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Abstract

Lithium-ion batteries with high power density and long lifetime is becoming the leading
energy storage technologies for applications such as electric vehicles and large-scale
electricity storage. But the state-of-the-art batteries based on current cathode and anode
material can hardly meet the requirements of the large-scale applications due to the
limitations on power density and safety characteristics.

My research has been dedicated to the development and characterization nano-cathode
and nano-anode material for new-generation high power lithium-ion batteries. The selected
material candidates for cathode is LiFePO4 and that for anode is LisTisO12. The effective
combination of solid-state reaction and hydrothermal method has been used to synthesize
both LiFePO4 cathode and LisTisO12 anode because of its low cost and availability of the
precursors. The goal for my project is to elucidate the fundamental processes for controllable
synthesis of stable LiFePO4 cathode and LisTisO12 anode nanomaterials.

The first part of my thesis is the controllable synthesis and performance characterizations
of carbon-coated LiFePO4 nanomaterials. A variety of analytical techniques such as x-ray
diffraction, scanning and transmission electron microscopy (TEM, HRTEM), electron
diffraction, and X-ray photoelectron spectroscopy are applied to investigate LiFePOa
morphologies and phase structures on the nanometer scale. Well-ordered olivine LiFePO4
crystal with a homogenous carbon coating of ~ 3 nm thickness is clearly revealed. The state-
of-the-art structural characterization techniques provide a comprehensive view of the
correlation between structure and performance of these LiFePO4 cathode nanomaterials. The
nanostructures characteristics and the amorphous carbon-coating has been demonstrated to
improve the electrical conductivity by reducing the path of both electron transfer and lithium
ions diffusion, thereby is beneficial to improve electrochemical performance of these
LiFePOs nanomaterials. The excellent performance in terms of enhanced rate capability,
good cycling performance, and high discharge capacity, should enable the development of
high power LiFePO4 batteries. More importantly, the practical performance of these carbon-

coated LiFePO4 nanomaterials as cathode was performed with a prototype of 18650-type



battery cell manufactured by using the commercial graphite as the anode active materials.
The remarkable rate capability and cycling performance are clearly demonstrated in the
prototype of LiFePO4 battery cell.

The second part of my thesis is the facile synthesis and performance evaluation of
carbon-coated spinel LisTisO1> nanomaterials. Spinel LisTisO12 has been regarded as an
attractive anode material for the development of high-power lithium-ion batteries because of
its unique attributes of high safety and rate capability. Carbon-coating has been proved to be
an effective method to improve electronic conductivity of LisTisO12 anode materials. It is
critically important to investigate in depth the influence of the carbon-coating on the
electrochemical performance. Comparative nanostructure analyses and various
electrochemical testing demonstrated that these LisTisO12 anode nanomaterials have the
improved capacitive, high-rate, and enhanced cycling performance. These improved lithium
storage properties can be attributed to the combination of uniform thin carbon-coating and
high-purity spinel LisTisO12 nanocrystal, which increases electron transport and facilitates
lithium-ion insertion/extraction simultaneously throughout the electrode, making it a highly
promising anode material for use in the development of high power density lithium-ion
batteries. The practical comparison of the carbon-coated LisTisO1> nanomaterial and the
commercial LisTisO12 sample was evaluated in half cells with lithium as the negative
electrode. More interestingly, the improved cycling performance is demonstrated in the
LisTisO1o battery cell.

Finally, the future outlook of the research directions and key developments of spinel
LisTisO12 anode and olivine LiFePO4 cathode are proposed from view of scientific project
and industrial demand. The practical attempt is to investigate the effective combination of
LisTisO12 anode and LiFePOs cathode to design the leading nano-battery of
LisTisO12/LiFePO4 with a high degree of safety, long cycle life and rapid charge for various
potential applications. In addition, the prospect of newly development of graphene-LisTisO12
anode and graphene-LiFePO4 cathode hybrid nanocomposite materials for next-generation

of green and sustainable lithium-ion batteries is also presented in the last Chapter.



Acknowledgements

It is a great pleasure to acknowledge all the valuable contributions from many important
people who made my PhD thesis possible and successful.

Firstly, I would like to thank the supervisor, Dr. Bo Cui, for giving me the opportunity and
advice to develop the new generation nano-battery materials on both scientific and personal
level. | would like to thank Dr. Hany Aziz, Dr. Yuning Li, Dr. Dayan Ban at University of
Waterloo, and Dr. Xueliang Sun at University of Western Ontario, for being my committee
members and offering me the valuable guidance during my PhD studying.

I am most grateful to Dr. Pavle Radovanovic and Dr. Juewen Liu for providing me the lab
space, and to Dr. lan Dean Hosein, Mr. Manu Hegde and Mr. Quansheng Quo for their
supports on my sample and crystal model preparations at Department of Chemistry,
University of Waterloo.

| am also grateful to Dr. Jian Wang for his valuable measurements in STXM imaging and
XANES spectra in Canadian Light Sources at Saskatchewan.

I would like to acknowledge the important collaborators, Dr. Kai Sun, Dr. Haiping Sun at U
of Michigan, USA, Dr. Bing Tan at IMRA America Inc, Dr. Miguel Jose Yacaman at U of
Taxes, USA, Dr. Xuedong Bai, Dr. Yuefei Zhang, Dr. Lin Gu, Dr. Min He, Dr. Long Qie,
Dr. Jun He, Dr. Jinyun Liao, Dr. Yongging Wang, and Dr. Jie Shu in China for performing
valuable structural and performance measurements.

I would also like to extend my sincere thanks to Mr. Celal Con, Dr. Katja Kleinke, Dr.
Medrdad Irannejad, Mr. Ripon Dey, Dr. Jian Zhang, Mr. Mark Ferguson, and Ms. Lisa
Nicole Hutfluss for their kind supports. A special thank also goes to all friends and group
colleagues from University of Waterloo for their nice supports.

Scholarships from the Natural Sciences and Engineering Research Council of Canada
(NSERC), President’s Award of University of Waterloo, and Nano-fellowship from
Waterloo Institute for Nanotechnology (WIN) are also greatly appreciated.

Lastly, but most importantly, | would like to thank my loved family; my dearest father; my

loved mother; and my sincere sisters. To them | dedicate this thesis.

\"



Dedication

To my loved family and my dearest father

Vi



Table of Contents

ADSIIACT ... ii

LISES OF FIQUIES. .. oo e, X
LiStS OF TaDIES. . ..o XV
Chapter 1 Introduction and Background OVEFVIEW ..........ccccviveiveieiieseese e 1
L1 WRY BAEIIES?.. e cieieie ettt ettt ettt et e s ba et e ene e st e e teaneesraesneenee e 1
1.2 HOW Battery WOTKS? ...t 2
1.3 Why Rechargeable Li-lon Battery (LIB)?........cccooiiiiiiieiecc e 2
1.4 Working Principle of Li-10n Battery .........cccooviiiiiiiiceeeee e 4
1.5 Requisite for Cathode and Anode Materials............ccccevveieiiiciicce s 6
1.6 RESEAICN ODJECHIVES. ......ciuiiiiiiieieiesie ettt bbb 9
1.7 TheSiS OrganiZation .........cc.eivveiuieiiiiieie et be e sreere e e saeenee s 10
Chapter 2 Characterizations Methods and Techniques ...........ccccccevveveiviecieece e, 12
2.1 Structure and Physical CharaCterization.............cccoceevveveiiesi e 12
2.1.1 X-ray DIFFTACION......coiiiiiiie e 12
2.1.2 Transmission Electron Microscopy (TEM) ..o 13
2.1.3 Scanning Transmission Electron Microscopy (STEM) .....cccocevviiiiiencicnnnnn 17
2.1.4 Electron Energy Loss Spectroscopy (EELS) ......ccccccvveviiieiic i 18
2.1.5 X-ray Photoelectron SpectroSCopy (XPS)......cccooeieririniiiniiieiene e 19
2.1.6 X-ray Absorption SPectroSCOPY (XAS) .....ciiviiiieiieiiie e se e 21
2.2 EleCtrodes Preparations ..........ccoeuerierereiesiine ettt 24
2.2.1 Electrode Foils FabriCation ...........ccoouiiiiiiiiiieic e 24
2.2.2 Coin Cells FabriCatioN ..........cccooiiiiiiiiicice e 24

2.3 Electrochemical CharaCterization ............cocoviiiieiiieniiie e 25
2.3.1 Galvanostatic Discharge/Charge TESES .......coovrereririiesesieeee e 25
2.3.2 Cyclic VOIAMMELIY (CV) uoiiiiice ettt 26
2.3.3 Electrochemical Impedance Spectroscopy (EIS) ......ccccevvvvvviiiveieciecece e 27

vii



Chapter 3 Cathode Materials for Lithium lon Battery ........ccccccooevivevviieiiene e 29

3.1 Layered Transition Metal OXIdeS .........cocoeiieiiiiieiieir e 29
3.2 LAYEIEA LICOO2. ... cueiiitiieiitieiieie ettt 30
3.3 Olivine StruCtUre-LIFEPO4 ..o 33
3.3.1 Structure and Chemical Properties of LIFEPO4 .........cccvvviiiiiiiiiiiciee 34
3.3.2 Various approaches to Improve the Performance of LiFEPOa..........cccccveveneee. 38
Chapter 4 Anode Materials for Lithium lon Battery ........c.cccoecveveiieeviiieceene e 40
4.1 Carbonaceous MALErialS.........ccceiiiiiriiiiirieiee s 40
4.2 MEEAL ATIOYS ...t bbb 41
4.3 Spinel LisTisO12 a5 Anode Material ..........cccooviiiinieiiieie e 42
4.3.1 Introduction of EIeCtroniC StrUCTUIE ..........cccoveiiiiiiie e 42
4.3.2 Approaches to Improve the Electrochemical Performance.............cc.cccoovevueennee. 45

Chapter 5 Synthesis, Structure and Electrochemical Studies of Carbon-Coated

LiFEPO4 NANOCOMPOSITES .......oiviiiiiiiiieiieieiet ettt bbb 48
5.1 INEFOUUCTION. ...ttt bbb 48
5.2 EXPErimental SECHIONS ......cc.coviiiiiieiic ettt 49

