical neutrality. This is an indication that thé" Li
ion exchange mechanism that has been suggested by authorshé&frdikely to occur

during water exposure uRher analysis will be done to validate this suggestion.

Figure 4.2 and Figure 4.3 show materials with higher Miontent have higher rates of
reaction with water. LNO, whose transition metal layer is fully occupied with Ni atoms,
shows the highest rate of LiOH production when stirred in water. NCAsevNecontent

is reduced to 83%, shows a significant improvement in resilience to Li deintercalation in
water. NMC532 PC contains 50% Ni, and despite having equal specific surface area as
NCA, shows less LIOH production; this indicates that Ni contentrisoee dominating

factor in terms of water reactivity than surface area. Morphology also affects the rate of
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reactionwith water. NMC532 SC, which is in fact the material with the highest specific

surface area, shows the least amount of LiOH production ek@osed to water.

LNO |
A
—15 min NCA |
— 30 min ]
—1 hr
—4 hrs
—6 hrs
—24 hrs |
48 hrs B A
NMC532 PC -
8 10 C
'NMCS32 SC|
1 2 3 4 5 6 7 D |

0 5 10 15 20 25 30 35 40 45 50
Volume of titrant per mass of material (mL/g)

Figure4.2. Titration curves for LNO (A), NCA (B), NMC532 PC (C), NMC532 SC (D)
with 0.5 g of cathode material powder in 100 mL of deaerated distilled usitey0.05 M
HCI as titrant
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Figure4.3. pH of the washing solution after stirring in deaerated distilled water compared
to the measured initial pH of the wash solution.

4.2. Washing in acid

The same washing experiments were then made with an aqueous solwdinedfiCl
instead of watelMVashing the materials with acid was of interest to explore whethét™Li
ion exchange would be promoted with a higher concentration*ah Holution. A
concentration of 0.05 M was choskm the HCI solutiorbecause when used to wash the
materials, no visible signs of significant material dissoluti@rembservedFigure 4.4
shows the pH of theash solution after stirring NCA in acid over a period of 6 h. Different
concentrations of acidnd different volumes of solutisorresponihg to different H to

Li* ratios in the stirred mixture were tested. As can be sefeigime4.4 A, when washing
NCA with an HCI solution of 0.1 M, the solution becomes more rancke visibly green

with higher stirring duration. The green colour indicates the presencé*afblution; a
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solution of 1 M of N#*is shown for reference. The objective of acid exposure experiments
was to observe the effect of Il* ion exchange ahnot to dissolve the material. Therefore,

a solution of 0.05 M of HCl was used for all subsequent acid washing tests

5 T T T T T
I NCAin 0.1 M HCI

4_

= 1M Ni?*

2.8F NCAin 0.05 M HCI i

L |1 H*=1.25Li

8F NCAin0.01 M HCI 1

|

0 1 2 3 4 5 6
Acid stirring time (h)

Figure 4.4. pH of washing solution after stirrinlCA in a solution of HCI acid at
concentrations (A) 0.1 M which corresponding to 1 mol H+ in solution to 1 mol of Li in
the material, (B) 0.05 M, corresponding to 1 mol H+ in solution to 1.25 mol of Li in the
material, and (C) 0.01 M, corresponding to 1 mol H+ in solution per 10 mol of thiei
material. Panel A shows the visible change in the solution overtime (1 M solution of Ni is
shownfor visualreference). Solutions represented in paBedsdC remained clear.
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Figure4.5 shows the pH of the acidic wash solution after stirring the four materials in the
solution for durations up to 6 h. As with the water exposure tests, a risenagutserved
after washing.tlis important to note that the pH scale is a logarithmic scale and that the
change in pH after acid washing seefrigure4.5 indicates a higher ratef reaction than

the water washing results seerFigure4.4.
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_8 [ —m— LNO ]
< i NCA
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© £
s I Initial pH of solution )
1 1 1 1 1 1
0 1 2 3 4 5 6

Acid washing time (h)

Figure4.5. pH of the washing soluin after stirring ima 0.05 M of HClcompared to the
measured initial pH of the wash solution.

