ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

DESIGN OF BORON DOPED (NICKEL MANGANESE COBALT
CONTAINING) NMC 811 CATHODE ACTIVE MATERIALS

M.Sc. THESIS

ibrahim Can TOPAKTAS

Department of Metallurgical and Materials Engineering

Materials Engineering Programme

NOVEMBER 2024






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL

DESIGN OF BORON DOPED (NICKEL MANGANESE COBALT
CONTAINING) NMC 811 CATHODE ACTIVE MATERIALS

M.Sc. THESIS

ibrahim Can TOPAKTAS
(506201402)

Department of Metallurgical and Materials Engineering

Materials Engineering Programme

Thesis Advisor: Prof. Dr. Ozgiil KELES

NOVEMBER 2024






ISTANBUL TEKNIK UNIiVERSITESI * LISANSUSTU EGITIM ENSTITUSU

BOR KATKILANMIS (NIKEL MANGAN KOBALT iCEREN) NMC811
KATOT AKTiF MALZEMELERININ TASARIMI

YUKSEK LiSANS TEZi

ibrahim Can TOPAKTAS
(506201402)

Metalurji ve Malzeme Miihendisligi Anabilim Dah

Malzeme Miihendisligi Programm

Tez Damismani: Prof. Dr. Ozgiil KELES

KASIM 2024






Ibrahim Can TOPAKTAS, a M.Sc. student of ITU Graduate School student ID
506201402 successfully defended the thesis/dissertation entitled “DESIGN OF
BORON DOPED (NICKEL MANGANESE COBALT CONTAINING) NMC 811
CATHODE ACTIVE MATERIALS”, which he prepared after fulfilling the
requirements specified in the associated legislations, before the jury whose signatures
are below.

Thesis Advisor : Prof. Dr. Ozgiil KELES ...,
Istanbul Technical University

Jury Members : Assoc. Prof. Dr. Billur Deniz KARAHAN .......c.cccccevvevivinenee.
Istanbul Technical University

Dr. Vildan BAYRAM KARAKUSLU ..o,
TUBITAK RUTE

Date of Submission : 22 October 2024
Date of Defense : 21 November 2024






To my beloved family,

vii






FOREWORD

First of all, I am grateful to my thesis advisor Prof. Dr. Ozgiil KELES for giving me
the opportunity to work in this study and for important contributions not only as an
academic but also as a human being during my thesis work. Also, 1 would like to thank
Assoc. Prof. Dr. Billur Deniz KARAHAN for contributions to my thesis with her great
knowledge and valuable guidance.

I would like to thank Dr. Arda KOCAMAN for his contributions to the realization of
the experiments in the thesis. | would like to thank also to Research Assistant M.
Sc. Ipek TUNC and M. Sc. M. Humza ASHRATF for their support in my laboratory
work. Yigit Biirtiimlii, Mehmet Yilmaz, Giilglin Zehra Senyurt, Gizem Burcu Bilgin,
Muhammet Safa Sak and Arife Ezgi Oturak my laboratory colleagues, for their support
and contributions during experiments.

| also thank Istanbul Medipol University and REMER (Regenerative and Restorative
Medicine Research Center) for characterization of materials.

Finally, I would like to express my gratitude to TUBITAK for financial support as a
scholarship throughout my thesis. This study is financially supported by TUBITAK
under the contract of ILATERA Environmentally Compatible Sustainable Advanced
Vehicle Technologies Project no:22AG018) .

November 2024 [brahim Can TOPAKTAS
(Metallurgical and Materials Engineer)






TABLE OF CONTENTS

Page
FOREWORD ..ottt bbbttt sb ettt IX
TABLE OF CONTENTS ..ottt Xi
ABBREVIATIONS ... .ottt bbb Xiii
SYIMBOLS .ttt ettt b e b b be e nee e XV
LIST OF TABLES ... XVii
LIST OF FIGURES ......coo oottt et XiX
SUMMARY et XXl
(077 3 TSR XXVii
1. INTRODUCTION. ...ttt ettt sttt bbb ne e 1
2. LITERATURE ...ttt ettt ettt naena e nns 5
2.1 Lithium 10N BAEIIES .....o.viiveiiiiiiiiieiieieieie ettt 5
2.2 Lithium lon Battery Working PrinCiple .........ccooviiinniiiiicseceee, 6
2.2. L ANOUE ...ttt bt 7
2.2.2 SEPAFALON .....eveiveeeee ettt ettt ettt et bbbt 7
2. 2.3 EIBCIIOIYEE ..o e 8
F O O 11 0o SRS PR 8
2.2 4.1 LCO ..ttt bbbt bbbt 9
2.2.84.2 LIMO ...ttt 10
2.2 4.3 LFP .o e 11
2.2 4.4 NCA .o 12
2.3 INMC ..ttt nes 13
2.3.1 NMC production tEChNIQUES ........ccueiueriiriiriiriieieeieeee e 17
2.3.1.1 SOI-QBI . 17
2.3.1.2 SOOI STALE ....eevee e nne s 17
2.3.1.3 COMDBUSTION ...ttt 18
2.3. 1.4 SPray PYFOIYSIS....ccveiiiiiiiciieieiee s 18
2.3.1.5 Hydrothermal .............ccoooiiiiiiicce e 18
2.3.1.6 CO-PreCipitaltioN.........coeiiiiiieieie et 18
2.3.2 Parameters affecting co-precipitation ...........cccccovveveivevieve e, 23
2.3.2.1 Chelating agent CONCENTrAtION.........cccoviriiirieieee s 23
2.3. 2.2 PH oo 27
2.3.2.3 ReaCtOr tEMPEIALUIE .......ccuveeerieeieieie et 30
2.3.2.4 REACKON THME ...ttt 31
2.3.2.5 MIXING 1ttt bbb 32

2.4 Problems of Ni-rich NMC and Strategies to Improve The Performance of
NIMC CatNOUES .....ocveeveeieeee et see e e e 33
2.4.1 Problems of Ni-rich = NMC.........cooiiiiiiie e 33
2.4.2 Strategies in deSigning PrOCESS .......cceivererieriirereeeeriesiesiesie st siesseseeeenees 40
2.4.2.1 Process OPLIMIZING ....ccvveiieeiiieiieeiiee sttt 40
2.4.2.2 SUITACE COALING ....cveiviitiriiriieiieieie ettt et 42
2.4.2.3 DOPING...eiiiieiiiieitie ittt e 43

Xi



P = T 1] o (] ][4 o PRSPPSO 47

S EXPERIMENTAL ..ottt bbbt 51
3.1 CO-PreCIPITATION ...ttt 51
3.2 CalCINALION. ...ttt 52
3.3 Slurry Preparation and Lamination ............ccccoovrerinieieneneneseses e 54
3.4 CharaCteriZALION. ........eive ettt sttt 54

3.4.1 X-Ray diffraction @analysis .........ccccuverieieiiiniene e 54
3.4.2 Scanning electron microscopy analysis..........ccocvevevveresiiesieese e e 54
3.4.3 EleCtrochemiCal tESES.......ccviiiiieiiiie et e 54
3.4.3.1 Galvanostatic CYCle teSt.........cceviiiiiieicie e 54
3.4.3.2 Rate capability teSt........ccooviiiiee e 55
3.4.3.3 Cyclic voltammetry teSt (CV) ..cvviieieeecieie e 55

4, RESULTS AND DISCUSSION.....cociiiiiierieie st 57
4.1 Structural, Morphological, and Compositional Analyses Results.................... 57
4.2 Electrochemical characterization reSultS ...........ccccveveiiiiinie e 67

4.2.1 GalvanostatiC teSt rESUITS........cccveveiirece st 67
4.2.2 POtentiostatiC teSt FESUILS .........eieeiieie et 75
4.2.2.1 Cyclic VOItaMMELIY ......ccoviiieirce e 75

5. CONCLUSIONS AND RECOMMENDATIONS ......ccccoeieeiiieie e 81

REFERENCES .......coi ottt st 83

CURRICULUM VITAE ...ttt sttt 105

Xii



ABBREVIATIONS

cv
DFT
EV
ICE
LFP
NCA
PE
PP
PV
SEI
SEM
™
XRD
ZEV
ALD

: Cyclic Voltammetry

: Density Functional Theory

: Electric Vehicles

. Internal Combustion Engine Vehicles
: Lithium Iron Phosphate

: Nickel Cobalt Aluminium Oxide
: Polyethylene

: Polypropylene

: Polyvinyl

: Solid Electrolyte Interface

: Scanning Electron Microscope

: Transition Metal

: X-Ray Diffraction

: Zero Emission Vehicles

: Atomic Layer Deposition

Xiii






SYMBOLS

°C

A
pm
nm
A

\Y
RPM

: Celsius

- Angstrom

: Micrometer

: Nanometer

- Ampere

: Voltage

: Round per minute

XV






LIST OF TABLES

Table 2.1 :
Table 2.2 :
Table 2.3 :

Table 2.4 :
Table 2.5 :
Table 2.6 :
Table 3.1 :
Table 3.2 :
Table 4.1 :
Table 4.2 :

Page
Zero emissions plans of SOMe COUNLHIES . .....ccvevvveeeieere e 6
Cation mixing detecting teChNIQUES . ......ccoveverrieeiinieneee e 17
Intensity ratio 1(003)/1(004) of the different Ni content NMC
STFUCTUIES ..ttt 35
Different elements or compounds coating on NMC811. .............c...c....... 43
Different elements doping on NMCS811. ........cccoviiiiiiiiiinicieeee, 44
Boron doping and coating to Ni cathodes. ..........ccccceeveiieinice e, 50
CalCination PAramMEtEIS. ........cciiirieieierie e 53
Rate capability test parameters. .........cccocvvvveveerieiieese e 55
Crystallite Size, microstrain and 1(003)/1(104) ratios in the samples. .... 66
Rietveld analysis reSUltS. ..........cocviieiiiie i 67

Xvii






LIST OF FIGURES

Figure 1.1 :
Figure 2.1 :
Figure 2.2 :
Figure 2.3 :
Figure 2.4 :
Figure 2.5 :
Figure 2.6 :
Figure 2.7 :
Figure 2.8 :
Figure 2.9 :

Figure 2.10 :
Figure 2.11 :

Figure 2.12 :

Figure 2.13 :
Figure 2.14 :

Figure 2.15 :
Figure 2.16 :
Figure 2.17 :
Figure 2.18 :
Figure 2.19 :
Figure 2.20 :
Figure 2.21 :
Figure 2.22 :
Figure 2.23 :
Figure 2.24 :

Figure 2.25 :

Figure 2.26 :

Page

The first battery in history - Partian Battery schematic .......................... 1
Expectation of EV Sales Growth ... 5
Li-i0N CEIl STIUCTUTE. ...ovviiiiiciceeeee s 6
Crystal structure of different cathode materials . ...........cccccoveevieiieennn, 9
LCO Crystal SIFUCIUIE . ..o.vvceeeieccie e 10
LMO Crystal STrUCTUIE . ....oveiiiiiieee e 11
LFP Crystal StTUCIUIE .....c.eoieiiiecie e 12
NCA Crystal STIUCTUIE . ......c.eiieieieiere e 13
Phase diagram of the ternary system between LNO, LCO and LMO .. 13
NMC Crystal STIUCTUIE . ....covviieiiieieric e 15
Ni ratio iN the STIUCTUIE ........ocvevieieeie e 15

Relationship between 1o3)/l(104) ratio and cation mixture, prepared for
NELEEDT . ... . ... A W, 16
Relation between critical radius of nucleation and free energies ....... 20
Concentration — time relationship in precipitation . .............cccccoceveue. 21
Precursor development during coprecipitation a) primary particle
agglomeration b) secondary particle formation c) dissolution and
recrystallization of sharp surfaces...........ccccooviiiiiiiiic
Calculated surface energies of crystal planes ...........cccocevevieiiiienen, 23
SEM images of Nio.gC0o.1Mno.1(OH)2 precursors at different NH3.H20
concentrations (a) 0.5 M (b) 1 M (c) 2M (d) 3M (e) 4M (f) 5M (ph =
11.2,50 °C, TM MOIArity =2 ) . oo 25
Q/K values of a medium 1M different chelating agents and 2M Ni?*,
Co?*, and Mn?* for NMC811 at constant pH = 10.75
SEM images of precursors Nio.sC0o.1Mno.1(OH): at different pH (a) (b)

12 () (d) 11.2 (8) (F) 10.5 o i 27
Potential-pH diagrams of nickel, manganese and cobalt .................... 28
The values of the metal-ammonia complex at different pHs . ............ 29
Representation of the [OH] ratio of the metal ammonia complex on

the pH and NH3 Map . ....ocoiiiiiice e 29
SEM images of Nio.8C0o.1Mno.1(OH)2 precursors at different mixing

temperatures (a) T=45°C(b) T=50°C (c) T=55°C . .ccceevvirirernnn, 30
Cycling performances of a-NMC622, f-NMC622 and a+

B-NMGECB22 . ...ttt 31
SEM images of Nio.gC0o.1Mno.1(OH)2 precursors at different aging

times (a) 8 hours (b) 10 hours (C) 12 NOUIS ........cccvevveiieeieee e 32
Ni-rich structure changing of a and ¢ parameters during

AeiNtErCAlAtION .......ccveiie e 36
Shrinkage rate of different of Ni-rich NMC cathodes during H2-H3

phase transformation a) a-axis b) C-aXiS . ......ccccevcvvveeriverenieenieenesie e 37

XiX



Figure 2.27 : NMC111, NMC622 and NMC811 polarization curves during
AelItNALION . ..ovee e 38
Figure 2.28 : a) Ordered and disordered layered structures a) R3m structure (NMC
layered) and b) FM3M SIUCLUIE .........ceveveveeeeeieeeee e, 38
Figure 2.29 : Change in cathode microstructure as a result of long charge/discharge
cycles depending on the Ni ratio in the NMC structure .............c.c....... 39
Figure 2.30 : Effect of primary particle morphology on the growth direction of the
crystal structure a) (003) and b) crystal structures grown in the (104)
plane direction c) Ordered primary particle d) Semi-ordered primary
particle e) Disordered primary particle . ........cccoocvvveiiieie i 41
Figure 2.31 : lllustrated cross-sectional images of different doped NC90 cathode and
capacity retention of their capacity retention (%) after 1000 cycle . ....46

Figure 2.32 : Crystal structure after boron adding . ........cccccovvevieniiiiniierece e, 48
Figure 2.33 : Cross-sectional images of secondary particles during charging stress

(0 1Sy ] o0 o] 1SS 49
Figure 3.1 : Flowchart of experimental study. ............cocoovveiiiieiiiii e, 52
Figure 3.2 : CR2032 half Cell StTUCTUNE. .....ccooviiiiiiiiiiiiieiee s 54

Figure 4.1 : SEM images of precursors at different magnification a) NMC8110H
secondary particles, b) NMC8110HB1 boron doped secondary particles
¢) One NMC8110H secondary particle d) One boron doped
NMC8110HB1 secondary particle €) NMC8110H primer particles
f) NMC8110HB1 boron doped primer particles. .........c.ccccoevevveiveennenn, 58

Figure 4.2 : SEM images of calcined undoped samples on different atmosphere at
different magnifications a) NMC8110H-Air secondary particles,

b) NMC8110H-Ox secondary particles, c) NMC8110H-Air secondary
particles d) One NMC8110H-Ox secondary particle, and cross-section
and Primer PartiClES. .........oveiiiiie e 59

Figure 4.3 : SEM images of boron doped samples during calcination at different
magnification a) NMC8110H-OxB1 secondary particles, b)
NMC8110HB1-Ox secondary particles, ¢) Two type NMC8110H-
OxB1 seconder particles and cross-section d) One NMC8110HB1-Ox
seconder particle and cross-section €) NMC8110H-OxB1 two type

primer particles f) NMC8110HB1-Ox primer particles..........cc.ccc...... 60
Figure 4.4 : XRD graphs of SampIes. ........cccoiiiiiiiii e 62
Figure 4.5 : Williamson-Hall plot of NMC8110H-AIr. .....ccoiiiiiiiiiiiicee 63
Figure 4.6 : Williamson-Hall plot of NMC8110H-OX.......ccccccvevveiievieiieieeie e 63
Figure 4.7 : Williamson-Hall plot of NMC8110H-OXBL1. .......ccccooiiiiiniiiiiene 64
Figure 4.8 : Williamson-Hall plot of NMC8110HB1-OX. ........ccccooveviiieiiieie e, 64
Figure 4.9 : Specific discharge capacity-cycle curve of NMC8110H-Air................ 67
Figure 4.10 : Specific discharge capacity-cycle curve of NMC8110H-Ox. ............ 69

Figure 4.11 : Specific discharge capacity-cycle curve of NMC8110HB1-Ox......... 69
Figure 4.12 : Specific discharge capacity-cycle curve of NMC8110H-OxB1......... 70

Figure 4.13 : dQ/dV-voltage curves of samples at C/3 rate 1% cycle........................ 71
Figure 4.14 : dQ/dV-voltage curves of NMC8110H-Air at C/3 rate 1% cycle and
DO CYCIR. oottt ettt 72
Figure 4.15 : dQ/dV-voltage curves of NMC8110H-Ox at C/3 rate 1 cycle and 50"
CYCIB. s 72
Figure 4.16 : dQ/dV-voltage curves of NMC8110H1B-Ox at C/3 rate 1% cycle and
DO CYCIR. oottt ettt 73

XX



Figure 4.17

Figure 4.18 :
Figure 4.19 :
Figure 4.20 :
Figure 4.21 :
Figure 4.22 :

Figure 4.23

Figure 4.24 :
Figure 4.25 :
Figure 4.26 :

: dQ/dV-voltage curves of NMC8110H-Ox1B at C/3 rate 1% cycle and
BOM CYCIE. ...ovevveeeeeeeeee ettt sttt 73
Galvanostatic charge discharge capacity of NMC8110H-Air............ 74
Galvanostatic charge discharge capacity of NMC8110H-Ox. ........... 74
Galvanostatic charge discharge capacity of NMC8110H1B-Ox........ 75
Galvanostatic charge discharge capacity of NMC8110H-OxBL........ 75
Rate test of samples calcined in an oxygen-rich environment. ........... 76

: Cyclic voltammetry curve of NMC8110H-Air sample. ..................... 77
Cyclic voltammetry curve of NMC8110H-Ox sample........ccccccueneee. 77
Cyclic voltammetry curve of NMC8110H-OxB1 sample.................. 78
Cyclic voltammetry curve of NMC8110HB1-Ox sample.................. 78

XXi






DESIGN OF BORON DOPED (NICKEL MANGANESE COBALT
CONTAINING) NMC 811 CATHODE ACTIVE MATERIALS

SUMMARY

Many countries have announced that they will gradually ban the sale of internal
combustion engine vehicles (ICE) between 2025 and 2050 under the zero emission
policy, and only zero emission vehicles (ZEV) will be sold in the near future.
Nowadays, there are many brands that produce electric vehicles (EV) and they are
constantly making new investments. In general, steps are being taken to improve the
batteries of electric vehicles, whose biggest problem is range. According to 2023 data,
lithium ion batteries have a market volume of $55 billion, and many researchers expect
a compound annual growth rate (CAGR) of around 20% by 2032.