5.2.1 Starting Materials PrECUISOIS .........uiiiiiieieieiesie ettt 49
5.2.2 First-Step Synthesis of Micro-FePO4 POWMETS...........ccovviiiiiiiicieiic e 49
5.2.3 Second-Step Synthesis of Carbon-Coated LiFePO4 Nanocomposites................ 50
5.2.4 Structure Characterizations and Phase AnalysiS.........ccccceveiieiieieiieese e 50
5.2.5 Electrochemical TeSTING........cccoiiiiiiiiiiece e 51
5.3 RESUILS aNd DISCUSSION ...ttt 51
5.3.1 Morphology and Structure Characterizations ...........c.ccevcvevereereeresieeseee e 51
5.3.2 STEM-HAADF Imaging and EELS analysis .......c.cccccovviiieiiiiiiic e 59
5.3.3 XPS ANAIYSIS ..ttt bbb bbb 61
5.3.4 Electrochemical PErformance ..........c.ccooviiieiiiiniiiiciceeeeee e 63
5.4 Fabrications and Evaluation of the 18650 type-LiFePO4 Battery Cell...................... 71
5.4.1 Fabrication of the 18650-LiFePO4 Prototype Battery Cell ..o, 71

viii



5.4.2 Industrial Evaluation of the 18650-LiFePO4 Prototype Battery Cell ................. 72
5.5 Chapter CONCIUSIONS........ccviiieiecie ettt ae e ns 73

Chapter 6 Synthesis and Characterizations of Nano-sized Carbon-Coated LisTisO12

NANOMEATEITAIS ...t bbb 75
6.1 INEFOUUCTION. ...ttt bbb 75
6.2 Experimental DetailS .........cccoveiiie i s 77

6.2.1 Solvothermal Synthesis and Solid-State In-situ Reaction.............ccccccevcvvvereenne. 77
6.2.2 Structure and Carbon-Coating Characterizations ...........cccccccevevveveiiiesecse s, 79
6.2.3 Battery Cell Fabrication and Electrochemical Testing .........ccccccoevereniinnnnnnn 80
6.3 RESUILS AN DISCUSSIONS.......cuvteteieiiriesieieeie ettt 81
6.3.1 Structures and Phase 1dentifiCatioNns ...........cccooerererinininieeeeee e 81
6.3.2 Electrochemical ANalYSIS.........cccciiiiiiieii e 92
6.4 Comparison of Cycling Testing of the LisTisO12 Battery Cell..........cccccooeiininnne. 101
6.5 Chapter CONCIUSIONS.........ccviiiiiieeie ettt sre e 102

Chapter 7 Conclusions, Concluding Remarks and Future OutlooK........................... 103
7.1 OVErall CONCIUSIONS........cuiiuiiiiiiiiieieiste et 103
7.2 ConCludiNg REMAIKS ......ccuiiiiiiiiiiie e 105
7.3 FULUIE OULIOOK ... 107

Publications of Research OULCOMES...........ccoviiiiiiiieice e 109

RETEIEINCES ... bbbttt b bbbt 112



Lists of Figures

Figure 1.1 Schematic representations of applications for rechargeable batteries ................. 1
Figure 1.2 Schematics of the general principle of batteries ..........cccccevvvievivevc e, 2
Figure 1.3 Comparison of various secondary batteries in terms of volumetric and gravimetric
AT A (=] 0157 | SR OPPS 3
Figure 1.4 General working principle of the charging/discharging process of a lithium ion
rechargeable DALLErY ...........oi i 4
Figure 1.5 Voltage versus capacity for cathode and anode materials presently used or under
serious considerations for rechargeable Li-ion CellS.........ccooviiiiieiiiiciecie e 9

Figure 2.1 Schematics of Bragg's Law for the scattering of X-rays at periodic crystal lattice

Figure 2.2 Comparison of the illumination system of TEM and light microscopy............. 14

Figure 2.3 (a, b, ¢) Schematic diagram of the TEM imaging modes by diffraction contrast.

(d) Schematic diagram of the TEM imaging modes by phase contrast.............ccoccocervrienne. 16
Figure 2.4 Schematic drawing of atomic-scale images formation model in a STEM........ 17
Figure 2.5 lonization process due to inelastic SCAttering..........coovvveieiirieieiesenesesci 18

Figure 2.6 The representative of a typical EELS spectrum with zero-loss peak, low-loss
region and high-10SS FEGION ........ccuiiiiii s 19
Figure 2.7 (a,b) The XPS principle and signal measuring technique..............ccccccceveveenn.. 20

Figure 2.8 Transitions that contribute to various edges of X-ray absorption spectroscopy 20

Figure 2.9 Schematic illustration of a typical STXM ........cccceiiiiiiiiiiiie e 23
Figure 2.10 Schematic diagram of the coin-cell assembly............ccoooiiiiiiiiniiis 25
Figure 2.11 (a, b) Typical cyclic voltammogram for a reversible redox process................ 27
Figure 2.12 A typical Nyquist plot of an electrochemical system............................. 28
Figure 3.1 Schematic model of an ideal layered LIMO2 Structure ...........cccocevvevviinneennne 29

Figure 3.2 a), Layered structure LiCoO> with lithium ions lie horizontally between CoO-

octahedra. b), Projection along the [110] zone axis shows lithium, cobalt and oxygen atoms



in columns. The projected cell is 2.44 A by 14.05 A. A cubic-close-packed (CCP) oxygen
array provides a two-dimensional network of edge shared CoO2 octahedra for Li* ions.... 30
Figure 3.3 (a) Schematic representation of a typical commercial LiCoO> lithium-ion battery
showing the discharge intercalation mechanism with graphite as the anode. (b), A discharge-
charge voltage profile (one cycle from mark 1 to mark 4) recorded at current density of 0.5C
rate, here a “C” rate is defined as full theoretical lithium discharge/charge in one hour.... 32
Figure 3.4 The olivine structure of LiFePOs in projection along [001]; showing the FeOg
octahedra, PO4 tetrahedra, and one-dimensional tunnels in which the lithium ions reside 34
Figure 3.5 Structure transformation of LiFePO4 and FePO4 during charge/discharge ...... 35
Figure 3.6 Cyclic voltammograms of LiFePOg at a scan rate of 0.1 mV/s between 2.5 V and
B.3V (VS. LIILIT) ettt 35

Figure 3.7 Structure of LiFePOa depicting curved trajectory of Li* transport along the [010]

Figure 3.8 Illustration of the shrinking-core model with the juxtaposition of the two phases

and the movement of the phase DOUNTArY ... 38
Figure 4.1 Crystal structures of LigTisO12 and LizTis012....c.cccviiviiiiniiniiieieneie e 44
Figure 4.2 Illustration of the charging/discharging process of LigTisO12 ....cccovvverviviinnnnns 45

Figure 5.1 Powder XRD pattern indexed with olivine structure for the C-LiFePO4
nanocomposites. The reflections marked with * refer to the impurity phase, LisPOA4........ 54
Figure 5.2 (a, b). Two representative FE-SEM images of as-prepared C-LiFePO4
NANOCOMPOSITES ...ttt bbbttt ettt b e bt b e bt et e et et bbb be s 55
Figure 5.3 Typical BF-TEM images, HR-TEM images, and SAED patterns of the C-
LiFePO4 nanocomposites. Carbon-coating layer are clearly observed ............cccccooeivinnns 56
Figure 5.4 (a) Typical BF-TEM image of individual C-LiFePO4 nanocomposites particle (a).
(b) The energy-filtered TEM (EF-TEM) image and elemental map...........ccccccevvevirrnnnee. 58
Figure 5.5 Typical STEM-HAADF image and the EELS Spectra..........ccccocevveivieeiiiecnnnns 60
Figure 5.6 (a) is XPS spectrum survey profile of the C-LiFePO4 nanocomposites. (b-f) is the
core-scan XPS spectra of Fe2p, P2p, O1ls, C1s, and Lils profiles, respectively ................ 62

Xi



Figure 5.7 (a). The cyclic voltammetry (CV) profile of C-LiFePO4 nanocomposites at the
scan rate of 0.1 mV/s. (b). Schematic diagram of Li ion intercalation/de-intercalation during
charge-discharge for the LIFEPO4 ........ccviiiieiiiee e 64

Figure 5.8 The discharge and charge profiles of C-LiFePO4 nanocomposites at different C-

Figure 5.9 The rate capabilities for C-LiFePO4 nanocomposites at different C-rates (from
015 O (o 170 SRS 68
Figure 5.10 Electrochemical impedance spectroscopy (EIS) of the LiFePOjs coin cells in the
fully charge state in the frequency range between 100 kHz and 10 mHz. The equivalent
CIrCUIL IS SNOWN 1N the TNSEL ...t 70
Figure 5.11 The 18650-LiFePO4 prototype battery Cells ...........coovviiiiiiiiiiieeeci 71
Figure 5.12 The rate capability curve of the 18650-LiFePQ4 prototype battery cell at
AITFEIENT TALES. ...t b bbbt e e bbb 72
Figure 5.13 Cycle life performance of the 18650-LiFePQO4 prototype battery cell.............. 73
Figure 6.1 Schematic unit cell of (a) spinel-LisTisO12 [Liga)[Li13Tiss3]16d)O4z2e)] and (b)
rock-salt-Liz TisO12 [Liz(ec)[LivaTisis]16d)Oaze)]. White spheres denote lithium ions, blue
spheres denote disordered titanium ions and lithium ions (Ti:Li = 5:1), red spheres denote

