A SYSTEMATIC EVALUATION OF COBALT-FREE NICKEL-RICH CORE-SHELL
STRUCTURED POSITIVE ELECTRODE MATERIALS

by

Yulong Liu

Submitted in partial fulfilment of the requirements

for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia

January 2022

Dalhousie University is located in Mi’kma’ki,
the ancestral and unceded territory of the Mi’kmaq.

We are all Treaty people.

© Copyright by Yulong Liu, 2022



To the end of a journey



Table of Content

LISt Of TADIES ccccuueeeeiiieiiiiiiiiniinininticnnennesnnecsneisnesssessssecssesssesssessssssssessssssssasssssssaases viii
LSt Of FIGUIES..cccueeiierirnniicsisnriccsssnsncsssssssessssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssasss X
ADStract.....ceceecsenseenseecnnes XV
List of Abbreviations and Symbols Used Xvi
ACKNOWICAZEIMENLS ...uuuererriieisnricssnnicssnnicssnnissssnesssisssasnssssssssssssssssssssssssssssssssssssssssssssnns xviii
Chapter 1 INtroducCtion........eecccicceiccsssssnicssssnrecsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssss 1
Ll IMOTIVALION ...ttt ettt ettt et sae et et e saeesbe et 1

1.2 ThesiS OULHNE ....cooeiiiiiiiieiieee et et 2

1.3 Lithium-100 CellS ....ccouiiiiiiiiieieeieteeeese e s 3
1.3.1 Positive Electrode Material....ccceececesecssercsncssencsenssnncsnsssnscssesssssessssssssesssnens 7

1.3.2 Negative Electrode Material c.cceceeessecsesssessaccsensesssnsssnsesssessssssssssesssssasssessns 9

1.3.3 Electrolyte SyStemS.ccccsccseessecssecsacssessaecsarssncssecsaessassancsssssasssesssessassssessssaees 10
Chapter 2 Background 12
2.1  Co-free Layered Structure LIMO2 .......coouiiiiiiiiieiieiieeeeeeeee e 12

2.2 Ni-rich Layered Structure LIMOn.......ccccvvieiiiiiiieeiieeeiie e 13
2.2.1 General COMMENTS..uiiersresseesssnssseesssrosssnsssnessssssssossssssssessssssssossssssssessssssssesses 13

2.2.2 Degradation Mechanism and SOIULIONS cceeeceeecseecseicsancsencssecssnecsanssseccssesnns 14

2.3 Core-shell MaterialS.........ccoooiiiiiiiiieiiieiieeeee et 17
2.3.1 Motivation .. 17

2.3.2 Interdiffusion and the Choice of Element in the Shell .17

2.4 Material Washing and Reheating.............cccocvveriieeriieiiieee e, 20

2.5  Electrolyte AddItiVES .....ccceeeviiiiieeiieeieeiie ettt ettt et 22
Chapter 3 Experimental TeChNIQUES .....cccueeeevueeiisneiissneeissneenisnencsnenssnnecssseecssseeessenenns 25
3.1  Synthesis of Ni-rich Co-free Core-shell Materials ...........ccocevervieniineniennenne. 25



3.2 Material CharacteriZations .........cccueereeriienieeiieniie ettt 26
3.2.1 Powder X-ray Diffraction (XRD) .26
3.2.2 Ton-milling w29
3.2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS) 29
3.2.4 Powder Electrical ReSIStIVILY veeeesseeseessecssrssecssecssscsesssncsssssnsssesssssasssessssssases 30
3.2.5 POWdEr Crush Testuuuiiiiessecssercsenssencsnesssensssessssnsssessssssseesssnsssessssssssesssssssees 31
3.2.6 Accelerating Rate Calorimetry (ARC) 31

3.3 Coin Half Cell Building and TeSting ...........cccceeviirriienieeiieiieeieesieeeesiie e 32
3.3.1 Electrode Preparation....iceccessesssesssssssssssssssssssssssssssssasssssossassssssssassssssssasssasss 32
3.3.2 Coin Half Cell Assembly and Electrolyte....cceceeseecseeseecsaecsuesaecsuccsecsaecsaecsanes 33
3.3.3 Direct Current Resistance (DCR) Measurement..ceeeeecsssesssssesssssessassesnsssses 33
3.3.4 Long-term Charge-discharge Cycling 34

3.4 Pouch Cell Formation and TeStiNG ..........ccceeevvieriieiiierieeiienieeieeeieereeneneeveens 34
3.4.1 Positive Electrode Materials ...cueceeccsecsserssnecssencssncssenssseesssnsssnssssssssessssesnees 34
3.4.2 Cell Specifications and Formation ProtoCol ...cceececssecssercsssnscssanscssnnscsnsssans 35
3.4.3 Gas Measurement 36
3.4.4 Electrochemical Impedance Spectroscopy (EIS).ccceiccssercssnrcssanscssanscsnsscses 36
3.4.5 Long-term Charge-discharge Cycling 36

Chapter 4 Initial Synthesis and Evaluation of Co-free Ni-rich Core-shell
Materials ......coeveeercnercrcnnccsnnne 38

4.1 INrOAUCTION .....eiiiiiiieieee ettt e 38

4.2 EXPErimMeENntal........cocoiiiiiiiiiiiiieiie ettt sttt et 38

4.3 Results and DISCUSSION ......cocuiiiiiiiiiiiiiiiiieiieete e 39
4.3.1 Precursor CharacCteriZations eeeeeseesseeseessecssecesssecssessasssessssssasssassssssasssssssassane 39
4.3.2 Core-shell Structure Verification .41




4.3.3 XRD and RefINemeEnt RESUILS ceceeeeeeeeeeeeeereeeeseesessesenssessssssssssssssssssssssssssnssenes 44

4.3.4 Electrochemical Performance .....cceceeessccssecsesssecsanssessaecsssesasssesssssssssancssecsane 47
4.4 CONCIUSIONS ...ttt ettt ettt e sb e ettt e s abeesaeeenneesaeas 57
Chapter 5 Comparison of the “Best” Core-shell Material with Commercial-grade
Co-containing Ni-rich Layered Materials .59
5.1 INtOAUCLION .....citiiiiiiieiiee ettt et st 59
5.2 EXPerimental.........cccooooiiiiiiiiiiiiieeiic ettt e 59
5.3 Results and DiSCUSSION ......eeuieruiiiierieniieieniesieeie ettt 59
5.3.1 XRD and Refinement RESUILS ..cceveensercsniessernsenssnnssenssnicsnsssnncssensssnesanssnnes 59
5.3.2 Long-term Charge-discharge Cycling Performance .. 62
5.3.3 Powder Electrical Resistivity and DCR Measurement 65
54 CONCIUSIONS.....cotiiiiriieiieieetee ettt ettt ettt e eaeeees 67
Chapter 6 An Evaluation of a Systematic Series of Cobalt-free Ni-rich Core-Shell
Materials .....ccoceeveecseecseccsnnnnne 68
6.1 INEFOAUCHION . ...ciiiiiiiieiieee ettt et ettt e et eseneenneens 68
6.2 EXPErimental.........ccccooiiiiiiiiiiiieiiieeiee et en 68
6.3 Results and DISCUSSION .....cevieruiiiiieiieiiieniie ettt ettt et 70
6.3.1 XRD and Refinement ReSUltS c.ceveecseecseicsuenseecsuensncnsnenseccsnncseccsnecssencnnees 70
6.3.2 Irreversible Capacity and Voltage Polarization as a Function of Cation
TTIXITIE ceveressreresssersssssscssassossasssssasssssasssssasssssasssssassssssssssssssssssssssssssssnsssssnsssssnsssssassss 72
6.3.3 Core-shell Structure Verification .73

6.3.4 Capacity Retention as a Function of Specific Capacity, Li Utilization,

Crystallinity and Cation MIXING eeceeeeeessecseessecssessecssecssccsesssessasssasssessasssasssssssssases 76
6.3.5 Degradation ANalYSiS.iceseressssscssssscssssssssssssssasssssasssssassssssssssssssssssssssnsssssnsssses 80
6.3.6 Safety COMPATISONauuiiissiesseesssrsssresssnssssssssnssssssssssssssssssssssosssssssssssssssssessasssases 82
0.4 CONCIUSIONS....couiiiiiiiiiieite ettt ettt st sae e et sbeesbens 83



Chapter 7 A Physical and Electrochemical Comparison of the Washed and

Unwashed Core-shell MaterialS.........coeeeiieneiseeiseecssennsensencsnecssnncsaessncsssessssscssessssenns 85

7.1 INEEOAUCTION ...ttt ettt ettt sae e et eseeeebeens 85

7.2 EXPEIIMENTAL....coiiiiiiiiiiiiiiiiieieeieeriee ettt ete e et eebeesaeeesbeessneenseens 85

7.3 Results and DISCUSSION ....ceeuieiuiiiiiiiieiieeiie ettt et 87

7.3.1 Physical Characterization Comparison 87

7.3.2 Coin Half Cell Performance COmMPAriSON ceevseeessssesssssessssssssssssssssssssssssssssssses 920

7.3.3 Pouch Cell Performance Comparison 91

T4 CONCIUSIONS....eeiiieiieiie ettt ettt ettt e et e st eebeesaeeenbeeeeees 102
Chapter 8 Comparison of the Washed Core-shell Material with Commercially-

available Materials in Pouch Cells ......uuiuuiieivuriiiuiicssniicssnncssnicssnncsssenesssnncsssencsnsnes 103

8.1 INtrOAUCHION ....eiiieiiieiiiiiete ettt 103

8.2 EXPerimental.........cccocooiiiiiiiiiiiiieiiie ettt e aneeen 103

8.3 Results and DISCUSSION .....cccuevieriiriiriieiieie ettt 104

8.3.1 Unit Cell Volume Change Over “H2-H3 remnant” Region .....ceeeeeeeevecnees 104

8.3.2 Impact of “H2-H3 remnant” on Pouch Cell Performance 105

8.3.3 Degradation ANalYSiS..ccccesscssecssecssrssecssncsaessessancasssasssessasssesssecsssssasssessane 114

84 CONCIUSIONS....cuiiiiiiiitieiie ettt ettt st et 116

Chapter 9 Conclusions and Future Work .118

0.1 CONCIUSIONS ...ttt ettt ettt e 118

0.2 FUUIE WOTK ..cuviiiiiiiiiiieiict ettt 120

9.2.1 Explore All Solid-state Synthesis 120

9.2.2 Explore More Lithiation Conditions 120

9.2.3 Explore Tungsten-COAtING ceeeseresssescssssscssasssssasssssasssssassssssssssassssnssssssssssssssss 121

9.2.4 Symmetric Cell Study on Washed and Unwashed Materials ......cceeeeeueree 122

9.2.5 Explore Material Washing and Reheating Conditions 123

Vi



9.2.6 Accelerating Rate Calorimetry Study on Washed and Unwashed

Core-shell Materials 124
References.......eeeeeeecssneecsnnnee. 125
APPENAIX A ceerrrirnriensricsssnncssssncsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssss 138
APPENUIX B aucciiiinrniiiiniiniiiniisnniicssssnniecssssssicsssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssss 142
APPENAIX Cannnerrrirnricsinnicssnncsssnicssssisssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 155

Vii



List of Tables

Table 3.1 Electrode specifications of SC532/AG, SC811/AG, washed core-shell/AG, and

unwashed core-shell/AG pouch CelIS........ocuiiiiiiiiiiieeeeceeeee e 35
Table 5.1 Rietveld refinement results for CS-750, CS-800, SC811 and NCA.................. 62
Table 6.1 List of all core-shell Precursors .........oo.vvevierieeciienieeieee e 70
Table 6.2 Specific surface areas of materials used in ARC experiments ..............ccc........ 83

Table 7.1 Rietveld-refinement results for the washed and unwashed core-shell materials

Table A.1 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of CS92 — 5050 — 17/0.5 lithiated at each temperature ............ccceeeveeereenveennnns 140

Table A.2 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of CS94 — 8020 — 16/1 lithiated at each temperature .............cccceeveeeeveenieencnns 140

Table A.3 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of CS97 — 8020 — 17/0.5 lithiated at each temperature ..........c.cceeceeeieeriennncnns 141

Table A.4 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of LiNig.sMno20» lithiated at each temperature ............cccoeecvveerciveiniieenieeeneen. 141

Table A.5 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of LiNig.sMnosO; lithiated at each temperature ............cccceeevveeriieieieeenieeenen. 141

Table B.1 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of C98 S80 16/1 lithiated at each temperature ............ccccceveeveriineinenieneenne. 148

Table B.2 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of C98 S80 12/0.75 lithiated at each temperature ...........cccceeervereevieneeneenne. 148

Table B.3 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of C98 S80 8/0.75 lithiated at each temperature ............cccceeeevveerieeenieeennnen. 149

Table B.4 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible
capacity of C98 S80 8/0.5 lithiated at each temperature. ..........cccceeevveerieeerieeeriee e, 149

viii



Table B.5 Specific capacities of the first 2 cycles (C/20) and 1%

cycle

irreversible

capacity of C100 S85 16/1 lithiated at each temperature. .........c.cccccveeeviveeeieeeereeennen. 149

Table B.6 Specific capacities of the first 2 cycles (C/20) and 1%
capacity of C100_S85 12/0.75 lithiated at each temperature

Table B.7 Specific capacities of the first 2 cycles (C/20) and 1%
capacity of C100_S80 12/0.75 lithiated at each temperature

Table B.8 Specific capacities of the first 2 cycles (C/20) and 1%
capacity of C100_S80 8/0.5 lithiated at each temperature

Table B.9 Specific capacities of the first 2 cycles (C/20) and 1%
capacity of C100_S80 8/0.75 lithiated at each temperature

Table B.10 Specific capacities of the first 2 cycles (C/20) and 1%
capacity of C100_S85 8/0.5 lithiated at each temperature

Table B.11 Specific capacities of the first 2 cycles (C/20) and 1%
capacity of C100 _S85 8/0.75 lithiated at each temperature

irreversible



List of Figures

Figure 1.1 Schematic of a lithium-ion cell with a graphite negative electrode and a
transition metal oxide as PoStive €letrode. .......c.vevvviieeiiiieiiieee e 7

Figure 1.2 A (110) projection of the crystal structure of LIMOz.....cccevveviiriieniinienienenne. 9

Figure 1.3 Chemical structures of Li-salts, the solvent EC and the co-solvents MA, DMC,
EMOC and DEC. ......ooiiiiieieceeeee e et e et e e e eaaaee e eenaes 10

Figure 2.1 The 50" C/5 cycle normalized capacity vs. initial C/20 discharge capacity of
Ni-rich materials with and without Co measured at 30°C in coin half cells..................... 14

Figure 2.2 Cross-section SEM images of heavily-cycled single crystal SC532, SC622,
SC811 from pouch cells and PC622 from symmetric cells ........cccooeriiniriiniininncnnenne. 16

Figure 2.3 EDS mapping and line scans of the Ni(OH), core with either a Nig.gAlo2(OH)>
shell or a NipgMno.2(OH)2 shell lithiated at 700°C or 750°C for 20 hours in oxygen with

LAOH O H2O ..ttt bbbttt ettt sbe b e 19
Figure 2.4 Chemical structures of additives used in this thesis. .........cccoeeieriieiiienieenen. 23
Figure 3.1 A schematic of the powder X-ray diffraction method.............cccccceviinnnnien. 26

Figure 3.2 Picture of the diffractometer used and schematic with major components
JADEIEA ...ttt 28

Figure 3.3 A schematic of a standard 2325 coin cell and its components. ..........c....c....... 33

Figure 4.1 SEM images/XRD patterns of three core-shell precursors #1 to #3 and two
uniform “shell” precursors. The insets show cross-sectional Mn EDS mapping. ............ 40

Figure 4.2 SEM images of core-shell and ““shell” precursors after heating with LIOH*H>O
at 650°C t0 800°C fOT 20 NOUTS ....c.veiiiiiiriieieeteet et 41

Figure 4.3 Cross-sectional SEM images, Mn EDS mapping and line scans of materials
lithiated at 650°C t0 800°C. .......oiiiieiieeee et 44

Figure 4.4 Rietveld-refined average lattice constants and average percentage of Ni in the
Li layer as a function of lithiation temperature..............cccooeeiiiiiieiiiiniiiieeeeee e, 46



Figure 4.5 Voltage vs. specific capacity curve of each material as a function of lithiation
105100 01C) 1111 4 3PP 48

Figure 4.6 Irreversible specific capacity vs. percentage of Ni in Li layer........................ 50

Figure 4.7 Cycling performance of the core-shell materials as a function of lithiation
temperature and the evolution of their C/20 differential capacity before and after cycling.

Figure 4.8 Cycling performance comparison of the “shell” materials to the corresponding
core-shell series and the evolution of the C/20 differential capacity before and after
cycling of the “shell” materials............ccccieiiiiiiiiiiee e 55

Figure 4.9 Specific capacity and capacity retention of all materials at cycle 100 as a
function of lithiation tEMPETAtUIE. ..........cccviieiiiiieiieeeie e eree e ereeeaaeeeas 57

Figure 5.1 Rietveld-refined XRD patterns of CS—750, CS—800, commercial-grade SC811
ANA NCA Lottt et sttt ettt b et st s bt et e ae e b et 61

Figure 5.2 Voltage vs capacity and differential capacity vs voltage curves from 3 to 4.3 V
vs Li/Li* SC811, PC811, CS-750 and CS—800...........cerrirrerererreeireerereieeeeereveseeeseseseseans 63

Figure 5.3 Discharge capacity and capacity retention versus cycle number of SC811,
PC811, CS-750 and CS—800, and their differential capacity evolution during cycling... 65

Figure 5.4 Powder electrical resistance versus applied pressure and direct current
resistance versus state of charge of NCA, SC811, CS-750 and CS—800. The cycling
perfornance of NCA, SC811, CS-750 and CS—800 at 40°C and C/10 from 3 to 4.3 V was
A1SO SOWIL...ceiiii ettt st st 67

Figure 6.1 Impact of heating temperature on lattice constants and percentage of Ni in Li

Figure 6.2 Impact of Ni atoms in the Li layer on the 1% cycle irreversible capacity and
voltage polarization between the 2" charge and the 1% discharge ............c.cccoevevevueveennn. 72

Figure 6.3 The C/20 dQ/dV vs. V as a function of heating temperature of Group I to
Group III materials and the presence or absence of core-shell structures at 750°C and
800°C as verified by Mn EDS line scans from cross-sections of particles in fresh
CLECLIOAES. ..niniiiiieeie ettt 75

Xi



Figure 6.4 Fractional capacity vs. specific capacity and Li utilization of Group I to Group
IV materials synthesized from 650°C t0 800°C .........coeeeiiieeiiieeieeeee e 78

Figure 6.5 Fractional capacity vs. full width half max of (108) Bragg peak and percentage
of Ni in Li layer of Group I to Group IV materials synthesized from 6500C to 8000C.. 79

Figure 6.6 Cycling performance comparison of two homogenous and two core-shell
materials and their cross-section SEM images after 106 cycles at 30°C to 4.3 V vs. Li/Li".
Post-cycling EDS Mn mapping/line scans of the two core-shell materials are also shown.

Figure 6.7 Self-heating rate versus temperature during ARC studies on charged core-shell
materials and eleCtrOLYLe. ......cveviiiiiieiiiiieeie et e 83

Figure 6.8 A schematic shows the importance of optimized lithiation temperature on
material PETTOIMANCE .......cccuviieiiieeiiieeee e et ee e e et e e aaeesaaeeenaeas 84

Figure 7.1 Physical and electrochemical comparison of washed and unwashed core-shell
INATETIALS ..ttt ettt ettt sttt ettt a e 89

Figure 7.2 Coin cell cycling performance of the washed and unwashed core-shell
materials and differential capacity evolution before and after cycling...........cccccceeeeneeen. 91

Figure 7.3 Gas generation during formation, 1% cycle efficiency, 1st charge differential
capacity and the charge-transfer resistance of the washed and unwashed core-shell pouch
LIS, ettt ettt et st 92

Figure 7.4 The discharge capacity, normalized capacity and normalized voltage
polarization of the washed and unwashed core-shell pouch cells vs. cycle number and
time tested at 40°C from 3 10 4.18 V. .o 94

Figure 7.5 The discharge capacity, normalized capacity and normalized voltage
polarization of the washed and unwashed core-shell pouch cells vs. cycle number and
time tested at 40°C from 3 10 4.04 V. .o 96

Figure 7.6 The discharge capacity, normalized capacity and normalized voltage
polarization of the washed and unwashed core-shell pouch cells vs. cycle number and
time tested at 20°C from 3 to 4.18 V and 4.04 V with 2FECI1LFO and 1LFO electrolyte
AAAITIVES ..ottt ettt sttt et 98

Figure 7.7 The gas generation during charge-discharge cycling at 40°C with 4.18 V and
4.04 V upper cut-off voltages for the washed and unwashed core-shell pouch cells. ...... 99

xii



Figure 7.8 The discharge capacity, normalized capacity and differential capacity of the
washed and unwashed core-shell pouch cells as a function of discharge C-rate with 4.18
V and 4.04 V upper cut-0ff VOItAZES. ......ceeviiiiiiiieiiieieeieeee e 101

Figure 8.1 The voltage vs. specific capacity and differential capacity vs. voltage of the
SC532, SC811 and the washed Co-free core-shell Ni94 for the 1% 1.5 cycles measured at
30°C, C/20 from 3.0 to 4.4 V. Unit cell volume change as a function voltage was shown
for SC532, SC811 and homogenous LiNig.95sMn0.0502 ...ccveervieriieniienieeiieeieeiieeieeieens 105

Figure 8.2 The gas generation during formation and the charge-transfer resistance after
formation for the SC532, SC811 and core-shell Ni94 pouch cells as a function of
ClECHIOLYLE DIENAS ....vviiiieiieciie et e et e e esaaeennaea 106

Figure 8.3 Pouch cell electrode balances for the SC532, SC811 and the core-shell N194
measured 0N the 279 ChATZE. ..........ooiviveeeeeeeeeeeeee e, 108

Figure 8.4 Capacity, normalized capacity and normalized voltage polarization vs. cycle
number for five electrolyte blends measured at 40°C, C/3 CCCV when the upper cut-off
voltages include the “H2/H3 remnant” for the case of SC811 and Ni%4........................ 110

Figure 8.5 Capacity, normalized capacity and normalized voltage polarization vs. cycle
number for five electrolytes measured at 40°C, C/3 CCCV when the upper cut-off
voltages exclude the “H2/H3 remnant”. ............cooeiviiiiiiiniieniieieeeeee e 111

Figure 8.6 Capacity, normalized capacity and normalized voltage polarization vs. cycle
numnber for 2FEC1LFO and 1LFO electrolyte blends measured at 20°C when the UCVs
either include or exclude the “H2/H3 remnant” ............cccceeiiiiiieniienieeiieeieeeesee e 112

Figure 8.7 The harvested graphite negative electrodes at 4.18 V from pouch cells cycled
with control and 2FECI1LFO electrolytes at 40°C, C/3 CCCV. Cross-section SEM images
of fresh, cycled with 4.04 V and 4.18 V upper cut-off voltage core-shell Ni94 electrode at

Figure 8.8 The C/20 and C/5 differential capacity curves of the core-shell Ni94 and the
SC811 before and after cycling from 3 to 4.3 V vs. Li/Li" in coin cell half-cell at 30°C.
The capacity vs. cycle number of core-shell Ni194 pouch cells tested with alternating 4.18

V and 4.04 V upper cut-off volrages at 40°C and 20°C, C/3 CCCV......cccevvvvvruennenne. 116
Figure A.1 Rietveld-refined XRD patterns of all lithiated materials..........c.cccccceeeneenee. 140
Figure B.1 SEM images of precursors #1 t0 11......ccccoeviiiiiiniiiiiiiiicceeceee e, 142

Xiii



Figure B.2 XRD patterns of precursors #1 to 11 heated with LiOHeH>O at 700°C to

Figure B.3 The specific capacity, fractional capacity and normalized voltage polarization
for samples synthesized at 700°C, 750°C and 800°C...........ccoveeeiieriienieeiieeieeieeere e 153

Figure B.4 The C/20 dQ/dV vs V evolution from before to after cycling for Group I to
Group IIT materials at 700°C, 750°C and 800°C .........cccoeeeiierieriieieeeie e 154

Figure C.1 The goodness-of-fit of the dV/dQ method for SC532, SC811 and Ni94 cell
DALANCINE ..ot e et e et e et e et e e e b b e e e b e e e e beeennreeenreeeraeeennes 155

Figure C.2 The core-shell Ni94 and the SC811 cycled from 3 to 4.3 V vs. Li/Li" in coin
cell half-Cells at 30°C. ....c..iiiiii et 156

Xiv



Abstract

Layered Co-free Ni-rich (>80%) oxide positive electrode materials have attracted
significant attention in recent years due to the high demand for lower cost and higher
energy density lithium-ion batteries. The main difficulty in the development of high
specific capacity Ni-rich materials primarily lies in obtaining excellent charge-discharge
cycle life. Utilizing a core-shell structure with a Ni-rich core and a lower Ni content shell
can be an excellent design strategy to balance specific capacity and cycle life. A low Ni
content shell of long cycle life may prevent direct electrolyte contact with the high
specific capacity Ni-rich core, enabling the core-shell material to have improved cycle

life compared to the Ni-rich core alone.

The first part of the thesis explores a systematic series of Co-free Ni-rich core-shell
materials with various core/shell compositions, core diameters, shell thickness and
lithiation temperatures. A relationship between the cycling performance of core-shell
materials and the lithiation temperature during synthesis is proposed which considers the
crystallinity of the material, the average percentage of Ni in the Li layer and the presence
or absence of the shell phase after the heating step. The “best” core-shell material
demonstrates comparable performance with commercial-grade Co-containing materials in
terms of capacity retention, powder electrical resistance and cell internal impedance,
highlighting the potential of Co-free core-shell materials as promising alternative positive

electrode materials.