Although lithium had been utilized previously in 1980, Goodenough was the first to
employ a transition metal as a cathode active material in a layered (2D) structure,
LiCoO> (LCO). Then, because LCO batteries did not function at high charging rates
and had a safety issue at high temperatures, due to the close ionic diameter of the Ni%*
ion and the Li* ion, they were replaced by LiNiO2 (LNO) chemistry. When lithium
leaves the cathode during charging, the Ni?* ion fills the lithium gaps, closing the
passageway of lithium. It made diffusion difficult and caused loss of capacity in the
battery. Later, LiMnO2 (LMO) replaced LCO as it was economically convenient and
environmentally friendly. LMO, which preserved its structure well especially at high
temperatures, experienced capacity loss as a result of long cycles. Then, alternatively
LiFePOs (LFP) was utilized as cathode active material due to its environmentally
friendly behavior, and high electrochemical stability at 3.5V. Later, while the specific
capacity was increased by doping Ni into the LCOs, Al is added into the structure to
stabilize it. Nio.sCo0o.15Al0.0s (NCA) structure offers high electrochemical performance,
however, its use is restricted in some places due to security problems.

NMC contains nickel, manganese and cobalt. It has been studied extensively because
it offers high energy and power densities. NMC cathodes were produced in different
compositions such as NMC333, NMC532, NMC622, NMC811 to optimize the
capacity and the cycle life. The studies reveal that increasing Ni content in chemistry,
increases the capacity of the cell but causes several problems such as chemical
instability in the structures hence weak capacity retention over cycles.

Today, while NMC cathode active materials can be produced with many techniques,
co-precipitation method stands forward as it enables to fabricate particles with narrow
particle-size distribution, high tap density with spherical morphology. The process
consists of two steps: precipitation and calcination.

The morphology, the structure and size of the powders obtained from the co-
precipitation method are greatly affected by precipitation (pH, mixing temperature,
ions concentration, mixing duration and environment) as well as calcination
parameters (temperature, duration, LIOH/M(OH) ratio, partial oxygen pressure).
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Therefore, in order to fabricate 5-15 micrometer sized, spherical shaped NMC811
powders via coprecipitation researchers have realized many optimization studies in the
past. NMC811 suffers from low initial coulombic efficiency and capacity retention
over long cycling. Structural, morphological and chemical analyses reveal that ‘cation
mixing’, phase transformation in cycling, microcracking and hence oxygen evolution
from the structure are the main problems encountered in the use of NMC811.

Cation mixing is the electrochemical transformation of the crystal structure from the
layered state to the rock-salt phase during the operation of the battery. Cation mixing
occurs when the low-valence metal ions (Ni?*) migrate to the Li* ion layer and replace
the Li* ions. Due to the low difference between the ionic diameters of Ni?* (0.69A)
and Li* (0.76A) ions diameters among Ni?*, Co** and Mn?* ions, the probability of Li*
ions being in the cation mixing with Ni2* is higher than others. Cation mixing is not
only formed during the synthesis of the material but can also be formed during the use
of the battery, by redox reactions. Cation mixing (Ni?*/Li*) causes the system to be
unstable thermodynamically and Ni reaches Ni?* from high valence to low valence,
causing Li and O to separate from the system, resulting in the loss of these elements
and ultimately performance losses in the battery. The oxygen release from the structure
can lead to safety problems since organic electrolyte systems are generally used.

Structural analysis shows that NMC811 follows various phase transformation in
cycling: from hexagonal to monoclinic (H1-M), from monoclinic to hexagonal (M-
H2) and from hexagonal to a hexagonal structure with different lattice parameters (H2-
H3). Electrochemically, the transformation from H2 to H3 phase between 4.15-4.2 VV
causes shrinkage around 3.7% in the c-direction in the hexagonal lattice and as a result,
mechanical strain in the cathode active material, this strain causes micro cracks in the
structure and leads to a decrease in cycle performance.

While one of the ways to eliminate these obstacles is to add Li and O to the structure
or to make a surface coating to stabilize the electrode/electrolyte interface, another
solution is to control these transformations by doping the structure.

Use of boron in doping becomes prominent as boron has high polarizing power due to
its 3+ valence and small radius (0.098 nm.) and has strong and short bond length with
oxygen leading to preventing oxygen release. Literature review reveals that two
different strategies may be used to dop boron in the NMC chemistry. One is to doping
boron in coprecipitation and the other is doping boron during calcination. The
mechanism behind boron doping to the NMC structure during coprecipitation is that
the (003) surface energy of the hydroxide is reduced compared to the {104} surfaces,
thus providing the formation of primary particles oriented radially in this direction
leading to the elongation of the crystallites in rod and needle shapes. Here in, the
amount of boron doping is known to be crucial in the crystallization as B** cation may
position in tetrahedral and octahedral sites (CN =4 for 0.11 A and CN = 6 for 0.27 A)
due to their small ionic radius. While the B®* ion positioned in the octahedral sites will
cause the cell to shrinkage in the c direction due to its small ionic radius compared to
the TM ions but the B3 ion positioned in the tetrahedral sites in the Li layer will cause
expansion in the a and c direction. Moreover, the boron doping in calcination with
lithium hydroxide reduces the lithium ions in the structure and prevents the
development in the (003) direction, thus preventing the formation of the desired
layered structure. The chemistry and amount of boron doping are quite effective in the
performance of NMC 811.

XXIV



In NMC structures, by-products such as LisBOs, LiBO, Li-B4O7 are obtained as a
result of the heat treatment of boron source with LiOH. It is observed that the formation
of these by-products increases the cation mixing in the structure as the lithium
consumption. Li-rich heat treatments are preferred in boron doping studies.

In this study, a investigation is realized to investigate the effect of boron doping on
NMC811 electrochemical performance. By adding boron in the coprecipitation and
calcination steps of the cathode active material production process, the hypothesis put
forth here is to examine the impact of the different characteristics of the B-doped
NMC811 material on the electrochemical performance. No doping applied precursor
named as ‘NMC8110H’ and boron-doped NMC811 named as ‘NMC8110H1B’ were
successfully  synthesized by co-precipitation method. NMC8110H and
NMC8110H1B secondary particles with a size of approximately 10-15 um and a
spherical structure were produced. Galvanostatic tests reveal that NMC811 cathode
active material without boron doping and calcined in air atmosphere (named as
NMC8110He-air) delivers 160 mAh/g first charge capacity at C/10 and after 100 cycles
at C/3 and C capacity retention are found to be 78% and 88% respectively, NMC811
cathode active material without boron doping and calcined in oxygen atmosphere so
called NMC8110H-0Ox delivers 203 mAh/qg first charge capacity at C/10 and after 100
cycles at C/3 and C capacity retention are found to be 96.4% and 94.7% respectively.
NMC811 cathode active material with boron doping (H3BO3) during co-precipitation
and calcined in oxygen atmosphere named as NMC8110H1B-Ox delivers 188 mAh/g
first charge capacity at C/10 and after 100 cycles at C/3 and C capacity retention are
found to be 88% and 92% respectively and NMC8110H is mixed with LiOH and
boron source (H3sBOz3) during calcination so called NMC8110H-Ox1B delivers 156
mANh/g first charge capacity at C/10 and after 100 cycles at C/3 and C capacity
retention are found to be 88% and 89.67% respectively.

1(003)/(104) ratio (inverse relationship with cation mixing) are found to be 1.22, 1.24,
1.22 and 1.17 for NMC8110H-air, named as NMC8110H-Ox, NMC8110H1B-Ox
and NMC8110H-Ox1B. In all conditions calcined particles are sustained their
spherical particle morphology and sizes being in the range of 10-15 pum. The
galvanostatic performance shows that 1% H3BOs doping during coprecipitation was
insufficient to improve capacity retention compared to no doped NMC8110H.

To further study the interaction of CAM with Li, potentiostatic cyclic voltammetry test
is applied. For each electrode, peaks related to H1-M, M-H2 and H2-H3
transformations are noted, as expected. A right shift was detected in the H2-H3 peak
in boron doped samples, but after 4 cycles, the loss in capacity peak intensity was
found to be greater than the no doped sample in an oxygen environment and was
associated with the oxygen loss in the structure and the capacity loss in cycle tests. The
findings of this work highlights the importance of firstly Li/TM amount for boron
source mixed with lithium hydroxide in calcination causing lithium deficiency caused
by by-products or coating on the surface leading to cation mixing, poor charge-
discharge capacity, capacity retention and high impedance. Boron doped via co-
precipitation NMC811 sample have showed better electrochemical performance
caused by better secondary particle morphology but 1% HsBO3z doping during
coprecipitation is insufficient to improve capacity retention compared to undoped
NMC811 sample. In the calcination processes carried out in oxygen and air, higher
capacity was obtained due to the denser and more oriented primary particle structure
with the presence of an oxygen-rich environment and better capacity retention due to
the pore distribution in the internal structure and particle orientation.
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BOR KATKILANMIS (NIKEL MANGAN KOBALT ICEREN) NMC811
KATOT AKTiF MALZEMELERININ TASARIMI

OZET

Gliniimiizde birgok {ilke sifir emisyon poligesi altinda 2025-2050 donemleri arasinda
kademeli olarak igten yanmali motorlu araclarin (ICE) satisin1 yasaklayip sadece sifir
emisyon araglari (ZEV) satis1 gergeklestirmeyi planlamaktadir. Bu nedenle pek ¢ok
otomobil ireticisi filolarina yeni tasarim elektrikli araglar1 (EV) katmak icin siirekli
yatirim yapiyorlar. Bu yatirimlar ise genel olarak en biiyiik problemleri menzil olan
elektrikli araglarin bataryalarini gelistirmeye yonelik adimlarin atilmasina da zemin
hazirliyor. 2023 yilinin verilerine gore lityum iyon bataryalarin diinyadaki pazar
biiytikligii 55 milyar $§ ve 2032 yilina birgok arastirmaci bu alanda yaklasik %20
bilesik yillik biiylime hiz1 (CAGR) bekliyor.

Lityum tarihi incelendiginde 1980 yilindan once lityum kullanilmis olsa da
Goodenough, katot aktif malzemesi olarak katmanli (2D) bir yapida gegis metali iceren
LiCoO2 (LCO)’yi kullanan ilk kigiydi. Bu lityum iyon pillerinin gelistirilmesinde
Oonemli bir noktaydi ve lityum iyon pillerinin Oniinii agti. Daha sonrasinda, LCO
pillerin yiiksek sarj hizlarinda calismamas1 ve Ni?* iyonunun Li* iyonu ile benzer
iyonik ¢aplar1 nedeniyle yiliksek sicakliklarda giivenlik sorununa sebep oldugu igin
yerini LiNiO2 (LNO) kimyasina birakmigtir. Lityum sarj siwrasinda katodu terk
ettiginde, Ni?* iyonu lityum bosluklarini doldurarak lityumun gegis yolunu kapatir. Bu,
diflizyonu zorlastirir ve pilde kapasite kaybina neden olur. Daha sonra, ekonomik
olarak uygun ve ¢evre dostu oldugu i¢in LiMnO2 (LMO) LCO'nun yerini aldi.
Ozellikle yiiksek sicakliklarda yapisini iyi koruyan LMO, uzun ¢evrimler sonucunda
kapasite kayb1 problemi yasadi. Alternatif olarak sonrasinda, ¢evre dostu davranisi
olan ve 3,5 V'da yiiksek elektrokimyasal kararliligi nedeniyle katot aktif malzemesi
olarak LiFePOs (LFP) kullanildi. Daha sonra, LCO'lara Ni katkis1 yapilarak 6zgiil
kapasite artirilirken, yapiya stabilize etmek i¢in Al eklendi. NiogCoo.15Alo. (NCA)
yapist yiiksek elektrokimyasal performans sunar, ancak glivenlik sorunlar1 nedeniyle
bazi yerlerde kullanimi kisitlanmugtir.

En giincel ve popiiler NMC nikel, manganez ve kobalt igerir. Yiiksek enerji ve giic
yogunluklar1 sundugu i¢in kapsamli bir sekilde incelenmistir. Kapasiteyi ve ¢evrim
Omriinii optimize etmek i¢in NMC333, NMC532, NMC622, NMCS811 gibi farkh
bilesimlerde NMC katotlar1 iiretilmistir. Calismalar, kimyada Ni igeriginin
artirilmasinin hiicrenin kapasitesini artirdigini ancak yapilarda kimyasal kararsizlik ve
dolayisiyla ¢evrimler boyunca zayif kapasite kapasite gibi cesitli sorunlara neden
oldugunu ortaya koymaktadir.

Glniimiizde, NMC katot aktif malzemeleri bir¢ok teknikle {iretilebilirken, birlikte
coktiirme yontemi dar parcacik boyutu dagilimina, kiiresel morfolojiye sahip yiiksek
tap yogunluguna sahip pargaciklar liretmeyi miimkiin kildig1 i¢in 6ne ¢ikmaktadir.
Stirecin  pratik olarak bliylik miktarlarda toz {iretmeyr mimkiin kilmasi da
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yatinmcilarin dikkatini ¢ekmektedir. Siire¢ iki adimdan olusmaktadir: birlikte
¢oktiirme ve kalsinasyon.

Birlikte ¢oktiirme yontemiyle elde edilen tozlarin morfolojisi, yapisi ve boyutu,
cOkelme (pH, karistirma sicakligi, iyon konsantrasyonu, karistirma siiresi ve ortam) ve
kalsinasyon parametrelerinden (sicaklik, siire, LIOH/M(OH)2 orani, kismi oksijen
basinci) biiylik 6lclide etkilenmektedir.

Bu nedenle, 5-15 mikron boyutunda, kiiresel sekilli NMC811 tozlarini birlikte
¢coktiirme yoluyla iiretmek i¢in arastirmacilar gegmiste bircok optimizasyon ¢aligsmasi
gerceklestirmistir. Bulgular, NMCS811'in uzun ¢evrim boyunca diigsiik baslangic
kolomb verimliligi ve kapasite tutma sorunu yasadigini ortaya koymaktadir. Yapisal,
morfolojik ve kimyasal analizler, NMC811 kullaniminda karsilagilan baslica
sorunlarin 'katyon karisimi', ¢evrimler sirasinda faz doniisiimii, mikro catlaklar ve
dolayistyla yapidan oksijen ¢ikisi oldugunu ortaya koymaktadir.

Katyon karisimi, pilin ¢aligmasi sirasinda kristal yapiin katmanli durumdan kaya-
tuzu (rock-salt) fazina elektrokimyasal doniigiimiidiir. Katyon karigimi, diisiik
degerlikli metal iyonlarmin (Ni%*), Li* iyon tabakasina go¢ etmesi ve Li+ iyonlarmin
yerini almasiyla meydana gelir. Ni%*, Co?" ve Mn?* iyonlar1 arasinda Ni?* (0,69A) ve
Li* (0,76A) iyon caplar1 arasindaki farkin diisiik olmasi nedeniyle, Li* iyonlarmin Ni%*
ile katyon karisiminda olma olasiligr digerlerinden daha yiiksektir. Katyon karigimi
sadece malzemenin sentezi sirasinda olusmaz, ayn1 zamanda redoks reaksiyonlari ile
akiiniin kullanim1 sirasinda da olusabilir. Katyon karistmi (Ni?*/Li*), sistemin
termodinamik olarak kararsiz olmasina neden olur ve Ni, Ni**'ye yiiksek degerlikten
diisiik degerlige ulasarak Li ve O'nun sistemden Li2O ve O olarak ayrilmasina neden
olur, bu elementlerin kaybina ve sonugta pilde performans kayiplarina yol acar.
Genellikle organik elektrolit sistemleri kullanildigindan yapidan oksijen salinimi
giivenlik sorunlarina yol agabilmektedir.

Yapisal analiz, NMC811'in ¢evrimler sonucunda ¢esitli faz doniisiimlerini izledigini
gostermektedir: Hekzagonalden monoklinige (H1-M), monoklinikten hekzagonale
(M-H2) ve hekzagonalden farkli kafes parametrelerine sahip hekzagonal bir yapiya
(H2-H3) doniisiim gergeklesir. Elektrokimyasal olarak, H2'den H3 fazina 4,15-4,2 V
arasindaki dontisiim, hekzagonal kafeste c¢ yoOniinde yaklasik %3,7 oraninda
biiziilmeye ve bunun sonucunda katot aktif malzemesinde mekanik gerilmeye neden
olur, bu gerilme yapida mikro catlaklara neden olur ve ¢evrim performansinda
azalmaya yol agar.

Bu problemleri ortadan kaldirmanin yollarindan biri yapiya Li ve O eklemek veya
elektrot/elektrolit arayliziinii stabilize edecek bir ylizey kaplamasi yapmak iken, bir
diger ¢6ziim yolu da yapiya katkilama yaparak bu doniistimleri kontrol altina almaktir.

Borun katkilama yontemiyle kullanimi, borun 3+ degerlikli ve kii¢lik yaricapli (0,098
nm) olmasi nedeniyle yiiksek polarize edici giice sahip olmasina ve oksijenle giiclii ve
kisa bag uzunluguna sahip olmasi ve oksijen salinimini engellemesi nedeniyle 6ne
cikmaktadir. Literatiir taramasina gére, NMC kimyasinda borun katkilanmasi i¢in iki
farkli stratejinin kullanilabilecegini ortaya koymaktadir. Biri, birlikte ¢oktiirmeyle
borun katkilanmasi, digeri ise kalsinasyon sirasinda borun katkilanmasidir. Birlikte
¢oktiirme sirasinda NMC yapisina bor katkisinin arkasindaki mekanizma, hidroksitin
(003) yiizey enerjisinin {104} yiizeylerine kiyasla azalmasi ve bdylece bu yonde
radyal olarak yonlendirilmis birincil pargaciklarin olusmasini saglayarak kristalitlerin
cubuk ve igne seklinde uzamasina yol agmasidir. Burada, bor katkilama miktarinin
kristallesmede kritik oldugu bilinmektedir ¢iinkii B®* katyonu kiigiik iyonik yaricaplari
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nedeniyle tetrahedral ve oktahedral bolgelerde (0.11 A igin CN =4 ve 0.27 A i¢in CN
= 6) konumlanabilir. Oktahedral bolgelerde konumlanan B*" iyonu TM iyonlarina
kiyasla kiigiik iyonik yaricapr nedeniyle hiicrenin c¢ yOniinde biiziilmesine neden
olurken, Li tabakasindaki tetrahedral bolgelerde konumlanan B** iyonu a ve ¢ yoniinde
genislemeye neden olacaktir. Dahasi, lityum hidroksit ile kalsinasyon sirasinda bor
katkilamasi1 yapidaki lityum iyonlarini azaltir ve (003) yoniinde gelismeyi 6nleyerek

istenen katmanli yapinin olugsmasini engeller. Bor katkilamasinin kimyasi1 ve miktari
NMC 811'in performansinda oldukga etkilidir.