(0D qY/0 1= L [0 LSS 76
Figure 6.2 (a) Schematic illustration of in-situ synthesis of C-LTO particles by solvothermal
reaction and calcination process. The distinguished color difference between solvothermal
Lix(TiO2)1-x@C precursor and black C-LTO nanoparticles is clearly observed. (b) Schematic
illustration of in-situ calcination process from solvothermal Lix(TiO2)1-x@C precursors.. 79
Figure 6.3 HR-TEM images comparison of carbon-coating thickness for three different C-
LTO samples with different carbon CONLENLS .........ccuveiiiiiiiiiiie e 82
Figure 6.4 X-ray diffraction patterns of (a) the solvothermal solid-solution Lix(TiO2)1-x@C
recursor (glucose, 0.7g, 18.9 wt%) and (b) C-LTO nanoparticles (carbon, 8.6 wt%).. ..... 84
Figure 6.5 Representative SEM images (a, b), bright-field TEM image (c) and corresponding
SAED pattern (d) for the C-LTO nanoparticles (carbon, 8.6 Wt%) ........ccccevvrveninieinnne. 85

Xii



Figure 6.6 HR-TEM images and SAED pattern (inset) of C-LTO nanoparticles. The well-
crystallized structure and an amorphous carbon layer covering the surface of LTO particle is
ClEAITY ODSEIVEX. ... ..o ettt et sreenas 86
Figure 6.7 (a) High-resolution STEM-HAADF images at atomic scale. (b) The enlarged
HAADF panel showed atomic structure of LTO crystal plane, (c) Schematic lattice view of
spinel LTO along the [110] direction, corresponding to the 16d, 32e, and 8a sites in the LTO
ALOMIC TAEEICE. ...t 87
Figure 6.8 (a-d) STXM chemical imaging and XANES spectra of C-LTO nanoparticles
assemblies, (a) colour composite chemical map, red: carbon, green: titanium, blue: oxygen,
all vertical color grey scales on the right represent sample optical density in each element;
(b-d) C 1s, Ti 2p and O 1s XANES spectra of the selected submicron sized C-LTO particles
10 [0 (T0 T2 E TR UPR PRSPPI 90
Figure 6.9 (a-d) STXM spatially-resolved XANES spectra of C-LTO nanoparticle
assemblies, (a) STXM optical density image of the measured sample region (the image was
averaged from all stack images at the C K-edge, Ti L-edge and O K-edge), the enclosed
color lines indicate the regions of interest on C-LTO for extracting XANES spectra, red:
thick region, between red and green: middle thickness region, between green and blue: thin
region, the vertical scale on the right represents the averaged optical density; (b) all edges,

(c) C 1s, (d) Ti 2p, and (e) O 1s XANES spectra from the selected regions of interest in (a).

Figure 6.10 Schematic illustration of synchrotron-based X-ray transmission technique on C-
LTO nanoparticle, synchrotron-based STXM is a transmission technique, each C-LTO
nanoparticle surface coating will be passed twice by the X-ray beam, so the measured
thiCKNESS 1S AOUDIEM. ... e 92
Figure 6.11 The proposed C-LTO nanoparticles assembly’s model, assuming middle and
thick regions have C-LTO nanoparticles aggregates with much larger sizes ..................... 92
Figure 6.12 Electrochemical characterizations of the C-LTO particles, (a) cyclic

voltammetry (CV) at a scan rate of 0.1 mV/s, (b) the first and second galvanostatic charge-

Xiii



discharge cycles at a rate of C/2, (c) the rate capabilities at different rate from 1C to 50C, (d)
cycle performance and Coulombic efficiency at 1C rate ..........ccccevveveieereeiesiese e 94
Figure 6.13 Electrochemical impedance spectroscopy (EIS) for C-LTO electrode at the
frequency range between 100 kHz and 10 mHz. (a) The Nyquist plot (Zre VS Zim) from EIS
measurement at the frequency range between 100 kHz and 10 mHz. The equivalent circuit
model is shown in the inset, (b) The plot of Zr against o % at low frequency region
obtained from EIS MEASUIBIMENTS. ........ccuiiiieieieiiiese e 97
Figure 6.14 The comparison of electrochemical rate capabilities for three C-LTO particles
samples with different carbon-coating thickness at different rates from 1 Cto 50 C....... 100
Figure 6.15 Comparison of cycling performance for C-LTO coin cells with lithium as the

NEJALIVE BIECIIOUR .. ... et 101

Xiv



Lists of Tables

Table 1.1 Comparison of performance characteristics for secondary batteries ................... 3
Table 1.2 Comparison of various cathode materials for lithium ion battery ............cccccoc..... 9
Table 4.1 Crystallographic data for spinel-LTO and rock-salt LTO...........ccccceevvevveriennnnne. 43

Table 4.2 Comparison of discharge capacity and cycling stability of the LTO and Cu-doped
LTO aN00e MALEIIAIS ........oviieieeiiiiiiteie e 47
Table 5.1 The comparison of carbon sources ratio, carbon-coating thickness, main crystal

phase and average size of five different C-LiFePO4nanocomposites..........ccevvererierienne. 52
Table 5.2 The comparison of C-LiFePO4 nanocomposites prepared under different methods
using various precursors and different carbon SOUICES .........cccccveveivieiieve e 52
Table 5.3 The electrochemical characteristics of 18650-LiFePO4 prototype battery cell... 72
Table 6.1 The comparison of carbon content, size, and phase of five C-LTO samples......81

Table 6.2 Brief summary of three types of LTO electrodes.........cc.ccovvverviiriivervniinnnennns 101

XV



Chapter 1

Introduction and Background Overview

1.1 Why Batteries?

Energy production and storage has been and will continue to be one of the most
important issues and societal challenges as the demands for advanced energy storage devices
have dramatically increased due to the energy consumption continually in great scale.
Energy consumption and supply has always been one of the crucial impact factors on our
environment, human health and world’s economy. As we know, conventional energy
sources (coal, oil and natural gas) are diminishing and non-renewable. Moreover, massive
consumption of fossil fuels leads to generation of CO greenhouse gas, and further global
warming and environmental degradation.! So it is initiated by the necessity to decrease the
greenhouse gas emission and to take advantage of renewable energy sources. Thus, it will be
crucial for us to aim at achieving sustainable, environmentally friendly and cheap energy
supply by employing renewable energy technologies (solar energy, wind power, geothermal
energy, biomass and biofuel, hydropower) associated with portable energy storage devices
that can quickly capture and release energy. ! Nowadays, advanced batteries technologies
become the best positioned technology to deal with our efforts on sustainable environmental
impact and renewable energy in our wide variety of applications from portable electronic
consumer devices (e.g., cell phones, laptop computers) to electric vehicles and large-scale
electricity storage in smart or intelligent grids (Figure 1.1).}

Il <.

Consumer electronics

Ronewablo energy

Figure 1.1 Schematic representations of applications for rechargeable batteries.*
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1.2 How Battery Works?

A battery is a device that converts the stored chemical energy directly into electric
energy by means of an electrochemical redox reaction.? In general, a battery may compose
of one or more electrochemical cells that are connected in series and/or in parallel to provide
the required voltage and capacity.® Each cell consists of three major components: positive
electrode (cathode), negative electrode (anode) and electrolyte which conduct ions, as shown

in Figure 1.2.

(electron flow)

porous
separator

electrolyte

negative electrode  positive electrode

Figure 1.2 Schematics of the general principle of batteries

The electrolyte can be aqueous or non-aqueous, in liquid, paste or solid form.>®> When
the cell is connected to an electricity consumer, the cathode supplies electrons (current) that
flow through the consumer and are accepted by the anode. When the external load is

removed the reaction stops.

1.3 Why Rechargeable Li-lon Battery (LIB)?

Depending on their rechargeable capability, electrochemical batteries (or cells) are
identified as primary or secondary batteries. Primary batteries can only be used once, and
not capable of being recharged electrically. For example, alkaline-manganese dioxide
battery and zinc-carbon battery are typical primary batteries. The batteries with rechargeable
capability are classified as secondary batteries. Major secondary batteries include

2



rechargeable lead-acid, Ni-Cd, Ni-MH (M-metal) and lithium ion batteries. Table 1.1 shows

the comparison of performance characteristics of these secondary batteries.® Compared with

other secondary batteries, rechargeable lithium ion batteries show excellent electrochemical

performance, which leads to their predominant position in the present battery industry. This

also explains why lithium ion batteries receive most attention at both fundamental and

applied levels.

Table 1.1 Comparison of performance characteristics for secondary batteries ©

Battery type Voltage Energy density Energy density
V) (Wh/kg) (Wh/L)
Ni-Cd 1.2 40 100
Ag-Zn 1.5 110 220
Ni-MH 1.2 90 245
Li-ion 3.6 155 400
Li-polymer 3.6 180 380
400 T
- 8
o @
< 300 5
s 9
2
8 200
&
Q
0
100
Lead-
acid
" Lighter weight —3»
I I 1 I T 1
0 50 100 150 200 250

Energy density (W h kg™

Figure 1.3 Comparison of various secondary batteries in terms of volumetric and

gravimetric energy density. 3
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So far, among various existing technologies (e.g., lead-acid, nickel-cadmium, metal-
lithium), rechargeable lithium-ion batteries (LIBs) have the advantage of high voltage, long
cycling life, high power, high reliability and design flexibility (see Figure 1.3).”® The
significance and popularity of the rechargeable lithium-ion batteries are definitely resulted
from its unique advantages offered over other secondary batteries:

« Lighter than other rechargeable batteries for a given capacity
e Li-ion chemistry delivers a high open-circuit voltage

o Low self-discharge rate (about 1.5% per month)

e Do not suffer from battery memory effect

« Environmental benefits in rechargeable and reduced toxic landfill

1.4 Working Principle of Li-lon Battery

( Power Supply
5 | |
==

Charge

e- —

O
e ————————

O —
Load Discharg;\‘
e_

Separater

Electrolyte}.

Lithium metal oxide

Figure 1.4 General working principle of the charging/discharging process of a rechargeable

lithium-ion battery. 102
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In general, there are five components that constitute a lithium-ion cell. These
components are two electrodes, electrolyte, and two current collectors. The main function of
the electrodes is to be reduced or oxidized over a potential range measured in volts (V). The
electrolyte serves as an ionic conductor between the electrodes and must be electronically
insulating. The current collectors are an electrically conducting material, usually a metal that
are directly in contact with each electrode. The current collectors are attached to each other
by an external circuit (see Figure 1.4). 39

A lithium-ion battery exhibits the electrochemical cell functions because of the
potential difference between the two electrodes. It is energetically favorable for the two
electrodes to come towards an equilibrium potential that is lower than the initial open-circuit
cell potential where they are stable. Equilibrium between the electrodes is achieved by the
oxidation of one electrode and the reduction of the other electrode. The electrode that is
reduced is called the cathode, while the electrode that is oxidized is called the anode. These
reactions are accomplished by two distinct paths for ions and electrons. The electrons travel
through the external circuit from the anode to the cathode. At the same time, the ions travel
in the same direction as the electrons between the two electrodes through the electrolyte.
This completes the redox reaction of the two electrodes, as showed clearly in Figure 1.4.