The second part of the thesis focuses on the evaluation of the “best” core-shell material in
commercial-grade pouch cells. Two versions of the core-shell material, washed and
unwashed, were obtained from a reputable vendor. The charge-discharge cycling
performance of the core-shell pouch cells is worse than commercial-grade single crystal
LiNig.8Mno.1C00.102 and LiNipsMno3Co0202 cells in terms of capacity retention and
impedance growth. Cross-section SEM/EDS showed particle microcracking of core-shell
materials due to calendering which is detrimental to the cell performance. Washing core-

shell materials worsened the mechanical and electrochemical performance of the material.

XV
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Chapter 1 Introduction

1.1 Motivation

In the past decade, battery technology has been identified as a crucial enabler to reduce
the dependency on fossil fuel and accelerate the transition to renewable energy.'? The
lithium-ion battery presents a potential candidate to be such an enabler due to its high
energy density, excellent rate capability and relatively long life time, compared to other
types of batteries such as lead-acid, nickel cadmium, nickel metal hydride, etc.!?
Encouraged by all its merits, currently lithium-ion batteries have been widely adopted as
power sources for portable devices and electric vehicles, and are expected to be
massively used as energy storage devices for intermittent energy sources such as wind
and solar energy. The lithium-ion battery has experienced a rapid cost reduction per kWh
largely due to the upscaling of production and the advancement of automation and
manufacturing processing in the industry during recent years.> However, a further cost
reduction of lithium-ion batteries, as well as a simultaneous improvement of energy
density and life time, is still highly desirable for an even broader market adoption as

sustainable power source and energy storage device.

From an academic standpoint, energy density increase, life time improvement and cost
reduction can be tackled from various aspects. To increase the energy density of a
lithium-ion cell, the most straightforward method is to simply increase the upper cut-off
voltage when sufficient negative electrode capacity is provided. An electrolyte blend
must be carefully chosen to lower the side reactions between the positive electrode
material and the electrolyte so that a lithium-ion cell can obtain acceptable lifetime even
when charged to a high voltage. The Ni-rich Co-free layered lithium metal oxide positive
electrode materials provide another options to further increase the energy density because
of their high specific capacities. There are many reasons to eliminate Co, such as its
scarcity, high price and the use of child labor during Co mining.%’ The use of cheaper Ni
to replace Co also helps lower the cost of lithium-ion cells. However, though Ni-rich

materials bring higher specific capacity, the charge-discharge capacity retention of Ni-



rich materials is inferior which calls for a cost-effective method to improve the capacity
retention of Ni-rich materials.>® Reducing the number of steps in large-scale material
production is also very beneficial to lower the cost of a lithium-ion cell. Typical
production of Ni-rich materials requires a washing/reheating step to remove surface
lithium residuals that cause slurry gelation.!®!! A method to solve the slurry gelation

problem caused by the unwashed Ni-rich material will be highly desirable.

This Ph.D work focused on the development of Ni-rich Co-free core-shell positive
electrode materials as a method to increase the energy density and lower the cost of a
lithium ion cell. The use of core-shell structure with a Ni-rich core and a lower Ni content
shell is expected to retain the high specific capacity of the Ni-rich material but with
improved capacity retention due to the lower Ni content shell. The elimination of Co also
allows for a cost reduction compared to other Ni-rich Co-containing materials. One of the
best core-shell materials developed was further evaluated in commercial-grade pouch
cells and its performance was compared to single crystal LiNipsMno.3C00202 (SC532)
and LiNipsMno.1C00.102 (SC811). Lastly, the use of oxalic acid to solve the slurry
gelation problem from the unwashed core-shell material was explored and the
performance was evaluated and compared with the washed material in pouch cells with

various electrolyte blends.

1.2 Thesis Outline

Chapter 1 of this thesis gives a general introduction to the lithium-ion cell and its major
components. Chapter 2 provides a brief literature review on the Ni-rich Co-free core-shell
positive electrode materials, the washing/reheating impact on the Ni-rich materials, and
the electrolyte additives used in the Ni-rich Co-free core-shell pouch cells for long-term
charge-discharge cycling. Chapter 3 describes the experimental methodology and the

apparatus/equipment used to complete this Ph.D work.

Chapter 4 provides a preliminary investigation of three Ni-rich Co-free hydroxide core-

shell precursors that were lithiated at various temperatures and then examined physically



and electrochemically. The lithiated materials were compared to the corresponding

uniform “core” and “shell” materials lithiated at the same temperatures.

Chapter 5 focuses on a comparison of the “best” core-shell material from Chapter 4 with
some commercial-grade Ni-rich Co-containing materials in terms of the charge-discharge
cycling performance, electrical resistivity, and direct current resistance (DCR),

suggesting that Co may not be essential.

Chapter 6 presents a screening of a wide range of Co-free Ni-rich core-shell precursors
with different core/shell compositions, core sizes and shell thicknesses heated at various
temperatures. In all cases, the shell phase had a larger Mn content than the core phase. A
relationship between the cycling performance and heating temperature was proposed. The

reactivity of the charged material with electrolyte was also explored.

Chapter 7 examines the impact of washing on the best core-shell material. The physical
and electrochemical performance of the washed and unwashed powder was compared.
Their charge-discharge cycling performance and gas formation during cycling were also

compared in commercial-grade pouch cells.

Chapter 8 compares the charge-discharge cycling performance of pouch cells with single
crystal LiNipsMno3Co00202 (SC532), LiNipsMng.1Co0.102 (SC811). and the washed best
core-shell material made by a reputable vendor. Two upper cut-off voltages (UCVs) per
cell type were chosen to either include or exclude the remnant of the “H2-H3 phase

transition” region, if present, in each positive electrode material.

Chapter 9 concludes this thesis and proposes future work that might be of importance to

the lithium-ion battery community.

1.3 Lithium-ion Cells

A lithium-ion battery is comprised of two or more lithtum-ion cells connected in series

and/or parallel. Figure 1.1 shows a schematic of a discharging lithium-ion cell (not to



scale) which consists of a positive electrode, a negative electrode and a separator (made
of a microporous polyolefin) between them. All these components are porous and soaked

by electrolyte.

Both the positive and negative electrodes are made by casting a slurry consisting of an
active material, a conducting agent, a binder and solvent onto a current collector foil,
followed by solvent evaporation. This process produces porous electrodes. Finally, the
as-prepared electrodes are calendered to improve the coating/current collector contact and
to shorten electron/ion transport pathway for better performance. Most importantly, the
calender process allows one to pack more active material into the cell to increase its
volumetric energy density. The typical active material of the positive electrode, such as a
layered structure lithium metal oxide, and the negative electrode, typically graphite, will
be discussed in detail in the next section. The conducting agent in the electrode is
typically carbon black which helps to conduct electrons in the electrode during the cell
charging and discharging. For the positive electrode, the typical binder and solvent are
polyvinylidene fluoride (PvdF) and N-methylpyrrolidone (NMP), respectively. The
typical binder and solvent used for the negative electrode are carboxyl methyl cellulose/
styrene butadiene rubber (CMC/SBR) and water, respectively. The current collector for
the positive electrode is aluminum foil. The current collector for the graphite negative
electrode is typically copper foil as using aluminum causes lithium alloying with

aluminum at low voltage, leading to current collector pulverisation.'?

Both the positive and negative electrode active materials are lithium-ion hosts that allow
lithium-ions to move in (intercalate) and out (detercalate) of the structure and,
concurrently, combine (during Li-ion intercalation) and release (during Li-ion
detercalation) electrons to maintain charge neutrality. During lithium-ion cell discharging,
the lithium-ions detercalate from the negative electrode active material, typically graphite,
and are carried by the electrolyte in the pores to the positive side. At the same time,
electrons are released and move via the external circuit to power the load. Eventually, the
lithium-ion and electrons meet on the positive side, and the lithium-ion is intercalated

into the positive electrode active material, such as a transition metal oxide, which



completes the discharging process of a lithium-ion cell. The charging process follows the

exact opposite path of the discharging process.

The half and overall reactions in lithium-ion cells with a layered structure transition metal

oxide (LiMO») positive electrode and a graphite (C) negative electrode are as the follows:

Positive electrode reaction:

cha.
LiMO, :xLi+ +xe™ + Li;_,MO, (1-1)
dis.
Negative electrode reaction:
cha.
- . e P
yC + xe™ + xLi - yLiy/,C (1-2)
dis.
Overall reaction:
cha.
LiMO, + yC <_LLl_xMOZ + yLiy,,C (1-3)
dis.

In the above equations, the value of x is between 0 and 1. When x = 0, the layered
structure transition metal oxide is fully lithiated and the graphite contains no lithium-ions,
whereas when x = 1, the layered structure transition metal oxide has completely

delithiated and the graphite can be fully lithiated, depending on the value of y.

The voltages of the positive and negative electrodes are also given by the corresponding
degree of lithiation or delithiation given by x or x/y, respectively. When x = 0, the layered
structure transition metal oxide has the lowest voltage, whereas when x = 1, the voltage is
the highest. On the contrary, the graphite negative electrode has the lowest voltage when

x/y = 1/6 and the highest voltage when x/y = 0.



The difference in the positive and negative electrode voltages determines the open circuit

voltage of a “full cell” shown below.

Vocv (%) = Vpos(x) - V;wg(x/Y) (1-4)

Where Ve is the open circuit voltage of a full cell, Vpos and Vieg are the voltages of
positive and negative electrodes, respectively, with respect to a lithium reference
electrode (vs. Li/Li"). The full cell voltage Vocy is the highest when x = 1 and the lowest

when x = 0.

In a “half cell” configuration, either the positive or the negative electrode is replaced by
lithium metal as a voltage reference electrode. Therefore in the positive “half cell” case,
the voltage of the half cell is reported with respect to the lithium reference electrode (vs.
Li/Li"). The positive “half cell” configuration is a widely used test vehicle to focus on the

study of the positive electrode material.
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Figure 1.1 Schematic of a lithium-ion cell with a graphite negative electrode and a transition

metal oxide as postive eletrode.

1.3.1 Positive Electrode Material

Most widely used positive electrode materials are olivine structure lithium iron phosphate,
spinel structure lithium manganese oxide, or layered structure lithium metal oxide
(LiMO,)."*"!3 They are the so-called active materials in the positive electrode shown in

Figure 1.1 which are typically made of ca. 95 wt.% of the coating.

This Ph.D work focused on the study of layered structure LiMO, which can have many
variations depending on the choice and compositions of the element. For example,
LiNig8Co00.1Mnyg.10> is among the most widely used layered structure materials in electric
vehicles.®!*"!® The metal ions in the layered structure serve as redox centres for charge
balance when Li-ion moves in and out of the structure. When the Li-ion is totally

removed from the structure, the average oxidation state of the metal ions increases from



3+ to 4+. The specific capacity of the layer structure LMO> as a function of delithiation

degree, x, is given by the equation below.

Q== (1)
Where Q is the specific capacity, x is the degree of delithiation per chemical formula, F is
the Faraday constant, and M is the molar mass. When x = 1, the material is completely
delthiated and this gives the theoretical specific capacity of the material which is around
275 mAh/g for LiNig8C00.1Mno.102. In most all cases, the complete delithiation damages
the reversibility of Li intercalation/detercalation which lowers the charge-discharge cycle
life of the material in a lithium-ion cell. For example, Li;.xCoO; limits the delithiation to

around x = 0.7 in order to provide a reasonable charge-discharge cycle life.!**

Figure 1.2 shows the (110) projection of the fully lithiated LiMO> crystal structure. This
crystal structure belongs to the R-3m (#166) space group where the lithium is on the 3a
site, the metal is on the 3b site and the oxygen is on the 6¢ site. The number represents
the multiplicity at the specified site. The sites are named in alphabetical order. This
crystal structure is also referred as the O3 structure as there are three metal oxide “slabs”
in the unit cell and the lithium is sandwiched between the metal oxide slabs in octahedral
sites. The stacking sequence of the atoms is also shown in Figure 1.2, where the Greek
letters denote the Li position, the lower case letters denote the metal position and the
upper case letters denote the oxygen position. This stacking sequence is called A-B-C
stacking.”® During delithiation, the material may undergo a series of phase changes
depending on the degree of delithiation and the metal element and the composition. For
examples, Li1.xCoO> undergoes a series of phase changes from O3 to O6 and finally O1
when the material is completely delithiated.?! Repeated phase transitions can damage the

crystal structure and cause reduced cycling life.
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Figure 1.2 A (110) projection of the crystal structure of LiMO». The red, blue and green atoms
represent oxygen, metal, and lithium respectively. The alignment of the atoms with the symbols
shows the stacking sequence, where the Greek letters denote the Li position, the lower case letters

denote the metal position and the upper case letters denote the oxygen position.

1.3.2 Negative Electrode Material

Carbonaceous materials, particularly artificial graphite or natural graphite, can be
considered as the state-of-the-art negative electrode material in lithium-ion batteries for
electrical vehicles. The theoretical capacity of graphite is 372 mAh/g when fully lithiated
which gives a chemical formula of LiCe. Graphite consists of many layers of graphene
sheets stacked either in ABABAB sequence, namely 2H stacking, or ABCABC stacking,
namely 3R stacking. In real world situation, the graphene sheets can have some stacking
faults, called turbostratic misalignment, which reduces the reversible capacity of

graphite ?>?

The graphite used in this work is artificial graphite (AG). Compared to natural graphite,
the AG shows a higher level of purity as well as more stable quality.> The synthesis of

AG starts with precursor material such as coke. Briefly, the precursor is first calcinated at



800-1200°C to convert into graphitizable carbon called soft carbon. The soft carbon is
further treated by crushing and griding followed by graphitized at temperatures higher
than 2500°C. To finalize the synthesis, graphite was further subjected to classifying,

grinding and coating.’

1.3.3 Electrolyte Systems

The electrolyte used in a lithium-ion cell is typically an organic electrolyte which has a
wider electrochemical window than an aqueous electrolyte. To obtain good performance,
typical organic electrolytes used in lithium-ion cells consist of three components — the Li
salt, carbonate solvent/co-solvent, and additives.?**> Figure 1.3 shows the chemical

structures of a lithium salt LiPF¢ and some commonly used solvents.

o)
| o | i
+ ‘a0, P o ‘
rd | ~N o/\o A
\/ o
Lithium hexfluorophosphate Ethylene carbonate Methyl acetate
(LiPF) (EC) (MA)

0 0 o
\O/|\O/ \O/l\o/\ /\O)‘\O/\

Dimethyl carbonate Ethyl methyl carbonate Diethyl carbonate
(DMO) (EMC) (DEC)

Figure 1.3 Chemical structures of Li-salt and solvent EC and co-solvents MA, DMC, EMC and
DEC.

LiPF¢ can be considered as the state-of-the-art Li salt which provides reasonable lithium-
ion conductivity in carbonate solvents.?® Since LiPFs is very sensitive to moisture to form
corrosive hydrogen fluoride (HF), a dry room or a glove box is required when handling.?’
Other Li salts have also been studied in the literature such as lithium tetrafluoroborate
(LiBF3),* lithium bix(oxalate)borate (LiBOB),” and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSi).3%3!
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The electrolyte solvent is required to dissociate the lithium salt (requires high dielectric
constant) as well as to provide sufficient mobility for ion transport (requires low
viscosity).3? Ethylene carbonate (EC) has a high dielectric constant, but it is in solid form
at room temperature. It is therefore necessary to mix/dissolve EC with other low viscosity
carbonate co-solvents such as diethyl carbonate (DEC), dimethyl carbonate (DMC) or
ethyl methyl carbonate (EMC), even though these co-solvents have low dielectric
constants.>? In recent years, methyl acetate (MA) was explored to be an electrolyte co-
solvent. The very low viscosity of MA is reported to enhance the rate capability of the

lithium-ion cell.333

The life time of lithium-ion cells are closely related to the electrolyte. This is due to side
reactions between the electrolyte and the charged electrodes. In fact, even organic
electrolytes are not thermodynamically stable within the operating voltage ranges of Li-
ion cells. Almost all the lithium salt/carbonate solvent electrolyte systems used in current
lithium-ion cells will be reduced at the graphite negative electrode during its initial
intercalation.’*3® This is because of the very low potential of lithiated graphite.®**
Fortunately, sometimes the reduction products are able to passivate the graphite surface
to significantly hinder further reduction. This passivation layer, termed the solid
electrolyte interphase (SEI), allows the continued operation of a lithium-ion cell. The
quality of the SEI, in terms of its resistance and mechanical robustness, etc., is also
critical in determining the cell performance.**® The use of electrolyte additives at only a
few weight percentages can effectively improve the SEI. In addition, many electrolyte
additives are also used to minimize side reactions between the positive electrode and the
electrolyte, especially when the lithium-ion cells are charged to high voltage to obtain

more energy.*! 4
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Chapter 2 Background
2.1 Co-free Layered Structure LiMO>

Many previous studies have reported the benefit of the inclusion of Co in layered
structure lithium metal oxide (LMO,) to reduce cation disorder, lower irreversible
capacity, and increase rate capability.>**>° However, due to the rapid price increase of
Co driven by large-scale production all over the world and the relative scarcity of Co,%!

the minimization or even complete elimination of Co in Li-ion cells is desired.

Many researches have tried to completely remove Co from the layered structure by
doping with low cost and abundant elements, such as Mg,>> Mn,*73% A]335% Zn 3> W 3¢
etc. These materials have shown promising performance without any Co. Besides
showing the cycling performance of these Co-free materials, emphasis was given to the
rate capability of these Co-free materials. The removal of Co was shown to have no
significant impact on the material rate capability. From another perspective, H. Li et al.>’
explored the impact of the Co and other metals on the phase transitions that occur in
LixNiO,. Repeated phase transitions can cause lattice damage to the material and
significantly impact the material charge-discharge cycling performance. A series of
LiNio.95sMo.0502 materials (where M = Mg, Al, Mn, Co) was prepared and phase changes
were examined by in-situ XRD. The experiment results showed 5% of Co cannot
suppress phase transitions unlike the other metals. H. Li et al.’” also demonstrated that the
presence of Co in layered transition metal oxides brings little or no value to NCA-type

materials with high Ni content. These works encouraged more studies on Co-free

materials.

In addition to the layered structure oxides, the use of Co-free olivine materials such as
lithium iron phosphate (LFP) provides an alternative solution. Besides containing no Co
and being relatively easy to make, LFP is commercially available and already used in
electric vehicles.®® LFP is also a very safe material and is able to provide a long life
time.>>®® The drawbacks of this material are the low operating voltage and low

volumetric capacity which limit its gravimetric and volumetric energy density.>*%°
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2.2 Ni-rich Layered Structure LiMO>

2.2.1 General Comments

Improving Ni-rich layered structure materials where Ni content > 80% is an area of active
research. The Ni-rich material can deliver high specific capacity with relatively high
average voltage. Because of their high Ni content, the use of Co can be lowered which is
another advantage of Ni-rich materials. However, in the extreme case where the Ni
content is 100%, the resulting LiNiO: is not a practical material for lithium-ion battery
application. Though having a very high specific capacity and containing zero Co, LiNiO;
undergoes a series of phase transitions that yield a very low cycle life.! In addition,
charged LixNiO; is very reactive with electrolyte at elevated temperature leading to Li-

ion cells that are very difficult to make safe enough for commercial uses.®>%2

Increasing the Ni-content brings high specific capacity and lowers the Co content,
however increasing the Ni-content may also decrease the charge-discharge cycle life of
the material.®%®* Figure 2.1 shows the initial specific capacity vs. cycle life of various Ni-
rich (> 80%) materials with different compositions collected by various Dahn group
members over the years. The materials were cycled with either 4.3 or 4.4 V upper cut-off
voltages. All the data points were measured at 30°C in coin half cells. The trend of these
data points indicates the difficulties of simultaneously having high specific capacity and
long charge-discharge cycle life. The ultimate goal is to find a material containing zero

Co that can reach the upper right corner of this graph.
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Figure 2.1 The 50 C/5 cycle normalized capacity vs. initial C/20 discharge capacity of Ni-rich (>
80%) materials with and without Co measured at 30°C in coin half cells. The half cell
configuration is shown in Figure 3.3. All electrodes have 94% active material, 3% conductive
agent and 3% binder. The electrolytes used in the coin cells were either 1.0 M LiPF¢ in EC:DEC
(1:2 v/v) or 1.2 M LiPF¢ in FEC:DMC (1:4 v/v). The upper cut-off voltages were either 4.3 V or
4.4 V. The lower cut-off voltages were 3 V. Commercial-grade single crystal LiNigsMng 1C0¢.102
(SC811) is shown in red star.

2.2.2 Degradation Mechanism and Solutions

When the material is at high state of charge, the highly oxidizing Ni*" has been suggested
to be responsible for electrolyte oxidation.’*®” Previous studies have also shown surface
structural reconstruction to spinel and/or rock-salt phases occurs when electrolyte is in
contact with the Ni-rich materials during cycling.®®%® All these factors contribute to the
cell impedance growth that degrades the cell performance. In addition, many literature
reports*>’%7> have shown that microcracks developed within the polycrystalline particles
during cycling are one of the main reasons for the capacity loss and impedance increase
that cells display during long-term testing. These microcracks, from anisotropic unit cell
volume change of each crystallite in a polycrystalline particle, can cause active materials

to lose electric-connection and allow electrolyte infiltration into particle interiors
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inducing more side reactions that increase cell impedance. The formation of microcracks
on polycrystalline materials further exacerbates the side reactions between the electrolyte

and the Ni-rich materials.”®””

Many methods have been proposed to resolve particle microcracking issues. Constraining
the depth of discharge window is effective to alleviate microcracking.®®’® However, cell
energy density has to be sacrificed in exchange for prolonged cycle life. Introducing
dopant atoms has been suggested to suppress/delay or even eliminate the H2 to H3 phase
transition.”>’® However, according to H. Li et al.,®* doped materials will still suffer from
anisotropic unit cell volume change at high voltage and inevitably microcracks will still
develop. Others have suggested to use a surface coating to prevent particle
microcracking,’®”® but it is hard to imagine a surface layer of only several nanometers
can effectively prevent microcracks from developing within a secondary particle of
several micrometer diameter. Single crystal materials have been shown to be very robust
against microcracking. Figure 2.2shows some cross-section SEM images of heavily-
cycled single crystal SC532(ca. 4600 cycles), SC622(ca. 4100 cycles) and SC811(ca.
1300 cycles) electrodes retrieved from pouch cells (left column).®® All cells were cycling
at 20°C with 1C CCCV mode during charge and 1C discharge. SC532 and SC622 cells
were cycled between 3 and 4.3 V (ca. 4.4 V vs. Li/Li"). SC811 cells were cycled between
3and 4.2 V (ca. 4.3 V vs. Li/Li"). Figure 2.2 also shows the cross-section SEM images of
polycrystalline NMC622 (PC622) that did not undergo heavy cycling (right column). The
electrodes were extracted from positive symmetric cells that underwent a series of
voltage holds (50 hours in total) at £0.9 V (4.455 V vs. Li/Li").** All cells were
dissembled at top of charge. Figure 2.2 indicates that the single crystal materials are
robust to particle microcracking whereas the polycrystalline particles are susceptible to

microcracking when charged to high voltage.
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Figure 2.2 (Left column) Cross-section SEM images of heavily-cycled single crystal SC532,
SC622 and SC811 retrieved from pouch cells.®’ (Right column) Cross-section SEM images of
PC622 retrieved from symmetric cells that underwent 50 hours of total voltage hold at +0.9 V

(4.455 V vs. Li/Li") at 55°C. The protocol was shown in detail in reference 42. Briefly, symmetric
cells were charged at C/30 and held to 0.9 V for 10 h, then discharged at C/30 and held at -0.9 V
for another 10 h. This process was repeated 4 more times. All cells were dissembled at top of

charge.

Besides using single crystal material, surface modification by coating an inactive but
protective nano-size layer has been shown to effectively extend the charge-discharge
cycle life of NMC materials by lowering the rate of side reactions between the electrolyte
and the material.'>®'~® The adoption of core-shell structure where the Ni-rich high
capacity core is protected by a lower capacity but more stable shell which contacts the
electrolyte has also shown promising results to mitigate the poor cycling performance of

Ni-rich materials.®*%® This will be extensively discussed in the next section.
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2.3 Core-shell Materials

2.3.1 Motivation

As discussed in previous section, the improved specific capacity of materials with
increased Ni content is compromised by decreased capacity retention during charge-
discharge cycling compared to lower Ni-content materials.” Surface coatings acting as a
barrier to prevent the direct contact of the positive electrode materials with the

electrolyte may improve the cycle life of Ni-rich materials especially at high voltage.!**

658288 guffer from low

However, conventional coating materials such as Al,O3, TiO», etc.
Li" and electronic conductivity and do not contribute to any capacity in a lithium-ion cell,
therefore lowering the specific capacity and potentially increasing the impedance of the
cell.}” Additionally, coating these “inactive” materials onto lithiated layered transition
metal oxides is an extra step in a large-scale industrial synthesis process that will
inevitably increase the cost of production. Therefore, a more cost-effective approach is

required to improve the cycle life of Ni-rich materials.

An alternative to coating is using a core-shell structure where the shell acts as a coating to
the core.®>%-°! By utilizing such a structure, a core-shell material with a Ni-rich core and
a lower Ni content shell can be an excellent design strategy to balance energy density,
cycle life, electronic/ionic conductivity and cost. A low Ni content shell of long cycle life
may prevent direct electrolyte contact with the Ni-rich core of high specific capacity,
enabling the core-shell material to have improved cycle life compared to the Ni-rich core
alone. In addition, core-shell structures are easily synthesized by the co-precipitation
method without any extra post-lithiation coating steps. Based on these merits, core-shell
structures with a Ni-rich core and a lower Ni content shell show promise as high specific

capacity and long cycle life materials.

2.3.2 Interdiffusion and the Choice of Element in the Shell

Zhang et al.3

prepared a series of Ni-rich core-shell precursors with Mg-, Al- or Mn-
containing shells. During heat treatment with LiOH*H>O at 700°C, interdiffusion of metal
atoms between core and shell occurred to different extents depending on the metals. After

heating it was found that Mg was uniformly distributed in the particles. Only a small
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portion of Al stayed localized on the surface whereas most of the Mn tended to stay near
the shell region. J. Li et al.®* measured the interdiffusion coefficients of Ni**/Co’",
Co**/Mn*" and Ni**/Mn*" couples and showed that, at 900°C, the Ni**/Mn*" couple has
the lowest inter-diffusivity. These studies demonstrated that a careful selection of the
non-Ni element for the shell and the lithiation temperature are critical to prepare the exact
core-shell one desires. Based on the relative rates of interdiffusion, Mn is a more
favorable to use in the shell than Mg and Al in order to maintain the core-shell structure

after heating.