NMC yapilarda, bor kaynagmin lityum hidroksit ile 1s1l iglemi sonucunda LizBOs,
LiBO, Li2B4O7 gibi yan iiriinler elde edilir. Bu yan {irlinlerin olusumunun, NMC
katmanli yapinin lityumu tiikendik¢ce yapidaki katyon karigimint = artirdigi
gorilmektedir. Yapiya eklenen bor miktarinin artmasiyla yapidaki lityum eksikligi
artmakta ve yapidaki katyon karigimi artmaktadir. Bor katkilama calismalarinda Li
acisindan zengin 1s1l islemler tercih edilmektedir.

Bu ¢aligmada, bor katkilamasinin NMC811 elektrokimyasal performans: tizerindeki
etkisini arastirmak i¢in kapsamli bir arastirma gergeklestirilmistir. Katot aktif
malzeme iiretim siirecinin birlikte ¢oktiirme ve kalsinasyon adimlarinda ayri ayri
borun eklenmesiyle, burada ortaya atilan hipotez, B-katkilanmis NMCS811
malzemesinin farkli 6zelliklerinin elektrokimyasal performans tizerindeki etkisini
incelemektir. Katkilanmamis (‘NMC8110H’ olarak adlandirilmistir) ve bor katkili
NMC811 (‘NMCS8110HIB’ olarak adlandirilmistir) Onciilleri birlikte ¢oktiirme
yontemi ile basariyla sentezlenmistir. Yaklasik 10-15 um boyutunda ve kiiresel bir
yaptya sahip NMC8110H ve NMC8110HIB ikincil pargaciklar: iiretilmistir.
Galvanostatik testler sonucunda, katkisiz NMCS811 katot aktif malzemesinin hava
ortaminda kalsine edilerek (NMC8110H-Air olarak adlandirilir) C/10'da 160 mAsa/g
ilk sarj kapasitesi sagladigim1 ve C/3'te ve C akim hizlarinda 100 dongiiden sonra
kapasitesinin sirastyla %78 ve %88 miktarda korudugu, katkisiz NMCS811 katot aktif
malzemesinin oksijen ortaminda kalsine edilerek (NMC8110H-Ox olarak adlandirilir)
C/10'da 203 mAsa/g ilk sarj kapasitesi sagladigini C/3'te ve C akim hizlarinda 100
dongiiden sonra kapasitesinin sirastyla sirastyla %96,4 ve %94,7 oranda kapasitesini
korudugu, birlikte ¢oltiirme sirasinda bor (H3sBO3) katkilanmis NMCS811 katot aktif
malzemesinin oksijen ortaminda kalsine edilerek (NMC8110H1B-Ox olarak
adlandirilir) C/10’da 188 mAsa/g ilk sarj kapasitesi vermistir ve C/3'te ve C akim
hizlarinda 100 dongiiden sonra kapasitesinin sirastyla %88 ve %92 oldugu ve
NMC8110H numunesinin kalsinasyon sirasinda LiOH ve bor kaynagi (H3sBOs3) ile es
zamanli olarak karistirildiginda elde edilen numune (NMC8110H-Ox1B olarak
adlandirilir) C/10'da 156 mAsa/g ilk sarj kapasitesi vermis olup ve C/3'te ve C akim
hizlarinda 100 dongiiden sonra %88 ve %89,67 kapasite korunumu saglamistir.. Daha
sonra 1(003)/(104) oranmin (katyon karistirma ile ters iligskili) NMC8110H-Air,
NMC8110H-Ox, NMC8110H1B-Ox sirastyla 1,22, 1,24, 1,22 ve 1,17 oldugu
goriilmiistiir. Tiim kosullarda kalsine edilmis parcaciklar 10-15 pum'lik kiiresel
parcaciklar elde edilir. Galvanostatik performans, birlikte ¢oktiirme sirasinda %l
H3BOs katkisini, katkilanmimig NMC811'e kiyasla kapasite tutmay1 iyilestirmek i¢in
yetersiz oldugunu ancak kalsinasyon numunesinde karistirilmis bor katkili iiretilenden
daha iyi performans gosterdigini gostermistir.

Katot aktif malzemesinin Li ile etkilesimini daha fazla incelemek i¢in potansiyostatik
dongiisel voltametri testi uygulandi. Her elektrot i¢in beklendigi gibi H1-M, M-H2 ve
H2-H3 dontistimleriyle ilgili pikler not edildi. Bu ¢alismanin bulgulari, oncelikle
kalsinasyonda lityum hidroksit ile karistirilan bor kaynagi i¢in Li/TM miktarinin
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onemini vurgular ve lityum eksikligine, dolayisiyla katyon karigimina ve zayif
elektrokimyasal performansa yol agan istenmeyen ikincil par¢acik morfolojisinin
olusumuna neden olur. Ikinci olarak, birlikte ¢oktiirme sirasinda %1 H3BOj3 katkisinin
NMCS811 malzemesinin kapasite korunum i¢in yetersiz oldugu goriilmiistiir.

CAM'n Li ile etkilesimini daha ileri diizeyde incelemek i¢in potansiyostatik dongiisel
voltametri testi uygulanir. Her numune i¢in beklendigi gibi H1-M, M-H2 ve H2-H3
dontisimleriyle ilgili pikler not edildi. Bor katkili numunelerde H2-H3 piklerde saga
kayma tespit edildi, ancak 4 ¢cevrimden sonra kapasite pik siddendeki kaybin oksijen
ortaminda katkisiz numuneye gore daha biiylik oldugu ve yapidaki oksijen kaybi1 ve
cevrim testlerindeki kapasite kaybiyla iligkili oldugu bulundu. Bu ¢alismanin bulgulari
sunlar1 vurgulamaktadir; kalsinasyonda lityum hidroksit ile karistirilan bor kaynagi
icin Oncelikle Li/TM miktarina bagli olarak olusabilecek yan iirlinler veya yapi
yiizeyinin kaplanmasi nedeniyle lityum eksikligine yol agarak katyon karigimina, zay1f
sarj-desarj kapasitesine, kapasite kaybina neden olmaktadir. Birlikte ¢oktiirme yoluyla
bor katkilanmig NMC811 numunesi, daha iyi ikincil pargacik morfolojisi nedeniyle
daha iyi elektrokimyasal performans gostermistir; ancak birlikte ¢oktiirme sirasinda
%1 Hs3BOskatkilanmasi, katkisiz NMC811 numunesine kiyasla kapasite kaybina
tyilestirmek i¢in yetersizdir. Oksijen ve havada gerceklestirilen kalsinasyonlarda,
oksijence zengin ortamda {iiretilen numunede birincil pargacik yapisinin daha yogun
ve daha yonelimli olmasi nedeniyle daha yiliksek kapasite, i¢ yapidaki gozenek
dagilimi ve partikiil yonelimi nedeniyle ise daha iyi kapasite korunumu elde edilmistir
Katot aktif malzemelerinin olusum mekanizmalarina ve yapi ile ilgili elektrokimyasal
davraniglarina olan etkilerini incelemek igin ileri analizlere ihtiyag vardir.
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1. INTRODUCTION

Efficient storage and conversion of energy is one of the biggest issues of today. Even
if renewable energy sources such as solar energy, wind turbines, geothermal,
hydrothermal, and biomass are preferred instead of energy produced from energy
sources that cause high carbon emissions such as oil and natural gas, their high costs,
low efficiency and the need for suitable environmental conditions for their operation
are still problematic. On the other hand, storing and transporting the energy produced
are issues that need to be taken into consideration. Battery technologies are important

for storage and transportation of energy.

Battery is simply an electrochemical cell in which stored chemical energy is converted
into electrical energy. Looking at the history of the battery, the first battery was named
"Baghdad Battery" or also known as "Partian Battery" approximately 2000 years ago
[1]. Although this battery is not accepted by some sources, it is assumed to have 1.1-2
V range and consists of an iron rod, a copper cylinder, and vinegar as an electrolyte in

a clay jar, as seen in Figure 1.1. [1,2].

Postive Terminal Negative Terminal
Seal
-
Electrolyte
Iron Rod
Copper Cylinder
| —]
Copper End — — Clay Case
25mm (1) 75mm (3")
Diameter Diameter

Figure 1.1 : The first battery in history - Partian Battery schematic [2].

In the early 1800s, Luigi Galvani, with whom Italian Alessandro Volta have, suggested
that when a frog's legs have touched to metallic wires, legs have moved by passing
electricity through the nerves, producing electricity. Alessandro Volta has suggested

that it was due to the different properties of the different metal rods in the legs. Later,



in his study, Alessandro Volta has seen that there was a continuous current between
two plates made of copper or silver on one side and zinc on the other, separated by
cardboard in a container filled with salt water, and this was later called ‘the voltaic

pile’. It is considered to be the first battery having 1.1 V [3,4].

All batteries produced until 1859 by Frenchman Gaston Plante were non-rechargeable.
Using 10% sulfuric acid solution as an electrolyte along with lead electrodes, Gaston
Plante produced a 2 V battery cell [5]. Additionally, the 12 V battery have been
produced by connecting 6 battery cells together in a battery pack [6]. Developments in
rechargeable batteries have continued and, a nickel-cadmium battery is produced by
Swedish Waldemar Junger in 1899 and the nickel-iron battery is produced by Thomas
Edison in 1900 [7,8].

Although these batteries have been utilized in many applications, they have had
advantages and disadvantages. Lead-acid batteries have low energy density,
inefficiency in electrochemical properties, and are prone to have leakage. Nickel-
Cadmium batteries have low power, leakage and memory effect [9]. Developments of
other sectors lead to a search for new materials for batteries providing light,

electrochemically efficient, safe and long cycle life design.

Among alternatives, lithium being the lightest metal was seen to be a suitable element
thanks to its high electrochemical properties relative to its weight. At first, lithium has
been added to the electrolyte and improvements seen in battery performance [10].
Then, different chemistries of anodes and cathodes have been tested. Until 1978,
batteries designed utilizing lithium were primary batteries. Thanks to the layered
structure of TiS, Wittingham in 1978 has designed a cathode where , Li* ions are
reversibly stored back in the layered structure of the cathode paving the way for
rechargeability for lithium-ion batteries. However, the use of highly reactive lithium

as an electrode safety problems [10].

In 1980, Goodenough have invented LiCoO cathode material, opening a new
perspective to science and technology for today's lithium-ion batteries. In 1991, SONY

became the first company to commercialize lithium-ion batteries [11].

Today, batteries are simply classified into two;primary and secondary. Primary
batteries are disposable, electrochemical reactions are irreversible and batteries can

not be recharged after their use. Examples for primary batteries are alkaline batteries,



lithium primary batteries, zinc air batteries, ant etc. Secondary batteries, unlike
primary batteries, are rechargeable batteries. Since the AG of the reactions is negative
when the battery is being discharged, chemical energy is converted to electrical energy.
However, external energy is needed to charge the battery due to AG being positive.
Pb-acid, Ni-Cd and lithium-ion batteries are examples of secondary or rechargeable
batteries [12].






2. LITERATURE

2.1 Lithium lon Batteries

Lithium ion batteries are used in many household products such as cameras, laptops,
flashlights etc., due to their high specific energy [14]. In recent years, many countries
have set targets considering the sustainable future of humanity. They have climate
policies, therefore they have made plans for 2025-2050s having the zero-emission
vehicles (ZEV) in transportation rather than internal combustion engine vehicles (ICE)
[15-17]. In order to fulfill these policies many automotive companies have begun to
invest heavily in the development of the technologies of EV devices havingLi-ion
batteries (Volkwagen, Hyundai, Tesla...) [18]. Figure 2.1 shows the percentage of
current and future electric vehicle sales to total vehicle sales and the percentage of
usage between 2018 and 2030. The assumptions made on the sales of EV will be 25-
50% of total sales by 2030 and also the electric vehicle usage ratio is expected to be
between 4% and 8% of the total vehicle usage in 2030 [19]. Li-ion battery market will
have a value of around $55 billion in 2023. This value is expected to grow 18%
annually until 2032 [19-22].
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2018 - 2030 2018 - 2030
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Figure 2.1 : Expectation of EV Sales Growth [19].



Table 2.1 : Zero emissions plans of some countries [15-17].

Estimated date

100% EV

ICE ban

2025

2030

2035

2040

2045

2050

Norway

Iceland

Austria

Netherlands

Israel

Ukraine

United States (50%)

United Kingdom (LDV)
Canada (LDV)
European Union

China

United Kingdom (HDV)
Canada (HDV)

Chile

Mexico
Costa Rica

e Japan

e Chile
e United States

e Argentina

2.2 Lithium lon Battery Working Principle

Lithium ion cells mainly consist of four parts: anode, cathode, electrolyte and

separator. In charging Li" ions move from the cathode structure through the electrolyte

and are stored in the anode structure. During charge, de lithium ions move from
cathode to anode (Figure 2.2) [23].

Cu-foil

Discharge Load or Charge
e charger e
Al-foil
»
Anode Seperator Cathode

Graphite Electrolyte

Figure 2.2 : Li-ion cell structure [23].



2.2.1 Anode

The first design requirement for an anode material is having a structure to host Li ions
at a reasonably low electrochemical potential versus Li/Li*, having low volumetric
change during cycling, high ionic and electronic conductivity, low cost, low toxicity
and high abundance. Graphite is ideally suited for an anode material among others;

silicon, tin, lithium titanate, and etc.

Graphite has planar hexagonal networks of carbon atoms (honeycombs) with two
different crystalline forms : hexagonal (2H) and rhombohedral (3R). With Van der
Waals bonds among layers and having an interplanar distance of 3.36 A, it allows Li*
to intercalate [24]. It has a theoretical capacity of 372 mAh/g as a result of Li*

incorporation into graphitic carbon to form LiCs reversibly.

Silicon is a high capacity alternative that can store up to ten times more energy than
graphite. However, its use is limited by significant challenges such as volume
expansion (up to 300%) during charging leading to fracture and loss of battery contact
[25]. Although, lithium titanate anodes provide fast charging capabilities and long
cycle lifes, has lower energy density than silicon and graphites so less common from
graphite [26].

2.2.2 Separator

The separator is a porous and permeable membrane located between the electrodes and
in the electrolyte solution to prevent short circuits by preventing physical contact
between the cathode and anode in the Li-ion cell. Separators must have high ionic
conductivity for Li* ion migration between electrodes during charge and discharge
cycles with low electronic conductivity for minimizing unwanted electron flow lead
to short circuit, having sufficient mechanical resistance enables them to resist stresses
that may occur during installation into the separator cell, high chemical and
electrochemical stability in electrolyte and high thermal stability to over heating
during charge/discharge for battery problems [27].

In commercially available lithium-ion batteries polyolefin based materials such as
polyethylene (PE) and polypropylene (PV) have been commonly used. These materials
can be used as a single layer, or as multiple layers, such as PE/PP or PP/PE/PP. [28].



Multilayer structures add thickness to the separator, the increase in mechanical
resistance with increasing thickness and the decrease in the possibility of short circuit
between the anode and cathode so increase the safety of the battery, but increasing

thickness reduces the impedance. [28-29].

2.2.3 Electrolyte

Electrolytes are mostly liquid and act as a connection between an anode and a cathode,
allowing a conductive path for Li* during charging and discharging. Same as separator,
electrolyte must have high ionic conductivity facilitating ion mobility and low
electrochemical conductivity for the efficiency of a battery. In general, lithium-
containing salts such as LiPFe, LiBF4 or LiCIOs4 have a structure dissolved in
carbonate-based organic solvents. Electrolytes can be found in solid or liquid forms.
Electrolyte also must be stable over wide voltage (0-5 V) and temperature ranges, do
not react with other elements in a cell, and tend not to form by-products. Accessibility
and economic suitability are another important issue [30-31].

Liquid electrolytes, the solution of a single ion salt as well as the solution of more than
one ion salt in the same solution, have been studied as an innovative structure in recent
years. It has been observed that this multi-ion salt structure increases the stability of
the electrolyte and also increases its performance. Electrolytes that can be used in a
gel form contribute positively to structural stability, just like a multi-ion salt structure,
while also increasing electrolyte performance. In addition, solid electrolytes have
begun to be studied. Although they seem like a safer choice because they do not leak,
their low ionic conductivity and mechanical brittleness constitute a disadvantage

compared to liquid electrolytes [30-32].

2.2.4 Cathode

Cathodes are the positive electrodes and store Li in their structures. In general, due to
the fact that anode materials provide higher capacity, studies in Li-ion batteries in
recent years have mainly focussed on cathode materials. One of the design criteria was
to increase lithium ion mobility during charge-discharge, this motivates researchers to
design and produce cathode materials that give high energy and power densities and
to positively improve reliability, cost and cycleability of the cell [33]. While the layer-
structured LiCoO; transition metal cathode materials produced by Goodenough in
1980 began to be used, over time, LiMn2O4 from the spinel LiM204 family and



LiFePOy structures from the LiMPO4 family with an olivine structure were produced
and commercialized [33]. Crystal structure of different cathode materials are given in
Figure 2.3. Due to the safety problems of the LiCoO> structure, its toxicity, and its
inability to provide the specific capacity it offers in theory, new chemistries such as
NCA and NMC structures are used today with element doping [34]. This has paved
the way for innovative chemistries and designs for cathode active material.

(b)

«b

~a
layered LiCoO2 spinel LiMn204 olivine LiFeP04
2D 3D 1D
S i

—

Figure 2.3 : Crystal structure of different cathode materials [33].
2241 1LCO

LCO is the first commercialized Li-ion battery type. LCO is a member of the space
group R3m family of the a-NaFeO- structure and located in Li 3a and cobalt 3b sites
(different [111] planes) in the octahedral structure, and the oxygens are in a tightly
packed (ccp) structure. It has an ABC-ABC stack structure arranged in the form of Li-
O-Co (Figure 2.4). During discharge, with the migration of lithium to the cathode,
Co®* turns into Co®" -> Co?* + Co™ to ensure the ionic balance in the structure. When
more than 50% of lithium is de-interclinated, the cathode structure changes from
hexagonal to monoclinic [35]. This provides a capacity in the range of 130-140 mAh/qg,
compared to the theoretical capacity of 280 mAh/g in the 3-4.2 V potential range,
causing a large capacity loss [36]. Although they have high specific energy, their
specific power is low due to their low discharge current, so they may cause overheating
problems in the battery in cases of rapid charge and discharge [37]. LCO is suitable
for devices that do not require high power load such as cameras, laptops etc.

Furthermore, cobalt is toxic and expensive, which limits its use.



Figure 2.4 : LCO crystal structure [38].

2.24.2 LMO

LMO, which emerged as an alternative to LCO, had some advantages over LCO. LMO
is cheaper than LCO, safer due to its higher thermal resistance, and rather
environmentally friendly since the Mn atom is not as toxic as Co [39]. In theory, the
specific discharge capacity is 296 mAh/g, while the theoretical charge capacity is 148
mAh/g. LMO, which has a close cubic package (ccp) structure (Figure 2.5) from the
Fd3m space group, turns from Mn3* structure into Mn** and Mn?* level to balance it
due to the Jahn-Teller effect [40]. As a result of the reaction of Mn?" ion with LiPFe
salt, structure deterioration occurs at the cathode and the cycle life of a cell decreases
[41]. This causes a transformation from the layered structure to the spinel structure,
which limits its rate capacity. Although it is preferred because it is suitable for high

temperatures.
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Figure 2.5 : LMO crystal structure [42].