Generally, the basic working principle of lithium-ion batteries is based on lithium ion
(Li*) reversible de-intercalation and intercalation processes between two electrodes.® As a
result, during charge/discharge, Li* ions flow between the anode and the cathode, enabling
the conversion of chemical energy into electrical energy and the storage of electrochemical
energy within the battery. Here, the electrolyte should be ionically conducting and
electronically insulating, however the actual properties of the electrolyte is much more
complicated. During the first cycle, a solid—electrolyte-interphase (SEI) layer will be formed
on the surface of electrodes due to the decomposition of organic electrolyte.!®! The typical
electrochemical reactions involved in a typical LIB cell are described in Figure 1.4.

The charge/discharge mechanism of a LIB is also recognized as a “rocking chair”

concept as Li* ions “rock” back and forth between anode and cathode. %1213 As is shown in



Figure 1.4, lithium ions are shuttled between anode and cathode through the electrolyte
during the charging and discharging processes. Lithium ions de-intercalate from the cathode
into the electrolyte during the charging process under an applied current. Simultaneously, an
equivalent amount of lithium ions from the electrolyte intercalate into the anode. The reverse
reaction proceeds spontaneously when the battery is discharged. On both of the charging and
discharging process, charge compensation is supplied by the external circuit supply.
1.5 Requisite for Cathode and Anode Materials

Many principal parameters of a LIB, e.g., energy density (Wh/kg or Wh/L) and current
density strongly depend on the battery cell capacity and ionic-electronic transport properties,
which is defined by crystallographic structure of both cathode and anode materials in term of
lithium intercalation reaction. Therefore, it is not surprising that battery cell capacity and
energy density are consequently defined by the cathode and anode materials. The number of
charge and discharge cycles and cell lifetime are controlled by the processes taking place on
electrode materials/electrolyte interfaces. Furthermore, safety is the function of the stability
of the electrodes and electrode/electrolyte interfaces. Thus, the key for building better
lithium-ion batteries with high energy density, long life, and light weight, low cost and
environmental compatibility lies in the chemistry parameters of anode and cathode
materials.®

Therefore, the performance of rechargeable LIBs depends on active materials
employed for Li ions storage in both electrodes. The way for substantial improvement of
electrochemical performance and principal parameters for the LIBs is absolutely to improve
and upgrade the anode and cathode materials. In general, to become the suitable candidate of
cathode and anode material in LIBs, the active materials should demonstrate the following
specific characteristics.'*

(a) An open structure to permit reversible lithium migration

In brief, the working principle of LIBs is the reversible migration of lithium ions

between cathode and anode accompanied by a redox process, and its reversibility is the



prerequisite to LIBs. Thus, the structure of the compound should be open for lithium
insertion into its lattice.

(b) Stability of electrode and electrolyte

This is the requirement for a long cycle life. Both insertion and extraction of guest
lithium ions into and from host compound should ideally maintain original host structure.
On the other hand, the oxidation of electrolyte should be avoided during cycling and no
change in structure during over-charge/discharge.

(c) A higher specific energy density

The specific energy density (per weight or per volume) is related to both the working
voltage and the reversible capacity. The former depends on the potential of the redox
process and the latter is restricted by the reversible amount of lithium intercalation. The
available redox pair should offer a high and suitable potential range and the structure of
material should be stable in wide composition range in order to obtain a high capacity.

(d) Higher electrode conductivities

The electrochemical lithium insertion/extraction reactions involve both lithium ions
diffusion in the lattice and charge transfer process on the particle surface. Thus, electrode’s
conductivity includes both lithium ion conductivity and electronic conductivity of electrode.
Higher electronic conductivity is helpful to keep the inner resistance low and give a high
power density.

(e) Low cost and environmentally benign

The cost and environmental impact should be always kept in mind for new battery
design. It is one of the future challenges to develop cheaper and hazardless electrode
materials with excellent battery performances.

Today, global research groups and companies are trying to optimize new cathode and
anode for new rechargeable LIBs, which are usually constructed with various shapes (e.g.,
cylindrical, coin, or prismatic shapes). The comparison of various popular cathode and
anode materials in terms of voltage and capacity is summarized in Figure 1.5.2 Basically,

compounds with a working potential of higher than 3 V can be potentially used as cathode



(positive), and lower than 1V as anode (negative) materials in lithium ion battery. In current
commercialized LIB technology, the battery cell voltage and capacity are mainly determined
by the cathode materials. The developments of cathode materials therefore become
extremely crucial. Since 1980 when the LiCoO> was demonstrated firstly as a possible
cathode material for rechargeable lithium battery, the transition metal intercalation oxides
have caught the major research interests as the LIB cathodes. The conventional cathode
materials can be classified into three different crystal structures: a-NaFeO: structure of
layered transition metal oxides compounds LiMO. (M = Co, Ni, Mn, and e.g. LiCoOg,
LiNiO2, LiNiyzMny3C01302), spinel structure compounds (e.g. LiMn204), and olivine
structure compounds LiMPOs (M = Fe, Mn, Ni, Co, and e.g. LiFePO4). Most of the
researches are performed on these materials and their derivatives. Some research reports of
new structure of intercalation materials such as silicates and borates are also gaining the
attentions in recent years.2!

During the materials optimization and development, the following designing criterions
are considered: (1) energy density; (2) rate capability; (3) cycling performance; (4) safety;
(5) cost. The energy density is determined by the material's reversible capacity and operating
voltage, which is mostly determined by the material intrinsic chemistry such as the effective
redox couples and maximum lithium concentration in active materials.

The working voltages and charge/discharge capacities of the most popular cathode
materials are summarized in Table 1.2.3> For anode materials, so far a variety of alternative
anode materials have been extensively investigated in order to develop next-generation LIBs
with high capacity, fast power capability and long cycle life. It includes carbonaceous
materials (nano-carbons, carbon nanotubes, and graphene), metal alloys, and metal

oxides/sulfides, as reviewed by several recent review papers.16-t’
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Figure 1.5 Voltage versus capacity for cathode and anode materials presently used or under

serious considerations for rechargeable Li-ion cells. 3

Table 1.2 Comparison of various cathode materials for lithium ion battery™®

Structure Cathode materials Average Practical Cost Safety
Voltage capacities
(mAh/g)
Layer LiCoO> 4V 130~140 high acceptable
LiNiO- 4V ~220 high unstable
LiNi13C013Mn130; 4V 180~220 high acceptable
LiNio.sMnosO2 4V 160~200 acceptable | acceptable
Spinel LiMn204 4V 130~140 acceptable good
LiCoMnQO4 5V 130~140 acceptable unstable
LiFePO4 3.5V 150~160 low excellent
Olivine LiMnPO4 4V ~150 acceptable | excellent

1.6 Research Objectives

The main objectives of this research are to develop and characterize nanostructured
novel cathode and anode material for new-generation green and sustainable lithium-ion
battery system, as well as their emerging applications for high-power stationary backup
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systems and/or advanced electric vehicles (EVs). My main research efforts are focused on

optimizing the experimental synthesis process of those novel nano-cathode and nano-anode

material in order to design the new-generation lithium-ion battery with improved

energy/power density, high safety and long-cycle life. As well, my research is to provide a

comprehensive understanding of the correlations of controllable synthesis, nanostructure,

and improved performance of those novel nano-cathode and nano-anode materials.
The following are the specific objectives of this study:

1. Optimize novel electrode material candidates of LiFePO4 cathode and LisTisO12 anode.

2. Study the fundamental processes of solid-state reaction and hydrothermal method for the
controlled synthesis of both nano-LiFePO4 cathode and nano-LisTisO12 anode with low
Ccost precursors.

3. Investigate the effective strategies of combinational surface coating and nano-structuring
on high-volume synthesis of carbon-coated nano-LiFePOs cathode and nano-LisTisO12
anode with desirable coating-thickness and enhanced electronic conductivity.

4. Investigate both nanostructure and morphologies of stable olivine-LiFePO4 cathode and
spinle-LisTisO12 anode materials at nano-scale or atomic scale using advanced analytical
techniques such as scanning-transmission electron microscopy and scanning-transmission
X-ray microscopy.

5. Investigate fundamental electrochemical kinetic behavior and characteristics as well as
the effect of critical factors (e.g. phase, size and coating) on the electrochemical
performance of both nano-LiFePO4 cathode and nano-LisTisO12 anode.

6. Preform the practical application measurement for the prototype battery cell designed

from those carbon-coated nano-LiFePO4 cathode and nano-LisTisO12 anode.

1.7 Thesis Organizations
The organizations of this thesis is as follows:
1. Chapter 1 reviews the current Li-ion batteries, the existing cathode and anode materials

and major challenges of its limitations for large-scale applications; and proposes the main
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objectives of the development of novel nano-cathode and nano-anode material for the
new-generation Li-ion battery.

. Chapter 2 introduces the working principles of various analytical techniques for
nanostructured  electrodes  characterization and electrochemical performance
measurement.

. Chapter 3 reviews briefly the existing cathode materials including layered LiCoO>
cathode and olivine LiFePO4 cathode; and summarizes various effective approaches to
improve the performance of bulk LiFePO4 cathode.

. Chapter 4 reviews briefly the current popular anode materials including carbon, metal
alloy, and spinel LisTisO12; and highlights the effective approaches to improve the
performance of bulk LisTisO12 anode.