To further analyse the different changes to the materials after washing the materials in
water or in acid, SEM images of each material were captured of the material in its pristine
state, after 48 h of stirring in water and after 6 h of stirring in acic $BEM images allow

to observe any morphological changes to the material after washing. For materials washed

with water, SEM images were captured after 48 h of stirring to clearly observe the effect
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of water exposure. In the case of acid washing, SEM imagsscapturel after only 6 h
of washing since the effect of acid exposure is more aggressive and clear observations

could be made after a shorter washing duration.

Figure 4.6 B shows that the surface of LNO secondary particles after stirring in water
differs from the smooth and clean surface of a pristine LNO particle. However, the effect

of water washing on t he paatofacdwaskir@igarer f ac e
4.6 C shows the formation of gaps between the primary particles following acid exposure.

The difference in the particle sades after water and acid washing points to the occurrence

of two different reactions.
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Figure4.6. SEM images of secondary particles for pristine LNO (A), LNO after stirring in
water for 48 h (B), and LN@fter stirring in a 0.05 M HCI solution for 6 h (C) at different
magnifications

Figure4.7 shows that NMC532 PC is similarly affected by water and acid washing as LNO.
Figure4.7 B shows a more rugged surface of the secondary particles after stirring in water,
andFigure 4.7 B also shows the formation of gaps between the primaricfes of the

material.
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Figure4.7. SEM images of secondary particles for pristine NMC532 PC (A), after stirring
in water for 48 h (B), and after stirring in a 0.05 M HCI solution for 6 h (C) at diftere
magnifications

Figure4.8 shows that a single crystalline material such as NMC532 SC is more resilient to
structural changes during water and acid exposigere4.8 B shows oty minor changes
in the structure of NMC532 SC as opposed to its polycrystalline counterp@iguie4.8

C some dissolution and breaking of the stngjlystals can be observed in the most severely
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affected particles, but generally the single crystals appear to maintain structural integrity
after acid exposure. These SEMages seemn Figures4.6-4.8 are evidence that the

materials react differently when exposed to water or to acid. However, they cannot provide
details of the reaction mechanisms in occurrence; further characterization of the materials

physical properties after washing will be necessary.
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Figure4.8. SEM images of secondary particles for pristine NMC532 SC (A), after stirring
in water for 48 h (B), and after stirring in a 0.05 M HCI solution fdr (€) at a X5000
magnification
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4.3. Two pHdependent regimes hypothesis

The data collected from titratioand SEM imaging suggest that the reaction between the
materials and the aqueous solution used for washing depend on the pH of the solution. Two

pH-dependent regimes have been suggested to describe the reactions:

1. The Li/H" ion exchange regime
This ion exchange mechanism seems to occur when materials are exposed to aqueous
solutions of high pH value. It involves the delithiation of the material (Li ion migrate
outwards) and a migration of‘tthwards tdill the vacant Lii site and maintain electrical
neutrality. Equation4.2], where M represents any metal or combination of metals,

describes the LiH* ion exchange formula.

0 Qb ke 0 Q0006 &) Qb [42]

2. The delithiatiordissolution regime
The delithiationdissolution regime occurs during washing with aqueous solutions of
lower pH value. In this regime, the material is delithiateditile or no H" is introduced
in the crystal lattice. Instead, charge neutrality of the material is maintained by a partial
dissolution of the material. Equatiof¥.3] describes the delithiatiedissolution
reaction. This reaction shows that the delithiation rate is twice dhdhe metal
dissolution rate giving this reaction a signature 2:1 mole ratio of Li removed from the

material to metal dissolved. This mechanism was proposed in 1981 by Huater
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explain the acid treatmeat spinel LiMreOs, but it is suspected to be manifested in the

washing of layered LTMOs with dilute acid as well.

p O &Y T30 © 0 Q0 cad Q b WO 0 [4.3]