2243 LFP

LFP has an olivine structure. The fact that the Fe**/Fe*" conversion is stable at 3.5V
and that LiFePO4 and FePQO4 are from the same space group keeps volume expansion
to a minimum while providing excellent capacity retention and safety. On the other
hand, due to the elements they contain, raw materials are accessible, cheap and have
low toxicity [43-45].

Unlike other cathode materials, this cathode material requires an extra modification
because it has low electronic conductivity due to its structure. The most common
method used to increase electronic conductivity is coating its surface with carbon
and/or doping it with other elements such as S, Co and Mn [45,46]. In addition,
reducing the particle size to nano level is also studied to improve the cycle

performance.

The lithiation mechanism continues until the interface area of this structure, which is
assumed to be caused by movement between two phases, falls below the critical
surface area over time. They show low specific energy due to a lithiation mechanism
that changes over time and depends on the restricted surface area [46,47]. LFP crystal

structure is given in Figure 2.6
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Figure 2.6 : LFP crystal structure [48].

2.2.4.4 NCA

Although LNO (LiNiO2), another member of the LMO; family, has started to be used
instead of LCO due to its cheapness and high theoretical capacity (275 mAh/g), it
replaces Ni** with Li* ions due to the conversion of Ni?* ions to Ni*" ions, which
maintain the ionic balance at the cathode during charging. Ni in the lithium layer
prevents and slows down lithium migration [49]. This causes capacity loss as a result
of long cycles. Afterwards, cathode materials mixed with nickel and cobalt were tried.
While Ni provides high specific capacity, Co limits Ni's cation mixing. Over time, a
third element, Al, began to be added. While the Al element reduces undesirable phase
transformations in the structure as in Co, it improves its thermal resistance as in Mn
with the structural improvements provided by Al can alleviate problems such as
lithium residues that can lead to thermal runaway, thus reducing the decomposition of
transition metals and improving thermal resistance problems, thus reducing capacity
loss [10,50]. Generally, the Al content does not exceed 10% in the structure because
high Al content causes electrochemical inactivity and reduces specific energy in the
structure. Today's LiNigsCo15Aloos is a commercialized cathode material. Its
sensitivity to high temperature and humidity may cause safety problems [51-53]. NCA

crystal structure is given in Figure 2.7
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Figure 2.7 : NCA crystal structure [54].
2.3 NMC

NMC is one of the most widely used cathode materials today and is expected to be
used even more in the future due to their high energy density, good power output, long
cycle life, and improved safety features. Its structure is similar to LiNiO2 and is its Mn
and Co doped form (Figure 2.8). Its layer structure is a-NaFeO- and it is a member of
the a R3m space group family. It repeats the O3 structure and repeats in the [001]
direction as O-Li-O-TM-O-Li-TM-O (Figure 2.9) [55,56].

LiCoO,
(rate)

“@.NEM811
LiMnO, LiNiO,
(safety) (capacity)

LiNiy sMn, (O,

Figure 2.8 : Phase diagram of the ternary system between LNO, LCO and LMO
[57].
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Manganese always gets the value 47, that is, it does not change its valence value during
charging and discharging and does not contribute to the capacity (polarizes around 4.5
V) [58]. The fixed valence stabilizes the structure, increases thermal stability,
especially at high temperatures, and increases the safety of the NMC structure by
preventing overheating during charging and discharging [58-60]. With the presence of
the Mn, the strongest TM-TM bonds in the TM layer are provided by Mn** [58]. The
cobalt normally takes the value 3+ in the structure, but can be oxidized to Co*" above
4.4 V. While the Co** adds a small specific capacity, the Co®* protects the cathode
from corrosion and stabilizes the structure, providing longer cycle lives. Since its
contribution as Co** to the structure is greater, the cut-off voltage value of NMC
cathodes does not exceed 4.3V [59]. Additionally, the Co** structure may react with
electrolyte, which reduces cycle life. The nickel element provides high specific
capacity and energy density to the structure. During delithiation, the oxidation of Ni%*
to Ni** above 3.6 V and from Ni** to Ni** above 3.9 V occur depending on Li* amount
[59,61].

Cathode reaction : LINiMnCo02 <>xLi*+xe ~+Li1-xNiMnCo02 (2.1)
Anode reaction : 6C+xe+ xLi~LixCé (2.2)
Overall reaction : LINiMnCo02+6C < LiCe+NiMnCo02 (2.3)

Since cobalt is a toxic element the trend is towards the production of cobalt-low,
nickel-rich cathodes (Ni>0.6) with the specific capacity that the nickel element
provides to the structure [62,63]. Due to the decreasing Mn and Co in the structure in
response to the increasing Ni content, the structure shows poor thermal stability and

capacity retention (see Figure 2.10) [46, 64].

As the amount of lithium in the cathode decreases during charging and discharging,
H1 (hexagonal) -> M (monoclinic) -> H2 (hexagonal) and H3 (hexagonal c/a ratio is
different) transformations occur, respectively. With the irreversible H2-H3 phase
transformation, oxygen atoms released from the cathode may react with the electrolyte
and form the undesirable spinel and rock-salt structure [66]. Shrinkage may occur in
the c-axis and microstrains may occur due to volume change, causing microcracks in
the cathode. It is assumed that with some element doping, the reversibility of the H2-
H3 phase can be increased and the cycling resistance of the structure can be increased
[67-68].
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Figure 2.9 : NMC crystal structure [65].
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Figure 2.10 : Ni ratio in the structure [65].

After LCO gave low discharge capacity in theory, LNCO structure was formed by
adding nickel to the structure. Ni provided capacity increase but LNCO also had
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stability problems. A more stable structure was obtained by adding Mn to the structure.
From the structure with stereometrically equal Ni, Mn and Co, the amount of Ni was
continuously increased in the structure to increase the capacity. NMC111, NMC532,
NMC622 and NMC811 structures emerged respectively.

The biggest suffer in Ni-rich cathodes is cation mixing. Due to the close ionic radius
of Ni?* (0.69 A ) ions and Li* ions, Ni (0.76 A) ions penetrate into Li layers. Ni is
mixed into the Li layers, makes delithiation difficult and causes the structure to give

poor electrochemical performance. [70,71]

General cation mixing detection techniques are given in Table 2.2. Among the
methods, powder diffraction XRD and NPD (Neutron Powder Difraction) methods are
the most widely used methods in terms of both accessibility and ease of application
[72]. While the XRD peaks in NMC materials include TM atoms in the (003) plane,
the peak in the (104) plane contains both TM and Li [72]. The intensity ratio of these
peaks, 1(003)/1(104), is associated with cation mixing . When cation mixing occurs,
the 1(003) peaking intensity decreases. When the 1(003)/1(104) ratio is greater than 1.2,
it is considered that the cation mixture is low. Additionally, the separation of
(108)/(110) peaks indicates the low cation mixing. The fact that the (006)/(012) pair is
separate from each other is related to the crystallinity of the structure [64,74,75]. In
Figure 2.11, Relationship between 1(003)/1(104) ratio and cation mixture, prepared for
NMC811 shown graphically (The cation mixing ratio varies linearly between 0-10 and
1.44 for l(oo3y/l(104) ratio) [73].

\N

Figure 2.11 : Relationship between l(oo3)/l(104) ratio and cation mixture, prepared for
NMC811 [73].

NMC structures show good hexagonal ordering, resulting in good electrochemical
performance. Hexagonal ordering The R-factor is calculated from the ratio

(R=(l0s)*I(102))/1(201). Low R value means high hexagonal ordering [74].
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Table 2.2 : Cation mixing detecting techniques [72].

Powder diffraction Electron Microscopy Other
e XRD e HADDF STEM e NMR
e NPD e ABF STEM e PDF

When the Ni ratio is very high (Ni>80%) or the improperly formed crystal structure,
the Ni%* valence value shifts to the Ni** valence due to the regional insufficiency of
Co and Mn in the structure (TM-TM bonds made by Ni®* are weaker than Ni%*) [63].
While it causes bond weakening in the structure, it may cause the formation of Mn and
Co clusters. These clusters cause phase distortion for future cycles. Cation mixing can
occur not only during the production phase, but also after long cycles during

electrochemical testing of the battery [76].

2.3.1 NMC production techniques

There are various methods to produce NMC based particles to be used in batteries.
These are sol-gel, solid state, combustion, spray pyrolysis, hydrothermal and
coprecipitation. The characteristic structure of the powders that can be obtained may

vary depending on the process.

2.3.1.1 Sol-gel

The sol-gel method is one of the most common methods used in NMC production. In
this method, the solution is prepared from lithium and metal alkoxides by mixing
appropriate temperatures and a colloidal solution is formed over time after a series of
hydrolysis reactions. This solution condenses over time and takes the form of a
network-shaped gel with polymerization. Then, the drying process is carried out to

obtain solid particles [77].

2.3.1.2 Solid state

It is a simple method used to synthesize particles for cathode active NMC materials,
thanks to its short process steps compared to other methods. However, it is important
to note that the particles for Ni, Co and Mn are previously synthesized by other
processes. After mixing transition metal salts or oxides homogeneously with lithium,
a calcination/sintering process is applied, and a new layered NMC structure is formed
by the resettlement of metal ions through diffusion. Although this method is easy, it is

less preferable due to its low efficiency [78].
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2.3.1.3 Combustion

It is another simple method to produce NMC, in terms of its process structure and
shortness is combustion However, the process needs high temperature and safety
concerns exist for larger productions. The metal oxides to be used are mixed
homogeneously with a flammable substance and ignition is carried out. The process
takes place at temperatures between 100-400 °C depending on fuel type. At low
temperature, the crystal nucleation mechanism dominates crystal growth, resulting in
exothermic reactions. With increasing temperature, crystal growth becomes more
dominant than nucleation and particles become larger and precursor powders are
obtained. Afterwards, it is mixed with lithium and calcined to obtain cathode active
material [79,80].

2.3.1.4 Spray pyrolysis

Spray pyrolysis is a method used in commercialized production on a macro scale due
to its high production rate, but its production is limited on a laboratory scale due to the
expensive equipment and difficulty of access. Spray pyrolysis involves mixing water-
soluble transition metal and lithium salts in a stoichiometric ratio and passing them
through a fine nozzle. The mixed solution is carried through a nozzle by ultrasonic
vibrations or a carrier gas such as air, and by hitting a preheated surface up to 1000 °C,
it instantly evaporates and particles are obtained by reactions, respectively, by
dissolving salts [81,82].

2.3.1.5 Hydrothermal

Hydrothermal methods are facile methods used in the production of particles having
high crystallinity in an aqueous environment via metal salts in a closed container using
parameters such as temperature, pressure and pH. The fact that it takes place in a closed

container may create disadvantages for large commercial production [83,84].

2.3.1.6 Co-precipitation

Co-precipitation is a process performed to collect composite metal hydroxides in a
particle using different salt solutions. It is the most used process to produce NMC
today. The main reason for this is that the morphology of the particles obtained at the
end of the process is rather easy to control and particles with high tap density can be
produced [85]. This method is basically a process to obtain desired particle size,
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particle size distribution, surface morphology and a smooth crystal structure in a
reactor with appropriate pH, temperature and mixing rate, and etc. [86].

Particles so-called precursors are obtained, starting with the controlled feeding of
metal salts, a precipitating agent that helps precipitate these salts in the form of
hydroxide, and a chelating agent that controls particle morphology. The precipitation
environment determines the chemistry of the precursors. Among the most commonly
used NMC precipitation methods are carbonate, oxalate and hydroxide co-
precipitation methods. Although the hydroxide precipitation method, unlike other
methods, requires an inert environment to precipitate in a basic environment and
prevent impurities, it is more effective than others thanks to the ability to produce
particles with higher tap density, narrow particle size distribution and low cost of the
production. [70]. During precipitation with hydroxide, N2 gas is continuously supplied
to a reactor. This process eliminates air and oxygen in the reactor, minimizing the
possibility of impurity formation in the precursors.. In order to provide the appropriate
reaction temperature, the reactor is heated by rotating hot water from the bottom of the
reactor or between the walls. The medium is mixed with impellers to aim for a
homogeneous solution throughout the reactor. The latest precursors have the structure
of NixMnyC;(OH)2 (x+y+z=1).

In order to obtain a proper crystal structure for co-precipitation, metal salts should have
as close solubilities in solution as possible. The metal salt with lower solubility will
cause supersaturation and affect the particle structure to be formed, and its
electrochemical properties [87-88].

In the co-precipitation process, the first nucleation starts and nuclei form grow to form

primary particles, and their aggregation creates secondary particles .

TM?*(aq) + nNH; — [TM(NH3),]**(aq) (2.4)
[TM(NH3),]**(aq) + 20H~ < TM(OH),(s) + nNH; (2.5)
General reaction: TM?* + 20H~ o TM(0OH), (2.6)

For nucleation to occur, the system, namely the solution, must be in a supersaturated
state. After the supersaturated state is achieved, a nucleus must first be formed in order
for a solid to form from the solution [89]. The formation of the nucleus is related to

the free energy changes in the solution. Depending on the free energy in the solution,
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AG must be negative for nucleus formation. The equation for the nucleus formation of

the solution AG is given in Equation 2.7. [92].
AG = AGpuik + AGinterface + AGothers (2-7)

AGhuik is the free energy difference related to the volume in the solution, AGinterface IS
related to the energy change of the interfaces in the solution and AGotners IS related to
the free energy of the other components in the solution [90]. In order for AG to be
negative, the solution must be in a supersaturation state and in this case, the bulk
contribution (AGyuik) related to solids is always negative. In contrast, the AG interface
is always positive. AGpuik and AGinterface €nergies may change depending on the shape
of the particles to be formed. For the formation of the first nucleus, the most suitable
for AGouik and AGinterface 1S that the particle is close to spherical due to the surface area
and volume ratio. If the particle shape is spherical, AGouk will be 4nr’/3, while
AGinterface Will be 4mr® [91]. The r* to be formed indicates the critical radius of
nucleation. The relation between critical radius of nucleation and free energies is

shown in Figure 2.12.

Swrface
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Figure 2.12 : Relation between critical radius of nucleation and free energies [91].

In the co-precipitation system, some of the TM ions that first enter the solution tend to
form TM(OH)2 due to the Le Chatelier Principle originating from the high free OH-
ion in the solution (Equation 2.6). The remaining free TM ions react with the chelate
and form [TM(NH;),]*>" complexes (Equation 2.4). The supersaturation state that
occurs initially due to the decreasing TM ions in the medium decreases and Equation
2.6 slows down. Due to the high saturation at the beginning, the first nucleus formation
occurs rapidly. Concentration — time relationship in precipitation is given in Figure
2.13.
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Figure 2.13 : Concentration — time relationship in precipitation [91].

The first nuclei formed are single crystals. During growth, multiple single crystals can
aggregate to form larger structures. These small nuclei tend to grow in size to reduce
their total energy [92]. On the other hand, during mixing of the reactor, small particles
experience what is called Brownian motion, where particles collide randomly and stick
together. As particle size increases, laminar flow within the reactor becomes more
effective [93].

Apart from this effect, the surface charge of the precipitated particles can cause the
surfaces of the precipitates to be positive or negative depending on the pH condition.
In the co-precipitation together with OH-, the particle surfaces become negative. The
ammonia complex, which retains the TM ions, is attracted by the unsaturated metal
hydroxyl crystals and releases the TM ions to be predominant on the surface with high
surface energy (Equation 2.5). This process is called surface adsorption and is the
general mechanism of particle growth during co-precipitation [94]. Anisotropic
growth occurs due to the difference in surface energies of the crystals. These
polycrystalline structures can also be called primary particles. Afterwards, the primary
particles combine and aggregate (Figure 2.14 a). These aggregated primary particles
are called secondary particles. While the secondary particles continue to grow and
agglomerate with the primary particles, they begin to take the form of spheres in order
to reduce their total energy (Figure 2.14 b). Particle growth may also proceed by a
phenomenon called Ostwald Ripening. Ostwald ripening is the dissolution of small

particles in solution and their consumption by larger particles to reduce the surface-
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volume ratio [95]. For a softer surface, dissolution and recrystallization occur and are
related to the Kelvin Equation. While the convex surfaces on the surface tend to
dissolve, the part where the particles interact with each other is concave (pL < 0), the
solubility of these regions is low and the dissolved particles accumulate on this surface
and recrystallize (Figure 2.14 c). In addition, the interfacial tension between the
particles and the solution can be reduced by the chelator agents. Chelator agents are

effective in developing a smoother surface [96].
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Figure 2.14 : Precursor development during coprecipitation a) primary particle
agglomeration b) secondary particle formation c) dissolution and recrystallization of
sharp surfaces.

In NMC precursor perspectives, Feng et al. [98] took samples from the
Ni1sMn13Co13(OH)2 precursor produced by the co-precipitation process during
different precipitation stages and performed XRD analysis. When the peak area-time
graph was examined, it was seen that the slope of the (101) plane was the largest among
the (100), (101) and (102) planes. Yang et al. [97] examined the time-dependent single
crystal dimensions of the Ni1sMn13Co13(OH)2 precursor in a similar study. As a result
of the study, the slope of the (101) plane was obtained the largest in a similar way.
They also calculated the surface energies of the planes by DFT study (Figure 2.15).
The results showed that the surface energy of the (101) plane was the lowest. This
causes the NMC precursor to grow anisotropically in the fastest (001) direction. In
addition, the electronegativity value of each surface in the crystal is different. Surfaces
with high electronegativity values will be more willing to attract positively charged
ions. This supports anisotropic growth in a certain direction due to the different
electronegativity values on the surfaces [94]. In NMC structures, the electronegativity

value of the (001) surface is the highest. This increases the probability of NH** ions
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being adsorbed by this surface. With the change in the chelate concentration in the
environment, the (001) surface begins to play a more dominant role in the growth of
the crystal and anisotropic growth in the [001] direction can be restricted. As a result,
the morphology of the structure can be controlled [98]. The reason for the rod-like or

needle-like morphology of NMC structures is this anisotropic growth [99].
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Figure 2.15 : Calculated surface energies of crystal planes [99].

These mechanisms that occur during the co-precipitation process may affect the
morphology, size or particle size distribution of the precursor that will be formed by

being affected by the environmental conditions.

2.3.2 Parameters affecting co-precipitation

The morphology, distribution, crystallinity and purity of the particles formed as a result
of the co-precipitation process will subsequently affect their electrochemical
properties. Therefore, changes to the co-precipitation environment will definitely have

an impact on the precursors produced.

2.3.2.1 Chelating agent concentration

The chelating agent is one of the most important parameters in ensuring that metal ions
are placed in the right spot in the structure, hexagonal ordering is formed properly and
the particle surface has as smooth a structure as possible. As the chelating agent
concentration increases, the amount of chelate in the precipitation reactor is expected
to increase. As the amount of chelate increases, there is more NHs in the solution and
therefore more metal ion ammonia complexes are formed according to Equation 2.4.