. Chapter 5 presents the controlled synthesis of carbon-coated LiFePOs cathode and the
improved electrochemical performance. It is demonstrated that nano-structuring and
amorphous carbon-coating improved the electronic conductivity, thereby enhanced
battery performance by reducing the path of both electron transfer and lithium ions. The
practical performance of an 18650 type-LiFePOs prototype battery cell is evaluated.

. Chapter 6 presents the facile in-situ synthesis, advanced characterizations and improved
electrochemical performance of carbon-coated LisTisO12 anode materials. It is
demonstrated that the improved lithium storage performance can be attributed to the
synergistic effects of uniform carbon-coating and high-purity spinel LisTisO12
nanocrystal. The practical performance of such a LisTisO1. half-cell battery is tested.

. Chapter 7 presents the overall conclusion, concluding remarks, and the outlook of
promising new-generation of nano-Li-ion-battery from a scientific and practical point of

view.
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Chapter 2

Characterization Methods and Techniques

2.1 Structure and Physical Characterization

2.1.1 X-ray Diffraction

X-ray diffraction (XRD) is the most common technique for characterizing crystalline
materials. The well-known Bragg's law (see Figure 2.1 and equation 2.1) was firstly
introduced to precisely explain the diffraction pattern arising from the X-ray reflections on
crystal planes.8

The term of powder implies that the crystalline domains are randomly oriented in the
samples. The peaks positions and the different peaks intensities of the diffraction patterns
are used to identify the crystalline structure or phase of the materials. In crystalline materials
different (see Figure 2.1) sets of planes (coloured lines in the graphs) are formed by
periodically arranged electron shells of atoms (blue spheres). These planes are able to

interact with the incident X-ray beam (red lines) by forming constructive or destructive

interferences.
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Figure 2.1 Schematics of Bragg's Law for the scattering of X-rays at periodic crystal lattice
planes
The Bragg's Law is one of most important laws used for interpreting X-ray diffraction

data.'® For a given set of lattice planes with an inter-plane distance of d, the condition for
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constructive interference, resulting in a diffraction peak, can be simply written as (Equation
2.1):
n-A = 2d-sin0 2.1

Where 1 is the wavelength of the X-ray beam, & represents the angle between incident
X-ray beam and crystallographic planes, and n an integer representing the order of the
diffraction peak. With two parallel X-ray beams diffracted on parallel atomic planes a
distance of d apart, the deeper beam travels an extra distance of 2d-sinf, which is a multiple
of the X-ray wavelength (1) and an integer (n), if the two beams are in phase. Various d
spacing of crystallographic planes can be obtained by scanning 6. When a beam of X-ray
interacts finely with the atoms in sample, there must be a fraction of crystals with
crystallographic planes orientated with a Bragg angle 6, at which Bragg diffraction can take
place. With sample stage rotating with respect to the incident X-ray beam, a XRD pattern
containing characteristic diffractions can be recorded by a detector. Such a XRD diffraction
pattern is a fingerprint useful for identifying the crystal characteristic such as size,
crystallinity, lattice parameters and phase with the help of a comprehensive XRD database.*®

In this thesis study, XRD is used to identify crystal phases and calculate average
particle size. The XRD patterns are collected on a Bruker D8-Advantage powder
diffractometer equipped with a graphite monochromator and a nickel filter, operating at 40
kV and 30 mA, using Cu-Ka radiation (the wavelength A = 0.154 nm). The conventional
scan rate was 0.05° per second from 26 = 10° to 80°, while the high resolution scan rate was

0.02° per 8 seconds from 26 = 10° to 80° for refinement purposes.

2.1.2 Transmission Electron Microscopy (TEM)
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Figure 2.2 Comparison of the illumination system of TEM and light microscopy 2

A conventional TEM uses a beam of highly energetic electrons to examine objects on
a very fine scale. Morphology and crystallographic information can be obtained by TEM.?°
Figure 2.2 compares the illumination system for TEM and light microscopy, TEM has
significantly higher resolution than light microscopy.?’ The Rayleigh criterion defines the

light or electron microscopy resolution,?* which is given by:

R=0.61 2.2

nsin( @)

Where A is the wavelength of the radiation, n is the refractive index of the view
medium and O is the semi-angle of collection of the magnifying lens. In a TEM (n=1),
emitted electrons are accelerated under higher voltage to achieve a small wavelength (for

200kV, A = 0.0025nm) for high-resolution TEM imaging that can approach to atomic scale.
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Fundamentally, TEM imaging method is to utilize the information contained in the
electron waves transmitted through the sample to form an image.?’ In the standard TEM
operation, by adjusting the condenser lens and the objective lens as well as the objective
aperture, two basic TEM imaging modes can be realized (see Figure 2.3(a, b, c)).22 The first
is the bright-field mode (BF-TEM) (Figure 2.3(b)), where the transmitted beam (un-
diffracted beam) contributes to the image; the second one is the dark-field imaging mode
(DF-TEM) (Figure 2.3(c)), where a diffracted beam is selected (transmitted beam excluded)
to form the image.?® %

When a large objective aperture is selected that allows both the diffracted and the
transmitted beams to pass through, another type of image is formed by the interference of
the diffracted beams with the direct transmitted beam (see Figure 2.3(d)). While the imaging
conditions are properly adjusted (lens defocus, image astigmatism, incident beam alignment)
and also a suitable crystalline sample is oriented along a zone axis, high-resolution TEM
lattice image (HR-TEM) is obtained by this way. Since transmitted beam interferes with one
or more diffracted beams and the contrast for the HR-TEM image depends on the relative
phases of the various beams, such an imaging mode is often referred as phase contrast
imaging. HR-TEM imaging has been proven to be effective in determining the atomic
arrangements within the nanostructures.

In this thesis study, both JEOL-JEM-2100F and JEOL-3010F transmission electron
microscopes equipped with both energy-dispersive x-ray spectroscopy and electron energy
loss spectroscopy are used to produce TEM images (BF-TEM, DF-TEM), HR-TEM images,

and electron diffraction patterns on the particles samples.
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Figure 2.3 (a ,b, c) Schematic diagram of the TEM imaging modes by diffraction contrast,
(d) Schematic diagram of the TEM imaging modes by phase contrast.??
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2.1.3 Scanning Transmission Electron Microscopy (STEM)

Scanning transmission electron microscopy (STEM) was developed in the 1950s.2 A
STEM is distinguished from a TEM by focusing the electron beam into a narrow spot which
is scanned over the sample in a raster. 2 Schematic drawing of the formation of a STEM
images model is shown at Figure 2.4. The rastering of the beam across the sample makes the
microscope suitable for analysis techniques such as mapping by electron energy loss
spectroscopy (EELS) and imaging by high-angle annular dark-field imaging (HAADF).
These signals can be obtained simultaneously, allowing direct correlation of image and
quantitative data. By using a STEM-HAADF imaging, it is feasible to form atomic-
resolution images, where the contrast is directly related to the atomic number of the
elements (i.e., “Z-contrast” image, HAADF-STEM imaging).?® This is in contrast to the
conventional high resolution electron microscope technique, which uses the phase-contrast

to form the HR-TEM images.
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Figure 2.4 Schematic drawing of atomic-scale image formation model in a STEM.?®
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In this thesis study, an aberration-corrected scanning transmission electron microscope
(JEOL-2100F, STEM/TEM) operated at 200 kV is used to obtain the STEM-HAADF

images at nanoscale or atomic-scale for the particles samples.

2.1.4 Electron Energy Loss Spectroscopy (EELS)

In a TEM or STEM, when a sample is exposed to a beam of electrons with different
range of Kinetic energies, some of the electrons will undergo inelastic scattering, which
means that they lose energy and their paths are deflected slightly and randomly, as showed
in Figure 2.5. The amount of energy loss can be measured via an electron spectrometer and
interpreted in terms of what caused the energy loss. Such a technique is called electron

energy loss spectroscopy (EELS).%
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Figure 2.5 lonization process due to inelastic scattering

In order to perform EELS, it is necessary to detect very small differences in the kinetic
energies of the electrons. This is accomplished by using a magnetic prism that exerts a

centripetal force on each electron, causing a circular motion. In addition to
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detecting/quantifying particular elements in a sample, EELS also provides detailed
information such as the electronic structure, bonding, and nearest neighbour distribution of
the atoms in the sample,?* as typically shown with zero-loss peak, low-loss region and high-
loss region in the Figure 2.6. It is amazing to note that, EELS signals can be obtained
simultaneously together with an atomic-resolution STEM image, and it is often referenced

as being complementary to energy-dispersive x-ray spectroscopy (EDX).
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Figure 2.6 The representative of a typical EELS spectrum with zero-loss peak, low-loss

region and high-loss region.

2.1.5 X-ray Photoelectron Spectroscopy (XPS)

Kai M. Siegbahn,?® who won the Nobel Prize in physics in 1981 for his research,
developed X-ray photoelectron spectroscopy (XPS) in the 1960s. XPS reveals which
chemical elements are present at the surface and the nature of the chemical bond that exists
between these elements. XPS is a quantitative spectroscopic technique that measures the
elemental composition, chemical state and electronic state within a material. Photoemission
principle is as: when an X-ray bombards a sample, some electrons of the sample become

excited enough to escape the atom, as shown in Figure 2.7 (a). The chemical state of an atom
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alters the binding energy (BE) of a photoelectron which results in a change in the measured
kinetic energy (KE). The BE is related to the measured photoelectron KE by the simple
equation; BE = hv — KE — F, where hv is the photon (x-ray) energy, and F is the work

function, as shown in Figure 2.7 (b).
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Figure 2.7 (a, b) The XPS working principle and signal measuring technique 2

The chemical or bonding information of the element is derived from these chemical

shifts. XPS spectra 2® are obtained by irradiating a material with a beam of X-rays while
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simultaneously measuring the kinetic energy and number of electrons that escape from the
top 1 to 10 nm of the material being analyzed under ultra-high vacuum (UHV) conditions.

Normally, XPS is a surface chemical analysis technique to analyze the surface
chemistry of a material in its initial state and post-treatment such as ion beam etching, or to
measure for elemental composition of the surface chemical or electronic state of each
element in the surface and uniformity of elemental composition across the top surface (or
line profiling or mapping).