Figure 2.3 compares two core-shell precursors lithiated with LIOH*H>O in oxygen for 20
hours at high temperature by cross-section energy-dispersive X-ray spectroscopy (EDS)
mapping and line scans. Both core-shell precursors have a 17 um Ni(OH); core and a 0.5
um thickness shell. One core-shell precursor has a NiggAlo2(OH)> shell, whereas the
other core-shell precursor has a NigsMno2(OH)> shell. When both core-shell precursors
were heated to 700°C, the Al-containing shell has diminished which implied the core-
shell structure has become a uniform structure. On the other hand, a Mn-containing shell
still remained even after 20 hours heating at 750°C. The EDS results match the

conclusions in the literature that Al undergoes interdiffusion more rapidly than Mn.
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Figure 2.3 The EDS mapping (top row) and line scans (bottom row) of the Ni(OH), core with
either a NiggAlo2(OH); shell or a NipsMno2(OH), shell lithiated at 700°C or 750°C for 20 hours in
oxygen with LiOH*H,O. The core diameter is 17 um and shell thickness is 0.5 pm.

In addition to considering the impact of interdiffusion, incorporation of Mg*" increases
the average oxidation state of Ni which lowers material specific capacity,”’ and AI**
introduces layered double hydroxide (LDH) phase in the precursor with anions such as
SO4%, COs*, which releases toxic gas during lithiation.”**> The LDH phase can be
removed but requires an extra washing step as reported by A. Liu et al.”® Other reports

show the LisAlO4 impurity phase is prone to form at high lithiation temperature.””**

Though it is commonly believed by the lithium-ion battery community that Co is closely
associated with the rate capability of the layered lithium transition metal oxides,”*® it has
not been demonstrated so far, from an engineering perspective (reasonable electrode
loadings, practical electrode formulations, etc.), that the presence of Co benefits electrode
rate capability in Ni-rich positive electrode materials. The rate capability of Co-free core-
shell material will be examined and compared to commercial-grade Co-containing

layered structure materials in Chapter 5.
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From a material safety perspective, H. Li et al.>’ showed that Mn substitution for Ni
reduced the reactivity of the charged electrode materials with electrolyte at elevated
temperature which implies a shell of Mn-containing material should improve battery
safety. The reactivity of charged electrode materials with electrolyte was measured in
Chapter 6 using accelerating rate calorimetry experiments to explore the influence of

shell composition and thickness, heating temperature, etc.

2.4 Material Washing and Reheating

The typical large-scale production of layered materials is a multiple step process where
the layered metal hydroxide precursor is first synthesized via the co-precipitation
method.>*° In the following lithiation process, a slightly higher than the stoichiometric
amount of lithium is mixed with the precursor to produce the desired layered lithium
metal oxide by calcination in air or oxygen. The slight excess of lithium helps lower the
cation mixing in the layered structure as well as compensating for potential lithium
source loss during heating at a high temperature.!”° Regardless of lithium excess, it is
inevitable to have some amount of unreacted lithium remaining on the surfaces of some
particles. The surface lithium residuals introduce difficulties to slurry mixing and coating
processes as a result of “slurry gelation” which is thought to be caused by polyvinylidene
fluoride (PVDF) binder degradation in a basic environment.!®!! Additionally, many
reports have shown the surface lithium residuals, such as LiOH and Li,COs3, cause gas
evolution and even electrolyte degradation that are detrimental to the safety and

performance of lithium-ion cells.'?! 1%

To remove the lithium residuals, one widely adopted method in the industry is washing
the lithiated material with neutral or slightly basic water followed by a drying/reheating
process.!% However, even though the lithium residuals can be successfully removed, this
method is not without any drawbacks. In addition of generating lots of waste water from

a large-scale production standpoint, Xiong et al.!?’

showed that water washing improved
the cycling performance and structural stability of LiNiosCoo.1Mno.1O2, but its capacity
was also lowered and the washed material was more susceptible to water and CO, when

stored in air. Park et al.'® reported that the washing process removed the surface lithium

20



residuals as well as the lithium in the material structure of LiNio.91C00.06Mno.0302. Huang
et al.!” synthesized a series of Lii+,Nigs15C00.15Al0.03502 (z = 0.01, 0.03, 0.05 and 0.1)

I3* from the particle surface

samples and reported the simultaneous loss of Li" and A
during water washing which led to deteriorated electrochemical performance and
structural stability. Hamam et al.''® showed that the Li*/H" ion-exchange occurred in the
Ni-based lithium transition metal oxides in high pH aqueous solutions with little to no
material dissolution, but both lithium deintercalation and metal dissolution occurred in
low pH aqueous solutions. Pritzl and Teufl et al.'!! showed that a MOOH-like phase can
be formed in the near-surface region of LiNigpssC00.1MnoosO2 as a result of Li"/H"
exchange upon washing. This structure decomposed into a less conductive spinel-like
M30y4 structure then to a highly resistive rock-salt like MO surface layer as drying

temperature increase. Full cell results showed cells with material dried at 300°C had

worse capacity retention than cells with material dried at 80°C.

It is economically desirable to reduce the steps of large-scale material synthesis by
removing the washing/heating steps. Methods proposed in the literature to solve the
lithium residual problem focused primarily on the surface treatment of the unwashed
positive electrode material particles.®!"!12"114 Other reports have suggested using material
doping to reduce/prevent the generation of surface lithium residual.!'>!'® Though all
these reported methods have been shown to be effective, to the best of our knowledge,
very few studies have tackled this problem from the slurry mixing perspective with the
unwashed material. In Chapter 7, the electrodes of the unwashed Co-free Ni-rich core-
shell positive electrode materials were successfully made with oxalic acid incorporated in
the electrode formulation. The electrochemical performance of the washed and unwashed
Co-free Ni-rich core-shell materials therefore could be compared in commercial-grade
pouch cells. The material performance evaluation in pouch cells facilitate the quantitative
comparison of gas formation before and after long-term cycling for the washed and

unwashed materials as a function of electrolyte additives.
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2.5 Electrolyte Additives

Careful selection of electrolyte additives can significantly boost cell lifetime with
minimum impact on the manufacturing process. The typical function of additives is
sacrificial.?*!'7 Additives are preferentially reduced or oxidized at different potentials
compared to the control electrolyte to which they are added. The decomposition products
serve as a protective layer, such as solid-electrolyte interphase (SEI), to lower side

reactions between the charged electrode and electrolyte.

Figure 2.4 shows the chemical structures of additives used in Chapter 7 and Chapter 8.
The electrolyte blends used in the core-shell pouch cells are based on the previous
experience on SC532 and SC811 materials.***!1%11% Electrolyte blends which yield long
lifetimes were selected. The solvent blend used in the study of this work was EC (25%):
EMC (5%): DMC (75%) by volume. All electrolytes used were either 1.2 M or 1.5 M
LiPFs salt from either BASF or Shenzen Capchem. A control electrolyte is a blend of
solvent and LiPFs salt only. Electrolyte additives were added to the control electrolyte

with respect to the total electrolyte weight. The electrolyte blends used in this work are:

1. 2% VC and 1% DTD, abbreviated as 2VC1DTD, promoted by J. Li et al.**

2. 2% FEC and 1% LFO, abbreviated as 2FEC1LFO, promoted by L. Ma et al.!?°

3. 1% LFO, abbreviated as 1LFO, promoted by L. Ma et al.'"®

4. 1% LFO and 1% ODTO abbreviated as ILFO10DTO, promoted by X. Ma et

al."®
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Figure 2.4 Chemical structures of additives used in this thesis.

The underlying working mechanisms of some additives in use is not exactly clear and are
subject to debate.'?"1?> Vinylene carbonate (VC) is the best-known additive for lithium-
ion cells and has been intensively studied as a SEI-forming additive on the graphite
negative electrode.'”> However, many reports have indicated its influence on positive
electrode materials as well. Ouatani et al.!** stated that VC can react with both negative
and positive electrodes through a radical polymerization mechanism. Xiong et al.'** and
Burns et al.'”® believed that VC had a significant effect on the positive electrode, by

reducing the rate of electrolyte oxidation, than on the negative electrode.

Ethylene sulfate (DTD) and 1,2,6 — Oxadithiane 2,2,6,6 — tetraoxide (ODTO) are sulfur-
containing additives. The replacement of the carbonyl carbon with a sulfur atom lowers
the energy of the lowest unoccupied molecular orbital (LUMO).!?”:128 Therefore the
sulfur-containing additives are generally easier to reduce than organic carbonates which
is a desired feature for SEI-forming additive. To the best of the author’s knowledge, the
use of DTD was first reported by A. Sano et al.!* (2009) as a SEI former in propylene
carbonate electrolyte to decrease the initial irreversible capacity of graphite. In recent
years, DTD has been heavily studied in commercial-grade pouch cells with various
layered structure positive electrode materials, such as LiCoO2,'*° LiNij;3Mnj;3Co1302,"!

LiNiosMno3C00202* and LiNigsMno.1C00.102.* The performance enhancement when
p
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DTD was used singly is quite limited, but when used together with 2 wt.% of VC, the
electrolyte blends have significantly increased the life time of single crystal
LiNig.sMno3Co0202 (SC532)/graphite cell by lowering side reactions with the charged
positive electrode.** ODTO was first proposed by X. Ma et al.!'® Similar to DTD, the
single use of ODTO in SC532/graphite cell had worse capacity retention than in
combination with 1% LFO.

Fluoroethylene carbonate (FEC) and lithium difluorophosphate (LFO) are all fluorine-
containing chemicals. C. Wang and K. Xu et al."*? emphasized the benefit of having
fluorine in the interphase and further pointed out the importance of how the fluorinated
species exists, such as the morphology, valence, and distribution in the interphase, etc.
FEC was considered for lithium-ion battery applications as early as in the 1990s.12%!3
FEC has shown significant performance improvement for Si negative electrode over
conventional organic carbonates.!?>!** Yet there is no consensus as to how the exact
underlying mechanism has occurred.!'”!?? For graphite negative electrode, FEC was
studied as a SEI-forming additive.'31313¢ Some reports have also shown FEC
participates in the formation of surface films on positive electrodes that improve the full
cell performance when charged to high voltage.!*”!*® LFO gained its popularity in recent
years. Non-stoichiometric LixPOyF, was detected in both the positive and negative
electrode interphases from X-ray photoelectron spectroscopy (XPS).!*1*! The LFO is

1.142 showed

one of the products when LiPFe reacts with water. Interestingly, Burns et a
that 1000 ppm of intentionally added water in LiCoOx/graphite pouch cell with 1M LiPFs
was beneficial compared to no water. Though not stated explicitly by Burns et al.'*? it
could be possible that the formation of LFO by LiPFs reacting with water is responsible
for the improved cell performance. LFO has been shown to improve both the positive and

negative electrode performance in the literature,'4%-143
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Chapter 3 Experimental Techniques
3.1 Synthesis of Ni-rich Co-free Core-shell Materials

As discussed in Section 2.3, Mn is more resistant to interdiffusion at high temperature
than Al and Mg. Therefore, all the core-shell materials explored in this thesis contain
only Ni and Mn in the shell phase. All core-shell precursors were provided by Hunan
Zoomwe Zhengyuan Advanced Material Trade Company, Ltd., Changsha 410000, China
(Zoomwe). The Zoomwe precursors were synthesized via the co-precipitation method.
However, the detailed synthesis conditions were not revealed to the author of this thesis.
The synthesis of core-shell precursor via the co-precipitation method is well documented
in the literature.3*!44147 Briefly, the core and shell aqueous stock solutions (such as metal
sulfate — MSOs) were first prepared separately. The core solution is gradually discharged
to a tank reactor along with chelating agent such as ammonium hydroxide. Sodium
hydroxide (NaOH) is used to control the pH of the reaction. Once the core phase has
finished the reaction, the shell solution is added to the reactor and the pH is adjusted
accordingly. The precipitates were filtered, rinsed, and collected for lithiation. The size of
the core and the thickness of the shell depend on the amount of solution which

participated in the reaction.

For the lithiation process,!”"!* the as-received Zoomwe core-shell precursors were
mixed with ground Li(OH);*H,O (FMC) powder by a mortar and pestle until
homogenous texture was reached. The mixed powder has a lithium to transition metal
molar ratio of 1.02. The lithiation process was started by initially heating the mixed
powder in oxygen in a tube furnace at 480°C for 3 hours with ramping rate of 10°C/min.
This step allows Li(OH)2*H>O to melt and react initially with the precursors. The
preheated powder was then taken out of the furnace and ground to eliminate areas of
local lithium excess. The ground powder was heated again in oxygen to various
temperatures for either 10 or 20 hours with the same ramping rate. The tube furnace was
allowed to cool down naturally and the collected samples were ground again and stored

in argon-filled glove-box for further use.
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3.2 Material Characterizations

3.2.1 Powder X-ray Diffraction (XRD)

3.2.1.1 Bragg’s Law
Figure 3.1 shows a schematic of X-ray diffraction by two atoms on two planes of a crystal
with an interlayer spacing d. The two incident X-ray beams with wavelength A are
diffracted by atom A and C to the direction shown in the schematic. The path difference
of the two incident beams is BC. The path difference of the two diffracted beams is CD.

The total path difference BC + CD can be expressed by trigonometry as 2dsin6.

For a constructive interference to occur, the total path difference must be a multiple of the

wavelength . Bragg’s law describes this relationship and is shown below,'*

nd = 2d sin 6 (3-1)

Incident beam Diffracted beam

Figure 3.1 A schematic of X-ray diffraction

3.2.1.2 Intensity of diffraction
The intensity of powder diffraction peaks is determined by many factors. In this work, the
three most important factors that impact the peak intensities are the multiplicity factor,

Lorentz-polarization factor, and the geometric structure factor.'*’
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The multiplicity factor indicates the number of equivalent (hkl) places that contribute to
the diffraction at a given angle. The Lorentz factor accounts for the randomly oriented
planes in a powder sample. The polarization factor accounts for the unpolarized incident
beam. The Lorentz-polarization factor is a function of Bragg angle. If a monochromator
is used, the Bragg angle for the monochromator is included in the polarization factor. The
structure factor describes the diffracted intensity of a set of planes (%k/) that is dependent
of fractional atomic position (x, y, z) in a unit cell. The structure factor is expressed as the

follows,'®

F(hkl) — Z?I=1 njf}_BZTL'i(hXj+kyj+le) (3_2)

Where f; is the atomic scattering factor of atom j at fractional coordinate (x;, ), zj) in a

unit cell. n; represents the occupancy of atom j at this coordinate.

For an ideal stoichiometric LiNiO2> sample with no cation mixing, the fractional
coordinates for Li and Ni are (0,0,0) and (0,0, '), respectively.! The oxygen atom
coordination is approximately (0, 0, ~%4). According to the formula above, the structure

factor for the (104) plane is:

Fli04) = f1:€2O + f,e2™@) 4 2, e2m(1) (3-3)

Faioay = frit fuit 2fo (3-4)

The atomic scattering factor of Li, Ni and O can be found in the literature.'* The

intensity of the (hkl) powder diffraction peak in a XRD pattern is proportional to |F .
3.2.1.3 Diffractometer

Figure 3.2 shows an image of a diffractometer and its schematic with major components

labeled. The X-ray beam was first generated from a Cu-target X-ray tube that passes
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through a divergence slit. The X-ray beam then interacts with the powder sample. The
diffracted beam passes through an anti-scattering slit that helps remove the air scattering
and reduces the background. After passing through the receiving slit, the diffracted beam
was filtered by the monochromator to remove any wavelengths other than the desired-K

wavelength.!>® The slit sizes are adjustable. Large-size slits increase the intensity but at

the cost of resolution.

Detector

- -o

Sampl
holder

Figure 3.2 A diffractometer (left) and its schematic (not to scale) with major components labeled

(right)

3.2.1.4 Data collection
In this thesis, powder XRD was measured using a Bruker D8 diffractometer equipped
with a Cu target X-ray tube and a diffracted beam monochromator. Samples were
measured in a scattering angle (20) range from 15° to 90° for 3 s at intervals of 0.02°

with a 1° divergence slit, a 1° anti-scattering slit and a 0.2 mm receiving slit.

3.2.1.5 Rietveld refinement
The XRD pattern profile was conducted via Rietveld refinement. The Rietveld refinement
is basically a least-square method to fit the measured data with a calculated pattern based
on the proposed structure model so that key structural parameters, such as lattice

parameters, fractional atomic positions, etc., can be extracted and compared.
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Rietveld refinement in this work was conducted using Rietica Software.'’! The
refinements assumed the R-3m space group (#166) with Li in 3a sites, Ni and Mn in 3b
sites and oxygen in 6c sites. Neutral atom scattering factors were used. The model used
for the refinement is [Lij«xNix]3a[Nii-xLix]36O2 (i.e. LiNiO2) to account for cation mixing.
Cation mixing is assumed to only occur between Ni and Li in this thesis. The exchange of
Ni and Li atoms between 3a and 3b sites was allowed with constraints to extract cation
mixing, Nig;, information and to obtain a better fitting. The constraints were set up to
have a total composition of 3a site Li and 3b site Li equal to 1.0, and a sum of 3b site
transition metal and 3a site Ni equal to 1.0. The XRD refinement for the NCA powder

(Umicore) assumes a composition of Li[NiosCoo.1Al.1]O2.

The fitting quality of this work is measured by Bragg-R factor, Rs. A very high quality of
fit has R» < 2. Other R factors are also used in the literature to examine the fitting quality,

such as R, where wp stands for weighted pattern, '3!3

3.2.2 Ion-milling

Ion-milling is a process of bombarding the top surface of a sample with high-energy ion
gun to create a clean surface. In this work, an ion-mill was used to create cross sections
of various core-shell particles with an Ar-ion beam. The core-shell particles need to be
first prepared in an electrode in order to be ion-milled by the JEOL IB-19530CP cross-
section polisher. The preparation of electrodes is described in Section 3.3.1. Electrodes
were milled with an Ar-ion beam for 50 minutes using a 6 kV coarse step followed by a 5

minutes/4 kV fine step.

3.2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDS)

The SEM uses a focused high energy electron beam to investigate a sample. The most
commonly used modes for imaging samples are the backscattered electron mode and
secondary electron mode.!**!>> The backscattered electron mode is able to give a
compositional contrast in the image. Heavier atoms scatter more electrons which are

brighter in the images. Secondary electron mode is useful to show morphology and
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topography information. The secondary electrons are generated via atom ionization when
the electron beam interacts with the sample. The secondary electrons come from the near
surface region of the sample.'>*!> In this thesis, the secondary electron mode with a
“mixed” detector mode was used for imaging. This mode combines portions of the
signals from the upper and lower detectors. Though the imaging was in the secondary
electron mode, the lower detector was still able to show image contrast based on atomic

numbers of different elements according to the machine manufacturer.

EDS utilizes the characteristic X-ray of an element to provide elemental/compositional
information about a sample.!**!3%!55 When a high energy electron beam interacts with an
atom, its inner shell electron can be excited and ejected from the atom. Once this happen,
an outer shell electron may fall into the inner shell and simultaneously emit an X-ray.
Since the energy of this X-ray is unique to each element, it is termed as the characteristic

X-ray which is used to identify the presence of certain element in the sample. 415415

Together with the ion-mill, cross-section SEM can be used to examine the particle
microcracking before/after long-term cycling as described in Section 2.2.2, and the cross-
section EDS can be used to confirm the core-shell structure after heating at various
temperatures. In this thesis, cross-section SEM images and EDS mapping/line scans were
measured using a Hitachi S-4700 cold field emission SEM with an integrated Oxford
Inca EDS system. The SEM images for examining particle structural integrity
before/after charge-discharge cycling were obtained using an accelerating voltage of 5
kV and a current of 15 pA. The cross-section EDS Mn mapping/line scans were obtained
with an accelerating voltage of 15 kV and a current of 15 pA to produce Mn Ka

characteristic X-rays. The EDS data was collected for between 5 and 8 mins.

3.2.4 Powder Electrical Resistivity

Powder electrical resistivity measurements were conducted using an in-house-built pellet
press. 200 mg of powder was loaded between two stainless steel rods that fit into a
Teflon-lined cylindrical sleeve. The rods had a diameter of 1 ¢cm? and pressure was

applied using a manual hydraulic press. The bulk electrical resistance of the pressed
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powder was recorded as a function of true pressure using a 4-wire measurement with a
Keithley-2700 multimeter. The SC811 powder was obtained by scraping the pouch cell
electrodes. Each measurement was carried out three times and the average resistance and

standard deviation was calculated and reported.

3.2.5 Powder Crush Test

To examine the mechanical properties of the synthesized materials, the material powders
were crushed using an Enerpac hand press. To do so, 0.1 g of material powder was put in
a pelletizer with a 4.72 mm diameter. The pelletizer was then inserted into the hand press.
A pressure of 700 MPa was used to crush the materials which corresponded to an oil
pressure of 1566 psi on the press gauge. The sample was held under 700 MPa for 90
seconds before releasing. The overall process was done twice. The pelletizer was cleaned

with acetone between runs. The crushed samples were collected for the SEM examination.

3.2.6 Accelerating Rate Calorimetry (ARC)

The ARC is operated in a heat-wait-search (HWS) mode.'>*!>” The sample is first heated
to the initial temperature. After thermal equilibrium, the system starts to search for the
temperature increase greater than the set sensitivity. If the rate of temperature increase is
lower than the set sensitivity after the search, the system will heat up again to the next set
temperature and the HWS sequence will start again. This process is repeated until an
exothermic reaction is detected or the stop temperature is reached. If an exothermic
reaction is detected, the system will track this reaction by maintaining the adiabatic

condition until the reaction is completed.

The ARC is used in this thesis to explore the exothermic reaction between the charged

core-shell material and the electrolyte.

To prepare the charged material, lithiated
materials were first mixed with PVDF and Super-S carbon black with a mass ratio of
92:4:4 in NMP. The as-obtained slurry was dried in vacuum overnight and then lightly
ground. Approximately 280 mg of powder was obtained. The powder was then
transferred into a hardened steel die to make a pellet at 2000 psi pressure for 90 s. The

pellet was used as a positive electrode in a half cell and slowly charged (at C/100) to 4.3

31



V vs. Li/Li* for delithiation. The half cell was then opened in glove box and the pellet
was harvested and ground. The ground powder was then rinsed with DMC to remove

residual electrolyte and dried in vacuum for 24 h.!38

The ARC tests were performed using sealed tubes containing delithiated material and
fresh 1.5 M LiPFs in EC/DMC (3:7 v/v) electrolyte with 2% VC. To ensure the results
are comparable, the capacities of different materials were controlled to be 10 mAh in
each tube and a powder/electrolyte mass ratio of 3:1 was used. The ARC starting
temperature was set to be 100°C. ARC tests were tracked under adiabatic conditions
when the sample self-heating rate (SHR) exceeded 0.02°C/min. Experiments were
stopped at 350°C or when the SHR exceeded 20°C/min. To test the reproducibility of the
ARC sample preparation and measurement, two nominally identical ARC samples were

made and tested. The ARC experiments in this thesis were conducted by Dongxu Ouyang.

3.3 Coin Half Cell Building and Testing

3.3.1 Electrode Preparation

Core-shell electrodes for charge-discharge cycling were prepared by mixing 92 wt% of
the as-synthesized core-shell material, 4 wt% of Kynar polyvinylidene fluoride (PvdF)
binder and 4 wt% of Super S carbon black in N-methyl-2-pyrrolidone (NMP) in a
planetary mixer. The mixture was coated on Al foil with a 150 pum notch bar spreader.
The resulting electrode was dried in a convection oven at 110°C, then calendared. The
electrode was further punched into small circular electrodes with a diameter of 1.275 cm
for coin cell building. The electrode loading was ca. 10 mg/cm?. Electrodes for direct
current resistance (DCR) measurement were prepared similarly as those for cycling, but
the core-shell and NCA electrodes have a loading of ca. 21 mg/cm? and a formulation of
94:3:3 (active material: binder: carbon black). PC and SC811 electrodes of ca. 21 mg/cm?
loading and 94% active material were directly punched from the single-side-coated

region of commercial-grade pouch cell’s positive electrodes.

32



3.3.2 Coin Half Cell Assembly and Electrolyte

Figure 3.3 shows a schematic of a standard 2325 coin cell and its components. All coin
cells were assembled in argon-filled glovebox in this work. Each coin cell has one
positive (diameter ca. 1.275 cm) and one Li foil negative electrode with two pieces of
Celgard 2300 separators. Electrolyte for coin half cell cycling was 1.2 M LiPFs in
FEC/DMC (1:4 v/v). This is the standard coin cell electrolyte used in this thesis unless

otherwise specified.

@ Stainless steel cap & gasket
= (Negative terminal)
@ Stainless steel spring
© Stainless steel spacer

( ) i Li foil

== Celgard separator #2

—
2.3 cm Celgard separator #1
L < Positive electrode

Stainless steel can
(Positive terminal)

Figure 3.3 A schematic of a standard 2325 (2.3 cm diameter, 2.5 mm height) coin cell and its

components.

3.3.3 Direct Current Resistance (DCR) Measurement

The DCR measurement was conducted using a Maccor series 4000 battery charger at
40°C. The coin cell half cells first underwent 1.5 C/20 cycles from 3 to 4.3 V. The open-
circuit potentials (OCV) of coin cells were monitored for 30 mins and then coin cells
were discharged at C/2 for 30 s. The DCR was calculated by the voltage difference
between OCV and the cell voltage at 10 s divided by the current at C/2. This gives the
DCR at this voltage during discharging. Similarly, coin cells were charged at C/2 for 30 s
after the OCV step and the DCR was calculated exactly the same way. This process was
repeated from 0 to 100% state-of-charge during both discharging and charging. The cells
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were further allowed to run at C/10 for 30 cycles and the DCR was measured again with

an identical procedure as before cycling.