Additionally, it is possible that the equation will shift to the left as the amount of NH3
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ions on the right side of the 2" balance equation increases. This causes [TM (NHs),,]?*
to be more dominant than TM (OH), in the structure. The fact that the particle growth
rate is more dominant than the nucleation rate triggers particle growth, while the
supersaturation of metal ions decreases in this way. In cases of extremely rapid particle
size growth, agglomeration occurs when the particles do not have enough time to form
the desired morphology. On the contrary, when the amount of chelator is low, the
decrease in the molarity of the fed chelator causes the presence of less NHs* in the
environment and therefore creates a high OH™ ion supersaturation state, causing the
particles to precipitate. Due to the excess OH™ in the environment, TMOH oxidizes
once again in solution, forming the TMOOH" complex. It can be explained by the fact
that many negatively charged particles in the environment will constantly repel each
other and the nucleation rate dominates the particle growth rate, and the particles
cannot grow and collapse as colloids. For an ideal morphology during co-precipitation,
the balance Equation 2.5, which includes NHz* and OHions, is very sensitive. When
this balance is achieved, the different precipitation rates of Ni, Mn and Co are tolerated
and the metal ions form a regular hexagonal structure and their crystallization
increases. Figure 2.16 shows the Nio.sC00.1Mno.1(OH)2 precursors obtained by Ding et

al. [101] precursors usuing different chelating agent concentrations.

As the chelating agent concentration increased up to 4 M, it was observed that the
spherical structure increased and the surface of the primary particles improved, but at
higher values, the spherical structure deteriorated and caused agglomeration. On the
other hand, it was observed that a colloid structure was formed at a molarity of 1 and

below.

In the co-precipitation synthesis of Nio.sC0o.1Mno.1(OH)2 precursors produced through
studies in the literature, Park et al [102], Bizotto et al, [103], Skvortsova et al [104],
Lipson et al. [105], Amine et al. [106]. obtained spherical particles in the range of 1-
5M of NH4OH , it can be said that it is not the only parameter affecting the spherical
morphology.

In NMC811 co-precipitation synthesis at different chelating agent concentrations, Zhu
et al. [107] have seen an increase in tap density up to 1.35, reaching 1.95 g.cm™ with
increasing molarity and then a decrease has been observed. At the concentration of

0.97 mol.L?, the lowest cation mixture was obtained, 3.944%.
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Figure 2.16 : SEM images of Nio.gC00.1Mno.1(OH). precursors at different NH3.H20
concentrations (a) 0.5 M (b) 1 M (c) 2M (d) 3M (e) 4M (f) 5M (ph =11.2, 50 °C, TM
molarity = 2) [101].

Apart from the concentration of the chelating agent, its chemistry is also a factor that
will affect the co-precipitation kinetics. There are also different chelation agents other
than the commonly used ammonia. The general reactions’ (Equation 2.6) forward
reaction rate of M?*(g) ions with OH"aq) ions during co-precipitation is ki and the
reverse reaction rate is kr, and the ratio of these forward and reverse reactions can be

expressed as K (Equation 2.8).

K =k¢/ kr (2.8)
The overall reaction coefficient of co-precipitation can be expressed as Q (Equation
2.9).

1

¢= o (2.9)

This equation can be related to the general metal concentration ratio of the free metal
ions in the medium and to the pH due to the relationship between OH™ and pOH. The
Q/K ratio reveals the characteristics of the co-precipitation reaction. If the Q/K ratio is
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less than 1, the system tends to co-precipitate spontaneously and the tendency to
precipitate increases as it moves away from 1. If the Q/K value is greater than 1, the
system is in the no supersaturated state and inhomogeneous, irregular particles are
formed in the system. As the Q/K value approaches 1 as much as possible, the crystal
growth of secondary particles with Ostwald ripening becomes ideal and desirable
particle morphology and size occur [108-109].

ke
2] [0H T2 k;

Q/K = (2.10)

Lee et al. [112] calculate the Q/K ratio for the metal ions Ni?*, Co?*, and Mn?* at pH
= 10.75 in 1M ammonia, EDTA, citric acid, succinic acid concentrations and no
chelation agent (Figure 2.17). The Q/K ratio for the ammonia Ni?* ions is by far the
closest to 1. While the log(Q/K) ratio is negative for the citric acid, succinic acid, and
non-chelating conditions, the system tends to precipitate continuously. In contrast, the
log(Q/K) value is positive in the EDTA system by 10. EDTA binds the metal ions so
strongly that OH" does not precipitate. In Ni-rich structures, the reason why it is used
as the most common chelating agent in co-precipitation is that it can be carried out
with less chelation compared to other chelators except EDTA. On the other hand, in a
Mn-Rich structure, citric and succinic acid may be a more suitable chelating agent than
ammonia. The similar situation in citric acid and succinic acid is also valid for oxalate
root precipitation. In the study conducted by Hou et al. [111], since the bonding
strength of the ammonia root with the Mn?* ion is weak in alkaline environments, an
ammonia-oxalate mixed chelator showed a better chelating property against the Mn?*

ion.
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Figure 2.17 : Q/K values of a medium 1M different chelating agents and 2M Ni?*,
Co?*, and Mn?* for NMC811 at constant pH = 10.75 [110].
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2.3.2.2 pH

pH is one of the vital parameters that affects the performance of the ions present in the
environment during co-precipitation. In high pH environments, it is expected that there
will be an excess of OH" ions in the solution. Therefore, it affects the complexes
formed by the ions in the environment and the densities of these complexes. As seen
in Equation 2.5, increasing the number of OH" ions on the left side of the equation
causes the equilibrium to shift to the right. As the equilibrium shifts to the right, the
nucleation rates of the particles become dominant over the particle growth rate. In this
situation, the structure tends to precipitate. In cases where pH is high, the particles
precipitate before they have the opportunity to correct their surface morphology and

grow sufficiently, so the size of the particles produced is smaller than at lower pH [76].

J

Figure 2.18 : SEM images of precursors Nio.sC0o.1Mno.1(OH): at different pH (a) (b)
12 (c) (d) 11.2 (e) (f) 10.5 [101].

The SEM images of Nio.gCo0o.1Mno1(OH)2 precursors produced at different pH are
given in Figure 2.18 [101]. It is seen that the secondary particle size decreases
significantly with increasing pH and the colloid structure forms with the negative
charge of the particles due to the very high OH" concentration at pH = 12 . It was

27



observed that the particle size increased as the pH decreased, but the SEM image taken
at pH 11.2 showed that the spherical surface morphology was replaced by irregular

polyhedrons. Additionally, increasing pH also reduces primary particle size [111].
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Figure 2.19 : Potential-pH diagrams of nickel, manganese and cobalt [112].

Potential-pH diagrams of nickel, manganese and cobalt are given in Figure 2.19. The
area where Mn(OH)2 ion actively precipitates is smaller than Ni and Mn. If the
precipitation process is not carried out at the appropriate pH during the co-precipitation
process, there is a high probability that undesirable oxide forms of manganese will
form. This negatively affects electrochemical performance. Ammonia complexes
formed by nickel manganese and cobalt ions at different pHs are given. While Ni can
complex with ammonia up to pH 12, Mn and Co can only complex up to pH 10. This
Is consistent with the experimental results that the optimal pH value is lower for
hydroxide containing lower Ni to produce high bulk density, indicating that the pH

value studied should increase as the Ni content increases [113].
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Figure 2.20 : The values of the metal-ammonia complex at different pHs [113].

It was previously stated that the Equation 2.4 is important for the sufficient growth and

morphology of the particles, and the Equation 2.5 is important for the precipitation of
the particles. Shen et al. [114] [NiosCoo2Mno2(OH).] stated that a good particle
morphology can be obtained if the ratio of metal ammonia complex concentration to

OH" concentration is 3.4. Yang et al. [97] created a figure showing the amount of

ammonia that should be used for each pH. With increasing pH, a higher proportion of

NHs ions must be used to ensure the equilibrium conditions of Equation 2.5, and a

higher tap density was obtained at these values. In the light of these studies, the

relationship between pH and ammonia concentration cannot be considered strange.
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2.3.2.3 Reactor temperature

In co-precipitation reactions, after the precipitation of metal ions, the recrystallization
phase, the regulation of the surface morphology of the particles, and the energy needed
for the growth of the particles are met by heating the system. While high temperatures
provide sufficient energy, increase the reaction rate and crystallinity, they can also
cause the formation of undesirable phases [115]. These undesirable phases cause the
material to give low electrochemical performance [115]. In the literature, it has been
observed that in manganese-containing systems, as the possibility of manganese
oxidation increases above 60°C, undesirable manganese hydroxide phases such as
MnOH ve Mn3zO4, MNOOH, MnO(OH); are formed [116-129]. SEM images of
Nio.8C00.1Mno.1(OH)2 precursors produced by Vu and Lee [116] at different mixing
temperatures are given in Figure 2.22. At 50°C, the primary particle surface has a
wider and more regular surface compared to 45°C, purity deteriorates in particles
produced at temperatures higher than 50°C, and the best electrochemical results are in

particles produced at 50°C.

SEMHV. 2000k WD: 16.20 mm
SEMMAG: 5000 ke Dot SE
KNU

2 g )
SEMHV:2000kV  WD: 16.29 mm MIRAN TESCAN
SEM MAG: 50.00kx  Det SE 1pm :
o Perormance in nancspace [

SEM HV. 2000KkV  WD: 16.28 mm
SEM MAG: 100k« Det SE
KNU

Figure 2.22 : SEM images of Nio.sC0o.1Mno.1(OH)2 precursors at different mixing
temperatures (a) T =45 °C (b) T=50°C (c) T=55°C[116].
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The reaction temperature also affects the resulting phases. Ni(OH). has two phases: a-
Ni(OH)2, which is amorphous and has poorer electrochemical properties, and 3-
Ni(OH)2, which has higher crystallinity and is more ordered [117]. While there is a
tendency to form a-Ni(OH). from co-precipitation experiments performed below 50
degrees, the tendency to form 3-Ni(OH): is higher at higher temperatures [118]. While
B-Ni(OH). offers the best hexagonal ordering, Xu et al. [119]. It is seen that among the
cathode materials with different NMC622 phases, B-Ni contains the best capacity
conservation with 91.7% (Figure 2.23).
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Figure 2.23 : Cycling performances of a-NMC622, B-NMC622 and a+ -NMC622
[119].

2.3.2.4 Reactor time

Mixing time is one of the parameters that affects the morphology of the particles and
therefore the electrochemical properties. Since prolonging the mixing time will
provide more energy and time, it is possible for a more uniform hexagonal structure to
be formed, but after a certain mixing time, it can be said that it has no effect on particle
morphology or may cause negative effects. SEM images of NiogCog.1Mno.1(OH)2
precursors (Figure 2.24) produced by Vu and Le [116] at 8, 10 and 12 hours aging
times are shown. After increasing 12 hours of aging, it was observed that the size of
the primary and secondary particles decreased, the particle size distribution expanded
and, accordingly, the tap density decreased. According to Fakhrudin, the aging time

should increase with increasing Ni content in the material [120].
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2.3.2.5 Mixing

The mixing parameters inside the co-precipitation reactor affect the morphology of the
size, and size distribution of particles synthesized. First of all, in order for a
homogeneous structure to form, there must be homogeneous mixing inside the tank.
In balance Equation 2.5, which is sensitive thanks to homogeneous mixing, it is more
likely that particles with the desired properties will be formed if there is a chemically

suitable environment (sufficient NH3* and OH" ions in the environment).

The most basic mechanism affecting homogenization in the co-precipitation reactor
tank is flow patterns [121]. The formation of single loops or double loops in the tank,
depending on the flow pattern, will affect the properties of the particles obtained.
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Figure 2.24 : SEM images of NiogCoo0.:Mno.1(OH)2 precursors at different aging
times (a) 8 hours (b) 10 hours (c) 12 hours [116].
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structure, a single loop is formed throughout the reactor, in systems with double loops
or more loops, there is a complex mixing system consisting of smaller loops compared
to the single loop [122]. It is known that single loop is a more effective parameter in
macro mixing because the concentration difference between regions will be less than

in systems with multiloop [123].

Huang et al. [124] and Alpay et al. [125] produced NMC powders with different
impellers and parameters and examined their morphology. In their studies, they
obtained better electrochemical performance as the final product in the structures

where they observed the single loop.

Another effective parameter is mixing speed. As the mixing speed increases, the
number of collisions among particles and the reactor increases. Some literature studies
show that at low mixing speeds, particles form a structure with agglomerated and large
secondary particles that are far from spherical, while as the mixing speed increases,
smaller secondary particles with a generally spherical morphology and particles with
narrower particle distribution are formed. At extremely high mixing speeds (V>1200
rpm), some studies have shown that microcracks appear on the surfaces of the
particles, particles of different sizes are formed, the particle size distribution widens
and, accordingly, the tap density decreases [126,127].

2.4 Problems of Ni-rich NMC and Strategies to Improve The Performance of
NMC Cathodes

2.4.1 Problems of Ni-rich— NMC

When Li-ion batteries were first commercialized, they consisted of a single type of
transition metal atom within a layered structure. Among cathode materials with a 2-
layered single atom structure, LCO batteries were the first to be commercialized. The
fact that only 50% lithium ion could be withdrawn from the cathode structure during
deintercalation caused the theoretical capacity of the cathode to remain at 140 mAh/g
in practice, while it was around 280 mAh/g [128]. However, the heating problem at
high charging rates paved the way for LMO batteries as an alternative. Although these
batteries were both cheaper and provided high temperature resistance compared to
LCO, the Jahn-Teller effect caused the separation of the Mn®* structure into Mn** and
Mn?*, the change of the structure from the layered structure to the spinel structure,
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limiting the rate capability, and the decrease in the stability of the cathode structure
due to the reaction of Mn?* with the electrolyte [129]. Despite the high capacity of
LNO batteries, their tendency for cation mixing caused poor performance in capacity
preservation. Afterwards, two transition metal ions, LNCO and LNMO, were tested in
the layered structure [130]. Thanks to the cobalt atoms in the LNCO structure, the
capacity conservation of LNO was improved, but since it is an expensive element,
manganese was added instead of cobalt as an alternative and LNMO tests were carried
out. LNMO, like LMO, caused irreversible reactions after the cycle and affected the

electrochemical performance of the structure [131].

The first NMC experiment containing 3 different transition elements in the TM layer
was reported by Liu and coworkers in 1999 [132]. In their study, they synthesized
LNO, LNCO and LNMCO structures with different compositions. It was stated that
when manganese was added to the LiNixCoyMn;O: structure as 0.1<z<0.3 compared
to the LNCO structure, no impurity was observed in the synthesized structure. When
XRD analyzes were examined, it was also seen that the LiNig7C002Mng 10> structure
produced for the first time for z=0.1 gave good capacity and capacity retention.
Ohzuku et al. [133] synthesized LiNio33Mno33C003302 by spray pyrolysis and
obtained initial charge and discharge capacities of 165 mAh/g and 150 mAh/g,
respectively, in the range of 2.7-4.2V at 30 °C. In addition, in the cycle tests performed
at 30 °C between 2.5-5V, it showed better capacity retention compared to LCO and
LNio5C0050 structures The positive results of this ternary system in terms of specific
capacity, capacity preservation and rate accelerated NMC studies. The fact that Ni
atoms increase specific capacity, the research trend from past to present is that the
amount of Ni atoms in the structure increases, such as NMC111, NMC424, NCM523,
NMC622, NMC811... Although the specific capacity increases with the increasing
nickel ratio in the NMC structure, Ni-rich cathodes show some problems.

Ternary Ni-rich structures experience stability problems despite the high specific
capacity and energy density they provide. These problems can be generally named as

cation mixing, TM dissolution, O release, phase transformations and microcracks.

The cathode structure has a certain positive charge balance. It takes the values of Ni?*,
Co®* and Mn*. While deintercalation, i.e. Li* ions separated from the lithium layer
during the charging of the cell, change the charge balance in the cathode, polarization

occurs in the TM layer to maintain this charge balance. Ni%*- Ni* occurs at 3.6V, Ni**-
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Ni** at 4.15V and Co®*- Co*" at 4.3V . In the DFT study of Liang et. al. [134] have
examined the TM-TM bond strengths, it was calculated that in the NMC structures
with a lower ratio of Ni-rich and nickel, the energy of the bond made by Ni®**, which
is largely contained in the Ni-rich (x>0.8) structures, with between Ni®* and Mn** has
weaker bond energies than between Ni?* with Mn*" and Co®*-Mn** in the structure in
the NMC cathode with a lower ratio of nickel. This shows that Ni-rich NMC cathodes
may be weaker in maintaining their structural stability . Due to these weak bonds, Ni?*
atoms in Ni-rich cathodes are more likely to migrate from the TM layer to the lithium
layer by separating the gaps formed by Li* ions separated from the structure in the
lithium layer during deintercalation, increasing the cation mixing and causing capacity
loss due to the difficulty in diffusion of Li* ions [135]. In Table 2.3, Noh. et al. [64]
have studied NMC cathodes containing different amounts of nickel (NixMnyCo; ; 0.33
<x <0.85) and as it is seen that the 1(003)/1(004) ratio decreases with increasing Ni ion
in the structure (Table 2.3). While 1(003)/1(004)>1.2 indicates a low cation mixture,

an increase in this ratio indicates a decrease in cation mixing.

Table 2.3 : Intensity ratio 1(003)/1(004) of the different Ni content NMC structures

[65].
l(003)/I(204)

Li[Niz3C013Mny3]O: 1.35
Li[Nio5C00.2Mng3]O2 1.32
Li[Nio.6C002Mno2]O2 1.26
Li[Nio.7C00.15sMng.15]O2 1.20
Li[Nio.8C00.1Mng1]O> 1.19
Li[Nio.s5C00.07sMno.075]O2 1.18

During intercalation and deintercalation of layered structures, expansions and
contractions occur in lattice parameters. Figure 2.25 shows the change of a and ¢
parameters during deintercalation of a Ni-rich structure. During deintercalation, a
continuous contraction is observed in the a direction due to Li* ions separated from the
structure. On the other hand, while the c parameter narrows until the Li* concentration
in the cathode structure decreases to 0.8, the contraction in the lithium layer brings the
oxygen atoms closer to each other and the oxygen atoms, which tend to repel each
other, cause the monoclinic phase transformation, which is more stable than the

hexagonal structure. Due to the monoclinic phase transformation, there is an expansion
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in the ¢ direction and it continues until the Li* concentration reaches 0.4. Then, the
monoclinic hexagonal 2 (H2) phase transformation begins. However, the contraction
begins again in the ¢ direction. When the Li* concentration is 0.25, the 3™ Hexagonal
structure (H3) begins to form. With this phase transformation, the contraction of the
structure in the c direction intensifies. Large stresses occur in the layered structure
[135-136].
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Figure 2.25 : Ni-rich structure changing of a and ¢ parameters during deintercalation
[135].
In Ni-rich cathode materials, polarization of nickel atoms occurs in the structure during
deintercalation. Ni atoms interact with 6 oxygens in the hexagonal structure and show
the NiOg octahedral structure. Ni>* and Ni** have a structure that has a Ni atom in the
center and the bond lengths in the 6 oxygen interactions are close to each other [137].
Ni3* structure is subject to a distortion (Jahn-Teller distortion) where the bonds in the
z direction (c axis) are elongated due to the geometrical incompatibility with the
energy balance in the energy layers. During H2-H3 (Ni**-Ni**) polarization, these
bonds are momentarily shortened in the c direction [138]. Ryu et. al. [139], graphs
showing the change of a and c lattice during the H2-H3 phase transformation while
charging NMC cathodes with nickel compositions ranging from 0.6 to 0.95 are given.
At 4.15V, the narrowing in the c direction in the H2-H3 phase transformation was -
2.6%, -3.7%, -5.6% and -6.9% for x=0.6, x=0.8, x=0.9 and x=0.95, respectively

(Figure 2.26). It was observed that the narrowing in the ¢ direction became more severe
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with increasing nickel content. In addition, in the cyclic voltammetry tests, while the
H2 structure and H2-H3 peak were not observed for x=0.6, it was observed that the
H2-H3 peaks became sharper and more severe with increasing nickel content. Jung
studied [139] a similar situation and has observed in NMC111, NMC622 and
NMCB811,. H2-H3 phase change peaks have not been observed in NMC structures
other than NMC811 (Figure 2.27).
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Figure 2.26 : Shrinkage rate of different of Ni-rich NMC cathodes during H2-H3
phase transformation a) a-axis b) c-axis [139].