In this thesis study, X-ray photoelectron spectrometer (XPS) was used to analyze
sample surface chemistry by a Kratos ULTRA DLD XPS with a mono-chromated Al source
that gives an energy resolution better than 0.5 eV. The binding energy scale was calibrated

by setting the P peak as the inner standard.

2.1.6 X-ray Absorption Spectroscopy (XAS)

a). XAS is a widely used technique for determining the local geometric and/or
electronic structure of matter. The experiment is usually performed at synchrotron radiation
sources, which provide intense and tunable X-ray beams. XAS can yield information about
the type, number, and arrangement of scattering atoms. In this thesis research, the XAS
technique was used to probe the electronic structure of the titanium in its crystalline
surroundings.

XAS data are obtained by tuning the photon energy to a range where core electrons
can be excited (0.1-100 keV photon energy). The "name" of the edge depends upon the core
electron which is excited: the principal quantum numbers n=1, 2, and 3, correspond to the K-
, L-, and M-edges, respectively. For instance, excitation of a 1s electron occurs at the K-

edge, while excitation of a 2s or 2p electron occurs at an L-edge, as shown in Figure 2.8.
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Figure 2.8 Transitions that contribute to various edges of X-ray absorption spectroscopy.

XAS is a type of absorption spectroscopy from a core initial state with a well-defined
symmetry. Since the binding energy of core electrons is element specific, XAS is element
and core level specific (e.g. Si K-edge at 1840 eV is the 1s electronic excitation threshold of
silicon). 2

As core electron is excited with hv > the threshold (Eo), it is excited to a final state
defined by the chemical environment, which modulates the absorption coefficient relative to
that of a free atom. This modulation is known as the X-ray absorption fine structures
(XAFS), XAFS contains all the information about the local structure and bonding of the
absorbing atom. XAFS study requires a tunable X-ray source-synchrotron radiation.?®
Among XAFS, the spectral region near the edge, which is indicative of a core excitation, is
called XANES (X-ray Absorption Near-Edge Structures),?® and extends to roughly 40 eV
above the edge. The oscillations in the XANES spectrum provide information on vacant

orbitals, electronic configuration and the site symmetry of the absorbing atom. Because the

22



shielding of the core electrons depend on the occupation of the other electronic levels, the
absolute position of the edge is directly linked to the oxidation state of the element and the
electronic structure of the absorbing atom, including valence, the local environment, and
valance changes of the elements. XANES can supply detailed information on the electronic
structure and the local chemistry of the absorbing atom.

b). Scanning Transmission X-ray Microscopy (STXM)
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Figure 2.9 Schematic illustration of a typical STXM

STXM is a synchrotron-based spectromicroscopy technique that combines the
analytical capabilities of XANES spectroscopy with high spatial resolution. A STXM, based
on the X-ray absorption process, has a chemical contrast mechanism to allow for imaging at
the nano-scale. A simplified view of STXM is shown in Figure 2.9. A Fresnel zone plate
focuses mono-energetic X-rays provided by a suitable monochromator beamline mounted on
a suitable, bright synchrotron source. The focal point is typically 50 nm in diameter over a 3-
10 mm waist. An image is generated by monitoring the X-ray signal transmitted through a
thin section of a specimen as it is raster-scanned at the focus of the x-rays. Micro-spectra are
measured by holding the beam at the spot of interest on the sample while the photon energy

is scanned. Synchrotron-based STXM with nanometer resolution has effectively provided
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an excellent combination of microscopic examination and chemical/electronic structure
speciation via XANES spectroscopy.?®3® Spectro-microscopy studies were done using
STXM, allowing for the generation of the spectra with high spectral and spatial resolution.
So the combination of STXM/XANES has a major impact exploring the structure and the
composition of element phases with spatial information.

In this thesis study, both XANES spectrum and STXM imaging have been done in
Canadian Light Sources at Saskatchewan (Canada). There, synchrotron radiation provides
the X-rays that are used for a wide range of analytical techniques. Beamlines that offer X-
ray beam size at micron or sub-micron dimensions are available.

2.2 Electrodes Preparation
2.2.1 Electrode Foils Fabrication

When testing electrode materials, thin sheets are fabricated for ease of handling and
assuring optimal electrochemical performance. In order to fabricate the sheets of cathode
and anode, the electrode material is casted onto a thin sheet of metal substrate (Al or Cu foil)
that will serve as a current collector. A poly-vinyl diflouride (PVVDF) polymer is used as
binder glue between the powder and the substrate. The mixture of active materials and
binder materials are well mixed by mortar or pestle. Slurry is formed when liquid n-methyl
pyrroli-done (NMP) is added to this mixture. This liquid acts as a solvent towards the PVDF
binder and will evaporate out of the mixture once heated. The amount of NMP used for the
slurry depends on the amount of graphite and the active material used in the mixture. The
doctor-blade technique is used to form the electrode film, then the film is placed in an oven
at 120°C to remove the NMP. The final film has a good balance between the active material

and the current collector.

2.2.2 Coin Cell Fabrication

The cathode or anode testing material in the form of an electrode foil film, Li metal
(counter electrode), and a polyethylene separator sheet are punched out as disks. These disks

are placed in a coin cell can in the following sequence: electrode foil film, separator, and Li
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metal. A gasket spring is inserted into the cell can along with a flat metal disk that sits on top
of the electrode stack. Liquid Li-conducting electrolyte is added before the cell can is sealed.
Finally, the coin cell lid is crimped into the can using the gasket as a seal. Schematic

diagram of the coin-cell assembly is shown in Figure 2.10.

In this thesis study, the cathode foil film or anode foil film was prepared using a
mixture comprising of 80 wt% active cathode or anode materials, 10 wt% acetylene black,
and 10 wt% polyvinylidene fluoride (PVDF) binder. The electrolyte is a 1M solution of
LiPFe in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1). All the cells (half-cell)

were assembled and handled in an Ar-filled glove box.

9 Anode current collector

— Lithium foil
Separator
Cathode/Anode film
=== Spacer
Spring

Cathode current collector

Figure 2.10 Schematic diagram of the coin-cell assembly

2.3 Electrochemical Characterizations
2.3.1 Galvanostatic Discharge/Charge Tests

Because of its potential stability, Li metal can be used as a reference electrode. In
addition, Li metal provides a large Li source for the cell and thus can be used as a counter
electrode as well.

In this thesis study, all the potentials for the cathode or anode material at half-cell coin
battery is measured against the potential of Li metal. In the galvanostatic mode, a constant
current is applied to a cell. VVoltage is recorded as a function of the number of lithium ions

insertion and extraction from electrodes. The current direction is inverted at the trigger cut-
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off potentials. Electrode characteristics, such as discharge capacity and rate capability can be
determined by this technique. In this thesis study, cathode materials are characterized in
coin-type half-cell using a program-controlled LAND Cell test-2001A system between 2.5 V
and 4.2 V versus the Li metal counter electrode (anode); anode materials are studied in coin-
type half-cell using a galvanostatic/potentiostat between 1.0 V and 3.5 V versus the Li metal

counter electrode (cathode).

2.3.2 Cyclic Voltammetry (CV)

CV is a type of potentiodynamic electrochemical measurement,®! and is one of the
most frequently used electrochemical methods because of its relative simplicity and its high
information content. During the CV testing, a cyclic linear potential scan (i.e., electrode
potential ramps linearly versus time) is imposed onto the electrode and the resulting current
is recorded (see Figure 2.11(a)). This ramping is known as scan rate (\V/s). A current-voltage
curve (or cyclic voltammogram) shows the current response as a function of voltage rather
than time (see Figure 2.11(b)), which can give information on the Kkinetics and
thermodynamics of the electrode reaction. The simplest system involves a reversible redox
reaction with single electron transfer in a solution medium where the forward and reverse
reaction rates are close to equilibrium. CV is often used to reveal diffusion-controlled
process in which the electroactive species insert into the electrode. The chemical diffusion
coefficient of lithium ion in the electrode is calculated from the CV data. In short, CV is a
convenient tool for obtaining qualitative information about electron transfer processes, as
well as a rapid method for obtaining good estimate of reduction potentials and formation

constants.
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Figure 2.11 (a, b) Typical cyclic voltammogram for a reversible redox process.

2.3.3 Electrochemical Impedance Spectroscopy (EIS)

EIS is a very powerful tool for the analysis of electrochemical complex systems. This
technique measures the impedance of a system over a range of frequencies. The EIS method
is based on the frequency dependences of the electrochemical cell impedance, which is the
opposition to the flow of alternating current (AC) in a complex system.

The EIS data expression is composed of a real and an imaginary part. If the real part is
plotted on the X-axis and the imaginary part is plotted on the Y-axis of a chart, a "Nyquist
plot” is obtained (see Figure 2.12). Such an interpretation of Nyquist plot can be carried out
using an equivalent circuits (EC), which is used to determine the kinetic behavior and
diffusion parameters for an electrochemical system.*> So far the EIS method has been
broadly applied to investigate the reversible lithium intercalation into electrodes for LIBs,
which is related to the diffusion kinetics of lithium ions in electrodes.®33

Figure 2.12 shows the typical Nyquist plot of an electrochemical system.®® Basically,
the Nyquist plot has an intercept at high frequency, followed by a depressed semicircular in

the medium-to-high frequency region and a ~45° sloping line in the low frequency region.
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The intercept at the Zr axis in the high frequency region was attributed to the Ohmic
resistance, representing the resistance of the electrolyte. The semicircular plot in the medium
frequency range is associated with the charge transfer resistance (Rct) of the electrochemical
reaction, and the ~45° sloping line in the low frequency region represents the Li-ions
diffusion within electrode, namely the Warburg impedance. The Warburg impedance is

independent of frequency.
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Figure 2.12 A typical Nyquist plot of an electrochemical system.