The removal of H from solution and the consequent production of LiOH shown in
Equation[4.2] is responsible for the rise in pH during®/H™ ion exchange regime.
Equaton [4.2] also describes the relation between the LiOH concentration after washing
and the amount of Li removed from the matefidgdure4.9 A shows the percentage of Li
removed from the material and found in solution; this percentage was calculated from the
change in pH of the wash solution assumingi’@H* ion exchange reaction. However,
when the material was washed with a dilute solution of HCI, the same calculation method
was no longer a sensible choice to quantify the Li loss (percentage above 100% would be
obtained for long duration experimentshi§ shows that when washing with acid, the
Li*/H" ion exchange reaction cannot be assurkaglire4.9 B shows the percentage of Li

lost from the materiaand found in solution calculated from the change in pH observed

after stirring in dilute acid and assuming that the reaction is in accordance to Effud}ion
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Figure4.9. Percentagef theoriginal Li content in the materi#that wasound in solution
after stirring in watecalculated from the pH increase of the solution uiedhypothesized
Equation[4.2] (A) Percentagef theoriginal Li content in the materigthat wasfound in
solution after stirring irdilute acidcalculated from the pH increase of the solution using
the hypothesized Equati¢a.3] (B)

Both proposed reactions explain the rise in pH observed after water and acid washing and
imply that the resultant material will be delithiated in both caghs. acidbase titration
dataand SEM images collected support the hypothesis of the twieplndent regimes

but are not conclusive evidence. Further characterization of the aqueous solutions and the

recovered material was performed to validate this hypothesis.

ICP-OES analysis wasgsed to analyse the elemental composition of the solutions after
washing. This method can be used to verify that dissolution occurs in the delithiation
dissolution regime, while little to no dissolution occurs when in thAHLiion exchange
regime as exped. Additionally, TGAMS was conducted to verify thatkhsertion in
the material occurred in thelllH* ion exchange regime, while no" lhsertion occurs in
the delithiationdissolution regime. XRD analysis was also performed to validate the

expected dliathiation of the material.
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4.4. Validation of the two pHdependent regimes

First, the solution collected after water washing was quantitatively analyzed to measure the
amount of metals in solutiofigure4.10 shows the percentage of Li removed from the
material calculated from pH measurements compared to the percentage of transition metals
removed from the material after stirring in water. {OES was used to measure the

transition metals as they were only ggat at tracéevels.
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Figure4.10. Percentage of Li and transition metals found in aqueous solution, obtained
from pH measurements and KCEEM measurements respectivedyter stirring LNO (A),
NMC532 PC B) and NMC532 SC (C) in wateN.B. The yaxes vary in scale.
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Figure4.10 A shows that when LNO is stirred in water, the percentage of Li removed from
the material is more than two order of magnitude higher than the percentage of Ni
dissolved. When stirring NMC532 PC and NMC532 SC show a similar disparity between
the amounts of Li and the amount of transition metals found in soltiigme4.10 A and
Figure4.10 B show the difference between the percentage of Li lost from the material and
the percentage of transition metals dissolved. The percentage of removed transition metals
shown in Figure4.10werecalculated from the sum of the amount of Co, Ni and Mn found

in solution. The ICPOES results indicate that very little dissolution of the matedalis

when washing in water in contrast to the significant amount of delithiation; this is in

accordance with the t/iH* exchange equation (Equatiph?2]).

The solution collected after acid washing were also quantitatively analyzed H9HSP

After stirring in acid, the concentrations of transition metals found in the solution were not
at tracelevels.Figure4.11 Al shows the percentage of Li removed and the percentage of
Ni dissolved from the material are within the same order of magnikigere4.11 A2

shows the specific mole ratio of Li to Ni found in solution. This ratio is higher than 2 for
short washing periods but converges towards a value of 2 with increased stirring time.
Figure4.11B1 andFigure4.11 B2 show a similar phenomenon for NMC532 PC stirred in
acid with a clear Li:Ni value of 2. The solutions used for washing NMC532 SC show a
different progression curve for the percentage ohdi tansition metals removed from the
single crystals as opposed to the polycrystalline materials as showiguire 4.11 C1.

Neverthelesgrigure4.11 C2 shows the same Li:TM ratio of 2 in the case of NMC532 SC.
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The rate of Li delithiation to the rate of metal dissolution observed after acid washing ar

in accordance to the proposed delithiatthssolution regime (Equatidd.3]).