In Ni-rich NMC structures, the Ni**/Ni?* ratio is higher than in NMC structures with
less nickel. The reason for this is to provide the charge neutrality of Co = 3+ and Mn
= 4+. Although the higher Ni** ratio causes the Ni?* ion ratio to decrease in the Ni*
structure and seems to reduce the cation mixing of Ni?* and Li* ions with similar ionic
radii, in fact the high amount of Ni atoms in the structure will provide enough Ni?*
ions for the cation mixing [139-110]. Moreover, during deintercalation, Ni**
polarization will be more dominant in the structure. The Ni** structure is a highly
reactive ion and tends to release the oxygen atom in its structure. The tendency for
oxygen release in NMC materials is higher on the surface. With the release of oxygen
from the surface, from the layered structure to the spinel structure and rock-salt
structure. These reactions are irreversible and cause permanent capacity loss in the
structure [141-142]. The formation of the rock-salt structure (Figure 2.28 b) from the
layered structure (Figure 2.28 a) causes O and Li loss from the structure. The ionic
conductivity of the newly formed rock-salt structure is low, and due to its anisotropic

structure, Li* diffusion is difficult.
3NiO> (layered) — NizO4 (spinel) + 20 (2.11)

NizO4 (spinel)— NiO (rock-salt) + 20 (2.12)
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layered) and b) Fm3m structure [143].

Another problem in Ni-rich NMC cathodes is microcracks formed as a result of long
cycles. It is known that the instantaneous shape changes of the lattice resulting from
the H2-H3 phase transformation during continuous charge and discharge cycles due to
oxygen release from the structure and the formation of the rock-salt structure, together
with the anisotropic stresses on the primary particles, cause the primary particles to
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separate from each other along the grain boundaries and cause microcracks [144-145]
These microcracks facilitate the penetration of corrosive electrolyte from the surface
and HF in the electrolyte causes the structure to corrode. Since NMC cathodes with a
lower nickel content in their composition (x<0.8) undergo less volume change in the ¢
axis during the H2-H3 phase transformation, the formation of microcracks is restricted
[139] (Figure 2.29).
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Figure 2.29 : Change in cathode microstructure as a result of long charge/discharge
cycles depending on the Ni ratio in the NMC structure [139].

According to Amatucci et al. [146], the capacity loss accelerates at high voltages,
especially compared to low voltages, with the partial conversion of Co®* ions into Co**
on the surface of LiCoO> forming the SEI structure above 4.2V, and the dissolution of
TM atoms on the surface [147]. On the other hand, due to the high composition of
nickel in Ni-rich cathode materials, the dissolution of Ni** ions during Ni polarization
and the subsequent formation of a thicker SEI structure may cause the surface to
become difficult for Li* diffusion and a higher Li* diffusion impedance to be seen
[148].

Ni-rich cathodes due to the chemical instability in structure, have some problems such
as formation of microcracks in the structure as a result of long cycles due to stresses
occur during the H2-H3 phase transformation, formation of rock-salt structure by
releasing oxygen and make difficult lithium diffusion, cathode surface corroded by
electrolyte, cation mixing.
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2.4.2 Strategies in designing process

2.4.2.1 Process optimizing

Since the production of cathode materials consists of successive process steps, the
morphology of the cathode material can be changed and its electrochemical properties
can be improved not only during the production of precursor particles but also with
improvements in subsequent processes. Therefore, strategies in designing the particles
are very important. Strategies could be made on materials composition, process and

equipment used in the whole production of NMC cathode active materials.

Morphology and structural design can include the formation of the precursor, lithium
mixing, calcination and lamination [71]. Yang et al. [149], synthesized NMC622
precursors at different pH (between 10.5-11.5) and NHsOH concentrations (between
4-6 M) by co-precipitation method. The precursors produced at low pH and high
NHsOH concentration show higher primary particle orientation (Figure 2.30 c). With
increasing pH and decreasing NH4OH concentration, the orientation of the primary
particles of the structure decreases and is completely destroyed (Figure 2.30 d,e). As a
result of calcination, the surface morphology of the particle that have good orientation
as precursor, is thin and long, while it shows a morphology developed in the (003)
direction, while as the orientation decreases, the primary particles begin to
agglomerate and a particle morphology developed in the (104) direction is obtained
(Figure 2.30 a). While the layered structure developed in the (003) direction forms a
structure with wider interlayer gaps for the diffusion of Li* ions, on the other hand a
structure that is not suitable for Li* diffusion is observed in the layered structure
developed in the (104) direction (Figure 2.30 b). When the XRD results are examined,
it is seen that the 1(003)/1(104) ratio decreases with the primary particle orientation
decreasing and cation mixing increases. As a result of electrochemical tests, the
specific capacity, rate performance and capacity retention of the sample with a better
primary particle orientation increase. As a result of the impedance test, it is seen that
the Rct value decreases with the better primary particle orientation. The structure gives
better specific capacity, rate performance due to the lower activation energy for Li*
ion diffusion in morphologies with good orientation. In addition, compared to
agglomerated primary particles, oriented particles have less segregation between
primary particles due to the controlled expansion and contraction of the crystal lattice

resulting from H2-H3 phase transformations in long cycles. In less oriented structures
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with agglomerated primary particles, segregation occurs, while electrochemical
performance decreases due to the rock-salt structure formed more at grain boundaries
[150-151].
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Figure 2.30 : Effect of primary particle morphology on the growth direction of the
crystal structure a) (003) and b) crystal structures grown in the (104) plane direction
c) Ordered primary particle d) Semi-ordered primary particle e) Disordered primary
particle [149].
Calcination parameters also affect final particle morphology. Generally, Ni-rich
cathode materials, Ni?* tends to exchange with Li* due to similar ionic radius, while
O atmosphere can sufficiently oxidize Ni?* to Ni**, thus reducing the cation mixing
in the active material. Meanwhile, O, atmosphere also reduces the formation of oxygen
vacancies on the particle surface, resulting in a stabilized layer structure [152].
Therefore, oxygen atmosphere is usually used during the preparation of Ni-rich layered

cathode materials to prevent excessive cation mixing in the structure.
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Tiozzo et al [153] performs calcination for NMC811 in pure N2, pure Oz and pure air
environments. Pure air provides the best electrochemical performance thanks to the
narrow particle size distribution and less lithium loss during calcination. Kim et al.
[154] performs calcination processes in environments where oxygen, nitrogen and
argon gases are mixed in different proportions. It gets the best electrochemical results
in calcination carried out in a 96 % O2/4 % Ar environment. Calcination temperature
and time also affects final structure. Keeping the temperature and time high may cause
unwanted particle size growth and deformations, or keeping it low may cause the

structure to show low crystallinity [155].

Using excess lithium source during calcination reduces the electrical conductivity of
the remaining lithium residues in the structure and disrupts the energy balance on the
cathode surface, thus accelerating the decomposition of the electrolyte on the cathode
surface during the charge-discharge cycle [155]. Ronduda et al [156] tried different
amounts of Li source during calcination in NMC622. In CV and curve tests containing
excess Li, the cathode was exposed to high polarization and caused it to show worse
electrochemical properties. Mobarek et. al [157] applies calcination to the Ni-rich
cathode using an excess amount of different lithium sources, causing lithium residues

to form on the cathode surface and decrease the cathode conductivity.

In lamination, Raju et al [158] mentioned that the cycling performance of single crystal
and polycrystal NMC811 cathode materials are affected by calendering at different
levels for the NMC811 sample, depending on the amount of porosity contained in the

coating.

2.4.2.2 Surface coating

Surface coating process has been utilized to increase the electrochemical performance
by coating the surface of the particles and to increase the resistance to loss of capacity,
microcrack formation, oxygen release or electrochemical side reactions of the cathode-
electrolyte interface [159]. Some of the features that the coating should have are as
follows: The chemical stability of the coating should be high so that it does not react
with electrolyte. With the high redox potential of the coating, it should be stable by
not releasing oxygen on the surface at high voltages while the battery is operating.
Coating the cathode surface to a large extent and homogeneously will optimize the
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performance during lithium diffusion. Excessive thickness may make Li diffusion
difficult, and thin coating may not provide the desired performance [160].

Table 2.4 : Different elements or compounds coating on NMC811.

. Coating . '”‘“?' Capacity

Cathode material Material Coating Method Rate Cycle Capacity Retention (%)
(mAh/qg)

Ni0.8Mn0.1C00.1 ZnAl,0,4 Coprecipitation C 100 183.2 83[159]
Ni0.8Mn0.1Co00.1 Ce Wet coating C 100 162.1 90[160]
Ni0.8Mn0.1Co00.1 ZrO Wet coating C/5 25 179.8 97[161]
Ni0.8Mn0.1C00.1 WO; Wet coating C 100 184.2 97.1[162]
Ni0.8Mn0.1C00.1 LiAIO, Wet coating C 100 181 93.9[163]
Ni0.8Mn0.1Co00.1 Li,ZrO; Wet coating C 100 179 98[164]
Ni0.8Mn0.1C00.1 LisTisO1, Wet coating C 100 155 85[165]
Ni0.8Mn0.1C00.1 V205 Wet coating 2C 100 171 87.8[166]
Ni0.8Mn0.1C00.1 MoOs3 Dry coating c 100 182.2 94.8[167]
Ni0.8Mn0.1Co00.1 LilnO, Wet coating C 100 186.1 92.7[168]
Ni0.8Mn0.1C00.1 LiYO, Dry coating Cl2 100 189.4 98.4[169]
Ni0.8Mn0.1Co00.1 SnO; Dry coating C 50 170.5 88.2[170]
Ni0.8Mn0.1C00.1 SiO; Wet coating Cc 100 181.1 92.8[171]
Ni0.8Mn0.1C00.1 LiF ALD C 100 154 85[172]

2.4.2.3 Doping

The main strategy of doping is changing the composition of the cathodes. It is known
that there are several chemistries available that give different performance. In the
scope of this study, NMC 811 is utilized. However, with a small change in the

chemistry can make a big difference.

Doping has been utilized to improve the properties of cathode active materials.
Strategy in here is to add small amounts of ionic elements into the structure while
preserving the main crystal structure. It basically has a few benefits such as widening
the ¢ axis to facilitate the diffusion of Li* ions during intercalation/deintercalation of
the structure, balancing the ionic valence at the cathode, strengthening the bonds in the
structure. Thus, this may lead to a reduction in cation mixing and an increase in
electrochemical performances by providing a more stable structure [64]. However, it
IS necessary to warn that over doping may have adverse effects such as cation mixing
[173-174].
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Table 2.5 : Different elements doping on NMC811.

s nn M e o S e
Ni0.8Mn0.1Co00.1 Fe Copr. Cl2 100 192.1 93[175]
Ni0.8Mn0.1Co00.1 Ca Calc. C 100 188 73.1[176]
Ni0.8Mn0.1Co00.1 Al Calc. C/10 100 191 94.4[177]
Ni0.8Mn0.1Co00.1 Ta Calc. C/3 100 203 92.6[177]
Ni0.8Mn0.1Co00.1 Mg Calc. C/3 100 197 80.7[177]
Ni0.8Mn0.1Co00.1 Si Calc. C/3 100 179 81[177]
Ni0.8Mn0.1Co00.1 Zr Calc. C/3 100 187.1 85.3[177]
Ni0.8Mn0.1Co0.1 Mo Calc. C/20 - 189 - [178]
Ni0.8Mn0.1Co00.1 Ti Calc. Cl2 100 184 92.1[179]
Ni0.8Mn0.1Co0.1 Mg Calc. C/5 100 206.1 97.2[179]
Ni0.8Mn0.1Co0.1 Zr Copr. C 100 184 85[180]
Ni0.8Mn0.1Co00.1 Nb Calc. C 100 181.6 94.6[181]
Ni0.8Mn0.1Co00.1 Ti Calc. C/3 100 188.4 73.9[182]
Ni0.8Mn0.1Co0.1 La Calc. C 100 192 95.2[183]
Ni0.8Mn0.1Co00.1 Nb Calc. C 100 173.3 96.1[184]

Zha et al [175], by doping NMC811 structure with 3% Fe by co-precipitation method,
Co atoms reside in TM layer instead of structure. Fe ion is in both Fe?* and Fe3* states
in structure, Ni atoms contain higher Ni®* in structure than in undoped NMC811,
indicating that Fe doping tends to decrease cation mixing. According to Rietveld
results, it is seen that Fe doped NMCB811 structure has lower cation mixing than
undoped NMC811. As a result of C/2 cycle tests between 2.8-4.2V, undoped NMC811
and Fe-doped NMC811 reach 80% capacity after 184 and 421 cycles, respectively.

Chen et al. [176], doped NMC811 structure with 6% Ca?* during calcination. Ca?*
doped structure reduced the cation mixture from 8.1% to 4.7%. Ca-doped NMC811
provided higher capacity at all rates except initial charge and also provided 73.1%

capacity retention in the 2.5-4.5V range after 100 cycles.

Li et al. [177] Al dopes to Ni-rich structures, replacing Mn*" with AIP* ions, and
increasing the amount of Ni** ions in the doped structure, thus decreasing the Ni?*/Li*
cation mixing. Some dopants with high valence and strong oxygen bonds such as Ta,

W, Mo may prevent the formation of rock-salt structure while reducing oxygen release
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from the structure. Due to the high valences of these element-doped structures, the
decrease in the Ni** to Ni?* ratio resulting from charge neutrality may cause cation
mixing in the structure and cause capacity loss, but thanks to the strong oxygen bonds
they have, they can be tolerated by reducing O release and not forming rock-salt
structure[177,178]. Konishi et al. [178] contributes 4% Mo to NMC811 structure in
their study. Although doped Mo increases cation mixing and gives lower initial
capacity at low temperature, it is seen in the applied DSC analysis that the oxygen
release of Mo-doped structure decreases especially at high temperatures compared to
undoped NMCB811.

In Ni-rich ternary structures, atoms such as Mg, Zn, Ti and Zr are ions with a “pillar
effect” that settles on the lithium layer, increases the energy required for the migration
of TMs to the Li layer, reduces the cation mixing and facilitates delithiation [177, 179-
182].

Some doping elements such as La can improve the cathode interface during charge-
discharge and create a more resistant surface against corrosion caused by the
electrolyte. Dong et al [183] doped NMC811 structure with La®* the structure doped
with 3% La** at 2.8-4.3V, C/10 rate showed lower initial charge and Coulombic
efficiency (203 mAh/g and 192 mAh/g) compared to the undoped structure. In
contrast, the structure doped with La®* showed higher capacity retention of 95.2% at
2.8-4.3V 1C 100 cycles, improving the reversibility of the undoped NMC811
structure, which showed 74.25% capacity retention. This is explained by the protective
structure of the (LazLio5C00504) surface formed on the cathode surface. B, Ta, Zr, W
dopants can cause the formation of small, regular primary particles that are oriented
with each other by reducing the (003) surface energy. This structure prevents
microcracks with a more controlled volume expansion and contraction between

charge-discharge cycles. It also delays the formation of rock-salt structure [177, 184].

Doping of low-valent atoms to the structure can increase the Ni®* to Ni?* ratio, thus
reducing the Ni?*/Li* cation mixing. In addition, doping of B®* to the structure can
prevent the mixing of Ni?* ions into the Li layer by the migration of B** into the
tetrahedral voids in the Li layer [185].

Kim et al. [186] doped the NC90 cathode with Al, B, Ta, W elements in their study.
In the structures examined after calcination (Figure 2.31), it was seen that the primary

particles of the Al-doped NC90 cathode were agglomerated and had an irregular
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structure. While the boron-doped structure (003) was seen to have long primary
particles that were oriented with the decrease in surface energy, particle size
refinement occurred on the oriented structure in the Ta and W-doped structure.
Microcrack formation was observed in the Al-doped structure as a result of long
cycles. While microcrack formation was not observed in the boron structure, long
primary particles caused wide gaps for the rock-salt structure. In the Ta and W-doped
structures, a structure that could provide more capacity preservation was obtained with
a more uniform distribution of cell voltage during H2-H3 phase transformations and
less O release. After 1000 cycles, the capacity retention in pouch cells was 48%, 83%,
90% and 95% in Al, B, W and Ta doped samples, respectively.

Electrolyte e
penetration path

Strain direction
NiO-like rock salt

< 100 95%
g 90%
g ~ Al (NCA90)
= ~[ B (NCAB90)
S -0~ W (NCW90)
S 4 IHO- Ta (NCTa90) 48%

Lifespan

Figure 2.31 : lllustrated cross-sectional images of different doped NC90 cathode and
capacity retention of their capacity retention (%) after 1000 cycle [186].

Chen et al. [136], have shown that Ti-doped NMCB811 cathodes get a stable R(ct) value
after 200 cycles, in the CV test at 2.7-4.5 V, 1% Ti-doped cathode provides the best
H2-H3 return and as a result, its most cyclability increases.

Colalongo et al. [187] have doped NMC 811 with 0.1% Zr during co-precipitation and
solid state processes. They have seen that the cation mixture decreases in cases of two
doping methods. They show 85% and 82% capacity retention, in the sample produced
with coprecipitation and solid state respectively, at 1 C rate.
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2.4.3 Boron doping

The difference in electronegativity between transition metals (such as Ni, Mn, Co) and
oxygen plays a crucial role. A larger difference generally indicates more ionic
character. Generally, when the electronegativity difference is greater than 2, this bond
Is considered to be ionic in character, while when it is less than 1.5, it is considered to
be covalent in character [188]. In NMC systems, the electronegativity values for
oxygen (3.5) compared to transition metals (e.g., Ni at 1.9, Co at 1.8, Mn at 1.5)
suggest that these bonds have significant ionic character due to the substantial

electronegativity difference [189].

lonic bonds can also exhibit covalent bonding properties within themselves. TM-O
bonds in NMC materials often display significant covalent character due to
hybridization between the transition metal d-orbitals and the oxygen p-orbitals [190].
This covalency affects the stability of the cathode structure and electrochemical
performance of the cathode. During the delithiation process, the charge balance within
the NMC structure constantly changes with migration Li* from the structure and
changing in the hybridization of TM-O bonds and oxygen plays a role in charge

compensation through redox processes [147].