28



Chapter 3

Cathode Materials for lithium ion battery

Cathode materials that have high theoretical potentials as the candidates of future
generation LIBs are always under intensive studies. Many significant property
improvements have been achieved during the past decade with assistance of newly
developed technologies. In this chapter, following up the structural category on battery cell
chemistry, the research progress of various cathode materials in the past decade is briefly
discussed in order to provide inspiring perspectives for the cathode material optimizations.
3.1 Layered transition metal oxides

As stated in Chapter 1, the layered metal oxides have a general formula of LiMO2 (M =
transition metal such as Co, Ni and Mn), in which the Li ion and M ion occupy the alternate
(111) planes of the rock salt structure. The structure has an oxygen stacking sequence of
...ABCABC... along the c axis and the Li and M ions occupy alternatively the octahedral
sites. There are three MO> sheets per unit cell. This structure can be described as a layered
structure with a space group of R3m, and the unit cell parameters are usually defined in
terms of the hexagonal setting.!>!*3® An ideal schematic structure of layered compound
LiMO; is presented in Figure 3.1. The structure with MO: layers allows a reversible

extraction/insertion of lithium ions from/into the lithium layer.

@ NiCoorMn

Figure 3.1 Schematic model of an ideal layered LiMO; structure. 1> 13
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3.2 Layered LiCoO2

Among the layered metal oxides, LiCoO has attracted particular attention. LiCoO>
was first reported by Goodenough’s group®® in early 1980s. Since then, it has received
tremendous development due to its reasonably high capacity, long cycle life, and ease to
synthesize. After intensive R&D work, SONY successfully commercialized LiCoO; cathode
lithium ion battery with a carbon anode (C-LiCo0O2) in 1991. It was then considered a
‘mature’ cathode material, though there were still a lot of studies to improve the stability and
safety.

LiCoOz2 has 2D crystal structure of the a-NaFeOz2 structure (R3m) with consecutive
alternating CoO, and Li layers,3 % and the oxygen atoms are in a cubic close-packed
arrangement (see Figure 3.2). The lattice parameters of LiCoO crystal are a = 2.8161 A and

¢ = 14.0536 A. Both Co and Li are octahedrally coordinated. 37-°

(a) (b)

¥Sovl

Figure 3.2 a), Layered structure LiCoO, where lithium ions lie horizontally between CoO-
octahedra, b), Projection along the [110] zone axis shows lithium, cobalt and oxygen atoms
in columns.®® The projected cell is 2.44 A by 14.05 A. A cubic-close-packed oxygen array

provides a two-dimensional network of edge shared CoO; octahedra for Li* ions.
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LiCoO: is at present the most popular active cathode materials in commercial lithium
ion rechargeable batteries, with a high gravimetric energy density as high as 120-150 Wh/kg
(two to three times that of usual Ni-Cd batteries) because of its high voltage (4V) and
moderate specific capacity. Carbon is usually used as the anode. Non-aqueous electrolyte is
a better choice since it is stable at high charge voltage (~ up to 4.5 V). The voltage variation

and chemical reactions taken place in the cell can be described as the following in Figure 3.3

(a b) 8,13,14
Anode:
Charge
xLi" +xe” +6C <¢ Li C,
ischarge -
Cathode:

. Charge . o _
LiCoO, <—Tﬂge> Lii CoO,+xLi" +xe
Overall:

. Charge . .
LiCoO,+6C &———=—=Li_.Co0,+ Li C,

Discharge

Generally, LiCoO; can deliver a high operating voltage plateau, and if all of the Li*
can be extracted, it gives a theoretical capacity of 274 mAh/g corresponds to extraction of 1
mole of Li* from the LiCoO,. However, only a little over half of the theoretical capacity is
practically reversible for intercalation/de-intercalation (< 4.2 V vs Li/Li*) when charged and
discharged. Complete removal of lithium from LiCoO: can’t be accomplished due to a series
of phase transformation, such as hexagonal and monoclinic occurred when the cathode is
charged above 4.2V.%42 This phase transformation leads to the deterioration of cycling
performance.'*

The practical chemical reactions taken place in the cell can be described as:

e Overall reaction on a Li-ion cell: 0.5Cs + LiCoO2 < 0.5LiCs + LigsC00>

e At the cathode: LipsCo0O2 + 0.5Li* + 0.5e” <> LiCoO2
e Atthe anode: 0.5Cs + 0.5Li" + 0.5 <> 0.5LiCs
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Figure 3.3 (a), Schematic representation of a typical commercial LiCoO: lithium-ion battery
showing the discharge intercalation mechanism with graphite as the anode. 834 (b), A
discharge-charge voltage profile (one cycle from mark 1 to mark 4) recorded at current
density of 0.5C rate, here a “C” rate is defined as full theoretical lithium discharge/charge in

one hour.

Moreover, several other reasons for the capacity degradation during cycling have been
reported.**** For example, some capacity degradation can be attributed to side reaction, as

cobalt is dissolved remarkably at high voltage of > 4.2 V, from oxide compound into
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electrolyte when the LiCoO: is delithiated during charging,* such a less lithium can be
intercalated during the discharging process, which results in lower capacity for lithium
intercalation.

In order to suppress phase transformation and obtain higher capacity, many works of
substitution of foreign elements such as Mg,*%4” Ni,*-1 and Mn>2°3 for Co in the new type
of M-LiCoO> have been conducted. In particular, Zou et al reported that small amount of
foreign element can give stable cycling performance due to suppression of phase
transformation at 4.2 V during intercalation/de-intercalation process at higher cut-off voltage
of 4.5 V.4 Nowadays, Mg doped LiCoO, has been proven quite successful to be widely
used for the commercial lithium ion battery in application of portable devices (e.g., cell
phones, digital cameras, laptops). In addition, it has been found that the cycle ability
(cycling rate) of the LiCoO> cathode material could be improved significantly by modifying
its surface with metal oxide such as Al203 and ZrOz .5

Recently, there has been a dramatic increase in research and commercialization
activities of lithium ion batteries for large scale energy storage in electric vehicles (EV) and
hybrid electric vehicles (HEV). Challenges remain in making low-cost and high-safety
lithium ion batteries for vehicle applications. Large scale applications of LiCoO> material in
EV and HEV are prohibited due to its safety risk, high cost, and environmental
concern.1%859 Alternative cathode materials (e.g., olivine lithium iron phosphate, LiFePO4)
need to be investigated and developed for auto-transportation applications (HEV and
EV).6061
3.3 Olivine Structure LiFePO4

Polyanion-based compounds, LixMy(XOa4); (M = metal, X =P, S, Si), are now regarded
to be the most promising cathode materials for LIBs with improved energy density and
power density as well as an extended cycle life. Among them, lithium iron phosphate,
LiFePOs, has been so far most studied since its discovery in 1997.52 As a cathode for
rechargeable LIBs, this new cathode material has attracted much attention because of its

high energy density, high thermal stability at full state-of-charge, low cost and
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environmental friendliness. The olivine LiFePO4 now stands as a competitive candidate of
cathode material for the next generation of a green lithium-ion battery system due to its long
life span, abundant resources, low toxicity, and high structural stability. Since the pioneering
work of Li* intercalation in LiFePOs4 by John B. Goodenough and his co-workers at
University of Texas in 1997,%2% numerous works have been done to study its synthesis,

structure, and physical, electrochemical properties.®¢>

3.3.1 Structure and Chemical Properties of LiFePO4

The olivine structure of LiFePO4 crystal, as shown in Figure 3.4, consists of a poly-
oxyanionic framework containing LiOs octahedra, FeOg octahedra and POs tetrahedra.
Strong P-O covalent bonds in (PO4)*~ polyanion stabilize the oxygen when fully charged and
avoid O release at high states of charge, making LiFePOs a stable and safe cathode

material.5?

Figure 3.4 The olivine structure of LiFePO4 in projection along [001], showing the FeOg

octahedra, PO tetrahedra, and one-dimensional tunnels in which the lithium ions reside.5%68
Electrochemical extraction of lithium from the LiFePOs phase to the isostructural

FePOs phase is completed by a direct first-order transition during charge and discharge

process,®2% as shown in Figure 3.5 and Figure 3.6, in which the Fe?* ions are oxidized to
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Fe3*, leaving the olivine framework intact. The total reversible redox reaction may be

written as:

LiFePOs— xLi* — xe™ < Li1-xFePOu4

There is no structural change during lithium insertion and extraction. The Fe-P-O
bonds in LiFePO are stronger than the Co-O bonds in LiCoO and thus the oxygen atoms

are much harder to remove, which leads to a higher stability upon short-circuit and

overheating in real applications.

21r Fe?* /Fa™t

Current / mA

1 i 1 i 1 i 1 i 1 i 1
2.7 3.0 33 36 3.9 4.2
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Figure 3.6 Cyclic voltammograms of LiFePO; at a scan rate of 0.1 mV/s between 2.5 V and

4.3V (vs. Li/Li*).%°
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In addition, as compared with the capacity of 140 mAh/g for LiCoO,, the LiFePO4
battery cell has a discharge potential around 3.4 V vs lithium and high energy density of 170
mAhg?, with excellent cycling stability of up to 2000 cycles and good availability of the
abundant Fe resource in natural sources, 3626468

It is also clear from Figure 3.5 that the cation arrangement in LiFePO4 differs from
that in the layered LiCoO,. The divalent Fe?* ions occupy the corner-shared octahedral; the
P°* is located in tetrahedral sites, and Li* resides in chains of edge-shared octahedra. The
skeleton of PO4 polyanions is very stable thermally, but the corner-shared FeOg octahedra of
LiFePO, are separated by the oxygen atoms of the PO4*" tetrahedra and cannot form a
continuous FeOg network, which results in the poor electronic conductivity of LiFePO4.”0 At
room temperature, the electronic conductivity of pristine LiFePO4 is only 10~ to 107!
S/cm,” which is much lower than those of LiCoO, (~1072 S/cm).”? Atomistic modeling
and first-principle calculations indicate that the lowest Li migration energy is found for the
pathway along the [010] channel, with a nonlinear, curved trajectory between adjacent Li

sites (Figure 3.7).%873

anti-site Fe

anti-site Li

FeOyq
octahedron

PO,

[010] tetrahedron

J;)

Figure 3.7 Structure of LiFePO4 depicting curved trajectory of Li* transport along the [010]

axis.38

Although the theoretical calculation showed that the intrinsic ionic diffusion

coefficient is as high as 10® (LiFePO.) to 1077 (FePO4) cm?/s, the one-dimensional channels
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are easily blocked by impurities because blockages in one-dimensional paths are different
from those in three-dimensional paths where Li ions can move around the blocked sites.”
The ionic diffusion coefficients in LiFePOg4 are therefore lower than the theoretical value.
Takeda et al reported that the diffusion coefficients are in a wide range of 107!° to 107!
cm?/s with electrochemical impedance spectroscopy.’’® Apparently, the low electronic and
low ionic conductivities dictate the slow kinetics of charge and discharge.