[ NMC532 PC L NMC532 sC

|l | Li {rr_f{{— —e— Li
»— Transition metals —— Transition metals

1 1 L 1 1 1 L 1 1 1 1 Bz 1 I A 1 1 1 L CZ 1
0 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Acid stirring (h) Acid stirring (h) Acid stirring time (h)

Figure4.11. Per@ntage of Li and transition metalsmovedfrom the materiahndfound
in solution obtained from ICRKOEM measurementafter stirring LNO (A1), NMC532 PC
(B1) and NMC532 SC (C1) in a solution of 0.05-M|. The molar ratio of Li to transition
metalsmeasured in solutiofor LNO (A2), NMC532 PC (B2) and NMC532 SC (C2)

As was done in the case of water washing, the percentage of transition metals dissolved
after acid washing shown iRigure 4.11 are the sum of all three metals found in the
transition metal layefrigure4.12 shows the individual dissation percentagesf Co, Ni

and Mn and shows that Mn has the least affinity to dissolve during acid exposure while Co

has the highest dissolution rate.
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Figure4.12. Percentage of transition metdissolved individually from NMC532 PC (A)
and NMC532 SC (B) after stirring in a 0.05 M of HCI

The characterization of the aqueous solutions following the washing of the tested materials
confirms the significant dissolution of the material at low pH dredlack of significant

dissolution occurring at high pH. To furthealidate the proposed mechanisms, the
insertionof Hi n t he materi al 6s c¢r yat highpH dnchrtottat c e st
low pH washings The recovered material after washing is expected to be delithiated and

to contain H (0 "Q O 0 U ). This resultant material should release water during thermal

decomposition due to the presence 6fad per Equatiof¥.4].

0Q0O0U O DQ00U -"00 -0 [4.4]

Figure4.13 shows the data obtained from T@AS when heating the recovered materials
to 60CC afterstirring in waterfor 24 h Figure4.13 A1 shows the mass loss of the LNO
sample throughout its thermal decompositiofigure 4.13 A2 shows that the
decomposition of LNO occurs mainly in two distinct steps beginning arourfC21td

250°C. The MS data shownhingure4.13 A3, clearly indicates that the first mass loss step
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is due to the release ob8 while the second step corresponds smaller release of O

The evolution of HO seenin washedLNO is evidence of L¥H" ion exchange.
Furthermore, LNO displayaslargest amount of water release when compared to NMC532,
which indicates that it has a higher propensity fofHi ion exchangeFigure4.13B1 and
Figure4.13 C1 show a smaller percentage of mass loss for NMC532 when compared to
LNO. The first drop in mass waalso seen around 2 and was accompanied by the

detection of water evolution as seerfFigure4.13B3 andFigure4.13C3.
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Figure4.13. TGA-MS data for LNO (A), NMC532 PC (B) and NMC532 SC (C) after
stirring in water for 24 h showing percenais (M) versus temperature (T(1), -dM/dT
versus T(2) and the mass speatneterion current signal for 4electednasses as indicated

3).

After washing the materials in acid, the recovered material, according to the delithiation
dissolution regime pro@ed, is expected to be a delithiated material without any protons

intercalated in the crystal latticé (Q 0 0 ). The thermal decomposition of such materials
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do not involve any water evolution, only oxygen release should be observed as per
Equation[4.5].%°

ODQ00 © 000 -0 [4.5]

Figure 4.14 shows the results for the TGAS analysis of the materials washed in acid for

6 h. In the case of LNO, a sharp drop in mass is observed aroli@id2@0to the evolution

of both water and oxygen as showrrigure4.14A. The unexpected release of water from
LNO could be caused by some’lH* ion exthange occurring duri ng
exposure to dilute acid since LNO has poto be very prone to ion exchange. It is also
possible that ion exchange could have occurred after the stirring period when the LNO
samples were left to dry at low temperat(r®C). HoweverFigure4.14 A1 shows that

the mass was lost predominantly after Z5@ue to oxygen evolution only. The thermal
decomposition of LNOfger acid washing also show a t&tep decomposition process at
250°C and 400°C. NMC532 PC and NMC532 SC showed minimal mass Igs$)(
before reaching a temperatuoé 250°C. The majority of the mass loss occurred at
temperatures above 400°C due to thelion of oxygen. This affirms that during acid

washing, the materials are delithiated while little td_n@H" ion exchange occurs.
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Figure4.14. TGA-MS data for LNO (A), NMC532 PC (B) and NMC532 SC (C) after
stirring indilute acid for 6 h showingercenimass (Mversus temperature (L), -dM/dT
versus T(2) and the mass speatneterion current signal for 4electednasses as indicated

3).