3.3.4 Long-term Charge-discharge Cycling

Galvanostatic charge/discharge cycling was conducted with E-one Moli Energy Canada
battery testing systems at 30°C. Coin cells were cycled from 3 to 4.3 V vs. Li/Li" with 2
initial C/20 cycles and then continued cycling with C/5 for 100 cycles unless otherwise
specified. Two C/20 cycles were run after the 50th C/5 cycles and another 2 C/20 cycles
after the 100th C/5 cycles. Unless otherwise specified, this is the standard cycling

protocol used.

3.4 Pouch Cell Formation and Testing

3.4.1 Positive Electrode Materials

Coated single crystal SC532 was provided by Vendor 1 and is the same material featured
in reference '*°. Uncoated single crystal SC811 was provided by Vendor 2 and is the
same material featured in reference *°.The polycrystalline Co-free core-shell material has
an average composition of LiNig.94Mno.0s02. The core shell hydroxide precursor has a 16
um Ni(OH)2 core and a 1 pm thick NiggsMno2(OH), shell and was obtained from Hunan
Zoomwe Zhengyuan Advanced Material Trade Company, Ltd., Changsha 410000, China.
This is the core-shell precursor explored in Chapter 4 toChapter 6. The final core-shell
oxide was prepared by reacting LiOH*H>O with the hydroxide precursor at elevated
temperature by vendor 3. The material obtained right after the lithiation process was
named as the “unwashed” material. The washing/reheating process was carried out by
vendor 3 on the “unwashed” material to obtain the “washed” material. The detailed
washing/reheating process was not revealed to the author of this thesis. The 0.7 wt.% of
oxalic acid was added to the slurry formation of the “unwashed” material to alleviate
gelling of the slurry so that the unwashed core-shell material could also be made into

pouch cells.
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3.4.2 Cell Specifications and Formation Protocol

402035 size machine-made pouch cells were built by LiFun Technology (Xinma Industry
Zone, Golden Dragon Road, Tianyuan District, Zhuzhou City, Hunan Province, PRC,
412000) with artificial graphite from Kaijin (China). All pouch cells were vacuum sealed
in a dry room without electrolyte and then shipped to Dalhousie University in Canada.
Table I shows the positive and negative electrode specifications of SC532/AG,
SC811/AG, washed core-shell/AG, and unwashed core-shell/AG pouch cell.

Table 3.1 Electrode specifications of SC532/AG, SC811/AG, washed core-shell/AG, and
unwashed core-shell/AG pouch cells. The unwashed core-shell positive electrode slurry had 0.7

wt.% of oxalic acid in the formulation.

Core-shell Core-shell
SC532 SC811
(washed) (unwashed)
Loading (mg/cm?) 21 21 19 22
Active material fraction
94 94 94 94
(%)
Positive .
Density (g/cm?) 3.5 3.5 3.2 3.1
Electrode
Reversible capacity
180 210 220 220
(mAh/g)
Total coating mass (g) 1.5 1.19 1.06 1.5
Loading (mg/cm?) 12 15 14 15.5
Active material fraction
95.4 95.4 95.4 95.4
(%)
Negative :
Density (g/cm?) 1.55 1.55 1.5 1.5
electrode
Reversible capacity
350 350 350 350
(mAh/g)
Total coating mass (g) 0.9 1 0.9 1.2

The formation protocol for the SC532 pouch cells has been described in many previously
published papers.**!!811° The SC532 pouch cells were formed at 40°C under C/20 CCCV

mode (constant current charging to top of charge followed by constant voltage hold) to
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either 4.1 V or 4.3 V. The CV time was set to be 1 hour. The cells were then discharged

to 3.8 V for gas and impedance measurement.

The formation protocol for the SC811 pouch cells was described in the paper published
by W. Song et al.*> The SC811 pouch cells were formed at 40°C under C/20 CCCV mode
to either 4.1 V or 4.2 V. The CV time was set to be 1 hour. The cells were then

discharged to 3.8 V for gas and impedance measurement.

The washed and unwashed core-shell pouch cells were formed by one full C/20 (with
respect to the washed core-shell pouch cell capacity) CC cycle to either 4.1 V or 4.3 V
unless otherwise specified at 40°C.with a 3.0 V lower voltage cut-off. The cells were then

charged to 3.8 V for gas and impedance measurements.

3.4.3 Gas Measurement

The gas measurement was conducted based on Archimedes’ principle developed by
C.P.Aiken et al.'® Briefly, the weight of each pouch cell submerged in DI water was
measured before/after formation and long-term charge-discharge cycling. The weight

difference is proportional to the gas volume generated.

3.4.4 Electrochemical Impedance Spectroscopy (EIS)

Cell impedance was measured at 3.8 V via electrochemical impedance spectroscopy on a
Biologic VMP-3 instrument. Pouch cells were allowed to thermally equilibrate for 1 hour
at 10°C before measurement. Alternating current impedance spectra were collected with
ten points per decade from 100 kHz to 10 mHz with a signal amplitude of 10 mV. The
charge-transfer resistance Ret is defined herein as the span of the convoluted “semicircle”

from high to low frequency for simplicity of discussion.

3.4.5 Long-term Charge-discharge Cycling

The long-term charge-discharge cycling of pouch cells were all measured on Neware
(Shenzen, China) chargers at 20 and 40°C. Two upper cut-off voltages (UCVs) were
selected for each positive material. The SC532 cells were cycled from 3.0 to either 4.1 V
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or 4.3 V. The SC811 cells were cycled from 3.0 to either 4.06 V or 4.2 V. The washed
and unwashed core-shell cells were cycled from 3.0 to either 4.04 V or 4.18 V. The
SC532 and SC811 cells were measured with C/3 CCCV mode at 40°C and 1C CCCV
mode at 20°C. All the core-shell cells were measured with C/3 CCCV mode at both 20°C
and 40°C.
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Chapter 4 Initial Synthesis and Evaluation of Co-free Ni-rich
Core-shell Materials

4.1 Introduction
This chapter discuses the initial attempts to synthesize and evaluate of Co-free Ni-rich
core-shell materials. All three core-shell precursors in this chapter have Ni(OH), core and

only Ni and Mn in the shell phase.

For an excellent core-shell material, it is expected that it will have a comparable specific
capacity to its Ni-rich “core” material, but its capacity retention will be much better
because of the lower Ni-content “shell”. Therefore, the uniform “core” and “shell”
materials were also prepared and their performances were compared to the corresponding

core-shell materials.

The impacts of heating temperature, shell composition and shell thickness on the physical
properties, specific capacity and charge-discharge cycling performance of core-shell
materials were also explored. This chapter demonstrates the factors that must be carefully
considered to make core-shell materials with both high specific capacity and excellent

cycling performance.

The results of this chapter were incorporated into a manuscript published in the Journal

of the Electrochemical Society with open access.'*

4.2 Experimental

Three core-shell precursors, two uniform ‘“shell” precursors and one uniform “core”

precursor were provided by Zoomwe. The core-shell precursors were:
1. 17 pm diameter Ni(OH): core and 0.5 um thickness Nip.sMno s(OH)2 shell

2. 16 pum diameter Ni(OH), core and 1 um thickness Nig.sMno.2(OH)> shell
3. 17 pm diameter Ni(OH)> core and 0.5 um thickness NipsMno.2(OH)2 shell
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Core-shell precursors #1-3 have an average Ni content of ca. 92 mol%, 94 mol% and 97
mol%, respectively, as measured by Zoomwe. The two uniform “shell” precursors both
with 16 um size are NigsMno2(OH), and NipsMnos(OH).. The core-shell and the “shell”
precursors were lithiated as described in Chapter 3.1 for 20 hours in oxygen at 650°C,
700°C, 750°C or 800°C. The “core” precursor Ni(OH), has a diameter of 18 um and was
only heated to 700°C.

For ease of discussion, the lithiated materials were given names based on their
corresponding precursors, for example, CS92 — 5050 — 17/0.5, or the CS92 series for
brevity, is the lithiated material made from a core-shell precursor #1 that has an average
Ni content of 92 mol%, a NisoMnso(OH) shell, a 17 um diameter core and a 0.5 um
thickness shell. The “shell” materials LiNio.sMno2O2 and LiNig.sMno sO2 were denoted as
NiMn8020 and NiMn5050, respectively.

4.3 Results and Discussion

4.3.1 Precursor Characterizations

Figure 4.1(a) shows SEM images of three core-shell precursors along with cross-sectional
SEM images and Mn EDS mappings shown in the insets. The EDS mappings confirm the
presence of Mn-rich shells as desired. The three precursors all have an identical Dso
diameter of 18 um but have varying core sizes, shell thicknesses and compositions as
noted in the Experimental section. Figure 4.1(b) shows the XRD patterns of the core-shell
precursors in comparison to the “core” Ni(OH)> which is also commercial-grade. The
XRD pattern of core-shell precursor #2 clearly shows Bragg peaks from both the core and
shell phases while the peaks from the shell phase in #1 and #3 are less intense due to the
limited amount of the shell phase. In the case of #1, due to the similarity of lattice
constants between the Ni(OH), core phase and NigsMno.s(OH)> shell phase as shown by
Zhou et al.,”* the Bragg peak separation from these two phases is even harder to observe
than core-shell precursor #3. Figure 4.1(c) and (d) show SEM images of the uniform
“shell” precursors NipgMno2(OH)> and NigsMnos(OH)>, respectively. The
NiosMnos(OH), particles show a very rough surface morphology compared to
Nio.sMng2(OH)2, presumably a result of much higher Mn content. Figure 4.1(e) shows the
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XRD patterns of the two commercial-grade uniform “shell” precursors, NigsMno2(OH)>
and NipsMnos(OH),. The NipsMnos(OH), XRD pattern shows the presence of
oxyhydroxide phase.”

Intensity / a.u.

1 Ni(OH),
A

20 30 40 50 60 70
Scattering Angle / ©

()

Niy sMng,(OH),
:i 16 pm
@©
—
=
7] )
= Ni; sMn, 5(OH),
g 16 pm

20 30 40 50 60 70
Scattering Angle / °

Figure 4.1 (a) SEM images of three core-shell precursors #1 to #3 from top to bottom. Inset
images are cross-sectional Mn EDS mapping. (b) XRD patterns of the core-shell precursors and
nickel hydroxide. (c) and (d) SEM images of the uniform “shell” precursors NipsMno.2(OH), and

NigsMng s(OH),, respectively. (e) XRD patterns of the uniform “shell” precursors with 16 pm

diameters.
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4.3.2 Core-shell Structure Verification

Figure 4.2(a) shows SEM images of all three core-shell precursors after heating with
LiOH*H>O at 650°C to 800°C for 20 hours. The SEM images indicate the spherical
morphology of the precursor materials was maintained after heating with LiOH*H>O.
Figure 4.2(b) shows the morphologies of the lithiated “shell” precursors. All these images

indicate no significant alteration of morphologies compared to their precursors.

CS92 - 5050 — 17/0.5 CS94 - 8020 — 16/1 CS97 - 8020 — 17/0.5
: W TR

N {g
R ‘. &

Figure 4.2 (a) SEM images of all three core-shell precursors after heating with LIOH<H,O at
650°C to 800°C for 20 hours. (b) SEM images of lithiated “shell” materials.
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Figure 4.3 shows the cross-sectional SEM images, Mn EDS mappings and line scans of
materials heated at 650°C to 800°C (bottom to top). The Mn line scans indicate the core-
shell structure is maintained to some extent for CS92 at 800°C whereas, at the same
temperature, CS94 and CS97 demonstrate a rather uniform Mn distribution, suggesting
interdiffusion occurs at this temperature. Comparing CS92 (50% Mn in shell) to CS97
(20% Mn in shell), which have identical precursor shell thickness, a more Mn-rich shell
is advantageous to maintain a core-shell structure at a higher heating temperature. At
750°C, the Mn EDS mapping and line scans for all three materials show much more
prominent core-shell structure than those at 800°C, indicative of a lesser degree of
interdiffusion. Well-defined core-shell structures remain at 700°C and 650°C for all three

CS series.
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Figure 4.3 Cross-sectional SEM images, Mn EDS mapping and line scans of materials lithiated at
650°C to 800°C (bottom to top).

4.3.3 XRD and Refinement Results

Figure 4.4 shows the average lattice constants and percentage of Ni in Li layer (NiLi)
from the Rietveld-refined XRD patterns as a function of lithiation temperature for all the

materials made from core-shell precursors #1-3. Lattice constants and Nir; of the
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corresponding ““shell” materials, LiNiosMnosO2 and LiNigsMno202, denoted as
NiMn5050 and NiMn8020 respectively, and LiNiO> taken from reference ® are also
included for comparison. All the refined XRD patterns can be found in Figure 4./. The
XRD patterns from 20 to 35° scattering angle are free of any observable impurity peaks.
An increased (108)/(110) Bragg peak splitting (near a scattering angle of 65°) at higher
temperature indicates increased material crystallinity. However, for NiMn5050, its

crystallinity does not seem to improve significantly at least up to 800°C.

The lattice constants and the percentage of Niri of the CS92, 94 and 97 series all follow
the same trends. Their lattice constant, a, varies little with heating temperature while the
lattice constant, c, increases with heating temperature. Higher heating temperature
decreases the average Nir;i degree for the CS92, 94 and 97 series samples. If one assumes
that Mn in the layered structure has an oxidation state of +4, Ni has to be partially
reduced to Ni*" from Ni*" in order to maintain the average transition metal oxidation state
of +3 in the layered structure. As a result, Nir; occurs due to the similar ionic radii of
Ni?*(0.69A) and Li*(0.73A).1%! Therefore the CS97 series with only 3% Mn is expected
to have the lowest average Niv; of all the CS series (a well-synthesized LiNiO2 has a Ni;
about 1%) which is exactly what is observed in Figure 4.4. Similarly, one expects
NiMn5050 to have the highest percentage of Niri followed by NiMn8020, which is
consistent with Figure 4.4. Unlike any of the CS series and NiMn8020, heating up to
800°C does not lower the Niri in NiMn5050 as a result of high Mn content. Both
NiMn5050 and NiMn8020 show larger lattice constants than any of the CS series. High
percentage of Nir;, and vice versa, allows more Li*, which is larger than Ni**(0.7A) to

reside in the metal oxide slabs resulting in an increased lattice constant.
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Figure 4.4 Rietveld-refined average lattice constants and average percentage of Ni in the Li layer,
Nii, as a function of lithiation temperature. NiMn5050 and NiMn8020 denote LiNio.sMnosO2 and
LiNi.sMno 20, respectively. Rietveld-refined XRD patterns of each sample are shown in Figure

A.1. Lattice constants and Nir; for LiNiO; synthesized at 700°C were taken from reference 63.



4.3.4 Electrochemical Performance

Figure 4.5 shows the voltage vs. capacity (V-Q) curve of each material as a function of
lithiation temperature. Specific capacity information is tabulated in Table A.1 to Table
A.3 for the CS92, CS94 and CS97 series, respectively. At each temperature, the specific
capacity increases from CS92 to CS97 as the Ni content increases. Within each CS series,
the specific capacity sequentially increases from 650°C to 800°C while the voltage
polarization becomes smaller, especially near the top of charge. The refinement results in
Figure 4.4 show that the percentage of Nir; decreases from 650°C to 800°C. Less Nir;
reduces voltage polarization at the top of charge as previously shown.!”*”*® The dashed
red rectangular regions in Figure 4.5 enclose the two CS materials that became
approximately uniform after heating as Mn interdiffusion occurred substantially at 800°C
according to Figure 4.3. The V-Q curve of the CS97 series at 800°C resembles that of
pure LixNiO> which undergoes several phase transitions, believed to be detrimental for
cycling, as x varies.®!"!9%16% Irreversible capacity, in general, decreases as temperature
gets higher. The irreversible capacity was reported to be related to slow diffusion of
lithium due to the small number of di-vacancy sites in the lithium layer at high lithium

content near the bottom of discharge.!%*
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Figure 4.5 Voltage vs. capacity curve of each material as a function of lithiation temperature.
Enclosed graphs (red dashed rectangle) are approximately uniform materials due to interdiffusion
which occurred at high lithiation temperature. The black and red curves were measured from

duplicate cells.
Specific capacity information for the uniform “shell” materials is tabulated in Table A.4

and Table A.5. The specific capacity of NiMn8020 increases with temperature. Both the

specific capacity and voltage polarization of NiMn8020 are much weaker functions of
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temperature compared to any of the CS series. The specific capacity of NiMn5050 is
essentially unchanged from 650°C to 800°C and the voltage polarization remains high.
This correlates to the XRD refinement results that show percentage of Niri remains
almost constant as the heating temperature increases. The V-Q plots of “shell” materials
suggest that, for any CS series, the increase of specific capacity and reduced voltage

polarization as a function of temperature is primarily due to the Ni-rich core.

Figure 4.6 relates the irreversible specific capacity (IRC) to the percentage of Niri. The
solid arrow and the dashed arrow point to the direction of increasing heating temperature
for core-shell and ‘“shell” materials, respectively. For the core-shell materials, the
irreversible capacity is a strong function of Nir; as a small increase of Niri such as 2%
can lead to a significant rise in IRC. On the other hand, the IRC of the “shell” materials
heated from 650°C to 800°C is almost unchanged with respect to Nivi. Therefore the Ni-
rich cores of core-shell materials are most likely to be responsible for their strong
dependency of IRC on Niri. Both of the “shell” materials may require a heating
temperature much higher than 800°C to further lower their IRC under the synthesis
condition in this study. LiNiO2 synthesized at 700°C was reported to have an IRC of ca.
25 mAh/g when charged to 4.3 V vs. Li/Li" at 30°C.%
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Figure 4.6 Irreversible specific capacity vs. percentage of Ni in Li layer, Nir;. Each IRC data
point is the average of two coin-cells. The solid and dashed arrow point to the direction of

increasing heating temperature of core-shell materials and the “shell” materials, respectively.

Figure 4.7(a) shows the charge-discharge cycling performance for the CS92, 94 and 97
series lithiated at different temperatures. The best performance of the CS92 and 94 series
was achieved at the highest temperature with the core-shell structure still maintained. The
best performing samples are CS92 at 800°C and CS94 at 750°C. However, for the CS97
series, the best performance was at 700°C not at 750°C which suggest the importance of
having a sufficiently thick shell and/or Mn content in the shell after heating. The CS94
and CS97 series samples at 800°C both had severely diminished shells due to
interdiffusion and show poor cycling performance which are in sharp contrast to their
counterparts heated at 750°C. This illustrates the importance of a Mn-rich protective
“shell” to achieve long cycle life of the Ni-rich core. The CS97 series at 800°C has the
worst charge/discharge cycling performance of all the CS series samples as expected

since it is basically equivalent to uniformly 3% Mn doped material, LiNio.97Mno.030x.
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Heating to higher temperature enhances the rate capability of all CS series, which can be
observed as the decreasing specific capacity difference between the C/20 and the C/5
cycles. This correlates with the decrease in the percentage of Nir; that occurs with higher

heating temperature.

Figure 4.7(b) examines the charge-discharge cycling stability of each CS series by
comparing the C/20 dQ/dV vs. V profiles before and after cycling. The dQ/dV profile of
an excellent material should be unchanged after cycling. In general, dQ/dV features
(peaks) become increasingly prominent as a function of the lithiation temperature,
especially the peaks at ca. 4.2 V are remnants of the H2 to H3 phase transition of
LiNiO,.%! In this region, the unit cell volume changes dramatically and it is believed this
can cause particle cracking for polycrystalline materials.”’’>%° Of all the samples, the
CS94 sample lithiated at 750°C and the CS97 sample lithiated at 700°C show the most
stable dQ/dV peaks during cycling and these samples also have the best capacity
retention in Figure 6a. The volume changes in a Mn-rich shell will be smaller than those
in the core since the amount of lithium that can be extracted to 4.3 V becomes smaller as
the Mn content increases.”!%° Such a shell apparently protects the core and stable cycling

ensucs.
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Figure 4.7 (a) Specific capacity and capacity retention vs. cycle number as a function of lithiation
temperature. (b) Evolution of C/20 differential capacity before and after cycling. Enclosed region
(dashed red rectangle) compares the 53" cycle at C/20 (instead of cycle 1) to the 105" cycle at
C/20 as specific capacity initially increased with cycles. The peaks at ca. 4.2 V that have

intensities beyond the y-axis limits were “clipped” from the plots for clarity of presentation.



Figure 4.8(a) compares the cycling performance of the uniform “shell” materials to their
corresponding CS series. At 650°C and 700°C, every CS series has very close specific
capacity and capacity retention to its corresponding uniform “shell” material, except for
CS97 at 700°C. This implies that the heat treatment temperature is too low for the core to
attain a small amount of Nir; and to develop its expected capacity. For CS97 at 700°C, it
not only has a core-shell morphology as shown in Figure 4.3 but also has a small average
Niri as shown in Figure 4.4, which can be the reason of why its performance stands out
among all materials at 650°C and 700°C. Comparing the cycling performance of LiNiO>
and CS97, taken from reference 63, the CS97 sample outperforms LiNiO; in terms of
capacity retention even with 2% larger Nir; which indicates the significance of having a
Mn-containing shell. At 750°C all the CS series show much improved performance
compared to the corresponding uniform “shell” materials as the average percent of Niy;
gets smaller in all of them. However, careful examination of Figure 4.8(a) shows that
CS97 has inferior capacity retention compared to CS94 which we believe is due to the
near elimination of the shell in CS97 at 750°C as shown in Figure 4.3, while CS94 has a
clear Mn-rich shell. At 800°C, all the CS94 and CS97 materials initially show higher
specific capacity compared to the corresponding shell materials but their capacity
retention is worse than the corresponding CS materials heated at 750°C because the shell
has been eliminated by interdiffusion at 800°C (See Figure 4.3). By contrast, CS92 still
retains some evidence of a shell after heating to 800°C (See Figure 4.3) and Figure 4.8(a)
shows that its capacity retention is similar to that of CS92 heated at 750°C while its

specific capacity is much larger due to a decrease in the average percentage of NiLi.

Figure 4.8(b) examines the electrochemical characteristics of the “shell” materials during
charge-discharge cycling. The dQ/dV vs. V profiles of NiMn8020 change systematically
with temperature as the specific capacity increases. In particular, the peak in dQ/dV vs. V
at about 4.25 V sharpens as the temperature increases. Figure 4.4 shows that the
percentage of Niy; is still decreasing between 750°C and 800°C suggesting an even higher
heating temperature would be appropriate for NiMn8020 to simultaneously achieve
higher specific capacity and lower NiLi. However, for a core-shell material, a higher

temperature would lead to more rapid interdiffusion between core and shell and hence
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inferior performance. On the other hand, neither the specific capacity nor the dQ/dV
profile of NiMn5050 varies with heating temperature between 650°C and 800°C which is
consistent with the relatively invariant percentage of Nir; for this material with

temperature in Figure 4.4.

There are three factors which govern the behavior shown in Figure 4.8. Firstly, the core
material, nominally LiNiO», needs to be heated to near 700°C or 750°C to attain a small
amount of Nir; using the synthesis condition in this work. Percentages of Nir; in LiNiO:
as low as 1% have been also attained in oxygen at 700°C by de Biasi et al.!®? and at
750°C by Kobayashi et al.'®® If LiNiO; is heated to higher than 750°C, then lithium loss

166,167 and lithium deficient materials with significant Niri will likely result. If

occurs
LiNiO; is heated at temperatures lower than 700°C, it is difficult for a perfect layered
structure to form leading to cation mixing between Ni and Li and hence, resulting more
Ni in the Li layer. Secondly, the shell materials which contain 20% or 50% Mn need to
be heated to temperatures at least to 800°C to attain optimum properties, which is evident
in Figure 4.8(a) by their steadily increasing specific capacities with temperature. Lastly,
the interdiffusion between the Mn rich shell and the core proceeds at a significant rate
beginning at 700°C, therefore if a shell is too thin or contains too little Mn, it will not

remain when the temperature is too high. It is clear from Figure 4.3, Figure 4.7 and

Figure 4.8 that a Mn-rich shell is desired for the best capacity retention.
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Figure 4.8 (a) Cycling performance comparison of the “shell” materials to the corresponding CS
series. Cycling was performed under the same condition as this work. (b) Evolution of C/20
differential capacity before and after cycling of NiMn8020 and NiMn5050 at various lithiation

temperatures.

Figure 4.9 summaries the specific capacity and capacity retention at the 100" cycle of
each material as a function of the lithiation temperature. To attain high specific capacity
from the Ni-rich core, heating temperatures near 700°C to 750°C are necessary, but the
highest specific capacity and capacity retention are attainable only with a core-shell
structure. The CS94 and CS97 series show their best performance at 700°C and 750°C,
respectively, and beyond these temperatures, their performance deteriorated as a result of

a diminishing shell. In contrast, the performance of the CS92 series keeps increasing as a



function of temperature most likely because of the very high Mn content originally in the
shell. If heated far beyond the highest temperature studied in this work, it is likely the
CS92 series would have worse capacity retention because the core-shell structure would

not survive.

Apparently, the optimal temperature is closely associated with the shell thickness and Mn
content. Comparing the optimal temperature of the CS97 series to the CS94 series, both
of which have identical shell composition, the CS97 series performs the best when heated
at 700°C, 50°C lower than the best of the CS94 series when heated at 750°C. This is due
to Mn interdiffusion almost eliminating the thinner shell in CS97 when heating to 750°C.
In general, a thicker shell helps maintain the core-shell structure but with a trade-off as
more Mn content in the material lowers the specific capacity. It is very likely that a core-
shell material with optimized shell thickness and Mn content can perform even better

than CS94 at 750°C, the best performing material in this chapter.
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Figure 4.9 Specific capacity (a) and capacity retention (b) of all materials at cycle 100 as a

function of lithiation temperature. Testing was performed at 30°C between 3.0 and 4.3 V.

4.4 Conclusions

Core-shell precursors with a Ni(OH), core and either a NiggsMno2(OH), or
Nio.sMno.s(OH)2 shell were heated with LIOH*H-O at temperatures from 650°C to 800°C.
The impact of shell composition and thickness on the structure and properties of the
resulting materials was explored by cross-sectional EDS, XRD and charge/discharge
cycling. Each CS series showed an increased specific capacity when heating to higher
temperature. However, the shell completely disappeared when the temperature became
too high due to Mn interdiffusion. When this occurs, the material simply becomes a
uniformly doped Ni-rich material with poor cycling performance. The highest
temperature a core-shell precursor can be heated while still maintaining a well-defined

core-shell structure depends on the shell thickness and its Mn content. To attain both a
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high specific capacity and excellent cycle life for a core-shell material, optimized shell

thickness, Mn content and heating temperature are necessary.