The polarizing power of cations (the ability to disrupt the electron cloud of the anion
with which it will bond) and the polarizability of anions also affect bond character.
Transition metal cations, especially when highly charged, exhibit strong polarizing
power, which can enhance covalent character by distorting the electron cloud of
oxygen [191]. As the ionic diameter of the cation decreases and the balance value of
the cation increases, polarizing power of the cation increases. On the other hand,
anions with larger diameters and anions that need more electrons to form bonds
(electron-rich), are more polarizable. The higher the polarizing power of the cation or
the higher the polarization of the anion, the stronger the covalent bond within the ionic
bond will be [192].

The electronegativity value of boron is 2.04. It shows slightly higher electronegativity
than TM metals. The atomic number of boron is 5 [193]. While it has a small ion
diameter compared to TM metals, its charge value being 3+ and its high valence value
causing it to exhibit high polarizing power. Boron doping modifies the electronic
properties of transition metal-oxygen (TM-O) bonds. The presence of boron increases

the ionic character of (TM-O) bonds, thereby reducing their covalency [194]. This can
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be explained as follows: Boron, which takes the value of 3* in the structure, reduces
the charge balance in the NMC layer and increases the Ni?*/Ni®* ratio. Since the Ni?*
ion shows more ionic character than Ni%*, it is expected that the Ni ion bonds will be
strengthened during cycling. This is important because Ni-O shows stronger covalent
bonding compared to other transition metals like Mn and Co so during delithiation,
oxygen ions in structure may become unstable with formation [195]. Additionally, the
B-O bonds in the structure have higher binding energy than the (TM-O) bonds (~ 809
kJ/mol for B-O, <381 kJ/mol for Ni-O, <403 kJ/mol for Mn—0, <397.4 kJ/mol for
Co-0) [196] . This change in the bond character provided by boron stabilizes the
oxygen releasing and helps maintain structural integrity during cycling, and preventing

capacity retention [197].

With the presence of boron in the NMC structure, it is possible that the boron atom
will primarily fit into the empty tetrahedral spaces in the structure due to its low ionic
radius and then maybe replace the TM atoms in the structure with the increasing
amount of boron. The boron atom sitting on the tetrahedral sites causes an increase in

the cell volume and causes an expansion in the c direction (Figure 2.32) [198].

The presence of boron results in a smaller primary particle size, particularly in the c-
direction. This event causes the primary particles of the structure to be oriented rod-
like or needle-like, considering the (003) surface energy of the boron ions seated on
the tetrahedral sites. This phenomenon is linked to thermodynamically reduced surface
energy, as smaller particles typically exhibit lower surface energy due to a higher S/V
ratio. In this way, particles oriented in a certain direction are formed [199].
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Figure 2.32 : Crystal structure after boron adding [198].

With the addition of boron to the structure, when the secondary particles are viewed
cross-sectionally, it is seen that there is a primary particle structure oriented from the

surface to the center in the form of a rod (Figure 2.33).
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This oriented structure ensures that the high strains that will occur due to the change
in the cell volume during the H2-H3 phase transformation in charge/discharge cycles
are distributed properly and microcrack formation is prevented. With the decrease in
O2 release in the structure, the formation of the rock-salt structure is delayed, and with
the decrease in electrolyte penetration from the surface of the structure thanks to the
fine particle surface, the reactions that will occur from the electrolyte TM reaction are

prevented and the deterioration of the cathode structure is delayed.
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Figure 2.33 : Cross-sectional images of secondary particles during charging stress
distributions [197].

In addition, it has been observed in the literature that boron-doped Ni-rich NMC
structures have high Li retention after storage, show similar capacity preservation
properties at high temperatures (55 °C) and minimize the increase between charge-
discharge voltages as a result of cycles [200, 201].

Due to the low electronic conductivity of boron, its rate capability is limited at high
rates. Co doping with other elements can be done to increase its electronic conductivity
such as Mo [201].

According to Amalraj [202] in NMC structures, by-products such as LizBOgz, LiBO,
Li,B4O7 are obtained as a result of the heat treatment of boron with lithium. Since the
by-products formed reduce the Li that will form the layered structure, capacity loss
and cation mixing are observed due to lithium deficiency in the layered structure. In
the study conducted by Skvortsova et al. [104], while adding boron to the NMC811
structure during heat treatment, lower cation mixing and higher capacity retention were

obtained in heat treatments where high levels of Li-excess were used compared to
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structures where low levels of Li-excess were used. It was also observed that lithium
deficiency increased with increasing amounts of boron and these negative effects
increased [104,202].

In the literature, the most common methods of boron doping in NMC Ni-rich structures
are doping or coating boron during calcination. There is a lack of Ni-rich produced by
boron doping with co-precipitation method in the literature and in this study, boron
doping was investigated through two hypotheses. The first is to test the effect of boron
element on cathode active material chemistry, morphology, structure and
electrochemical properties during the production of the precursor by using boron
doping during co-precipitation. The second hypothesis is to test the effect of boron
element on cathode active material chemistry, morphology, structure and
electrochemical properties by adding boron during calcination after the precursor is
obtained. In this way, the effect of boron doping made with two separate processes on

cathode active material and electrochemical properties has also been compared.

Table 2.6 : Boron doping and coating to Ni cathodes.

. Doping Initiql Capacity
Cathode material Element Method Rate Cycle Capacity Retention
(mAh/g) (%)
Ni0.8Mn0.1C00.1 B Coating C 100 178 96 [104]
(I\NAigif'Y'Rﬁ\'Alccgﬁ) B Coprecipitation ~ C/2 100 179.8 97[198]
Ni0.9Mn0.05C00.05 B Doping Cr2 100 230 91[199]
Ni0.94C00.06 B Wet coating C/3 100 226 84.1[200]
Ni0.90C00.10 B-Mo Doping C 100 1931 90[201]
Ni0.85Mn0.05C00.1 B Coating C/10 100 187.1 94.2[202]
Ni0.84Mn0.06C00.10 B Doping Cl2 50 186.4 93.1[203]
Ni0.93Mn0.04C00.03 B Coating C 150 1911 78.5[204]
Ni0.6Mn0.2Co00.2 B Doping C 100 178 68.8[205]
Ni0.6Mn0.2C00.2 B-Mg Doping C 100 178 84.8[205]
Ni0.6Mn0.2C00.2 B Doping C 50 176.3 96.1[206]
Ni0.87C00.09Mn0.04 B Coating Cr2 100 193 92[207]
Ni0.83C00.05Mn0.12 B Doping Cr2 100 182 89.4[208]
Ni0.8Mn0.1C00.1 B Doping Cl2 100 197 87.4[209]
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3. EXPERIMENTAL

The process flow chart of the study is given in Figure 3.1. First, the solution of undoped
and boron-doped NMC8110H precursors produced in the co-precipitation process was
filtered, washed and dried. Active materials were synthesized by mixing LiIOH with
different calcination parameters into precursors. X-ray diffraction analysis and
Scanning Electron Microscope were performed for both precursors and active
materials. The slurry of the produced active materials was prepared, laminated and
punched electrodes produced. Then, CR2032 half cells were produced and different
electrochemical tests were applied.

3.1 Co-precipitation

A specially designed 1.5 L CSTR with double impellers was used for co-precipitation.
Hydroxide precipitation method was selected as the co-precipitation method, sulfates
of TM materials as metal salt, NHsOH as chelating agent and NaOH as precipitating
agent. For the synthesis of undoped NiogCo0.1Mng1(OH)2, 2M solutions in DI water
were prepared containing NiSO4.6H20, MnSO4.H20 and CoS04.7H20 at 80%, 10%
and 10% mol, respectively. For the co-precipitation method in which boron doped,
H3BO3s was used as boron additive to the structure and was added to the solution
containing TM solutions the B:(Ni+Mn+Co) 1:100 mol ratio. with pH 11.2-11.4 at 55
°C. The NH4OH solution to be used for feeding was prepared and was fed into the
continuous stirred tank reactor (CSTR) with a TM:NH4OH ratio of 2:1 throughout the
experiment. NaOH was prepared as the precipitating agent and its feeding was closed
when the pH was 11.2-11.4., NaOH solution was automatically fed into the CSTR.
The entire feeding system was made by peristaltic pumps. Before the feeding process
started inside the CSTR system, the solution was purged with N2 gas. The mixing

speed was 800 rpm throughout the experiments in around 30 h.

After the co-precipitation process, the precursor solutions were filtered and each
solution was washed. The wet precursor powders were dried in a vacuum environment
at 110 °C overnight.
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Figure 3.1 : Flowchart of experimental study.
3.2 Calcination

In Table 3.1 four different calcination processes were applied to the precursors
produced by the co-precipitation method. First, the precursors were ground in an agate
mortar for 10 min. Then, the precursor and 3% excess LIOH.H>O were mixed in the
Thinky for 20 min at 1200 rpm. Mixed samples were placed in crucibles. Heat
treatment in the air was done in the oxygen atmosphere. Heat treatment started at room
temperature and increased to 450 °C with 2 °C/min heating ramp and stayed at this
temperature for 4 h and then increased to 750 °C with 2 °C/min heating ramp and
stayed at this temperature for 12 hours. After the heat treatment was completed, the

furnaces were left to natural cooling.
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Table 3.1 : Calcination parameters.

Boron Doping in co-

1 . o st i nd i i i
Sample precipitation processs (%) LIOH:TM  H3BOz % 1%Tem.(C) Time(h) 2" Tem. (C) Time (h) Heating Ramp (C/min.)  Atmosphere
NMC8110H-Air - Air
NMC8110H-Ox 5 :
1.03 450 4h 750 12h 2 °C/min
NMC8110H-OxB1 1% O

NMC8110HB1-Ox

1%
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3.3 Slurry Preparation and Lamination

Slurry was prepared with an active material/carbon black/PVDF ratio of 80:10:10
using Thinky. Slurries coated on an aluminum foil using a doctor blade. After the

laminated foils were dried at 70 °C for 2 h, they were rolled to 40 pm.

The electrodes were assembled as CR2032 half coin cells in a glovebox having an
argon atmosphere. The CR2032 half cell structure is given in Figure 3.2.

(+)—
s J positive Case
‘~——’ Spring
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NMC811
Seperator (upside 2 drops, downside 1 drops electrolyte)
Lithium Metal
Spacer
<  — Negative Case
() —

Figure 3.2 : CR2032 half cell structure.
3.4 Characterization

3.4.1 X-Ray diffraction analysis

X-Ray diffraction patterns were obtained between 0°-90° with a scan rate of 2°/min
using Cu-Ka as a source (1 =1.54 A ). Then, Rietveld analysis was performed with
20% ZnO mixture of powders with scan rate of 1°%min and analysed on TOPAS 64
software on database PDF-4+. From the XRD results, the peak positions of the
powders, cation mixing, and lattice parameters were obtained.

3.4.2 Scanning electron microscopy analysis

The morphologies and particle size of powders were observed by using Zeiss Gemini
500 scanning electron microscope.

3.4.3 Electrochemical tests

3.4.3.1 Galvanostatic cycle test

Galvanostatic cycle test was performed between 2.7-4.3V on 3 cycle C/10, 100 cycle
C/3 and 100 cycle C rates at 20 °C respectively.
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3.4.3.2 Rate capability test

Rate capability tests were performed and rates are shown Table 3.2. The tests

performed between 2.7-4.3V at 20 °C.

Table 3.2 : Rate capability test parameters.

Rate C/10 C/5 C/3 C/5 C Cl5 2C C/I5

5C C/10

Cycle 5 5 5 2 5 2 5 2

5 5

3.4.3.3 Cyclic voltammetry test (CV)

Cyclic voltammetry test were performed for 4 cycles between 3-4.3V at 20 °C with

scan rate is 0.1 mV/s
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4. RESULTS AND DISCUSSION

4.1 Structural, Morphological, and Compositional Analyses Results

NMC8110H (no doping in co-precipitation) and NMC8110H1B (1% B doping in co-
precipitation) precursors were successfully produced by the co-precipitation method
(Figure 4.1). The precursors of NMC8110H and NMC8110H1B samples obtained as
a result of co-precipitation experiments are given in Figures 4.1 a-b. The secondary
particle size distribution of the two precursors are 10-15 pm with a spherical shape. In
Figure 4.1 ¢, NMC8110H-Air primary particles are composed of dense plate like
morphology (Figure 4.1 a-d). However, the primary particles of NMC8110H1B have
fiber like morphology instead of plates (see Figures 4.1 e-f). Boron doping in co-
precipitation changed the primary particle morphology of precursors due to changing

the growth plane.

SEM images of NMC8110H precursors calcined in both air and Oz rich atmospheres
are given in Figures 4.2 a-d. In Figure 4.2 a-b, NMC8110H-Air and NMC8110H-Ox
have approximately around 10-15 um size and spherical shape secondary particles.
Calcination atmospheres have not made significant differences in secondary particles’
spherical morphology. However, the primary particles of the precursor calcined in
oxygen atmosphere (NMC8110H-Ox) are smaller, more regular and dense unlike the
primary particles of the sample calcined in air (NMC8110H-Air) which are
agglomerated and have larger sizes, with irregular and hollow morphology in Figure
4-2 c-d. In Ni-rich cathodes, when growth is dominated by the (003) plane, the primary
particles tend to be small, thin and regular. However, when growth is dominated by
the (104) plane, round and agglomerated primary particle structures are formed.
Smaller and regular primary particle structures generally have shorter lithium diffusion
pathways and higher charge-discharge rates [74]. In addition, calcination in oxygen
deficient environments may increase cation mixing in structure leading to worse

electrochemical performance [122].
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Figure 4.1 : SEM images of precursors at different magnification a) NMC8110H
secondary particles, b) NMC8110HB1 boron doped secondary particles c) One
NMC8110H secondary particle d) One boron doped NMC8110HB1 secondary
particle €) NMC8110H primer particles f) NMC8110HB1 boron doped primer

particles.
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Figure 4.2 : SEM images of calcined undoped samples on different atmosphere at
different magnifications a) NMC8110H-Air secondary particles, b) NMC8110H-Ox
secondary particles, c) NMC8110H-Air secondary particles d) One NMC8110H-Ox

secondary particle, and cross-section and primer particles.

SEM images of boron-doped samples during co- precipitation (NMC811B1-Ox) and
after coprecipitation (NMC811b10H-OxB1) and calcined in the oxygen atmosphere
are given in Figures 4.3 a-f. In Figure 4.3 a-b, NMC8110HB1-Ox and NMC8110H-
OxB1 have approximately around 10-15 pum size and spherical shape secondary
particles. In Figure 4.3 c, there are two type of secondary particle morphology in
sample NMC8110xB1. Skvortsova et. al [104] stated that reactions (4.1) and (4.2)

occur simultaneously during the calcination of H3BO3 and LiOH.H20.

Nio.sMno.1C00.1(OH). + LIOH.H20 + H3BO3 + O2 —»

o (4.2)
Li[Nio.sMno.1C00.1]1-xBxO2 + H20

Nio.gMno.1C00.1(OH)2 + LIOH.H20 + H3BO3+ Oz —»

- _ (4.2)
Li[Nio.sMn.1C00.1]O2 + LisBO3 + H20
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Figure 4.3 : SEM images of boron doped samples during calcination at different
magnification a) NMC8110H-0OxB1 secondary particles, b) NMC8110HB1-Ox
secondary particles, ¢) Two type NMC8110H-OxB1 seconder particles and cross-
section d) One NMC8110HB1-Ox seconder particle and cross-section e)
NMC8110H-OxBL1 two type primer particles f) NMC8110HB1-Ox primer particles.

Two types reactions may occur during boron doped in calcination; one is Equation. 4.
1 which is desired. The product of this reaction is Li[Nio.sMno.1C00.1]1-xBxO2, another
one is reaction in Equation. 4.2, in which LisBOs forms. Inhomogeneous primary
particle morphology is obtained. In the literature, LisBOs structure was formed on the
surface in many experiments during the simultaneous calcination of LiOH and boron
source [104, 202, 210]. Thin LizBOs layer increases the ionic conductivity of surface
and increase capacity of the battery but increasing thickness increases charge transfer
resistance and insufficient excess LiOH, the lack of lithium in the structure prevents

the formation of the layered structure causing rock-salt structure. Excess LiOH using
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with decreases lithium deficiency with boron doping [104]. Pre heat treatment also
remove organic compounds and moisture to decrease the possibility of Li and B by-
products [210].

In Figures 4.3 e, particles show different primary particle morphologies which are
oriented rod and agglomerated spheres. It is expected that the electrochemical
properties will be adversely affected as a result of inhomogeneous calcination.
According to Park et al. [192], the rod-like primary particles seen in Figure 4.3 e are
the indicators of boron doping into the structure, the energy of the (003) surface
decreasing the primary particles tend to enlarge the (003) surface and form oriented
rod or needle-like particle structures. In Figure 4.3 d, NMC8110HB1-Ox which is
boron doped via co-precipitation sample primary particles are small and irregular
(Figure 4.3 1).

NMC8110H-Ox and NMC8110HB1-Ox samples are compared, both show a
spherical secondary particle structure of approximately 10-15 pm in size but
NMC8110H-Ox’s primary particles are a little more oriented and small (Figure. 4.2
d).

1% boron doping may not be sufficient to change the structure of the primary particles
during co-precipitation. The differences between samples (NMC8110H-Ox and
NMC8110HB1-0Ox) could be seen in the cross-sections of secondary particles as well
(see Figures 4.2 d and 4.3 d). The outer part of the cross-section surface of
NMC8110H-Ox and NMC8110HB1-Ox samples partially reveals radially ordered
primary particles. This ordered cross-section primarily reveals the layered structure
(space group R3 m). This structure provides shorter lithium diffusion paths and
resilience for stresses resulting from the instantaneous large volume changes of the
cell during the H2-H3 phase transformations.. It delays the formation of the rock-salt
structure caused by O> lose. Moreover, these two particles show rock-salt structure
(space group Fm3m) in the center which restricts the entry and exit of Li* ions into the
structure. This structure reduces the electronic and ionic conductivity of the cathode
and causes a loss of capacity [144]. NMC8110H-Ox has smaller and more pores which
affect the cycling performance positively than that of NMC8110HB1-Ox.
NMC8110H-0OxB1 has larger, anisometric, spherical agglomerated rock-salt primary
particles along the particle cross section (see Figure 4.3 c¢) which results poor

electrochemical performance.
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XRD graphs of four calcined samples (NMC8110H-Air, NMC8110H-Ox,
NMC8110H-OxB1, NMC8110HB1-Ox ) are given in Figure 4.4. All peaks in graphs
are sharp which means that they are highly crystalline structures. In general, peaks
(003) in boron doped NMC structures shift slightly to the left [211]. The boron doped
samples” XRD peaks shifted 0.02° and 0.01° in NMC8110H-OxB1 and
NMC8110HB1-Ox respectively, indicating minor changes in the lattice structure. The
separation of (006)/(012) peaks in all XRD graphs reveals the low cation mixing [74].
Also, the separation of (006)/(012) and (108)/(110) the layered structure is well

obtained.