The delithiation of the materials whether it is due to acid or water washing would result in
changes to the crystal latticesnstant®f the materials; these changes should be observed
in the XRD profiles of the materialBigure4.15 shows the changes to the XRD profile of
pristine LNO after the material has been washed in water for 24 h. Somshpitialg and
peaksplitting can be observed but no draimahanges to the XRD profiles are seen. This

is expected as the Li loss after 24 h of water washing has been calculated to be around 9%

(seeFigure4.9 A).
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Figure4.15. XRD profiles of LNO after stirring in water for 24 h compared to the XRD
profile of pristine LNO

Materials that were washed in acid, on the other hand, have been suggested to a significant
amount of delithiation according to the large quantities of Li found in solution observed
during titration analysis. The XRD profiles of the materials after diffiederations of acid

washing shown ifrigure4.16 affirm a higher state of delithiation in these materials.
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Figure4.16. XRD profiles of LNO after stirring in a solution of 0.05 M of HCI for different
time periods.
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Important changes have been observed in the positions of Bragg peaks 101, 006, 012, 104,
018 and 110Figure4.17 focuses on these Bragg peaks and shows how they have shifted
in comparison to the Bragg peaks positions for pristine materials. The 101 Bragg peaks
(found in the scattering angitegion 36939°)for LNO and NCA are shown iRigure4.17

A andFigure4.17 B respectively. There is a clear splitting of the 101 Bragg peakinto
separate peaks for LNO and NCA. Th@4 Bragg peaks (found in the scattering angle
region 44945 °) for those two materials are also split in two. It is known that the lattice
structure of LNO changes from a hexagonal phase to a monoclinic phase tharigigg

of the material. This phase transition is aided by Li vacancies and begins at a delithiation
state of around 20%: 8 The splitting of the 101 and 104 Bragg peaks is a manifestation

of the transition to the monoclinic phase. This splitting is seen in the case of LNO and NCA
the state of delithiation of the materials must have beentt PThis is expected from
these high Ntontaining materials as opposed to NMC532 which has lost less Li according
to previously presented titration resulsee Figure 4.9 B). Furthermore, mondiaic
distortion is not a phenomenon that has been observed in NMC532 materials during

charging®®

The Bragg peaks for both NMC532 PC and NMC532 SC, showiigure4.17 C and

Figure4.17 D respectively, do not display clear splitting as with LNO and NCA tHuy

do show i mportant peak shifting which signi
It is worth noting that all XRD profilesaveshown single phase materials. This means that

the delithiation caused by water and acid washing affect thielpaat the bulk level and

not only at the surface and subsurface region.
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Figure4.17. XRD results comparing LNO (A), NCA (B), NMC53C (C) and NMC532
SC (D) pristine samples and samples after stirmn@®5 M HCI solution for 6 h

Washing a positive electrode material results in delithiation is similarly (but not identical)

to the delithiation which occurs in the positive electrode duthiegchargingf a cell. The

| atti ce par amecrgstalstructdre shobhldbe thasamerat equil delithiation
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states regardless of the delithiation processd In-situ XRD analysis of a charging
material provide information about the lattice parameters of the material at all delithiation
states througout the charging process. This charging data can then be compared to the
lattice parameters obtained from XRD data of water and acid washed materials analyzed
by least squares refinememalidating the delithiatioprocess that occurs at both regimes
(the Li*/H" ion exchange regime artte delithiationdissolution regimewould further

affirm the occurrence of the proposed mechanism.