The best material created in this chapter started with a 16 pm diameter core of Ni(OH),
covered by a 1 um thick shell of NigsMno2(OH),. This was heated with LiOH*H>O at
750°C to make a layered core-shell material which was confirmed by EDS mapping and
EDS line scans. After 100 charge discharge cycles, the specific capacity at C/5 was ca.
200 mAh/g and the capacity retention was about ca. 93%.
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Chapter 5 Comparison of the “Best” Core-shell Material with
Commercial-grade Co-containing Ni-rich Layered Materials

5.1 Introduction

In Chapter 4, the “best” performing core-shell material was made with a 16 pm diameter
core of Ni(OH)2 covered by a 1 um thick shell of NigsMno2(OH)>. (CS94-8020-16/1)
followed by heating with LiOH*H>,O at 750°C for 20 hours. In this chapter, the
performance of this core-shell material is compared to that of the commercial-grade Co-
containing Ni-rich materials in terms of cation mixing, charge-discharge cycling, powder

electrical resistivity, and DCR tests.

The results of this chapter was incorporated into a manuscript published in the Journal of

the Electrochemical Society with open access.!’

5.2 Experimental

For simplicity of discussion, CS94-8020-16/1 synthesised at 750°C and 800°C are named
CS750 and CS800, respectively, in this chapter. Li[NipsCoxAlo2-x]O2 (NCA) powder
with 80% Ni was received from Umicore and used without further treatment. Single
crystal Li[Nio.8C00.1Mno.1]O2 (SC811) powder was received from a reputable vendor and
used without further treatment. The SC811 and polycrystal Li[Nio.8Co00.1Mno.1]O2 (PC811)
electrodes were harvested from dry (no electrolyte) commercial-grade pouch cells. The
as-received pouch cells were cut open and the jelly roll was removed from the pouch. The
jelly roll was unwound and the single-side-coated region of the positive electrode was
punched into 12 mm diameter discs. The punched electrode discs were incorporated into
coin cells for charge-discharge cycling and other tests. The electrodes have a formulation

of 94:4:2 (active material: conductive carbon: binder) and a loading of 21 mg cm™.

5.3 Results and Discussion

5.3.1 XRD and Refinement Results
Figure 5.1 shows the XRD patterns of CS-750 (a) and CS-800 (b), along with those of
commercial-grade SC811 (c) and NCA (d) from different vendors. The exact Co and Al
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composition of NCA were not disclosed to the authors. The Rietveld refinements were
performed on the XRD data assuming a hexagonal layered phase having the R3m space
group (a-NaFeO3) to extract lattice constants and percentage of Ni in the Li layer (NiLi)
information. The black circles are the measured diffraction data and the red lines are the
fitted XRD patterns from Rietveld refinement. The green lines show the difference
between the measured and fitted XRD data. Both XRD patterns of the core-shell CS-750
and the approximately uniform CS-800 were refined with a uniform composition which
gives average lattice constants and average Niri. The (003) and (104) Bragg peaks of CS-
800 are sharper and narrower (in full width half max (FWHM)) than those of CS-750.
McCalla et al.,'®® when studying the pseudoternary Li-Mn-Ni oxide system, suggested the
peak broadening could be a result of multiple phases with slightly different lattice
parameters. This is expected since CS-800 does not retain a core-shell structure while
CS-750 does. H. Li et al.’” showed that the lattice constants of LiNi;xMnxO> varies as a
function of x. We expect CS-750 to show broader peaks since it is a mixed phase with x
~ 0 in the core and x = 0.2 in the shell. Both materials show no sign of any impurities, for
instance, the strongest peaks from a typical impurity, LioCOs3, are not observed in the 20°
to 35° region. XRD patterns of commercial-grade SC811 and NCA demonstrate a higher
crystallinity than CS-800 as indicated by the (104) and (108)/(110) Bragg peaks splitting

due to the K, doublet. Both materials are free of any impurities.

Table 5.1 summaries the refinement results of the XRD patterns in Figure 5.1. The values
in the table are those of the average structure of CS-750. By increasing the lithiation
temperature from 750°C to 800°C, the a-axis lattice constant remains almost unaffected
(number in the parenthesis represents the uncertainty of the last digit). The c-axis lattice
constant increases slightly from 14.202 to 14.210 A. Lithiation at 800°C also decreased
the percentage of Ni in the lithium layer (NiLi) by ca. 0.7% compared to heating at 750°C.
However, this decrease may be spurious because the results for CS-800 are being
compared to a refinement to the average structure of CS-750. It is reasonable to assume
that for CS-750, the large average value of Nir; is dominated by the shell as a result of a
significantly higher Mn content than the core. Commercial-grade SC811 and NCA show
low Nir; which agrees with the previously observed high crystallinity from their XRD
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patterns. Core-shell precursors heated to higher than 800°C with LiOHeH>O are believed
to be capable of obtaining a higher crystallinity and even lower Niri than CS-750,

however the core-shell structure will not be maintained.
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Figure 5.1 Rietveld-refined XRD patterns of CS—750 (a), CS—800 (b), commercial-grade SC811
(c) and NCA (d). From left to right: full XRD pattern from 15° to 70°, the corresponding
expanded views of (003) Bragg peak, (104) Bragg peak, and (108)/(110) Bragg peaks, and the
impurity region. NCA is assumed to have a composition of Li[NigsCo¢.1Aly.1]O: for refinement

purposes only.



Table 5.1 Rietveld refinement results for CS-750, CS-800, SC811 and NCA

Sample  Lattice constant @ [A] Lattice constant ¢ [A] Nip®[%] FWHMo03). 100 [°] Ry

CS-750 2.87660(9) 14.2023(9) 3.68 0.142,0.193 1.41
CS-800 2.87690(6) 14.2100(6) 2.97 0.0786, 0.131 1.51
SC811 2.87430(4) 14.1953(5) 1.50 0.0500, 0.0880 1.65
NCA® 2.86730(5) 14.1710(5) 1.47 0.0540, 0.0920 2.67

9 Percentage of Ni in the Li layer; ® Full width half max of (003), (104) Bragg peaks. Each peak
was fitted with a K, doublet and the reported values are the FWHM of the Ko peak; © NCA -
Li[NiogCoo.1Alo.1]O2 (assumed 10% of Co and 10% of Al for the purposes of refinement).

5.3.2 Long-term Charge-discharge Cycling Performance

Figure 5.2(a) shows the voltage vs specific capacity (V vs Q) curves from 3 to 4.3 V vs
Li/Li" for the first 1.5 C/20 cycles of commercial-grade SC811, PC811, CS-750 and CS-
800. The NMCS811 samples have a reversible capacity of ca. 210 mAh g which is
slightly lower than those of CS-750 (220 mAh g') and CS-800 (225 mAh g!). The
specific capacity of CS-800 is higher than CS-750 which may be due to less Niri. The
larger voltage hysteresis (circled region), which is more pronounced at the top of charge,

of CS-750 is believed to be caused by large amounts of Niy; as seen in other reports.’”8

dQdV! vs V curves are able to reveal more details about the samples than their voltage
curves. Figure 5.2(b) shows the 1% discharge and 2™ charge differential capacity vs
voltage curves (dQdV™! vs V) of the samples described by Figure 5.2(a). dQdV! vs V
plots of NMC811 (both SC811 and PC811) with maxima found at 3.62, 3.75, and 4.22 V
vs Li/Li* during charging are consistent with those reported in the literature.”!® In
comparison to NMC811, the core-shell materials have more prominent dQdV~! vs V
features above 3.9 V vs Li/Li*. Both core-shell materials have very sharp dQdV™! peaks at
around 4.2 V in both charging and discharging curves. A wider peak separation of about
30 mV (gap between vertical dashed lines) was observed for CS-750 whereas it was only
about 15 mV for CS-800, which matches the increased hysteresis in the voltage

profile.’”"’
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and CS-800, respectively. (b) Corresponding differential capacity (dQdV") versus voltage curves.
These tests were done at 30°C. The black solid line and the red dashed line represent data for pair

cells.

Figure 5.3(a) compares the charge-discharge cycling performance of SC811, PC811, CS-
750 and CS-800. SC-811 and PC-811 show almost identical capacity retention. CS-750,
with a well-defined core-shell structure, shows higher specific capacity and comparable
capacity retention to these commercial-grade NMC811 samples. Although CS-800 has
higher initial C/20 reversible capacity than CS-750, its capacity retention is much inferior
to CS-750. CS-800 has a severely diminished core-shell structure due to Mn diffusing
into the core during lithiation at 800°C shown previously in Figure 4.3, therefore it is
approximately equivalent to 6.5% Mn-doped LiNiO> (LiNio.935sMno.06502). Without
proper protection from a Mn-doped shell, the cycling performance of CS-800 is worse
than NMC811 and CS-750. This is consistent with results on ultra-high Ni materials with
over 90% Ni (Note: the average composition of the transition metals in CS-750 and CS-

800 is 93.5% Ni and 6.5% Mn).
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Figure 5.3(b) shows the corresponding C/20 and C/5 dQdV™! vs V plots at some selected
cycle numbers. dQdV~! plots at C/20 minimize the impact of polarization on the data.
The dQdV™' profiles of SC-811 and PC811 are almost unchanged after cycling which
demonstrates high stabilities of these commercial-grade materials. CS-750 shows a slight
capacity increase in the 53" cycle (C/20) below 3.65 V vs Li/Li*. The origin of this slight
capacity increase is not known at this moment, however capacity increase during initial
stage of cycling is not uncommon as seen in some reports.'>>!% The dQdV~! profiles of
CS-750 remain very stable until the end of cycling. CS-800, which has a relatively
uniform composition, experiences a gradual decrease of capacity especially around the
4.2 V region which is the most significant contributor to the overall CS-800 capacity loss.
C/5 dQdV! profiles take the impact of polarization into account. The dQdV-! profiles of
PC811 at C/5 are relatively stable without any shift of peak positions except for a
decrease of the intensity of the peak at around 3.65 V. SC811, however, shows an
increase in the onset charging voltage and a slight decrease of the onset discharging
voltage which indicate an increase in polarization. The dQdV™' vs V data for CS-750
shows that its rate capability is very well maintained throughout the cycling with only a
slight decrease in the intensity of the of 4.2 V during charge. By contrast, a significant
loss of rate capability is observed for CS-800 particularly at the 4.2 V region where

severe dQdV™! vs V peak shifts and intensity decrease occur.

The evolutions in the dQdV™! profiles around 4.2 V vs Li/Li" as a function of cycle
number suggest that the CS-750 has a greater structural stability than CS-800. The series
of CS-750 and CS-800 dQdV-! peaks can be treated as remnants of the phase transitions
that occur in LixNiO> as a function of x.%! The peak at 4.2 V vs Li/Li" is a remnant of the
H2 to H3 phase transition which is detrimental to cell cycling and is believed to be
associated with particle microcracking.®® Whether a core-shell structure is indeed robust
to microcracking requires further verification. However, J. Li et al,'®® via in-situ XRD,
suggested a core-shell structure with Ni-rich core and Mn-rich shell should be very stable
upon cycling as a result of a lower degree of unit cell contraction and expansion of the
shell material compared to a Ni-rich core. Other studies have demonstrated the robustness

of the core-shell structure through cross-sectional imaging on cycled materials.?>%1:170
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The only difference between CS-750 and CS-800 lies in the heating temperature where
CS-750 is able to maintain its core-shell structure while CS-800 is not. The improved
cycling of CS-750 over CS-800 can be therefore attributed to the Mn-doped shell which
CS-800 lacks.
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Figure 5.3 (a) Discharge capacity and capacity retention versus cycle number of SC811, PC811,
CS-750 and CS—-800. Each material was tested in pair half cells at currents corresponding to C/5.
C/20 capacity was measured at the beginning of the cycling for 2 cycles, at the 53™ and 54™ cycle,

and 2 cycles at the end of cycling. (b) Differential capacity (dQdV") versus voltage curves of

C/20 (top row) and C/5 (bottom row) at various stages of cycling. These tests were done at 30°C

from3to4.3 V.

5.3.3 Powder Electrical Resistivity and DCR Measurement

Figure 5.4(a) compares the powder electrical resistance of Co-containing commercial
materials and Co-free core-shell materials as a function of applied pressure. All the data
was measured in the same apparatus in the same manner. The powder resistances of all
tested materials reduce monotonically as the pressure increases. Commercial-grade NCA
powder (80% Ni) has the lowest powder resistivity among all the materials. However,
upon applying a higher pressure, the powder resistances of NCA and the core-shell
materials gets increasingly similar. This suggests that in a practical situation where
engineers aim to achieve high electrode loading or density with thousands of atmospheres

of calendaring pressure, the impact of different powder resistivity on electrode rate
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capability could even be negligible. The powder resistance of SC811 (scraped from
electrodes with 4% conductive carbon and 2% PVDF binder) shows a much higher value

than the core-shell materials.

It is tempting to examine the direct current resistance (DCR) of electrodes made from
these powders. The SC811 electrodes with 21 mg cm™ and 94% active material were
directly punched from the single-side-coated region of a dry (no electrolyte) commercial-
grade pouch cell for DCR measurements. For a fair comparison, NCA, CS-750 and CS-
800 electrodes were prepared with the same loading and percentage of active material,
and their DCR results are shown in Figure 5.4(b) plotted against state of charge (SOC).
Initial DCR measurements were performed on coin cell half cells right after 1.5 cycles at
C/20 at 40°C, then cells were run for 30 C/10 cycles and DCR measurements were
conducted again. All the DCR plots show relatively high resistances at low (< 20%) and
high (> 90%) SOC before and after cycling. If only comparing the DCR between 30%
and 90% SOC from the initial measurements, CS-750 is very close to NCA having DCR
almost constant with voltage. CS-800 shows a similar trend but slightly higher DCR than
CS-750. SC811 has highest DCR among all, particularly at high SOC. Both commercial
materials show quite stable DCR performance between 30% and 90% SOC even after
cycling. A significant DCR increase can be observed at the low SOC. Though CS-750
has a slight DCR increase after cycling, its overall DCR still remains relatively small and
outperforms the commercial materials at low SOC. However, for CS-800, which has the
highest Ni content with approximately uniform structure, its DCR increase after cycling
is the largest among all the materials. Figure 5.4(c) shows the capacity retention vs cycles
after initial DCR measurement which matches the half cell cycling performance shown in

Figure 5.3(a).

66



2 . = CS-750
§3 [ < SC8114 ] S
3 : \H 1 s +NCA
8, o —o 1 | T 098 \1 -+ SC811
£ 16 20 ®
3 > 096
co1F E
g [eCs-750 g 40c
ER D 5094 cmo
g g . . . 0gol3743V
0 4 8 12 16 20 o 10 20 30
b Applied pressure / kPsi Cycle/ #
o0 CS-750 CS-800 NCA SC811
-o-Discharge initial
80 -9-Charge initial

60 -#-Discharge after 30 cycles |

=k Charge after 30 cycles

40

DCR / ohms

20

0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100
SOC /% SOC /% SOC /% SOC /%

Figure 5.4 (a) Powder electrical resistance versus applied pressure. (b) direct current resistance

(DCR) versus state of charge (SOC) of NCA, SC811, CS—-750 and CS—800 at 40°C before and

after 30 C/10 cycles. (c) Capacity retention versus cycle number for NCA, SC811, CS—750 and
CS—800 at 40°C and C/10 from 3 to 4.3 V. Each material was tested with pair cells.

5.4 Conclusions

In this chapter, a core-shell structure was demonstrated to be capable of mitigating the
typically poor cycle life of Ni-rich material while maintaining high specific capacity. A
Co-free core-shell precursor with a Ni(OH), core and a NipsMno2(OH), shell was
lithiated at 750°C (CS-750) and 800°C (CS-800). CS-750 with a well-defined core-shell
structure, shows comparable capacity retention with commercial-grade NMC811 and
higher specific capacity, while CS-800, with a severely diminished core-shell structure,
shows much inferior capacity retention to both CS-750 and NMC811. CS-750 and CS-
800 have also displayed comparable DCR with NCA and SC811, indicating that Co is not

required to attain comparable DCR.
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Chapter 6 An Evaluation of a Systematic Series of Cobalt-free
Ni-rich Core-Shell Materials

6.1 Introduction

In Chapter 4 and Chapter 5, it was shown that Co-free core-shell materials can have
comparable cycling performance and direct current resistance to commercial single
crystal LiNig.sMno.1C00.102, highlighting the potential of Co-free core-shell materials as
promising alternative positive electrode materials. In this chapter, a systematic evaluation
of the performance of Co-free core-shell materials as a function of core size, shell
thickness, core/shell compositions and heating temperature was conducted. Results were
then compared with historical data from other layered Ni-rich Co-free materials tested in
the Dahn group within the past few years.®> A relationship between the cycling
performance of core-shell materials and the heating temperature during synthesis is
proposed in this chapter. This relationship considers the crystallinity of the material, the
average percentage of Ni in the Li layer and the presence or absence of the shell phase
after the heating step. Finally, the reactivity of the charged electrode materials with
electrolyte was measured using accelerating rate calorimetry experiments to explore the
influence of shell composition and thickness, heating temperature, etc. This chapter aims

to provide an overview of Co-free core-shell material performance.

The results of this chapter was incorporated into a manuscript published in the Journal of
the Electrochemical Society with open access.® The ARC/BET measurements were
conducted by Dongxu Ouyang. Divya Rathore contributed greatly to the lithiation of

core-shell precursors.

6.2 Experimental

14 core-shell precursors containing only Ni and Mn were provided by Zoomwe (Hunan
Zoomwe Zhengyuan Advanced Material Trade Company, Ltd., Changesha 410000,
China). The core and shell compositions, the core sizes, shell thicknesses and the average
Ni contents are listed in Table 6.1. Precursors #1 to 11 were not reported before and

precursors #12 — 14 have been reported in Chapter 4 and Chapter 5. The lithiated
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materials have been divided into 4 groups for ease of discussion. Group I (#1 to 4)
materials were made from precursors that all have a Nio.9sMno.o2(OH)> core and a
NipsMno2(OH)> shell composition. The only differences among materials in Group I are
the core diameter and shell thickness. Groups II (#5 to 7) and III (#8 to 11) materials
were all made with a Ni(OH)> core composition. Group II materials have larger core sizes
whereas Group III materials all have an 8 um core diameter. Group IV (#12 to 14)

materials are from the precursors studied in Chapter 4 and Chapter 5.

For precursors #12 — 14, the performance of the lithiated oxides made at temperatures
between 650 and 800°C have been reported in previous chapters along with the
performance of the homogeneous “shell” materials LiNipgMno202 and LiNigsMnos50..
Results for Precursor #14 heated with lithium hydroxide monohydrate at 725°C and

775°C were not reported in those two chapters.

The lithiation process was the same as previous chapters. The lithiation temperatures for
Group I and II materials are 700°C, 725°C, 750°C, 800°C for 10 hours in oxygen. The
lithiation temperatures for Group III materials are 700°C, 750°C, 800°C for 10 hours in
oxygen. The lithiation temperature for Group IV materials are 650°C, 725°C (#14 only),
700°C, 750°C, 775°C (#14 only), 800°C for 20 hours in oxygen.

The lithiated materials were given names based on their corresponding precursors, for
example, C98 S80 16/1 is the lithiated material made from precursor #1 that has a core
composition of Nig.ogMno02(OH)2, shell composition NigsMno2(OH)2, 16 pm core
diameter and 1 pm shell thickness. The SEM images of precursors #1 to #11 are shown in

Figure B.1.
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Table 6.1 List of all core-shell precursors

Precursor | Ni Composition in | Core Diameter - Shell | Average Ni Reference Name
# Core - Shell [%] Thickness [um] | Content [%]

Grﬂp I 98 - 80 16-1 91.7 C98_S80_16/1
Gr;l;p [ 98 - 80 12-0.75 91.8 C98_S80_12/0.75
Gr;l;p 1 98 - 80 8-0.75 90.7 C98 S80 8/0.75
Gr;jp I 98 - 80 8-0.5 92.4 C98_S80_8/0.5
Gr;usp L 100 - 85 16 -1 93.8 C100_S85_16/1
Gr;“é’ I 100 - 85 12-0.75 95.6 C100_S85_12/0.75
Gr;‘g’ I 100 - 80 12-0.75 93.6 | C100_S80_12/0.75
Gr(:#ulgj 1 100 - 85 8-0.75 94.6 C100_S85_8/0.75
Gr‘;fg 1 100 - 80 8-0.75 91.8 C100_S80_8/0.75
GrzulpOIH 100 - 85 8-0.5 95.4 C100_S85 8/0.5
Grzulpl 1 100 - 80 8-0.5 93.8 C100_S80_8/0.5
Gr;ulple 100 - 50 17-0.5 91.7 C100 S50 17/0.5
Gr;ulp;\’ 100 - 80 17-0.5 97.2 C100_S80_17/0.5
Gr;ulpé‘w 100 - 80 16-1 93.5 C100_S80 16/1

6.3 Results and Discussion

6.3.1 XRD and Refinement Results

Figure 6.1 shows the average lattice constants a, ¢ and percentage of Ni in the Li layer,

NiLi, for samples in Groups I to III from the Rietveld-refined XRD patterns. The XRD
patterns of samples in Groups I to III at 700°C, 750°C and 800°C are shown in Figure B.2
in Appendix B. Separate core and shell phases could not be distinguished by XRD due to
the similarity of the lattice constants of the core and shell phases. The XRD patterns show
no observable impurity peaks between 20 and 35° as shown in Figure B.2 and no

impurity peaks elsewhere. An increased (108)/(110) Bragg peak splitting (near 65°) at

70




higher heating temperature indicates increased material crystallinity. The lattice constant,
a, shows a weak function on heating temperature for all sample groups, whereas the
lattice constant, ¢, and NiLi show a much stronger dependence on temperature. Higher
heating temperature helps reduce the amount of undesirable nickel atoms in the Li layer

giving higher specific capacity.

Group | Group II Group III
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Figure 6.1 Impact of heating temperature on lattice constants and percentage of Ni in Li layer,

Nigi.
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6.3.2 Irreversible Capacity and Voltage Polarization as a Function of Cation mixing
Figure 6.2 shows the 1% cycle irreversible specific capacity (IRC) and voltage
polarization between 2" charge and 1°' discharge (AV) measured at C/20 and at 30°C as a
function of Nir; for Groups I to III. For all three groups, a low value of Niy;, resulting
from a high heating temperature, yields low IRC and AV, therefore high reversible

specific capacity.
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Figure 6.2 Impact of Nir; on the 1* cycle irreversible capacity, IRC, and voltage polarization, AV,

between the 2™ charge and 1% discharge. The arrows show the direction of increased heating

temperature.

72



6.3.3 Core-shell Structure Verification

Figure 6.3(a) shows the initial C/20 dQ/dV vs. V for materials in Groups I to III
synthesized at several temperatures. Specific capacity data for all materials in Groups I to
IIT are shown in Table B.1 to Table B.11 in Appendix B. Heating to higher temperatures
increases the specific capacity of all the materials considered here. This is also shown by
the increased area of the dQ/dV vs V graphs. The specific capacity increase agrees with
the discussion surrounding Figure 6.1 and Figure 6.2 where the high heating temperature

increases the material crystallinity and reduces Nii.

The most prominent changes in the features present in the dQ/dV vs V curves occur at ca.
42 V vs. Li/Li". The dQ/dV peaks at this voltage are remnants of the H2/H3 phase
transition which exists in LiNiO,.®! These peaks keep increasing in intensity (sharpness)
as the heating temperature increases. In this region, the unit cell volume changes
dramatically, therefore it is believed that long term cycling over this region can cause

particle cracking for polycrystalline materials.”!-3

The red enclosed dQ/dV vs V plots in Figure 6.3(a) are from materials that failed to
maintain their core-shell structures due to Mn interdiffusion at 800°C heating
temperatures for 10 hours. These materials are expected to have poor cycling
performance and severe particle cracking with an upper cut-off set at 4.3 V vs. Li/Li".
EDS Mn line scans of the core-shell samples from Groups I to III at 750°C and 800°C are
shown in Figure 6.3(b). Among the materials in Group I, the C98 S80 8/0.5 at 800°C
failed to maintain its core-shell structure due to having the thinnest shell in the group.
Comparing the line scan of C98 S80 12/0.75 to the smaller C98 S80 8/0.75 particles, it
is apparently easier for a smaller core size to maintain a core-shell structure at high
heating temperature. This could be due to the larger surface area of the C98 S80 12/0.75
particles compared to the C98 S80 8/0.75 particles which allows more Mn interdiffusion
per unit time. At 800°C, the C100_S80 12/0.75 sample in Group II still has a core-shell
structure whereas C100_S85 12/0.75 with less Mn in the shell became homogenous.
This implies it is necessary to have a relatively high Mn content in the shell if heating at

800°C 1is desired. For Group III materials, the C100 S80 8/0.75 sample has the thickest
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shell with the highest Mn content and it still became almost homogenous at 800°C,
therefore other materials with thinner shells or shells with less Mn will not be able to

maintain the core-shell structure. This matches the observations in EDS Mn line scans.