1(003)/1(104) ratio of NMC8110H-Air, NMC8110H-Ox, NMC8110H-OxB1,
NMC8110HB1-Ox are calculated as 1.22, 1.24, 1.17 and 1.22, respectively. Since
1(003)/1(104) ratio is larger than 1.2, well-ordered structures with the low cation
mixing are obtained. It is important to note that the samples calcined in oxygen-rich
atmospheres give lower cation mixing than those of the samples calcined in
atmospheres. The lower ratio of the NMC8110HB1-Ox sample compared to the
NMC8110H-Ox sample may be due to cation mixing. It has been related that boron
doping increases cation mixing lead to decreases 1(003)/1(104) with increasing to
NiZ*/Ni®* [209].
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Figure 4.4 : XRD graphs of samples.
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The Williamson-Hall UDM (uniform deformation model) method is utilized to
determine the mean values of crystallite size and lattice strain from XRD data. In this

approach, relation between B crystaiite size and B Latticestrain IS given Equation 4.3.

B Sample = B Crystallite size + B Latticestrain (4-3)

B crystallite size and B Latticestrain are given Equation 4.4 and Equation 4.5 respectively.

B crystallite size = KA/Dcos6 (4.4)
B Lattice strain = 4€tan® (4.5)

Combined equation is;
B sample = KA/Dcosb + 4etan6 (4.6)

The symbols refers to K is a constant shape factor (typically around 0.9 or 0.94), 4 is
the X-ray wavelength, D is the crystallite size, ¢ is the microstrain, 4 is the Bragg angle.
Williamson-Hall method is applied and curves of fit gathered from XRD data of the
samples are given in Figures 4.6-4.9. The slope of the curve is related to the microstrain
and the part where the curve intersects the vertical axis is related to the crystallite size

[212]. Calculated crystallite size and microstrain values are given in Table 4.1.

Firstly, the crystallite size NMC8110H-Air is much larger than other samples. In some
research [213, 214] in oxygen atmosphere and air atmosphere, increasing calcination
temperatures increases crystallite size and primer particles’ sizes independant of
atmosphere. Li [215] et all, have obtained that as a result of the synthesis of NMC622
containing different Li/TM ratios, the primary particles in the structure grew and the
crystallite size increased with the increasing Li/TM ratio. In this study, The Li/TM
ratio was 1.03. The crystallite size is found to be 60.59 for NMC8110H-OxB1 which
is calcined at 450 °C for 4 hours and 750 °C for 12 hours. As stated earlier that during
calcination there is a risk of having boron by-product which is forms due to lithium

deficiency and result in poor electrochemical performance.

In the case of NMC8110H-OxBL1 the crystallite size growth may have decreased due
to boron by-product, causing lithium deficiency in the structure. NMC8110HB1-Ox
and NMC8110H-0Ox samples have almost the same crystallite size of 78.28 and 76.62
nm respectively. NMC8110H-Air sample had the highest crystallite size (132.86 nm)
and the highest microstrain (2.06x107%) . This highest strain may be related to oxygen

vacancies in lattice structures leading to distortion of lattice structure caused by air
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atmosphere. The lowest microstrain in structure is calculated for NMC8110HB1-Ox
sample. The difference in the microstrains obtained for NMC8110H-Air and
NMC8110HB1-Ox can be related to low pore distribution and high size in the
structure and the orientation of primary particles in NMC8110HB1-Ox sample. Even
the lowest value in microstrain, the anisotropic primary particle distribution in the
cross-section and the highest cation mixing (lowest 1(003)/1(104) ratio) dominates the
electrochemical tests. NMC8110HB1-Ox have are calculated almost a little more

microstrain value like crystallite size than NMC8110H-Ox.

Table 4.1 : Crystallite Size, microstrain and 1(003)/1(104) ratios in the samples.

Sample Crystallite Size (hnm)  Microstrain (g) x10°3 1(003)/1(104)
NMC8110H-Air 132.86 2.06 1.22
NMC8110H-0Ox 76.62 1.92 1.24
NMC8110H-OxB1 60.59 1.68 1.17
NMC8110HB1-Ox 78.28 1.97 1.22

Table 4.2 shows the Rietveld analysis results of the samples calcined at oxygen
atmosphere. All sample XRD peaks almost matched PDF-01-088-4075
(LiNio.sMno.1C00.102) with a card no and there is no impurity peak. There are a little
shifting on high angle peaks. It is observed that the a-axis, c-axis and cell volume
increases with the presence of boron in the structure. The cell expands as the B** ion
IS positioned at tetrahedral sites between the Li and NMC layers. With the increasing
c/a ratio in the structure, the transfer of Li* ions becomes easier by opening the gap
between Li and NMC layers, thus improving the transfer of Li ions, increasing the
capacity and improving capacity retention with a more stable structure. Although equal
amounts of boron were used NMC8110HB1-Ox and NMC8110H-OxB1 samples,
NMC8110H-OxB1 shows lower c/a ratio than NMC8110HB1-0x, it may indicate
that the structure is not formed properly despite the boron doping. The formed boron
by-product (like LisBO3) may decrease of lithium in the layered structure [104]. Li et
al. [214], the structure grew in the a direction with the decreasing Li ratio in the
structure leading to the failure of the layered structure to develop well due to lithium

deficiency.
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Table 4.2 : Rietveld analysis results.

Sample a c cla Cell O\g%;“me Rwp Rp GOF
NMC8110H-Ox 2.867 14198  4.9523 101.071 528 4.10 1.81
NMC8110H-OxB1 2.869  14.204  4.9508 101.252 591 447 2.02
NMCB8110HB1-Ox  2.8671 14.213  4.9540 101.312 7.48 543 2.56

4.2 Electrochemical characterization results

4.2.1 Galvanostatic test results

Fabricated cathodes are punched then CR2032 standard half-cells are assembled for

their electrochemical assessment, between the cutoff voltages of 2.7-4.3 V.
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Figure 4.9 : Specific discharge capacity-cycle curve of NMC8110H-Air.

Specific discharge capacity and cycle curves of NMC8110H-Air, NMC8110H-0x,
NMC8110H-OxB1, NMC8110HB1-Ox are shown in Figures 4.9, 4.10, 4.11 and 4.12
respectively. Under a current load of C/10, NMC8110H-Ox sample gave the highest
initial discharge capacity of 203 mAh/g. NMC8110HB1-Ox, NMC8110H-0OxB1 and
NMC8110H-Air deliver 188 mAh/g, 156 mAh/g and 160 mAh/g, respectively. After
3 discharge cycles the capacities are found to be 161 mAh/g, 211 mAh/g, 158 mAh/g,
and 191 for NMCB8110H-Air, NMC8110H-Ox, NMC8110H-OxB1,
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NMC8110HB1-0x, respectively. Samples NMC8110H-Air and NMC8110H-OxB1
gave similar initial discharge capacities even though they were calcined in different

atmospheres.

Amalraj [202] et al. in their research, mixed Ni-Rich cathode active material with
LiOH along with 1% boron source. As a result of galvanostatic cycle, it was observed
that the capacity of boron doped sample decreased from 212 mAh/g to 189 mAh/g in
the first discharge curve. It was stated that such capacity loss may be caused by LizBO3
formation in the structure during calcination. You et al. [210] heat-treathed precursor
at 600°C for 3 hours before starting the calcination process. An improvement in the
charge and discharge capacities are noted following pre-heat treatment. The first
charge and discharge capacity improved in the results obtained compared to not heat
treated sample and better performance obtained after galvanostatic test after boron
doping. However, on the surface of cathode material also has boron by-product
similarly Amalraj [202]. Skvortsova et al. [104] obtained similar capacities with the
undoped sample in the first cycles by using excess lithium source according to the
amount of boron in boron doping and used excess Li source to reduce lithium
deficiency caused by the formation of LisBOgz structure. Therefore, the lower capacity
performance of NMC8110H-OxB1 may be related to the inhomogeneous secondary
particle structure of the sample during calcination or the lithium deficiency (Figure
4.12).

Under a current load of C/3 and C, capacity retentions are found to be 78% and 88%,
88% and 92%, 88% and 89.67%, and 96.4% and 94.7% for NMC8110H-Air
NMC8110HB1-Ox NMC8110H-0OxB1 and NMC8110H-Ox, respectively.

In Figure 4.13, 1% cycle at C/3, dQ/dV-voltage curves of are given NMC8110H-Air,
NMC8110H-Ox, NMC8110HB1-Ox and NMC8110H-OxB1l. The obtained
oxidation peaks in dQ/dV-voltage curves are H1 to M (around 3.75 V), M to H2
(around 4V) and H2 to H3 (around 4.2V) respectively [211]. In dQ/dV-voltage curve,
boron doped samples’ H1-M peaks are shifted left side and H2-H3 peaks shifted right
side due to boron-doped structures expand the c-axis and facilitate the diffusion of
lithium ions. Kleiner et al. [196], in the research where NMC811 was boron doped, a
similar shift was observed in the dQ/dV-voltage curve in the H1-M peak to the left and
in the H2-H3 peak to the right. First H1-M peak of NMC8110H-Air is the sharpest

than other samples. The fact that this sample is exposed to air during storage, a very
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thin layer of lithium carbonate or hydroxide compounds may form over Ni-rich NMC
powder, leaching to increase the polarization of H1-M phase transformation [216,
217].
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Figure 4.10 : Specific discharge capacity-cycle curve of NMC8110H-Ox.
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Figure 4.11 : Specific discharge capacity-cycle curve of NMC8110HB1-Ox.
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Figure 4.12 : Specific discharge capacity-cycle curve of NMC8110H-OxB1.

After 50 cycle at C/3, dQ/dV-voltage curves of Figures 4.14-4.17 are given
NMC8110H-Air, NMC8110H-Ox, NMC8110HB1-Ox, NMC8110H-OxB1,
respectively. The intensity of a peak indicates how intense the phase transformation is
in that region. The H2-H3 phase transformation region causes the crystal lattice to
suddenly shrink in the c direction during charging and expand in the ¢ direction during
discharge for Ni-rich cathode active materials, causing the structure to evolve into a
rock-salt structure that can release oxygen and irreversibly. In Figure 4.14
NMC8110H-Air sample has showed H2-H3 at 4.2V with 0.41 mAh/Vg in the first
cycle. After 50 cycle, H2-H3 peak shifted to 4.24V and with 0.25 mAh/Vg and the
peaks has almost disappeared and spread over a wide area and the cathodic oxidation
peak almost disappear. It can be mentioned that there is intense oxygen release during
H2-H3 phase transformations for NMC8110H-Air sample and high transformation
occurs from layered structure to rock-salt structure. In Figure 4.15 NMC8110H-Ox
sample have showed H2-H3 at 4.2V with 0.63 mAh/Vg and after 50 cycle only shifted
to 4.21 V and reduce to 0.6 mAh/V and the cathodic peaks also have showed almost
same peak position and dQ/dV. dQ/dV-voltage curve of NMC8110H-Ox is a proof
excellent capacity retention on cycle test at C/3 which may be related to the pore
distribution on center and orientation of primary particles along the cross section of
the particle as shown in Figure 4.10. In Figure 4.16, NMC8110H1B-Ox sample’s first
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anodic peak at 4.2 V shifted to 4.22 V and reduced dQ/dV from 0.55 mAh/Vg to 0.45
mAh/Vg and first cathodic peak 4.17 V to 4.13 V after 50 cycle. In Figure 4.17,
NMC8110H-0x1B sample showed first anodic peak at 4.21 V shifted to 4.22 V and
reduced dQ/dV from 0.52 mAh/Vg to 0.38 mAh/Vg and first cathodic peak 4.17 V to
4.13 V after 50 cycle similarly NMC8110H1B-Ox sample. Smallest dQ/dV change in
the voltage value obtained in NMC8110H-Ox sample after 50 cycle is believed to be

attributed to its superior morphogical and structural properties.

To evaluate the rate performances of each cathode, they are tested under different
current loads. Rate test (C/10, C/5, C/3, C, 2C, and 5C - 5 cycles for each rate ) of
samples calcined in an oxygen-rich environment is given in Figure 4.22. At C/10, C/5
and C/3, NMCB8110HB1-Ox has higher specific discharge capacity from
NMC8110H-0Ox. Skvortsova et al. [104] stated that this could be due to the high ionic
conductivity of the thin LizBOs layer formed on the surface of the sample. Although
the NMC8110HB1-Ox sample was boron doped for co-precipitation on the surface of
NMC8110HB1-Ox LisBOz may be formed. On the other hand, after 2C rates
NMC8110H-Ox shows better performance from NMC8110HB1-Ox. According to
Park et al. [199], boron has low electronic conductivity so negatively affects the rate
capability at high rates.
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Figure 4.13 : dQ/dV-voltage curves of samples at C/3 rate 1% cycle.
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Figure 4.16 : dQ/dV-voltage curves of NMC8110H1B-Ox at C/3 rate 1% cycle and
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Figure 4.17 : dQ/dV-voltage curves of NMC8110H-Ox1B at C/3 rate 1% cycle and
50" cycle.

The galvanostatic charge discharge capacity curves of Figures 4.18, 4.19, 4.20, 4,21
are given NMC8110H-Air, NMC8110H-0Ox, NMC8110H1B-Ox, NMC8110H-
OxBL1 respectively. As in the dQ/dV-voltage curves, the approach of the voltages of
the charge and discharge curves to each other as a result of cycles indicates the loss of

capacity due to the potential difference at the initial voltages. Initial charge start
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voltage of cycles have changed after 203 cycle are 0.21V, 0.12 V, 0.17 V and 0.20 V
for NMC8110H-Air, NMC8110H-Ox, NMC8110H1B-Ox, NMC8110H-OxB1

respectively. It is similar to the result obtained from dQ/dV anodic curves.
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Figure 4.18 : Galvanostatic charge discharge capacity of NMC8110H-Air.
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Figure 4.19 : Galvanostatic charge discharge capacity of NMC8110H-Ox.
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Figure 4.20 : Galvanostatic charge discharge capacity of NMC8110H1B-Ox.
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Figure 4.21 : Galvanostatic charge discharge capacity of NMC8110H-OxB.1.

4.2.2 Potentiostatic test results

4.2.2.1 Cyclic voltammetry

The cyclic voltammetry results of Figures. 4.23, 4.24, 4.25, 426 are given
NMC8110H-Air, NMCB8110H-Ox, NMC8110H-OxB1, NMC8110HB1-0Ox
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respectively. The obtained oxidation peaks in cyclic voltammetry curves are related to
H1 to M (around 3.75 V), M to H2 (around 4V) and H2 to H3 (around 4.2V)
transformation, respectively [215]. First upper peak refers to anodic reaction peak and
first lower peak refers to cathodic peak. First anodic and first cathodic peak voltage
difference shows the reversibility of reactions [211]. Voltage gaps NMC8110H-Air,
NMC8110H-Ox, NMC8110H-OxB1, NMC8110HB1-Ox are 0.226V, 0.12V,
0.194V and 0.155V respectively for H1-M transformation. NMC8110H-Ox's
reversibility can be considered good compared to others. The H2-H3 peak shift
towards higher potentials during CV indicating an increase in the polarization of the
electrode which necessitates higher energy to achieve specific redox reactions. As a
result, mechanisms such as capacity loss and electrolyte dissolution are likely to occur
[74]. The peak related to H2-H3 phase transformation is shifted to higher voltage value
as the covalency structure of TM-O bonds is modified by boron doping (Figure 4.24
and 4.25). The anodic and cathodic peak positions related to H2-H3 phase
transformation could be used to discuss the reversibility of anisotropic changes
occurred in cycling. In the first cycle, voltage differences between the anodic and
cathodic peaks of this reaction (H2-H3 transformation) are found to be 0.052V,
0.044V, 0.078V and 0.054V for NMC8110H-Air, NMC8110H-Ox, NMC8110H-
OxB1, NMC8110HB1-Ox.
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Figure 4.22 : Rate test of samples calcined in an oxygen-rich environment.
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Figure 4.23 : Cyclic voltammetry curve of NMC8110H-Air sample.
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Figure 4.24 : Cyclic voltammetry curve of NMC8110H-Ox sample.
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Then, after 4 cycles, voltage differences between the anodic and cathodic peaks of this
reaction (H2-H3 transformation) are found to be 0.0064V, 0.0045V, 0.0077V, and
0.0054V for NMC8110H-Air, NMC8110H-0x, NMC8110H-0OxB1,
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NMC8110HB1-Ox. Voltage range does not change in samples produced in oxygen
environment can be associated with the irregular distribution of lithium ions[218]
When the current change is examined, the loss current after 4 cycles of NMC8110H-
Air, NMC8110H-Ox, NMC8110H-OxB1, NMC8110HB1-Ox are found to be
13.8%, 2.6%, 5.9% and 4.7% respectively. The fact that the number of peaks and the
area under the CV curve of each electrode from 1% to 2" cycle have been changed
proves that an irreversible reaction occurs on each electrode surface initially. A
scrutiny comparison demonstrates that NMC8110H-Air samples reveals the most
remarkable decrease in the area remained under CV curve. Knowing that
NMC8110H-Air sample is exposed to air during storage, possible lithium carbonate
and hydroxide compounds formation over the particle surface and its morphological
as well as structural properties may lead such performance [65]. Oxygen losses of

samples made in an oxygen environment are proportional to their particle morphology.
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5. CONCLUSIONS AND RECOMMENDATIONS

e NMCB811 and 1% boron-doped NMC811 precursors have been successfully
synthesized via co-precipitation method.

e The NMC 811 and 1% boron-doped NMCB811 precursors are spherical and are
composed of dense and finely oriented primary particles having a particle size

range of 10-15 micrometers.

e Boron is also doped during calcination using air and oxygen atmosphere. After
calcination the shape of the particles stayed spherical and their sizes were

similar to the precursors.

e All samples show high crystallinity and good separation of (006)/(012) and
(108)/(110) peaks.

e 1(003)/1(104) ratio of NMC8110H-Air, NMC8110H-0x, NMC8110H-OxB1,
NMC8110HB1-Ox are calculated to be 1.22, 1.24, 1.17 and 1.22 respectively,

showing well ordered structures and low cation mixings.

e Initial charge values of NMC8110H-Air, NMC8110H-Ox, NMC8110H-
OxB1, NMC8110HB1-Ox samples at C/10 were obtained 160 mAh/g, 203
mAh/g, 156 mAh/g, 188 mAh/g respectively. After 100 cycle at C/3,
NMC8110H-0Ox showed the highest capacity retention of 96.4%.

¢ Inthe cyclic voltammetry test, all samples show characteristic peaks H1-M and
H2-H3. NMC8110H-Ox and NMC8110HB1-Ox show higher reversibility .

e It is understood that not only the whereabouts of the doping, the calcination
parameters are vital for effective boron doping due to the probability of having
lithium deficiency as a result of Li and B containing (LisBO3) byproduct
formations. Advanced analyses are needed to understand the formation
mechanism and their effect on the structure and electrochemical behavior of

the cathode active materials.
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