In theLi*/H" ion exchange regime, the amount of Li removed from the materidband

in solution is the same amount of Li that is deintercalated from the material. However, in
the delithiatiordissolution regime, the percentage of Li removed from the material and
found in solution is the sum of the percentage of Li delithiated angedihcentage of Li
dissolved. Equatiofy.6] expresses the relation betweabe fraction of delithiation of the
remaining material, denoted asandthetotal fractionof Li found in solution, denoted as

y.

w — [4.6]

Equation[4.6] was used to calculate the expected state of delithiation of the maserials
thattheir lattice parameteruld becompared to those of charged materiglgure4.18
shows the agreement between the lattice parameters for LNO calculated |gtietide

by charging,and the lattice parameters after delithiattpn water exposurer by acid
exposure. The delithiation values on thaxxs for thered (@ )and blue € ) seriesn Figure

4.18 were calculated from solution analysis and Equalib8l; the data points represent
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from left to right the data corresponding to washing for 15 min, 30 min, 1 h, 4 h, 6 h and
24 h in that order. When compared to the lattice parameters from cell chargifiggtata
series3), the lattice parameters of the materials after water and acid washing show close
values and similar trends. As discussed previously, LNO undergoes monoclinic distortion
during delithiation. For this reason, the ileét parameters a and c associated to its
hexagonal phase-igure 4.18 A and Figure 4.18 B) are compared separately from the
lattice parameters a, b and c corresponding to its monoclinic pragere@d.18 C, Figure

4.18 D andFigure4.18E).
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Figure4.18. Comparisorbetween the lattice parameters, a (A) an®)df Li1-xNiO2 in
the hexagonal phageNOw) during charg® and during wateor acid stirring.Comparison
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(LNOw) during charge and dimg acid stirring. The fraction of Li removér) used to plot
the lattice parameters after water and acid exposure was determinetCfodataand
Equation[4.6].

NMC532 remains in its hexagonal phase throughout delithiation, therefore, only hexagonal

phase lattice parameters a and cexmmpared to charging dataigure4.19 shows that

the delithiation of NMC532 during water washifue € ) serie$is minimal and difficult
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to evaluate in terms of lattice parameters chaHgavever, he changes in a and c values
during acid exposurare considerabland follow the samapproximatevalues and trends

as the changes observed during charging.
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Figure4.19. Comparisorbetween the lattice parameters a (A) and c (B) in the hexagonal
phase of polycrstalline NMC532 during chardéand during acicor water exposure.
Comparisorbetween the lattice parameters a (C) and c (D) in the hexagonal phase of single
crystal NMC532 during char§eand during acidr water exposureThe fraction of Li
removed (x) used to plot the lattice parameters after water and acid exposure was
determined fromiCP data andquation[4.6].
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4.5. Washing at constant pH

As was seen ifrigure4.3 andFigure4.5, the pH of the solution changes continually during

the stirring of the matrial in water and in acid. This makes it difficult to distinguish at
which pHrangethe two regimes occur. To study the crosser point between thiei */H*

ion exchange regime and delithiatidissolution regime, washinggstsas constant pH

value 2, 7 ad 10 were carriedut Figure4.20 A shows the percentage of Li removed after
stirring the materials at constant pH for 24Hmgure 4.20 B shows the percentage of
transition metals dissolved and found in solution after the 24 h stirring pErgrae4.20

B shows a significant dissoluticof transition metals at pH 7 especially for LNO. This is

not observed when washing with water because the pH of the solution is at 7 for a very
brief period of time; the solutionds pH jul
with the materih Transition metal dissolution, which is a characteristic of the delithiation
dissolution regime, appears begin at a significant level at a pH value around 8.5.
However,Figure4.20 also shows that the pH at which the delithiatitissolution regime

begins depends on the-blontent of the material and its morphology.
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Figure4.20. percentage of Li remved (A) andmole percentage of transition metal atoms
removed (B) fronrLNO, NMC532 PC and NMC532 Sdter stirring at constant pH for 24
h.

4.6. Conclusions derived from washing Nrich materials

It is irrefutable that Nrich materials react witlaqueous solutiomnd that he reaction
mechanism depends on the pH of the washing solution used. At high pH (neutral and basic
pH values), the material undergde@¥H"* ion exchange. This reaction results in a material
that is delithiated and contains Hh its lithium layer; in this study, ion exchange has been
confirmed to occur during water washing by FOES and TGAMS. When the washing

solution is of low pH (acidic), little to no LiH* ion exchange occur§Vhen the solution
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Is acidicthe material is bth delithiated and dissolved during washing. The delithiation
dissolution mechanism was confirmed to occur at low pH values WOE® and TGA

MS as well. Materials that contain higherétintent are more prone to'Il* ion exchange
and to delithiatiordissolution. Materials that have a single crystal morphology are less

reactive to agueous solutions than materials of polycrystalline structure.