Comparing C98 S80 8/0.75 of Group I to C100 S80 8/0.75 of Group III at 800°C, it
seems that more Mn in the core helps maintain the core shell structure as the Mn
diffusion was slightly reduced due to lower concentration gradient. Therefore,
C98 S90 8/0.75 is still a core shell material at 800°C but C100 _S80 8/0.75 at 800°C is
not. However, comparing C98 S80 12/0.75 of Group I to C100 S80 12/0.75 of Group
IT contradicts this observation, but it is possible the larger core surface area plays a role

here.
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Figure 6.3 (a) The C/20 dQ/dV vs. V evolution as a function of heating temperature of Group I
(top) to Group III (bottom). Plots are numbered by their corresponding precursors as in Table 6.1.
(b) The absence or presence of core-shell structures at 750°C and 800°C as verified by Mn EDS

line scans from cross-sections of particles in fresh electrodes.
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6.3.4 Capacity Retention as a Function of Specific Capacity, Li Utilization,
Crystallinity and Cation Mixing

Figure 6.4 shows the fractional capacity after 50 charge-discharge cycles measured from
3 to 4.3 V vs. Li/Li" at 30°C and C/5 versus the 1% C/20 discharge specific capacity (top
panels) and Li utilization (bottom panels) of the materials in Groups I to IV on top of the
historic half cell data shown in grey. All the historic data consists of both published and
unpublished Co-free half cell data that was measured under the same condition in Dahn
group before 2020.%° The historic data shows a very “depressing” trend that excellent
capacity retention and high specific capacity for Ni-rich layered materials cannot be
achieved at the same time. The main purpose of these plots is to examine if any core-shell
material is able to overcome the challenge of layered Ni-rich materials. In other words,
can any material reach the upper-right corner of these plots? A commercial single crystal
LiNig.sMno.1Co0.102 (SC811) data point is included here for benchmarking. Digitized
literature data for two Co-free materials from two research groups are also included here
for comparison.*”>* These groups adopted a different strategy to solve the challenges of
Ni-rich materials through doping LiNiO; with other elements. Please note that the testing
conditions for these literature data are not the same as in this study. The specific
capacities from the literature were both measured at C/10 and these would have been a bit
higher by ca. 5 mAh/g, if measured at C/20. The fractional capacities versus cycle
number were measured at C/3 to 4.4 V vs. Li/Li" at 25°C for W. Li et al.>* and at C/2 to
4.3 V vs. Li/Li" at 30°C for Aishova et al.*’

The materials in Group I and Group II mostly follow the historic data. All Group I and I1
materials follow the same trend of typical Ni-rich layered materials where higher heating
temperature brings higher specific capacity but at the same time lowers the capacity
retention. Among these materials, C98 S80 12/0.75, (C98 S80 8/0.5 and
C100_S85 12/0.75 at 800°C are homogenous due to Mn interdiffusion which are
equivalent to LiNig.918Mno.08202, LiNig.924Mno.07602 and LiNio.956Mno.04402, respectively.
At 800°C, the core shell materials have superior capacity retention to those that become

homogenous.
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Among the Group IIl and IV materials, C100 S85 8/0.5 at 700°C and 750°C, and
C100 _S80 16/1 at 750°C, located towards the upper-right corner of the graphs,
outperformed other materials within their groups as they simultaneously showed high
specific capacity and good capacity retention. These three materials all have well-defined
core-shell structures. Comparing their counterparts at 800°C which are homogenous

materials, the differences in their capacity retention are significant.

The trend in capacity retention vs. and Li utilization mirrors that of the capacity retention
vs. specific capacity as high Li utilization leads to high specific capacity. Figure B.3
shows specific capacity, fractional capacity and normalized voltage polarization (AV3) as
a function of cycle number for Group I (a) to III (c) materials, respectively, at 700°C,
750°C and 800°C up to 106 cycles. Figure B.4 compares the C/20 dQ/dV vs V plot of 2
cycle to that of the 105%™ cycle. Materials without the core-shell structure show more
severe changes in their dQ/dV peaks at ca. 4.2 V. vs. Li/Li" which could be related to

particle cracking.”®
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Figure 6.4 Fractional capacity vs. specific capacity (top panels) and Li utilization (bottom panels)
of Group I to Group IV. All data points were measured at 30°C with upper cut-off 4.3 V vs.
Li/Li". The 1®* C/5 discharge capacity was taken as 100%. Data points from literature were

digitized from references * and >* where the discharge capacities were both measured at C/10.

The heating temperatures are labeled. Hollow symbols denote core-shell materials. Solid symbols

denote homogenous samples due to Mn interdiffusion.

Figure 6.5 shows the fractional capacity after 50 cycles measured from 3 to 4.3 V vs.
Li/Li" at 30°C and C/5 as a function of the full width half max (FWHM) of (108) Bragg
peak and the percentage of Ni in the Li layer (Niri). Both independent variables are also
functions of heating temperature as shown in Figure 6.1 and Figure 6.2. Group I, Il and
IV materials show an obvious trend that though high heating temperature gives high
crystallinity and low Nir;, the materials risk losing the core-shell structure due to Mn
interdiffusion, and when that occurs, the materials show an inferior capacity retention. In
contrast, low heating temperature helps maintain the core-shell structure but at the cost of
having low crystallinity and high NiLi therefore low specific capacity. Optimized heating
temperature, shell thickness and Mn content in both the core and shell are required to

have both satisfactory specific capacity and capacity retention.
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For the C98 S80 12/0.75 and 8/0.5 series in Group I, although their crystallinity is

increased and Nig;is lowered from 750 to 800°C which increases specific capacity, their

capacity retention shows a large decrease due to the vanishing Mn-containing shell. On

the other hand, the C98 S80 16/1 and 8/0.75 that can withstand heating to 800°C and

maintain their core-shell structures show a relatively high crystallinity and low Nig;

without compromising capacity retention. For all Group II materials, the highest

fractional capacity after 50 cycles occurs at 725°C with intermediate crystallinity and Nig;.

For Group III materials, the highest fractional capacity remaining after 50 cycles likely

also occurs at around 725°C for which experiments were not conducted. For Group IV

materials, the best performing material is the C100_S80 16/1 at 750°C which is also an

intermediate heating temperature.
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Figure 6.5 Fractional capacity vs. full width half max (FWHM) of (108) Bragg peak (top panels)

and percentage of Ni in Li layer (Niy;) (bottom panels) of Group I to Group IV. All data points

were measured at 30°C with and upper cut-off 4.3 V vs. Li/Li". The 1% C/5 discharge capacity

was taken as 100%. The heating temperatures are labeled. Hollow symbols denote core-shell

materials. Solid symbols denote homogenous samples due to Mn interdiffusion.
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6.3.5 Degradation Analysis

Figure 6.6(a) shows the post-cycling cross-section SEM images of four materials heated
at either 750°C (T750) or 800°C (T800). Among them, T800 C100 S80 8/0.75 and
T800 _C100_S85 8/0.75 are not core-shell materials due to Mn interdiffusion at 800°C as
shown previously, whereas T750 C100 S85 8/0.5 and T750 C100 S80 16/1 are core-
shell materials. Both materials heated at 800°C suffer from severe particle cracking which
can explain their poor capacity retentions and high voltage polarization increase in Figure
6.6(b). In contrast, T750 C100_S85 8/0.5 has shown few observable microcracks which
is one of the reasons that it shows good capacity retention. Surprisingly,
T750 C100 S80 16/1 which has even better capacity retention than
T750 _C100 _S85 8/0.5 shows obvious particle cracking. However, upon a closer look at
the particle periphery, these cracks hardly extend beyond the core. Because of this, the
shell may still prevent electrolyte from going into the particle interior. J. Li et al.,'® via
in-situ XRD, showed the core-shell structure with Ni-rich core and Mn-rich shell should
be very stable upon cycling as a result of a lower degree of unit cell contraction and
expansion of the shell material compared to a Ni-rich core, therefore microcracking is

only observed for the core.

Since  the capacity degradations for both T750 C100 S85 8/0.5 and
T750 C100_S80 16/1 are unlikely due to microcracking, it is speculated that the
difference in specific surface areas as a result of difference particle size may play an
important role here. A core-shell particle with 8 pm diameter core and 0.5 pm thick shell
has a surface area around 0.25 m?/g shown in Table 6.2. A much larger core-shell particle
with 16 um diameter core and 1 pum thick shell has a surface area of 0.13 m?/g larger
specific surface area of small particle size could cause more side reactions with
electrolyte during long-term charge/discharge cycling than the much larger particles with
smaller specific surface area. This explains the faster voltage polarization increase of

T750 _C100_S85 8/0.5 than that of T750 C100_S80 16/1.
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Figure 6.6(c) shows the EDS Mn mapping/line scans after 106 cycles at 4.3 V vs. Li/Li*
for T750 C100 _S85 8/0.5 and T750 C100_S80 16/1. Both materials have maintained

the core-shell structures after charge/discharge cycling.
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Figure 6.6 (a) Cross-section SEM images after 106 cycles at 30°C to 4.3 V vs. Li/Li*. These
electrodes were retrieved at 4.3 V vs. Li/Li". (b) The specific capacity, fractional capacity and
normalized voltage polarization (AV3). The materials were tested at 30°C to 4.3 V vs. Li/Li". The
15t C/5 discharge (3™ discharge) is taken as 100% in the fractional capacity plots. The AV of the
15t C/5 cycle (3" cycle) is taken as 100%. (c) The EDS Mn mapping/line scans at 4.3 V vs. Li/Li*
after 106 cycles.
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6.3.6 Safety Comparison

Figure 6.7 examines the safety performance of some selected materials by accelerating
rate calorimetry (ARC). This is to explore how the safety performance of Co-free core-
shell material is influenced by parameters such as heating temperature, core size, shell
thickness, and Mn content in the core and shell. Table 6.2 shows the BET specific surface
areas of these materials showing they are all less than 0.26 m?/g and within a factor of
two of that value. The ARC result therefore reflects the intrinsic reactivity difference
across different materials. Figure 6.7(a) compares the C100_S80 8/0.75 samples heated
to 700, 750 and 800°C to LiNiO, which is well-known for its poor safety performance.
As the heating temperature gets higher, the Mn-containing shell gets thinner due to Mn
interdiffusion. As a result, the ARC result shows high reactivity with electrolyte when the
core-shell samples are heated to high temperature due to the thinner or non-existent shell.
Figure 6.7(b) compares the influence of core size on reactivity with electrolyte for core-
shell samples prepared at 750°C. All three materials maintained the core-shell structure
when prepared at this temperature and showed no thermal-runaway in the ARC
experiments. This shows that for core-shell materials, the core size does not affect the
reactivity with electrolyte at elevated temperature in a significant way. Figure 6.7(c)
shows the influence of shell thickness on reactivity with electrolyte for samples prepared
at 750°C. All three materials have core-shell structures when prepared at this temperature.
The samples with a shell thickness of 0.75 pm and 1 pum did not go to thermal-runaway
in the ARC experiments. However, when the shell thickness was reduced to 0.5 um,
thermal-runaway occurred in one of two trials. Figure 6.7(d) compares the effect of Mn
content on samples with the same core size and shell thickness when prepared at 750°C.
Slightly lowering the Mn content in the core by 2% does not impact the reactivity with
electrolyte at elevated temperature. When the Mn content in the shell is low, the
reactivity of the material with electrolyte is increased. In general, for a core-shell material
to have low reactivity with electrolyte at elevated temperature, it needs to have a thick
and relatively high Mn-content shell. Based on this conclusion, though the
C100_S85 8/0.5 at 750°C shows excellent specific capacity and capacity retention, its
safety performance in Li-ion cells would most likely be poor due to its relatively low Mn

content in the thin shell.
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Figure 6.7 Self-heating rate, dT/dt, versus temperature during ARC studies on charged core-shell
materials (4.3 V vs. Li/Li") and electrolyte. The ARC samples were forced to 100°C at the start of
each experiment. Duplicate experiments were made for each sample. The reactivity of the
samples has been examined as a function of (a) synthesis temperature (b) core size (c) shell
thickness (d) core and shell composition. Hollow symbols denote core-shell materials. Solid

symbols denote homogenous samples.

Table 6.2 Specific surface areas of materials used in ARC experiments

C98_S80 C100_S85 | C100_S80 | C100_S80 | C100_S80
Precursor | g5 75 | C100_S8080.75 1 g /50s™ | 05 | 120075 | 16/
Tem[ff)ecr]amre 750 700 | 750 | 800 750 750 750 750
Surfacearea | 15| 056 | 0.17 | 0.22 0.17 0.25 0.16 0.13
[m7/g]

6.4 Conclusions

This chapter systematically studied the electrochemical and safety performance of a
variety of Co-free core-shell materials with different core size, shell thickness, core and
shell compositions synthesized at various temperatures. Among all the materials,
C100_S85 8/0.5 at 700°C/750°C of Group III and C100_S80 16/1 at 750°C of Group IV
standout towards the upper-right corner of the capacity retention vs. specific capacity
plots shown in Figure 6.4. For core-shell materials to have satisfactory performance in
both metrics, the heating temperature of the precursor/LiOHeH>O mixture must be
carefully selected. Core shell materials made at too low heating temperature will have
low specific capacity resulting from low crystallinity and high Nivi, whereas if the

heating temperature is too high, capacity retention and safety performance will decrease
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due to the diminished Mn-containing shell. Core shell materials with thick and relatively
high Mn-content shells have shown low reactivity with electrolyte at elevated
temperature. Figure 6.8 schematically summaries the above observation. In this regard,
C100_S85 8/0.5 at 700°C from Group III and C100_S80 16/1 at 750°C from Group IV
have shown the good performance in all of safety, specific capacity, and capacity

retention performance.
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Figure 6.8 A schematic shows the importance of optimized lithiation temperature on material

performance.

The author acknowledges that mass producing such materials may be challenging in part
due to the sensitivity of the core-shell microstructure to the heating temperature. There is
a temperature window of only about 25 to 50°C in which optimum materials can be
produced as shown by heating C100 S80 16/1 precursor in Figure 6.4 Group IV.
Because of this, it may be difficult to achieve an optimum material when scaling-up with
a large tunnel kiln, for example. If the temperature is too low, there is poor crystallinity
and too much Ni in the Li layer. If the temperature is too high, the core-shell structure,
and all its benefits, disappears due to Mn interdiffusion. Various types of core-shell and
gradient core-shell materials have been proposed in the literature by several research
groups. 861451717173 We believe that mass production of such materials will face similar

challenges for the same reasons.
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Chapter 7 A Physical and Electrochemical Comparison of the
Washed and Unwashed Core-shell Materials

7.1 Introduction

Slurry gelation caused by surface lithium residues on positive electrode materials makes
it impossible to produce good electrode coatings. Therefore, removing surface lithium
residues by a washing step is commonly applied. However, this washing step can
potentially impact the physical and electrochemical performance of the material. In this
chapter, unwashed Co-free Ni-rich core-shell material could be uniformly coated on
aluminium foil when 0.7 wt.% of oxalic acid was added to the slurry formulation to
neutralize the basic lithium residues. In this way, pouch cells with the unwashed core-
shell material could be made and their performance can be compared to those made with
washed core-shell materials. Besides the electrochemical performance, physical
performance of the washed and unwashed core-shell material is also compared in this

chapter.

7.2 Experimental

Both the washed and unwashed polycrystalline Co-free core-shell materials have an
average composition of LiNio94Mno.0sO2 provided by reputable vendor. The materials
were made from a precursor that has 16 um Ni(OH)> core and 1 pum thick
NiosMno2(OH)2 shell. The precursor was reacted with LiOHeH>O at a temperature
between 700 and 750°C in oxygen flow. This is the core-shell composition demonstrated
good performance from Chapter 4 to Chapter 6. The core-shell materials were not coated
and were obtained from a reputable company. The material obtained right after the
lithiation process is called the “unwashed” material. The washing/reheating process was
carried out on the “unwashed” material to obtain the “washed” material. The detailed

washing/reheating process was not revealed to the author.

The physical characterization methods of powder crush test, XRD and refinement,

SEM/EDS have been shown in Chapter 3.
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Both the washed and unwashed core-shell pouch cells were formed at 40°C followed by
the protocol in Chapter 3, except those with (methyl acetate) MA were formed the same

way but with a 4.2 V upper voltage cut-off.

The electrolyte blends used in each pouch cell were based on our previous experience on

the cells made with LiNipsMno3C00202 (SC532) and LiNipsMno.1Co0.102 (SC811)

positive electrodes.*>!%

M LiPF¢ salt from either BASF or Shenzen Capchem. The solvent blend without MA

and were discussed in Chapter 2. All electrolytes used were 1.5

used in this chapter was ethylene carbonate (EC): ethyl methyl carbonate (EMC):
dimethyl carbonate (DMC) 25:5:75 by volume. A control electrolyte is a blend of solvent
and LiPFg salt only.

Electrolyte additives were added to the control electrolyte with respect to the total

electrolyte weight:

1. 2% VC (vinylene carbonate) and 1% DTD (ethylene sulfate), abbreviated as
2VCI1DTD, promoted by J. Li et al.,*

2. 2% FEC (fluoroethylene carbonate) and 1% LFO (LiPO2F> - lithium
difluorophosphate), abbreviated as 2FEC1LFO, promoted by L. Ma et al.,'?°

3. 1% LFO, abbreviated as 1LFO, promoted by L. Ma et al.,'"”

4. 1% LFO and 1% ODTO (1,2,6 — Oxadithiane 2,2,6,6 — tetraoxide),
abbreviated as 1LFO10DTO, promoted by X. Ma et al.!!®

The solvent blend with MA was used together with 2FECILFO additives in
unwashed core-shell pouch cells only. MA was added to the EC/EMC/DMC solvent by

volume to improve ionic conductivity>>:

1. 90% EC:EMC:DMC + 10% MA, abbreviated as 10MA,
2. 80% EC:EMC:DMC + 20% MA, abbreviated as 20MA,

3. 70% EC:EMC:DMC + 30% MA, abbreviated as 30MA,
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7.3 Results and Discussion

7.3.1 Physical Characterization Comparison

Figure 7.1(a) shows the SEM images of the washed and unwashed core-shell materials.
For the washed material, there are no observable lithium residues on particle surfaces,
whereas several lithium residue-covered particles can be easily found in the SEM image
of unwashed core-shell material, as indicated by the yellow arrows. The high
magnification SEM images of the unwashed material shows well-defined primary
particles. In contrast, the washed particle surface seems to be “smoothed” which makes it

difficult to determine the primary particle size from the SEM images.

Figure 7.1(b) shows the Rietveld-refined powder XRD patterns of the washed and
unwashed materials. Both XRD patterns are virtually identical. No Li»CO3 impurity was
detected by XRD within the 20° to 35° scattering angle range, even for the unwashed
material. This suggests that XRD is not sensitive enough to detect the small amounts of
lithium impurities in this sample. The XRD refinement was conducted assuming an
average core-shell composition LiNig94Mno.060O2 and the refinement results are listed in

Table 7.1. The washed material shows a higher percentage of Ni in the Li layer, Nir;%.

Figure 7.1(c) verifies the core-shell structure of the washed and unwashed materials with
a Mn EDS mapping/line scan. After material washing/reheating, the core-shell structure
was still maintained. Figure 7.1(d) shows the SEM images of the material powders that
underwent the crushing test at 700 MPa. The unwashed material is more mechanically
robust than the washed material. After crushing, many washed core-shell particles
crumbled into small pieces, but the unwashed particles largely retained their spherical
shape. The single crystal LiNigsMno.1Co00.102 (SC811) particles have outstanding
mechanical strength and hence the crushing test has virtually no effect on the single

crystal particles.
Figure 7.1(e) shows the cross-sectional SEM images of the fresh electrodes from pouch

cells. Both the washed and unwashed core-shell positive electrodes show particle

cracking from electrode calendering. The microcracks due to calendering are particularly
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detrimental for the Ni-rich core as a direct exposure to the electrolyte is expected to cause
severe side reactions during cycling. It was shown previously that the SC811 fresh
electrodes have minimal microcracking from calendering,®® which highlights the
advantageous processing ability of single crystal materials compared to the
polycrystalline ones. The cross-sectional SEM images of the artificial graphite negative

electrode used in pouch cells are also shown.

Figure 7.1(f) shows the front and back images of the unwashed core-shell electrode from
a dry (no electrolyte) pouch cell where 0.7 wt.% of oxalic acid was added to the slurry
formulation. The unwashed core-shell positive electrode shows a uniform coating texture

without any observable defects.
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Figure 7.1(a) SEM images of the washed and unwashed core-shell materials. The arrows point to
the particles with surface lithium residues. (b) Rietveld-refined powder XRD patterns of the
washed and unwashed core-shell materials. The refinement results are shown in Table 7.1. (c)
Cross-sectional Mn mappings/line scans of washed and unwashed core-shell particles. (d) SEM
images of the crushed washed/unwashed core-shell particles, and the SEM images of the SC811
before/after crushing. (e) The cross-sectional SEM images of fresh washed and unwashed core-
shell positive electrodes, and fresh artificial graphite negative electrode. (f) The front and back
images of the unwashed core-shell positive electrode from a fresh pouch cell using 0.7 wt.%

oxalic acid in the slurry formulation.
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Table 7.1 Rietveld-refinement result of the washed and unwashed core-shell materials

Core-shell a/A c/A Oxygen *NiLi / % Bragg R
material position, z
Washed 2.87690(8) 14.199(8) 0.2420(2) 2.993 1.29
Unwashed 2.87650(8) 14.200(8) 0.2418(2) 2.559 1.26

*Nip; — percent of Ni atoms in the Li layer.

7.3.2 Coin Half Cell Performance Comparison

Figure 7.2(a) compares the half cell cycling performance of the washed and unwashed
core-shell materials with 4.25 and 4.1 V upper cut-off voltage (UCV) vs. Li/Li", which
corresponds to 4.18 and 4.04 V when cycled in pouch cells. When cycled up to 4.25 V vs.
Li/Li", the unwashed material performs better than the washed material with 1.2 M LiPFg
in FEC/DMC electrolyte in terms of normalized capacity and voltage polarization, but
their cycling performances are quite similar when cycled to up to 4.1 V vs. Li/Li". This
implies the washing/reheating process mainly influences the material performance at high
voltage. When cells are cycled with a MA-containing electrolyte with 2FEC1LFO
additives, the capacity retention and voltage polarization of the unwashed core-shell

electrode performance can be further improved with 4.25 V UCV.

Figure 7.2(b) compares the C/20 dQ/dV vs. V plots before and after 50 cycles of C/5
cycling. After 50 cycles, the washed material shows a decreased intensity of the 4.2
dQ/dV peak, whereas the 4.2 V dQ/dV peak remains stable for the unwashed material,
regardless of the electrolyte used. This dQ/dV peak is the “remnant” of the “H2-H3 phase
transition” of LixNiO, that occurs between 4.1 V and 4.25 V vs. Li/Li". When charging
over this region, the lattice volume decreases significantly causing particle microcracking
that induces more side reactions between the Ni-rich core and the electrolyte.®® The 4.1 V
UCV cycling excludes this “H2-H3 remnant” region which is believed to be the main
reason for its better capacity retention than cycling with 4.25 V UCV shown in (a). The
very stable dQ/dV plots in the 4.1 V UCV case for both the washed and unwashed
materials suggest the washing/reheating process impacts mostly the “H2-H3 remnant” of
the core-shell material. It was shown in Figure 7.1(e) that the unwashed material was

more mechanically robust in the crushing test. Recent work by Hamam et al.!’”* has
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shown that high Ni materials with better capacity retention are more mechanically robust,
which could explain the better performance of the unwashed core-shell material

compared to its washed version, even when cycling over the “H2-H3 remnant” region.
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Figure 7.2(a) Capacity, normalized capacity and voltage polarization of the washed and unwashed
core-shell positive electrodes tested in coin cells. Electrodes were punched from the single-side-
coated part of the positive electrodes in fresh (no electrolyte) pouch cells. Electrodes were tested

at 30°C from 3.0 to either 4.1 or 4.25 V vs. Li/Li". The electrolyte blends are indicated in the
Experimental section. (b) C/20 dQ/dV vs. V plots before and after 50 cycles of the washed and

unwashed core-shell positive electrodes.

7.3.3 Pouch Cell Performance Comparison

Figure 7.3(a) shows the gas generation during formation, 1% cycle efficiency and charge-
transfer resistance Rct measured after formation of the washed and unwashed core-shell
pouch cells when formed to either 4.1 V or 4.3 V UCVs. For all the electrolytes, there is
more gas generation during formation for the unwashed core-shell pouch cells for both
UCVs. The 2FECILFO additive combination generates the least amount of gas and the
use of the MA co-solvent does not increase the gas generation in any significant way. The

4.3 V 1% cycle efficiency is similar for the washed and unwashed core-shell pouch cells,
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but the 4.1 V 1% cycle efficiency is lower for the unwashed core-shell pouch cells which
is not understood at this moment. R values were lower when cells were formed to higher
UCV. The negative electrodes reach a lower voltage vs. Li/Li” when a full cell charges to
a higher voltage during formation, which may impact the impedance of the SEI formed as
one study suggested.!” The incorporation of LFO in the electrolyte generally causes a
reduction in R¢ compared to cells with 2VC1DTD as has been previously reported.*>176
When an LFO-containing electrolyte is used, the Ret values of the washed and unwashed
core-shell pouch cells are much more similar than when control or 2VCIDTD

electrolytes are used.