SEM images of the materials after water and acid washing show that the reaction of this
materials with aqueous ol ut i ons al t er irtvwagsithat ane aat seenc| e s 0
during conventional delithiation when charging adn cell. The delithiatiordissolution

regime causes material loss and creates gaps between the primary paifticles

polycrystalline mateals which decreases the conductivity of the material

The pH at which the crossver between regimes occurs is around 8.5 as shoWwigume

4.20. This figure is a useful, albeit rough, guide to develop washing procedure-fichNi
materialsFigure4.20 shows that, depending on the-¢tintent ad the morphology of the
material, more basic solutions are preferable to minimizélLion exchange and material
dissolution. Moreover, if a large volume of washing solution per LTMO mass is used
during washing, the pH of the solution will rise less tradrisks of Li delithiation and TM

dissolution is higher.

83



CHAPTER 5.Impurity growthand effects of washingpre-shell materials

The results presented in this chapter were collected by visiting undergraduate student from
the Birla Institute of Technolgy and Science Pilani, Divya Rathore. The following study

would not have been possible without Divya

Ni-rich materials havhigher surface reactivity thaCorich or Mn-rich materialsAs was

shown by the Nrich materialwashing study in Chapter 4, the higher thechintent is in

a positive electrode material, the more reactive the material becomes to aqueous solutions.
Moreover Ni-rich materials make high capacity positive electrodesing Li-ion cell
manufacturers t@ompromise capacity for surface stabilifjo maximize capacity and
minimize impurity growth and surface reactivity, cateell materials with Nrich cores

and Nipoor shells could providenaoptimized positive electrode materggsign In this

chapterthe effectiveness of cohell materials to reduce surface reactivity was tested.

The two coreshell material§CS) at the center of this study are CS LNO:NiMn8020 17:1
and CS LNO:NiMn8020 16:2. This nomenclature identifies the composition of the core,
hereLiNiO2 (LNO), to the composition of the shell, hendi o gMno 202 (NiMn8020), and
givesthe diameter of the core pum to thecontribution of the shell to the diametaqum.

The thickness of the shells of the two CS materials argra.&nd 1.0um. A 0.5um thick

shell will add 1.0um to the diameter and a 110n shell will add 2.0um to the diameter,
hence the labels 17:1 and 16:2 respectively. This way, it is quick to see that the total
diameter of both materials is 1. For simplicity, these CS materials will be referred to

as CS 17:1 and CS 16:2. TB& materials were stirred iwater to study their reactivity
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during washingThey were also exposed to humid air to observe the rate of impurity growth
on their Mnrich surfaceunder extreme atmospheric conditions order to draw
meaningful conclusions, uniform particles of LNRiMn8020 and commercially used
NMC811 were exposed to the same conditions as the CS materials to compare

performanceTable2.2 lists details about the rtexials used in this study.

5.1. Washing CS materialsin water

Acid-base titration analysis

After washing theCS materials and their comparatineterialswith distilled deaerated
water, the collected washing solutiomgere analged by acidbasetitration. Figure 5.1
shows the titration curves for the materials for washing periods up td Behtitration
curves indicate that theame Li/H" ion exchange mechanism which produces LiOH is
occurring wherCS materials are exposed to wat€his reaction mechanism described

and validated in Chapter 4 for layered LTMO materiaith compositionally uniform
particlesexposed to watei.he amount of LIOH generatémbm LNO shown inFigureb.1

A is the highesiamongst the tested materias should have beeexpected.CS 17:1
produces less LiOkhan LNO, which has the same composition as its core, but produces
more LIOH than NiMn8020, which has the same composition as its shell as shown in
Figure5.1 B. The titration curves for CS 16raterial inFigure5.1 C show that a thicker
Mn-rich curvefurtherdecreasgthe rde of Li'/H" ion exchangelt must be noted that the

overall Nicontent of CS17:197.23%) is higher than that of CS 16:2 (93.5%).
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When comparing the titration curves for NMC811 and NiMn8020, showimgure5.1 D

and Figure 5.1 E respectively, the effect of Mn and Co conteah be seernlThese two
materialsboth have transition metal layers containing 80% it NiMn8020 contains
20% Mn while NMC811only contains 10%Vin. The presece of Co at a 10% level in
NMC811 does not seem to give NMC811 an advantage in terms of minimizing reactivity
with water. Increasing the Mecontent to 20%asin the case oNiMn8020, reduces Li/H*

ion exchangenaking this material the mostsilient to water exposugmongst these five

tested materials.
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Figure5.1. Titration curves for LNO (A), corshell material 17:1 (B), corghell material
16:2 (C), NMC811 (D) and NiMn802(E) with 0.5g of cathode material powder in 100
mL of deaerated distilled water with 0.05 M HCI as titrant

87



From the titration data shown iRigure 5.1, the percentage of Li removed from the
materials and found in solution were calculated as per Equation [Mg2fe 5.2 shows
these calculated percentagasl shovs that the Li loss from LNO and CS 17:1 are
comparableAfter 6 h of stirring in water LNO loses around 18% of its Li content and CS
17:1 loses around 16%.is only with CS 16:2, where the shell thicknesdosibled that

a significant improvemenh Li loss was observealt about 11%fter 6 h The Li loss for
both NMC811 and NiMn8020 is below 6%. However, NiMn8020 shows more stability in

water when compared to NMC811.

20 ‘ ‘
| —m— LNO
CS LNO:NiMn8020 17:1
16 CS LNO:NiMn8020 16:2
. —o— NMC811
§ —+— NiMn8020 /
- 12 /1/1 y
)
>
£
o 8 4
S
5

0 1 2 3 4 5 6
Water stirring time (h)

Figure5.2. Percentage ofr@inal Li content in the corshell materials and the comparative

materials found in the solution after stirring in water calculated from the pH increase of the
solution usingequation[4.2].

TGAMS analysis

The thermal decomposition of the two studied CS materials, CS 17:1 and:Z®&ak6

compared to that diareLNO with materialsin their pristine state, after stirring in wate
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for 15 min, 30 min and 1 figure5.3 shows a twestep decomposition between 2680and
350°Cfor the washed material¥his two-step mass loss is silar to the one observed for
uniform layered LTMOs washed in water and is expected to correspond to water evolution
and oxygen evolution in that orddrhis is due to th@resence of Has a consequencé

Li*/H" ion exchangeFigure5.3 also shows thanuchof the Li'/H" ion exchange process

is carried within the first 15 min of washing, after which the rate of ion exchaogs sl
considerably. The advantage of a thicker-NMih shell is seen again in these TGA results,

as CS 16:2 proves to contain lessimlits crystal lattice than CS 17:1.

CS LNO:NiMn8020 16:2 CS LNO:NiMn8020 17:1 LNO

—— Pristine
94} ——15min

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C) Temperature (°C)

Figure5.3. TGA data forCS16:2 (A),CS17:1 (B) and LNO (C) after stirring in water for
different time periods showing remaining mass percentage of the samples heated to 900°C
(1), and the inverse derivative of the mass percentage profile with respect to temperature

2).

Figure 5.4 identifies the gases releasguring the thermal decomposition of the saraple
washed after 15 min. It is confirmed that the first step in mass loss betwe¥h drid
350°C corresponds to watand oxygenrelease due to the intercalation of k the

materialsas per Equatiof4.4]. The mass loss beginning at 650°C that is seEigure5.3
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andFigure5.4is due to oxygemvolution.Thismass loss corresponds to tteeomposition

of the delithia¢d materials asheytransform to the rocksalt phase.

CO, evolution can also be noticeduring the thermal decomposition of the materials
particularly in the case of CS 17:1 as showhRigure5.4 B3. The evolution of C@implies

the presence of carbonate and/or bicarbonate species on the surface of the material. The
samples analysed igure5.4 were only washed for 15 min and it is possible that there

were remaining impurities on the surface of the particles.

Figure5.4. TGA-MS data CS16:2 (A), CS17:1 (B) and LNO (C) after stirring in water for

15 min showing remaining mass percentage of the samples heated to 900°C (1), the inverse
derivative of the mass percentage profile with respect to temperature (2) and the mass
spectoscopy ion current signal forsélectednasses as indicated (3)
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