Figure 7.3(b) shows the 1* charge dQ/dV vs. V plots of the washed and unwashed core-
shell pouch cells. For all the electrolytes, their reduction voltages in both the washed and
unwashed core-shell pouch cells are the same as those reported previously.!!®!!° The use

of MA co-solvents does not change the 2FEC1LFO reduction voltage.
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Figure 7.3(a) The gas generation during formation (FM), 1* cycle efficiency and the charge-
transfer resistance Ry at 3.8 V of the washed and unwashed core-shell pouch cell formed to 4.1 V,
4.2 V (only with MA co-solvent) and 4.3 V upper cut-off voltages. (b) The 1 charge dQ/dV vs.
V plots of the washed and unwashed core-shell pouch cells from 2 to 3.4 V.
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Figure 7.4 shows the discharge capacity, normalized capacity and normalized voltage
polarization vs (a) cycle number and (b) time for the washed and unwashed core-shell
pouch cells with different electrolytes. The cycling performance was tested at 40°C from
3 to 4.18 V with C/3 (with respect to the washed core-shell pouch cell) CCCV mode. The
4.18 V pouch cell voltage approximately corresponds to 4.25 V vs. Li/Li" in half cell
testing which includes the “H2-H3 remnants™ shown in Figure 2. When plotting vs cycle
number, the core-shell pouch cells with unwashed material showed similar capacity
retention to the pouch cells with the washed material. However, when plotting vs time,
the unwashed core-shell pouch cells showed better capacity retention than the washed
ones. This is because it takes more time for the unwashed cells to complete one cycle
since the true C-rate for the unwashed cells was about C/4.2, not C/3 as it was for the
washed cells. At elevated temperatures such as 40°C, time-based degradation can be more

significant than cycle-based degradation,!’”-!7®

so the results in Figure 7.4b suggest the
unwashed pouch cells are actually performing slightly better than the washed ones. All
cells show a dramatic increase in voltage polarization by a factor of ca. 2.5 over the 200

cycles and 1200 hours of the testing shown.
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Figure 7.4 The discharge capacity, normalized capacity and normalized voltage polarization of

the washed and unwashed core-shell pouch cells vs. (a) cycle and (b) time tested at 40°C from 3

to 4.18 V. The protocol is C/3 with respect to the washed core-shell pouch cell capacity in CCCV

mode and a C/20 check-up cycle was measured every 50 cycles for the unwashed core-shell

pouch cells. The 8" cycle discharge capacity and voltage polarization are taken as 1 for

normalization.
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Figure 7.5 shows the discharge capacity, normalized capacity and normalized voltage
polarization vs (a) cycle number and (b) time of the washed and unwashed core-shell
pouch cells containing different electrolytes. The cycling performance was tested at 40°C
from 3 to 4.04 V with C/3 (with respect to the washed core-shell pouch cell) CCCV mode
and shows much improved capacity retention and voltage polarization compared to
cycling with 4.18 V UCV. The 4.04 V pouch cell voltage approximately corresponds to
4.12 V vs. Li/Li" in half cell testing which excludes the “H2-H3 remnant” peak in dQ/dV
vs V shown in Figure 7.2. Both the washed and unwashed core-shell pouch cells show an
initial increase in normalized capacity. The initial increase in capacity during charge-
discharge cycling is not uncommon but for the unwashed material cycled up to 4.04 V,
the increase in initial capacity retention was as large as 10%. For all the unwashed cells
in Figure 7.5, the capacity increase does not correspond to a decrease in cell impedance,
as the voltage polarization remains more or less constant while the capacity increases.
Most likely the capacity increase occurs because the cells are initially positive electrode
limited on discharge (at C/3) and slowly become negative electrode limited as cycling
proceeds. The C/20 check-up cycles in Figure 7.5 do not show the capacity increase with

cycle number which supports this argument.
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Figure 7.5 The discharge capacity, normalized capacity and normalized voltage polarization of
the washed and unwashed core-shell pouch cells vs. (a) cycle and (b) time tested at 40°C from 3
to 4.04 V. The protocol is C/3 with respect to the washed core-shell pouch cell capacity in CCCV
mode and a C/20 check-up cycle was measured every 50 cycles for the unwashed core-shell
pouch cells. The 8™ cycle discharge capacity and voltage polarization are taken as 1 for

normalization.
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Figure 7.6 shows the discharge capacity, normalized capacity and normalized voltage
polarization versus cycle number and time of the washed and unwashed core-shell pouch
cells with 2FECILFO and LFO additives. The cycling performance was tested at 20°C
from 3 to (a) 4.18 V and (b) 4.04 V with C/3 (with respect to the washed core-shell pouch
cell) CCCV mode. Similar to the cycling performance at 40°C shown previously, the
unwashed core-shell pouch cells show better capacity retention than the washed version
when plotted versus time. Cycling with a 4.04 V UCV has significantly better capacity
retention and much lower voltage polarization than cycling with 4.18 V UCV. A large
increase of capacity was also observed for the unwashed core-shell pouch cells tested at
C/3, but unlike cycling at 40°C in Figure 7.5, the C/20 check-up cycles also experience a
small steady capacity increase with the 4.04 V UCV.
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Figure 7.6 The discharge capacity, normalized capacity and normalized voltage polarization of
the washed and unwashed core-shell pouch cells vs. cycle and time tested at 20°C from 3 to (a)
4.18 V and (b) 4.04 V with 2FECILFO and 1LFO electrolyte additives. The protocol is C/3 with
respect to the washed core-shell pouch cell capacity in CCCV mode and a C/20 check-up cycle
was measured every 50 cycles for the unwashed core-shell pouch cells. The 8" cycle discharge

capacity and voltage polarization are taken as 1 for normalization.
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Figure 7.7 shows the gas generation during charge-discharge cycling at 40°C with 4.18 V
(top panel) and 4.04 V (bottom panel) UCVs. The cycling data for these cells have been
shown in Figure 7.4 and Figure 7.5. When cycling with a 4.18 V UCV, the gas generation
from the unwashed material nearly doubles compared to that from the washed material
for all additives except for the control electrolyte. Given that the volume of the pouch cell
(excluding the gas bag) is about 2.5 mL, the top panel of Figure 7.7 shows that
unacceptable amounts of gas are being generated for all of the unwashed cells. When
cycling with the 4.04 V UCV, the gas generation is around an order of magnitude lower
than the 4.18 V UCV case. Though the gas generation during formation can be lowered
by carefully selecting electrolyte additive blends such as using 2FECILFO as shown in
Figure 7.3 even in unwashed core-shell pouch cell, the gas generation during cycling still
shows that positive electrode materials with surface lithium residues generate

significantly more gas, especially when cycled to 4.18 V.
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Figure 7.7 The gas generation during charge-discharge cycling at 40°C with 4.18 V UCV (top
panel) and 4.04 V UCV (bottom panel) for the washed and unwashed core-shell pouch cell. The
gas generation for the unwashed core-shell pouch cell with 4.04 V UCV and 1LFO10DTO

electrolyte was measured after 370 cycles/2600 hours.

Figure 7.8 (a) shows the dQ/dV changes when the pouch cells were discharged using
various C-rates. The C-rate was determined based on the discharge capacity of formation.

For both the washed and unwashed core-shell pouch cells, high discharge rate impacts the
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“H2-H3 remnant” region most when discharging from 4.18 V (ca. 4.25 V vs. Li/Li").
This shows the “H2-H3 remnant” is more rate-sensitive than the rest of the dQ/dV peaks.
A study of Li-ion diffusion in LixNiO, by Phattharasupakun et al.'®® has shown the lowest
diffusion coefficient above 3.6 V vs. Li/Li" occurs at 4.25 V vs. Li/Li", which explains
the poor rate capability over the “H2-H3 remnant” region. Similar results were also

observed by A. Liu et al.!” on single and polycrystalline LiNio.97sMgo250x.

Figure 7.8(b) compares the rate capability of the washed and unwashed core-shell pouch
cells. Regardless of the UCV, the pouch cell rate capability does not appear to be
influenced by the presence of surface lithium residues on the core-shell material at least

up to 2C rate.
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Figure 7.8(a) dQ/dV versus V curves of the washed and unwashed core-shell pouch cells as a
function of discharge C-rate with 4.18 V and 4.04 V upper cut-off voltages (UCV) measured at
40°C. The arrows indicate the direction of increasing of C-rate for the discharge data (b) The
discharge capacity and normalized capacity as a function of discharge C-rate. The C/20 discharge

capacity was taken as 1 for normalization.
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7.4 Conclusions

Washed and unwashed polycrystalline Ni-rich Co-free core-shell materials were
evaluated and compared in this work. Both the washed and unwashed materials have an
average composition of LiNip94Mno 0602 and were prepared from a precursor that has a
16 um Ni(OH); core and a 1 pum thick NipsMno2(OH), shell. This is a core-shell
composition reported previously in Chapter 4 to Chapter 6 and in references.®!”!*%, The
washed core-shell material maintained the core-shell structure but powder XRD
refinement showed an increased fraction of Ni atoms in the Li layer and crushing tests
showed worse mechanical strength compared to the unwashed material. The use of 0.7
wt.% oxalic acid in the slurry formulation eliminated the gelation problem of the
unwashed material so that electrodes could be made and pouch cells could be built. Half
cell charge-discharge cycling using punched single-side-coated electrodes from pouch
cells showed that the washed material had worse performance than the unwashed material
between 3 and 4.25 V vs. Li/Li" at 30°C. Washed pouch cell charge-discharge cycling
also showed worse performance than the unwashed cells as a function of time at both
20°C and 40°C. The rate capabilities of the washed and unwashed core-shell pouch cells
were virtually the same before long term cycling and the high-discharge rate significantly
impacted the high voltage “H2-H3 remnant” region regardless of the washing condition.
The washed core-shell pouch cells generated a lot less gas than the unwashed cells for the
control, 2VC1DTD, 2FECILFO, 1LFO and 1LFO10DTO electrolyte blends with 1.5 M
LiPF¢ when cycling with 4.18 V UCV at 40°C.

The pouch cells tested to an upper cut-off of 4.04V showed reasonable amounts of gas
production, excellent capacity retention and minimal impedance growth at both 20 and
40°C. By contrast, cells tested to an upper cut-off of 4.18V showed significant amounts
of gas production at 40°C, poor capacity retention and significant impedance growth at
both 20 and 40°C. These results highlight once again the difficulties associated with
simultaneously obtaining very high energy density and long lifetime with Ni-rich

materials.
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Chapter 8 Comparison of the Washed Core-shell Material with
Commercially-available Materials in Pouch Cells

8.1 Introduction

In Chapter 7, gelation problem of the unwashed core-shell material was alleviated so that
the performance of the washed and unwashed core-shell material was able to be
compared in pouch cells. Gas generation during cycling at 40°C with 4.18 V OCV
showed the unwashed material generated much more gas than its washed version, which
could cause severe safety issue. In this chapter, the washed core-shell material is
compared to the commercially available material LiNigsMno3Co0202 (SC532) and
LiNigsMno.1Co0.102 (SC811). Special attention is given to the impact of the “H2-H3
phase transition remnant” (“H2-H3 remnant” for short), if any, on the cycling

performance of these three positive electrode materials.

8.2 Experimental

Coated single crystal SC532 was provided by Vendor 1 and is the same material featured
in reference '*°. Uncoated single crystal SC811 was provided by Vendor 2 and is the
same material featured in reference . The washed core-shell oxide is the same as used in
Chapter 7 and named Ni94 here for simplicity of discussion as its Ni content is 94%.

Coin cell building and electrolytes used are indicated in Chapter 3

The in-situ XRD studies of SC532, SC811 and LiNig.9sMno 0502 (not to be confused with
core-shell Ni194), and the following unit cell volume determination versus voltage or

lithium content were carried out in previous work.>”%3

Two pouch cell testing protocols were used. In the protocol for long term cycling
measured at 20 and 40°C, two upper cut-off voltages (UCVs) were selected for each
positive material. The SC532 cells were cycled from 3.0 to either 4.1 V or 4.3 V. The
SC811 cells were cycled from 3.0 to either 4.06 V or 4.2 V. The core-shell Ni94 cells
were cycled from 3.0 to either 4.04 V or 4.18 V. The pouch cell voltage polarization is

defined as the average voltage difference between the charge and discharge curves of the
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same cycle. The capacity and voltage polarization of the 5™ cycle was taken as 100%.
The SC532 and SC811 cells were measured with C/3 CCCV mode at 40°C and 1C
CCCV mode at 20°C. All the core-shell Ni94 cells were measured with C/3 CCCV mode
at both 20°C and 40°C. The 2™ protocol was adopted only for the Co-free core-shell Ni94
pouch cells with 2FEC1LFO additive measured at 20°C and 40°C, C/3 CCCV mode. The
pouch cell was cycled with alternating UCVs of 4.18 V and 4.04 V. The UCVs were

alternated every 10 cycles.

8.3 Results and Discussion

8.3.1 Unit Cell Volume Change Over “H2-H3 remnant” Region

Figure 8.1 (a) shows the voltage (vs. Li/Li") vs. specific capacity of the SC532, SC811
and the washed core-shell Ni94 positive electrode materials measured at 30°C. Increasing
the Ni content increases the first charge capacity as expected. The irreversible capacity
depends on a number of factors such as the Li-ion diffusion constant at low potentials, the
discharge rate and the primary particle size.!%%!"180 The diffusion constant is affected by
the material composition and also by the fraction of Ni atoms in the Li layer. There is no

simple relationship between material composition and irreversible capacity.

Figure 8.1 (b) shows the dQ/dV curves (left y-axis) and the unit cell volumes (right y-axis)
of the SC532, SC811 and homogenous LiNip.9sMno.050> (not to be confused with Ni94)
as a function of voltage. The “H2-H3 phase transition remnant” peaks at around 4.2 V
become sharper in intensity as the Ni content increases. The capacity in this region also
contributes more to the overall specific capacity as the Ni content increases. In addition,
the unit cell volume experiences a dramatic decrease as the materials are charged through
this peak in dQ/dV, especially for LiNio.9sMno.0sO2. This shows that in order to access

more capacity for Ni-rich materials, a large lattice volume change will be inevitable.
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Figure 8.1 (a) The voltage vs. specific capacity of the SC532, SC811 and the washed Co-free
core-shell Ni94 for the 1% 1.5 cycles measured at 30°C, C/20 from 3.0 to 4.4 V. (b) dQ/dV of the
1t discharge and 2™ charge (left y-axis) and the unit cell volumes (right y-axis) of SC532, SC811
and homogenous LiNig9sMng 5O, (not to be confused with Ni94) vs. V. The black and red curves

are data from duplicate cells. The unit cell volume data was taken from reference 63

8.3.2 Impact of “H2-H3 remnant” on Pouch Cell Performance

Figure 8.2 shows the amount of gas generated during formation (left column) and the
charge-transfer resistance R measured after formation (right column) as a function of the
five electrolyte blends for the SC532, SC811 and the core-shell Ni94 pouch cells. The
formation was done by charging to two different UCVs. The formation current was the
same for the two UCVs of each cell type. This means the formation time was slightly

longer when charging to a higher voltage.
For the gas generation, the 2FEC1LFO additive combination generates the least amount

of gas regardless of which positive electrode material was used in the pouch cells. For

each additive, the amount of gas generated in SC532 cells is similar to that in SC811 cells,
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which suggests the gas generated was primarily a result of SEI formation on the negative
electrode. However, for the Ni94 cells with 2VC1DTD, the amount of gas generated was
higher when formed to 4.3 V than when formed to 4.1 V. When LFO was added to the
electrolyte in the Ni94 cells, the amount of gas generated when formed to 4.1 or 4.3 V

was almost the same.

The charge-transfer resistances, Rc, were generally slightly lower when cells were
formed to higher UCV for all the positive electrode materials studied here. It is not very
clear to the authors at this moment why charging to a high voltage lowers the R value.
When a full cell charges to a higher voltage during formation, the negative electrodes
reach a lower voltage vs. Li/Li" which may impact the impedance of the SEI formed.!”
The incorporation of LFO to the electrolyte generally causes a reduction in R compared

to cells with 2VC1DTD as has been previously reported.*>-17
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Figure 8.2 The gas generation (left column) during formation and the charge-transfer resistance
Rt (right column) after formation for the SC532, SC811 and core-shell Ni94 pouch cells as a
function of electrolyte blends. The data shown without error bars were digitized from J. Li et al.,*

L.Maeal.,'" and X. Ma et al.!'®
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Figure 8.3 shows the cell balancing of the SC532, SC811 and the core-shell N194 cells as
determined by the dV/dQ analysis method.'®! The goodness-of-fit of the dV/dQ method
is shown qualitatively in Figure C.1. The corresponding positive electrode voltages are
labeled when the full cell is charged to 4.1 V and 4.3 V for SC532 (a), 4.06V and 4.2 V
for SC811 (b), as well as 4.04 V and 4.18 V for the core-shell Ni94 (c). The inset images
show dQ/dV vs. V of the corresponding positive electrode and the dashed lines indicate
the corresponding low and high UCVs for the positive electrode vs Li/Li*. The “H2-H3
remnant” peaks of the positives, bounded by the dashed lines in the inset dQ/dV curves,
are excluded when the full cells are charged to 4.06 V for SC811 and 4.04 V for Ni%4.
Please note that for SC532 cells, the “H2-H3 remnant” is not observed even at 4.3 V.
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Figure 8.3 Pouch cell electrode balances for the SC532 (a), SC811 (b) and the core-shell Ni94 (¢)
measured on the 2" charge. The dashed lines indicate the two UCVs of the full cells with the
positive electrode voltage labeled. The dashed lines in the inset indicate where the labeled

positive electrode voltages are in the dQ/dV vs. V plots.
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Figure 8.4 shows the charge-discharge cycling performance of the SC532, SC811 and the
core-shell N194 pouch cells when the UCVs include the “H2-H3 remnant” for SC811 and
Ni9%4. Both the SC811 and Ni9%4 pouch cells show poor capacity retention without
electrolyte additives (control electrolyte). With the help of additives, the performance of
SC811 cells was significantly improved and the core-shell Ni94 cells reach 200 cycles at
80% retention. The capacity retention decreased as Ni content increased with 2VC1DTD,
2FECILFO and 1LFO additives. The SC532 cells charged only to 4.3 V do not pass
through a large volume change region (Figure 8.1b) and they show excellent capacity
retention and very little impedance growth. Both the SC532 and SC811 are very robust to
particle microcracking, so the differences in capacity retention and voltage hysteresis
could be a result of parasitic reactions between the positive electrode material and the
electrolyte.’® Jung et al.'®> showed that oxygen release from LiNixMnyCo,0> positive
electrode materials causing chemical oxidation of the electrolyte occurs coincidentally
with the large volume contraction which occurs near the “H2-H3 remnant”. This reaction
will occur in the case of SC811 but should not occur in the case of SC532. For the
polycrystalline core-shell Ni94, Y. Liu et al.® have shown in coin cells that though the
high Ni-content core (nominally 100% Ni) showed cracking when cycled up to 4.3 V vs.
Li/Li" for 100 cycles, the shell (nominally 80% Ni) did not. This material was shown to
have comparable capacity retention with SC811 in half coin cells. However, the N194
pouch cells have a very poor capacity retention and the rate of voltage polarization
growth is enormous compared to the SC811 and SC532 cells. The author speculates this
may be related to impact of standard industrial processing on the characteristics of this

material. The details of how the Ni194 was processed were not revealed to the author.
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Figure 8.4 Capacity, normalized capacity and normalized voltage polarization vs. cycle for five
electrolyte blends measured at 40°C, C/3 CCCV when the UCVs include the “H2/H3 remnant”

for the case of SC811 and Ni94. The 5™ cycle is chosen as 17 for the normalization.

Figure 8.5 shows the cycling performance of SC532, SC811 and the core-shell Ni94
pouch cells when the UCVs were chosen to exclude the “H2-H3 remnant”. The most
obvious difference between Figure 8.4 and Figure 8.5 is the vastly improved capacity
retention for the Ni94 cells charged to only 4.04 V as well as a dramatic reduction in the
rate of growth of voltage polarization. Similarly, the capacity retention and impedance
growth for the SC811 cells charged to 4.06 V in Figure 8.5 are vastly improved compared
to Figure 8.4 when the cells were charged to 4.2 V. These comparisons highlight the fact
that the “H2-H3 remnant” is detrimental to cells that require extremely long lifetime.
Even a material like the N194 used here where capacity degrades very rapidly when used
in cell operated to 4.18 V (charging through the “H2-H3 remnant” on every cycle) is
relatively acceptable when operated to only 4.04 V by avoiding the “H2-H3 remnant”.

One interesting thing to note is that penalty in absolute cell capacity which occurs by
reducing the UCVs from 4.3 to 4.1 V for SC532, from 4.2 to 4.06 V for SC811 and from

4.18 to 4.04 V for Ni94. The cell capacity decrease is the largest for the core-shell Ni194
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cells. This is because the “H2-H3 remnant” contributes a larger portion of its capacity, so
avoiding this remnant causes a dramatic capacity reduction. This suggests that the
longest-lived cells, operated to avoid the “H2-H3 remnant”, with the highest capacity will

not be made with positive electrode materials with extremely high Ni contents.
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Figure 8.5 Capacity, normalized capacity and normalized voltage polarization vs. cycle for five
electrolytes measured at 40°C, C/3 CCCV when the UCVs exclude the “H2/H3 remnant”. The 5™

cycle is chosen as ”’1” for the normalizations.

Figure 8.6 shows the cycling performance for pouch cells with the 2FEC1LFO and 1LFO
electrolyte blends at 20°C when the “H2-H3 remnant” was either included (a) (note that
SC532 cell has no “H2-H3 remnant” even at 4.3 V) or excluded (b). The cycling
performance of the core-shell Ni94 was significantly improved at 20°C compared to
cycling at 40°C for both UCVs. The capacity retention with 4.18 V UCV is almost tripled
at 20°C compared to at 40°C. For both UCVs, the significantly lower voltage polarization
increase with cycle numbers at 20°C compared to 40°C highlights the strong dependency
of the side reactions between the electrodes and the electrolyte on temperature. The N194
cells charged to only 4.04 V at 20°C operate without capacity loss and the impedance
growth is equal to that of the SC811 cells. Again, by comparing the difference of cycling
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performance in Figure 8.6(a) and (b), it is striking how much the capacity retention can

be improved by avoiding the “H2-H3 remnant” especially for Ni94 cells.
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Figure 8.6 Capacity, normalized capacity and normalized voltage polarization vs. cycle for
2FECI1LFO and 1LFO electrolyte blends measured at 20°C when the UCVs include (a) and
exclude (b) the “H2/H3 remnant”. The 5% cycle is chosen as 1" for the normalizations. The
SC532 and SC811 cells were measured with 1C CCCV. The core-shell Ni94 was measured with
C/3 CCCV.

Figure 8.7(a) shows two negative electrodes extracted from core-shell Ni94 pouch cells
with control electrolyte or 2FEC1LFO electrolyte blend that were cycled at 40°C, C/3
CCCV with 4.18 V UCV. The charge-discharge cycling performance of these cells is
shown in Figure 8.4. The control and 2FEC1LFO cells were cycled to the 290" and 270"
cycle, respectively, before disassembly at 4.18 V. Both cells were slowly charged to 4.18
V and voltage hold at 4.18 V for 30 hours before opening in glove-box. Both negative

electrodes showed a uniform gold color indicating uniform lithiation,*” even though the

112



pouch cell with control electrolyte experienced worse capacity loss compared to the cell
with the 2FECILFO additive. By the look of the graphite negative electrodes, there
appears to have been no significant mass and lithium inventory loss, which also implies
there is no significant SEI thickening. Therefore the impedance growth from the negative
side is expected to be low and the fast capacity fade of the core-shell Ni94 cell is most
likely due to the impedance growth from the positive electrode. The different
performance of the cells with control and 2FECILFO electrolyte blends can be a result of
the different ability to inhibit the impedance rise of the positive electrode by the

electrolyte.

Figure 8.7(b) shows the cross-section SEM images of a fresh electrode from a dry core-
shell Ni94 pouch cell. The SEM images show many of the particles have been fractured
due to the calendaring process. Figure 8.7(c) and (d) show cross-section SEM images of
positive electrodes from two cycled pouch cells with control electrolyte. The pouch cell
dissembled in Figure 8.7(c) was cycled to 4.18 V UCV for 290 cycles at 40°C. This is the
cell with control electrolyte shown in Figure 8.4 and its negative electrode was examined
in Figure 8.7(a). The pouch cell dissembled in Figure 8.7(d) was cycled to 4.04 V UCV
for 200 cycles at 40°C. This is the cell with control electrolyte shown in Figure 8.5.
Particles in both electrodes show microcracking. Even though the in-situ XRD in Figure
8.1 and many other reports in the literature indicate the generation of microcracking when
a polycrystalline material was repeatedly cycled to high voltage,*>”>!*? it is difficult from
these SEM images to tell whether the microcracks were generated due to initial
calendaring or induced by anisotropic volume change from repeatedly cycling to a high
voltage. The goal of using a core-shell structure is to protect the Ni-rich core from the
electrolyte exposure using a low Ni content shell so that both high capacity and long
cycle life can be achieved. Therefore, the microcracks due to calendaring are particularly
detrimental for the core-shell N194 material as the Ni-rich core will have a direct
exposure to the electrolyte which is expected to cause severe side reactions during
cycling. It was shown previously that the SC532 and SC811 fresh electrodes have
minimal microcracking from calendaring, which highlights the advantageous processing

ability of single crystal materials compared to the polycrystalline ones.*°
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8.3.3 Degradation Analysis

40°C, LE{LFD.AMSV

Location 2 Eﬂ ””

e |
Figure 8.7 (a) The harvested graphite negative electrodes at 4.18 V from pouch cells cycled with
control (290 cycles) and 2FEC1LFO (270 cycles) electrolyte at 40°C, C/3 CCCV. (b) Cross-
section SEM images of two locations of a fresh core-shell Ni94 electrode punched from a dry
pouch cell. (c) Cross-section SEM images on a cycled Ni94 electrode with a 4.18 V UCV and
control electrolyte (290 cycles) at 40°C (d) Cross-section SEM images a on cycled Ni94 electrode
with a 4.04 V UCV and control electrolyte (200 cycles) at 40°C.
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Figure 8.8 (a) shows the C/20 and C/5 dQ/dV curves of the core-shell Ni94 and the
SC811 before and after cycling from 3 to 4.3 V vs. Li/Li" in coin cell half-cells at 30°C.
The C/20 dQ/dV curve of the core-shell Ni94 remains stable only up to ca. 4.1 V,
whereas that of the SC811 is virtually unchanged over the entire voltage range. The
significant change of the core-shell N194 dQ/dV curve occurs around the so-called “H2-
H3 remnant” at the 4.2 V dQ/dV region where a large volume contraction occurs
according to im-situ XRD. Half-cell cycling with C/20 ensures that impedance
contributions to capacity fade are negligible. If there is any portion of the active material
permanently disconnected from the conducting network, one would expect the entire area
enclosed by the dQ/dV curve to decrease by that portion, instead of only influencing the
“H2-H3 remnant” region. It is therefore reasonable to believe that it is only a temporary
active material disconnection from the conducting network due to the lattice volume
contraction over the “H2-H3 remnant” region.>* Once the material expands again, it is
reconnected to the conducting network so that the dQ/dV curve below 4.1 V remains
stable. On the other hand, the SC811 half cell shows virtually no changes around its 4.2
V peak region, which may imply all the active particles are well-connected to the
conducting network even though it also experiences a large lattice volume change over
this region. This difference from the core-shell Ni94 is most likely due to the single
crystal structure without microcracking that helps minimize electric-disconnection over
the high voltage range, whereas, for the polycrystalline core-shell Ni94, the
microcracking by electrode calendering might even exacerbate the electric-disconnection.
In the C/5 cycling case of the core-shell Ni94 half cell, the 4.2 V peak from charging
almost entirely vanishes after cycling and even the middle range of the dQ/dV curve has
shifted in voltage which indicates a large impedance effect. The SC811 shows very stable
C/5 cycling over the entire voltage range. The coin cell half-cell cycling data is shown in

Figure C.2.

Figure 8.8(b) shows the C/3 CCCV cycling performance of a core-shell Ni94 pouch cell
tested with alternating UCVs at 40°C and 20°C. When cycling with a 4.18 V UCV, the
cell capacity decreases significantly faster compared to when the UCV is 4.04 V. In fact,
at 40°C, the capacity versus cycle number segments for the 4.04 V UCV are virtually
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horizontal and all capacity loss occurs during the 4.18 V cycling. The situation is similar
at 20°C. This behavior strongly suggests a recommended use mode for cells with any
high Ni content positive electrode. If a large discharge capacity is not required, charging
to a voltage below the “H2-H3 remnant” will help preserve cell life time. The user should
only charge to a voltage beyond the “H2-H3 remnant” in cases when a large discharge

capacity is needed.
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Figure 8.8 (a) The C/20 and C/5 dQ/dV curves of the core-shell Ni94 and the SC811 before and

after cycling from 3 to 4.3 V vs. Li/Li" in coin cell half-cell at 30°C. (b) The capacity vs. cycle

number of core-shell Ni94 pouch cells tested with alternating 4.18 V and 4.04 V UCVs at 40°C
and 20°C, C/3 CCCV.

8.4 Conclusions

The cycling performances of SC532, SC811 and the washed polycrystalline Co-free core-
shell Ni94 material were compared in pouch cells with artificial graphite negative

electrodes. Two upper cut-off voltages (UCVs) were carefully chosen for the SC811 and
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Ni94 cells based on the dQ/dV curves of the positive electrode material. The lower UCV
was chosen to exclude the so-called “H2-H3 phase transition remnant” which is around
4.2 V in the dQ/dV vs. Li/Li" curve, whereas the higher UCV was chosen to include this

“remnant”’.

For all five electrolyte blends tested, the SC532 cells showed the best capacity retention
with both UCVs and at both temperatures. SC811 cells have lower lifetime than that of
SC532 cells but better lifetime than the prototype polycrystalline Co-free core-shell Ni94
at both 20°C and 40°C. The core-shell Ni94 only has excellent life time at 20°C, 4.04 V
UCYV which is comparable to SC532 and SC811, at least for the first 800 cycles shown in
this work with C/3 CCCV charge-discharge cycling.

The Ni94 cells showed poor capacity retention and large impedance growth when
operated to 4.18 V (cycling through the “H2-H3 remnant”). However, the performance
was dramatically improved, even for this apparently poor material, by limiting the upper
cut-off to 4.04 V to avoid the “H2-H3 remnant”. This suggests a universal strategy for
obtaining the longest cell life time with high Ni-content positive electrode materials.
Unless a large discharge capacity is required, limiting the charge cut-off voltage below
the “H2-H3 remnant” lowers capacity degradation significantly. Figure 8.8b explored this

scenario and showed that capacity loss only occurred during the 4.18 V UCV cycles.

For the core-shell Ni94, the cross-section SEM images on fresh electrodes have shown
microcracks due to electrode calendaring. These microcracks are particularly detrimental
to cell cycle life as the exposed Ni-rich core is expected to be very reactive with the
electrolyte to induce large impedance growth from electrolyte oxidation. Half cell cycling
and pouch cell cycling with alternating UCV showed the temporary loss of electric-
connection of the active material happens when cycling over the so-called “H2-H3 phase
transition remnant” region of the polycrystalline core-shell Ni94 positive electrode

material. A large impedance increase is induced at the same time.
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Chapter 9 Conclusions and Future Work

9.1 Conclusions

This thesis focused on the development of Co-free Ni-rich layer structured core-shell
positive electrode materials as a potential alternative to commercially available Co-
containing materials such as SC811. The layer structured Ni-rich materials with core-
shell structure, where the Ni-rich core is protected by the lower Ni-content and Mn-
containing shell, is expected to have long cycle life without compromising their high

specific capacities as discussed in Chapter 2.

Through both electrochemical and physical evaluations of a systematic series of lithiated
Co-free Ni-rich core-shell precursors, it was shown that heating temperature of the
precursor/lithium hydroxide mixture during synthesis must be carefully selected. Core-
shell materials made at insufficient temperature have low specific capacity due to low
crystallinity and a high percentage of Ni atoms in the Li layer. Materials made at
excessive temperature show interdiffusion between the shell and core compositions
leading to poor capacity retention and poor safety performance. Together with the safety
performance evaluation, C100 _S85 8/0.5 lithiated at 700°C from Group III and
C100_S80 16/1 lithiated at 750°C from Group IV show the most balanced performance
in terms of specific capacity, cycle life and safety among all the materials studied in
Table 6.1. The core-shell material C100 S80 16/1 Ilithiated at 750°C displayed
comparable DCR with NCA and SC811, indicating that Co is not required to attain
comparable DCR.

In terms of specific capacity, capacity retention and safety performance, the core-shell
materials also present a trade-off relationship similar to that of the homogeneous Ni-rich
materials shown in Figure 2.1, which related primarily to the shell thickness and its Mn
content. When heating to the same temperature, a core-shell material with more Mn
content in the shell will have less specific capacity due to the inactive Mn and more Ni in
the lithium layer, but have improved cycling performance with less Ni content exposed to
the electrolyte, such as C100_S85 12/0.75 and C100_S80 12/0.75 at 750°C from Group
I, C100_S85 8/0.75 and C100_S80 8/0.75 at 750°C from Group III, etc. Accelerating
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rate calorimetry experiments show that charged core-shell materials with a thick and Mn-
rich shell have the least reactivity with electrolyte at elevated temperatures, suggesting

such materials will lead to the safest Li-ion cells but at a cost of specific capacity.

The material washing step was found to be detrimental to the core-shell C100 S80 16/1
material heated at 750°C that deteriorated its electrochemical performance and physical
properties. Pouch cell testing showed the cells with washed material performed worse
than those with unwashed material at both 20°C and 40°C when cycling with both 4.04
and 4.18 V upper cut-off voltages, though the initial rate capabilities of the washed and
unwashed core-shell pouch cells were virtually identical. The unwashed material also
generated a significantly more gas than its washed version during charge-discharge

cycling.

The washed core-shell material was also compared to commercial grade SC811 and
SC532. Two upper cut-off voltages per cell type were chosen to either include or exclude
the remnant of the “H2-H3 phase transition” region, if present, of each positive electrode
material. The core-shell material shows comparable performance to the SC532 and better
performance than the SC811 only at 20°C and 4.04 V upper cut-off voltage. In other
testing conditions, the SC532 has the best performance followed by the SC811. For the
core-shell material, the particle microcracking from electrode calendaring and material
washing also negatively impact its performance. The particle microcracking is
particularly detrimental to its cycling performance as the exposed Ni-rich core has a high

reactivity with the electrolyte which induces a large impedance increase.

The work in this thesis is unique in a way that the author had the opportunity to design a
semi-optimized core-shell material using laboratory-scale methods. Then the exact
material designed by the author was scaled to the 10 kg-level and incorporated into
pouch-type Li-ion cells by LiFun Technology. One thousand dry pouch cells (no
electrolyte) were sent by LiFun Technology to Dalhousie University which allows the
author to evaluate his material with different electrolyte blends and make a comparison

with other commercial materials in more realistic test vehicles.
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9.2 Future work

9.2.1 Explore All Solid-state Synthesis

The core-shell precursor hydroxide used in this thesis was made by co-precipitation
method. One of the major drawbacks of this method is the generation of large amount of
effluent.”!3* An all solid state synthesis method can be of great value from both

economical and environmental standpoints.

A solid-state synthesis method is analogous to that proposed by L. Zheng et al.'® The
synthesis is expected to carry out in a milling device. The synthesis to make a core-shell
oxide can start with nickel oxide particles such as NiO as the “core” phase. Half of the
stoichiometric Li may also be milled together with the “core” phase. A pre-mixed nickel
oxide and manganese oxide (electrolytic manganese dioxide, for example) with a
composition of choice is used as the “shell” phase. Because the “shell” phase particles
will act as a coating to the “core” phase particles, it is preferred to have a core particle to
be much larger than the shell particle to facilitate the coating process. In addition, the
shell phase particles may need to be slowly added to the mill to prevent their
accumulation leading to self-agglomeration. Once the coating process is completed, the
other half of the Li is added and milled together with the core-shell oxide precursor. This
method does not generate any liquid waste nor requires complex synthesis apparatus,

therefore is worth for further exploring for making core-shell materials.

9.2.2 Explore More Lithiation Conditions

Minimizing interdiffusion between the core and shell is extremely important to make a
core-shell material. The author has explored extensively the impact of heating
temperature for core-shell materials. However, heating duration can be equally crucial for
the core/shell interdiffusion. Among all the precursors studied in Table 6.1, Group IV
materials were lithiated for 20 hours whereas precursors in Group I to III were lithiated
for 10 hours. If the heating time were shortened to 10 hours or even 5 hours, some of the
Group IV precursors lithiated at 800°C may be able to retain their core-shell structures
and achieve improved capacity retentions. Additionally, shortening the synthesis time can

increase the production throughput and therefore has economical value. Lithiation in air
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can be another parameter to explore. Instead of synthesis in oxygen, lithiation under
much cheaper atmosphere such as air allows a cost reduction during large-scale
production. It would be therefore worthwhile to examine the performance of these

materials lithiated under air atmosphere and compared with those lithiated in oxygen.

9.2.3 Explore Tungsten-coating

In Chapter 8, the author showed that the particle microcracking due to electrode
calendaring was detrimental for the core-shell material performance due to the exposed
high Ni content core. However, to obtain a high electrode density, high calender pressure
is required, resulting in inevitable particle crackings that lower the capacity retention.
Very recent work in the Dahn group, performed while the author was writing this thesis,
has shown that including WO3 or ammonium meta tungstate during the heat treatment of
the precursor with LiOH*H>O leads to thin layers of amorphous LixWyO, phases which
infuse between the primary particle grains.!®>!% Additionally, the layer of LixW,O,
prevents primary particle growth and greatly hinders interdiffusion between adjacent
primary particles. These features of WO3 lead to potential solutions to improve the core-
shell material in pouch cells with high electrode density. Even with cracked particles, the
amorphous LixWyO, surface around primary particles can still prevent the Ni-rich core
from exposure to the electrolyte even with high calender pressure. Because of these
attractive features, tungsten coated core-shell precursors are promising materials to

ultimately outperform the commercial materials such as SC811.

In addition, Divya Rathore in the Dahn group has recently shown that the LixWyO,
phases infused into the grain boundaries prevents the interdiffusion of the core and shell
phases in materials like those studied in this thesis (unpublished). This is a very important
finding because it opens the door to higher processing temperatures which will speed
synthesis without the concern of destroying the core-shell structure. The impact of WO3
and other similar materials (e.g. ZrO>, SiO2) coated on the core-shell precursors in
preventing interdiffusion between core and shell need to be carefully and systematically

studied.
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9.2.4 Symmetric Cell Study on Washed and Unwashed Materials

Pouch cell cycling data of the washed and unwashed material in Chapter 7 shows
different degradation behaviors such as those cycling with 4.04 V upper cut-off voltage in
Figure 7.5. It is worthwhile to look into the degradation mechanism of these pouch cells
more closely. However, since various degradation mechanisms have been associated with
almost all its components of a lithium-ion full cell,3*!¥7-13 it may be difficult to use a
pouch cell to wunravel the reasons behind cell degradation. Additionally,
electrode/electrode interactions are believed to have a strong influence on full cell
performance, such as the increase of negative electrode impedance due to the “cross-over”

194-196 and the dramatic

of the dissolved transition metals from the positive electrode,
increase in positive electrode impedance in the absence of “cross-talk” provided by the
graphite negative electrode.*>!?’"1%" These electrode/electrode interactions further

contribute to the complexity of lithium-ion cell degradation studies.

Special electrochemical cells such as those with an embedded reference electrode, to

196,200.201 and novel electrochemical

monitor individual electrode voltage and impedance,
devices that physically separate each electrode have been used to study
electrode/electrode interactions and products, etc.??% However, these approaches are
not without drawbacks. Although many are sufficiently reversible and relatively easy to
produce, reference electrodes are hard to implement in various cell formats and are highly
dependant on their location inside a cell.?°***” Though novel electrochemical devices are
helpful for gaining insights into degradation mechanisms, the major drawback is the
limited accessibility for many other researchers and scientists. Therefore, a method with
excellent accessibility that simultaneously allows the separate study of individual

electrodes and the interactions between them can be highly useful for lithium-ion cell

research.

Chen et al.>® introduced a symmetric cell approach to distinguish the effects of the
negative electrode and the positive electrode on the full cell impedance rise. Since a
symmetric cell consists of electrolyte and only one type of electrode, one can learn more

by doing charge-discharge cycling of symmetric cells. Symmetric cell cycling
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performance is dictated by the type of electrode used and its interaction with the selected
electrolyte. Many reports have utilized this feature to study various combinations of
electrodes and electrolyte,*>** 212 but the one difficulty of utilizing symmetric cells for
cycling lies in the determination of the electrode voltage range vs. Li/Li* in a symmetric
cell. Unlike in a lithium-ion full cell where the voltage ranges of the positive and negative
electrodes are familiar to researchers, each electrode voltage vs. Li/Li" in a symmetric
cell is not easy to determine and is also closely related to how symmetric cells are
constructed. The dV/dQ method*"® can be used to determine the potentials of each
electrode vs. Li/Li" without introducing a reference electrode. This opens the door for
utilizing the symmetric cell method with common coin-cell configurations. By designing
a symmetric cell that operates with electrode range identical to that in the pouch cell, a
symmetric cell becomes an interesting test vehicle to simplify the study of electrolyte
evolution and electrode/electrolyte interphase changes during charge-discharge cycling

through cell disassembly.

Positive/positive symmetric cells can be made and cycled with washed and unwashed
materials. Cycled symmetric cells can be dissembled to extract the electrodes and
electrolyte. The retrieved electrodes and electrolyte can be analyzed by methods such as
NMR and XPS to compare the differences in electrolyte and interphase changes between
the washed and unwashed materials that tested in the absence of the graphite negative
electrodes. The NMR and XPS results from symmetric cells can be further compared
with the electrolyte and positive electrodes from the pouch cell with graphite negative

electrodes.

9.2.5 Explore Material Washing and Reheating Conditions

Material washing/reheating plays an important role on material performance as shown in
Chapter 7. Since the washing/reheating was performed by a commercial vendor, the
details of this process were not revealed to the author. It is therefore worthwhile to
conduct a series of washing and reheating experiments on the unwashed material simply
for better understanding. Some of the washing parameters might include the choice of

washing medium such as water or LiOH dissolved in water, the material to water ratio,
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washing temperature and flow rate, etc. The quality of washing judged by the leftover
surface lithium residual amount after washing can be quantified by acid-base titrations.
For heating conditions, the impact of heating under air or oxygen can be explored. The
impact of washing and reheating on the material’s mechanical property can be further
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examined quantitively by method developed by Hamam et a instead of a simple

qualitative examination like in Figure 7.1(d).

One thing that can be particularly interesting is the impact of washing/reheating on the
core-shell material synthesized at different temperatures, such as C100_S80 16/1 heated
at 700°C, 750°C, and 800°C. Core-shell materials can be made when heating this core-
shell precursor with a Li/transition metal ratio 1.02 at 700°C and 750°C for 20 hours in
oxygen, whereas heating at 800°C gives a homogenous material that is equivalent to
LiNio.935Mno.06502. Under the same washing/reheating condition, it will be interesting to
see which one of these materials is more resistant to performance degradation both

mechanically and electrochemically.

9.2.6 Accelerating Rate Calorimetry Study on Washed and Unwashed Core-shell
Materials

Safety performance of the washed and unwashed material will be interesting to explore.
To the best of author’s knowledge, very few reports have evaluated the impact of surface
lithium residuals on accelerating rate calorimetry performance. It will be interesting to
study the difference, if any, in safety performance between the washed and unwashed

materials.
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Figure A.1 Rietveld-refined XRD patterns of all lithiated materials. From left to right column: full
XRD pattern from 15° to 70°, the corresponding expanded views of (104) Bragg peak, and
(108)/(110) Bragg peaks, and the impurity region. “Shell” materials LiNiosMng .0, and
LiNig sMng 50, are denoted as NiMn8020 and NiMn5050, respectively.

Table A.1 Specific capacities of the first 2 cycles (C/20) and 1* cycle irreversible capacity of
CS92 — 5050 — 17/0.5 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1% Charge 1% Discharge 2" Charge 2" Discharge 1* Irreversible
°C O @ 0O @ O @ O @ O @
800 241 240 214 213 217 217 208* 206* 27 27
750 216 215 175 174 172 171 180 178 41 42
700 209 208 144 143 140 136 141 137 65 65
650 184 202 126 133 127 134 127 133 58 70
* 2nd C/20 discharge was interrupted by power outage. 3™ discharge (C/5) is reported herein.

Table A.2 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
CS94 — 8020 — 16/1 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1% Charge 1% Discharge 2" Charge 2" Discharge 1* Irreversible
°C ad o O @ O & BH & @A 2)
800 246 247 226 225 228 227 213* 211* 20 22
750 233 241 208 214 205 215 219 223 25 27
700 221 220 180 179 181 176 184 178 41 40
650 209 204 153 152 159 157 164 162 56 52
* 2nd C/20 discharge was interrupted by power outage. 3™ discharge (C/5) is reported herein.
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Table A.3 Specific capacities of the first 2 cycles (C/20) and 1* cycle irreversible capacity of
CS97 — 8020 — 17/0.5 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

h/g 1% Charge 1% Discharge 2" Charge 2" Discharge 1° Irreversible
°C d o o @ O @ GH A @O 2)
800 254 253 232 230 232 230 230 206* 22 22
750 246 246 241 242 235 235 242 242 5 5
700 239 239 201 202 205 203 211 208 38 38
650 223 209 178 156 181 158 185 161 45 53

*2nd /20 discharge was interrupted by power outage. 3™ discharge (C/5) is reported herein.

Table A.4 Specific capacities of the first 2 cycles (C/20) and 1* cycle irreversible capacity of
LiNipsMng 0 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1 Charge 1% Discharge 2" Charge 2" Discharge 1° Irreversible
°C @ @ 1) @ GO & @ @ @ (2)
800 211 210 181 179 183 181 182 180 30 30
750 206 208 176 178 177 179 176 178 30 30
700 200 201 170 171 171 173 170 172 30 30
650 194 193 164 162 165 163 165 162 30 31

Table A.5 Specific capacities of the first 2 cycles (C/20) and 1* cycle irreversible capacity of
LiNig sMng 50O, lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g  1%Charge 1% Discharge 2" Charge 2" Discharge 1% Irreversible
°C (€ N € 9 B € N € 9 B ©) B € ) I ) B 00 ()
800 158 157 138 136 140 137 139 138 20 21
750 154 154 133 132 135 133 135 133 21 22
700 153 153 137 138 139 140 139 139 16 15
650 150 149 133 132 134 134 134 133 17 17
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Figure B.2 XRD patterns of precursors #1 to 11 heated with LiOHeH,O at 700°C to 800°C. The
quality of fit (Bragg R) is shown. The red enclosed XRD patterns are no longer core-shell
materials as a result of Mn interdiffusion.

Table B.1 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C98 S80 16/1 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

nd
oC mAb/g 1** Charge 1% Discharge 2™ Charge Diszharge 1% Irreversible
d @ @O @ GO & @GO @ (@) )
800 239 237 215 215 215 214 222 221 23 22
750 231 230 205 204 205 204 212 211 27 25
725 222 226 187 190 187 190 190 193 35 36
700 217 216 183 181 184 182 188 187 34 35

Note: 2" C/20 discharge was interrupted by power outage. 3™ discharge (C/5) is reported herein.

Table B.2 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C98 S80 _12/0.75 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1% Charge 1* Discharge 2" Charge 2™ Discharge 1% Irreversible

°C o @ GO @ @O @ @O (@) (1) 2)
800* 238 239 214 215 215 217 217 218 24 24
750 234 233 206 206 204 206 211 212 28 27
725 224225 189 192 189 191 194 196 36 33
700 212215 176 182 174 182 180 188 36 32

* This is no longer core-shell material as a result of Mn interdiffusion.
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Table B.3 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C98_S80_8/0.75 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1*' Charge 1* Discharge 2™ Charge 2" Discharge 1% Irreversible
°C €)) 2 @ (2) €9 (2) €9) (2) €9) (2)
800 233 234 214 215 214 214 219 219 19 19
750 227 228 204 206 200 203 204 207 23 22
725 217 220 177 177 177 177 179 181 40 43
700 218 218 190 194 190 194 197 200 28 25

Table B.4 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C98 _S80_8/0.5 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

h/g 1% Charge 1% Discharge 2" Charge 2™ Discharge  1* Irreversible

°C d @ O @ GO @ @GO @ (@) 2)
800* 237 237 215 215 216 215 216 2148 21 22
750 233 234 212 212 211 213 217 2172 21 21
725 225 226 185 189 184 188 188 1914 40 37
700 217 219 188 187 188 189 196 190.6 28 32

* This is no longer core-shell material as a result of Mn interdiffusion.

Table B.5 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C100_S85 16/1 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

nd
oC mAb/g 1** Charge 1* Discharge 2" Charge Disgharge ¥ Irreversible
O @ @O @ GO @ @O @ (D 2)
800 235 253 212 227 212 225 215 225 23 25
750 237 239 205 207 206 208 211 215 33 33
725 228 223 192 180 195 185 205 196 36 43
700 214 145 146 147 69

Note: 2" C/20 discharge was interrupted by power outage. 3™ discharge (C/5) is reported herein.

Table B.6 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C100_S85 12/0.75 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1*' Charge 1% Discharge 2" Charge 2" Discharge  1° Irreversible
°C €)) 2 @ (2) €9 (2) €9) (2) €9 (2
800* 249 249 227 228 226 228 227 228 23 21
750 242 243 214 217 213 219 216 223 28 27
725 226 197 200 210 29
700 215 220 158 167 160 169 164 175 57 53

* This is no longer core-shell material as a result of Mn interdiffusion.
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Table B.7 Specific capacities of the first 2 cycles (C/20) and 1* cycle irreversible capacity of

C100_S80 12/0.75 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1% Charge 1% Discharge 2" Charge 2" Discharge 1% Irreversible
°C €9) 2 @ (2) ) (2) €Y (2) QY (2)
800 245 244 225 225 226 225 220 226 19 19
750 238 240 210 211 210 209 215 213 29 29
725 227 228 193 192 195 195 203 202 34 36
700 221 222 175 177 176 179 181 183 46 46

Table B.8 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C100_S80_8/0.5 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

mAh/g st st T nd 2nd st :
oC 1* Charge 1* Discharge 2"¢ Charge Discharge 1* Irreversible
M @ GO @ GO @ O @ (1 2)
800* 241 240 224 223 222 221 225 223 17 18
750 239 238 222 222 221 220 224 224 18 16
700 227 227 200 194 201 198 177 161 27 34

* This is no longer core-shell material as a result of Mn interdiffusion.
Note: 2™ C/20 discharge was interrupted by power outage. 3™ discharge (C/5) is reported herein.

Table B.9 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C100_S80 8/0.75 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1% Charge 1* Discharge 2" Charge 2" Discharge 1% Irreversible
°C d @ O @ @O @ @) ) (D 2)
800* 237 236 220 219 219 215 222 218 17 17
750 232 234 212 212 211 211 216 217 20 22
700 220 221 188 198 189 196 120 145 32 23

* This is no longer core-shell material as a result of Mn interdiffusion.

Table B.10 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C100_S85 8/0.5 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

Ah/g 1% Charge 1* Discharge 2" Charge 2" Discharge  1° Irreversible
°C o o O @ O @& d @ @) 2)
800* 240 244 221 225 217 222 220 223 18 19
750 244 246 230 232 229 232 234 235 14 14
700 232 231 207 208 207 208 202 207 25 23

* This is no longer core-shell material as a result of Mn interdiffusion.
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Table B.11 Specific capacities of the first 2 cycles (C/20) and 1% cycle irreversible capacity of
C100_S85 8/0.75 lithiated at each temperature. (1) and (2) refer to a pair cell #1 and #2.

mAh/g st st )1 nd 2nd st :
oC 1% Charge 1** Discharge 2" Charge Discharge 1*" Irreversible
“oa o o G- o O @ @GO @ (D 2
800* 247 245 230 228 228 225 229 228 17 17
750 244 244 229 227 228 227 234 234 16 16
700 223 221 182 181 181 177 111 173 41 40

* This is no longer core-shell material as a result of Mn interdiffusion.
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Figure B.3 The specific capacity, fractional capacity and normalized voltage polarization (AV3)
for samples synthesized at 700°C, 750°C and 800°C. Group I (a) to Group III (¢) materials were
tested at 30°C to 4.3 V vs. Li/Li*. The 1*' C/5 discharge (3™ discharge) is taken as 100% in the
fractional capacity plots. The AV of the 15 C/5 cycle (3" cycle) is taken as 100%. Hollow
symbols denote core-shell materials. Solid symbols denote homogenous samples due to Mn
interdiffusion.
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Figure B.4 The C/20 dQ/dV vs V evolution from before (2™ cycle) to after (105" cycle) cycling
for Group I (a) to Group III (¢) materials at 700°C, 750°C and 800°C. The red enclosed plots are
not core-shell materials.
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Appendix C
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Figure C.1 The goodness-of-fit of the dV/dQ method for cell balancing. a) SC532/graphite cells;
b) SC811/graphite cells; ¢) Ni94/graphite cells.
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Figure C.2 The core-shell Ni94 and the SC811 cycled from 3 to 4.3 V vs. Li/Li" in coin cell half-
cells at 30°C. The first 2 cycles are C/20 cycles followed by 50 cycles of C/5 and 2 cycles of C/20.
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