Various models have been proposed to explain the mechanism and kinetics of Li*
intercalation/de-intercalation during charge and discharge. The two-phase mechanism of
shrinking core-shell model (see Figure 3.8) was first brought by Padhi et al.5>®* They
believed that with Li* insertion, the interface area will shrink and the reaction will be
diffusion-limited after reaching a critical surface area, and vice versa for the de-lithiation
process. However, such a shrinking core model cannot describe the mechanism for
individual crystallites due to the anisotropic lithium diffusion. Another de-lithiation
mechanism is a domino-cascade model at the scale of a particle, which qualitatively
explained the asymmetric behavior of the LiFePOs electrode, and proposed that the Li* de-
intercalation process proceeds via a transversal elastic wave moving through the entire
crystal in the a-direction while Li ions migrate along the b-direction. This domino-cascade
model was further confirmed by high-resolution TEM and EELS spectra technique.’””"

Besides the peculiarities of each Li* intercalation/deintercalation model, there is a
general agreement that Li* ions move into the tunnels along the b-direction and are extracted
/inserted at the interface (phase boundary) where LiFePO4 and FePOg crystalline structures
coexist. It is important to note that the Li* insertion/extraction processes appear to depend on
the particle size, synthesis method, surface coating, and charging rate.®® Thus, more
controlled studies are needed to understand the intercalation/de-intercalation mechanism

under real operation conditions using novel advanced in situ characterization tools.
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Figure 3.8 lllustration of the shrinking core-shell model with the juxtaposition of the two

LiFePO,

phases and the movement of the phase boundary.®?

3.3.2 Various Approaches to Improve the Performance of LiFePO4

a), Particle Size Reduction

Particle size reduction to nanoscale dimension was firstly pointed out by
Goodenough’s group as one of the effective methods to solve the kinetic problems of
LiFeP04.52 So far particle size reduction has been employed in a number of studies to
improve the high-rate capacity and cycling stability of LiFePO4 materials.2%%® Logically, the
high-rate performance is improved by reducing particle size because the transport distance
for electrons and Li-ions is thus reduced. Some reports indicated that pristine LiFePO4 with
very small particle size (30-50 nm) exhibited the best high-rate performance.®* Other report
stated that the optimum particle size of LiFePO4 cathode for high-power applications seems
to be in the range of 200-400 nm.&
b), Surface Carbon Coating

Carbon coating is one of the most important techniques to improve the electronic
conductivity, the specific capacity, rate capability and cycling life of LiFePO4 materials.858°
The main role of carbon coating is to enhance the surface electronic conductivity of LiFePO4

particles so that the active materials can be fully utilized at high current rates. Carbon
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coating also reduces the particle size of LiFePO4 by inhibiting particle growth during
processing.®®% In addition, carbon can act as a reducing agent to prevent the oxidation of
Fe?* to Fe** during high temperature sintering synthesis.®>®® The beneficial effect of carbon
coating has been observed to depend on the structure, uniformity, thickness, loading and
precursor of the coating.8¢#%% The disadvantages of carbon coating include high processing
cost and reduced tap density, which may lead to high energy cost and low energy density of
the battery cells.®>% Therefore, it is important to optimize the carbon coating on LiFePO4 to
meet the performance and cost targets for the applications.

Additionally, it reported that graphitic (sp2) carbon coating is much more effective
than disordered (sp3) carbon for the Li* diffusion throughout the LiFePO4 particle.®? The
ideal carbon coating should preferably be uniform and thin (e.g., <5 nm) graphitic layers so
that the LiFePO4 particles can get electrons from all directions, 8797-103
c) Lattice lon Doping

Doping ions into LiFePO4 can alter the inherent conductivity effectively. On the basis
of different sites, it can be classified as doping at Li (M1) sites, Fe sites (M2) and O sites in
LiFePOs lattice unit. The positive effect of doping on the rate capacity and cyclic stability of
LiFePO4 has been reported by several groups.’+194112 Various ions have been attempted to
be doped in LiFePO4, which include anions such as Nb®*, 70 Ti#* 104 Mg?* 106 Cr3+ 105 Cp2* 107
and cation of F 112 The promoting effect was attributed to the improved intrinsic electronic
conductivity and the increased Li-ion diffusion coefficient in doped LiFePOy particles.10%-11?
However, the improvement in electronic conductivity was also questioned by others due to
the formation of conductive surface films (e.g., carbon, FezP), as confirmed by TEM
observation.!'41%> Modeling studies also suggested that doping on either Li or Fe sites is
energetically unfavorable and does not result in a large increase of electronic
conductivity.!'® 17 Therefore, lattice doping does not appear to be as effective as surface
carbon coating for engineering applications, especially when taking into account the impact

of doping on the cost of raw materials.
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Chapter 4

Anode Materials for Lithium ion battery

In the last decades, anode materials for LIBs have brought significant technological
breakthrough. Recent progresses in nanotechnology have led to the application of nano-scale
anode for efficient energy storage in high-performance LIBs because of their unique
morphologies and structures. As we know, nanomaterials with large surface area and
numerous active sites are able to increase the anode capacities and subsequently energy
densities of the batteries due to their large active sites for Li intercalation/de-intercalation
reactions.

As already stated in Chapter 1 and Chapter 3, the capacity, cyclability and rate
capability as the three most important performance factors for LIBs, strongly depended on
both the cathode and anode materials. In order to develop LIBs with excellent
electrochemical performance, a variety of anode materials have been investigated, and
research progress of common anode such as carbonaceous materials, metal alloys, and metal

oxides is summarized and reviewed in this Chapter.

4.1 Carbonaceous Materials

Graphite, as the typical carbonaceous material, is the most widely used commercial
anode material for LIBs because of its low and flat working potential, long cycle life, and
low cost. Basically, lithium ions intercalate into graphite to form LisC alloy, delivering a
theoretical specific capacity of 372 mAh/g and a potential plateau lower than 0.5 V vs.
Li*/Li.}® Most carbonaceous materials exhibit both higher specific charges and more
negative redox potentials than many metal oxides and chalcogenides. They also show better
cycle stability because of a smaller volume change upon lithium intercalation and de-

intercalation. As a result, they are still the most popular anode materials for rechargeable
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LIBs. Carbonaceous materials suitable for lithium intercalation are commercially available
in hundreds of types and qualities.''>!?® However, the low Li-ion transport rate of graphite
anodes results in a low power density of a battery since the chemical diffusion coefficient of
Li ions is related to the power density of a battery. In recent years, new alternative anode
materials such as carbon nanotubes, carbon nanowires and nanofiber,!?%1?22 mesoporous

carbon,*? and carbon nanocomposites'?* have been extensively studied and developed.

4.2 Metal Alloys

The most Li-enriched intercalation compound of graphite has a stoichiometry of
LiCs,''® resulting in a less-than-desirable theoretical charge capacity (i.e. 372 mAh/g) and a
small practical energy density, and the Li-ion diffusivity of graphite anode is always less
than 10 cm? s71, which results in a low power density of the battery. In order to improve
the energy and power densities of LIBs, the use of anode materials with larger capacities and
higher Li diffusion rates is required.

Silicon is one of the good candidates. Each silicon atom is known to be able to
accommodate 4.4 lithium atoms, leading to the formation of Lis4Si alloy as Si reacts with Li.
This gives rise to an extremely high specific capacity of 4200 mAh/g.1%>2" Because of the
extremely high capacity, a lot of study has been conducted on silicon anode material.
Unfortunately, bulk Si anode shows rapid capacity fade, accompanying a 400% volume
expansion. In order to reduce the volume change for better cycle performance in silicon anodes,
two typical silicon anodes, namely nano-based Si anodes and Si-based composite anodes, are
most widely studied. Usually, nanostructured Si anodes involve nanoparticles,?®
nanowires,'?° nanotubes.*® While Si-based composite anodes generally include Si-based
alloys,*®! namely Si-M composites (M = metal, oxide).132

Sn-based alloys are another promising candidates due to their high specific capacity
and stable cycling properties.’®® Sn-based intermetallic alloy NisSns prepared by

electrodeposition has been reported by Hassoun et al,*** and NisSns alloy electrode can
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retain a stable capacity of 550 mAh/g over 50 charge-discharge cycles at a 0.8C rate.
Furthermore, the nanostructured NisSns4 electrode delivers a good rate capacity of about 500
mAh/g at 0.8C rate, and no decay of capacity is observed after two hundreds cycles.!®> Sn—
M/C composite nanostructured anode materials, such as Sn-Sb nanorods have also been
investigated.*® However, the performance is still not satisfactory to allow the use of the Si-
or Sn-based anode in demanding applications.
4.3 Spinel Li4TisO12 as Anode Material
4.3.1 Introduction of Electronic Structure

Twenty years ago, Ohzuku and co-authors®®’ reported that the charge/discharge curve
for LisTisO12 (LTO) electrode as anode is characterized by a very flat and extended voltage
plateau at around 1.55 V, which is a typical characteristic of phase transition between a Li-
rich phase (LizTisO12, rock-salt LTO) and a Li-poor phase (LisTisO12, spinel-LTO).
Although substantial chemical changes occur during conversion between the two phases, a
negligible volume change of 0.2 - 0.3% occurs between two phase changes accompanied by
a change of the lattice from 0.8364 nm to 0.8353 nm, and as a result it is called the “zero-
strain insertion materials”, which indicating that it is an excellent material with exceptional
reversibility performance as anode material for LIBs.'¥"142 As well investigated and
discussed, 37138143144 three Ti** jons are reduced to Ti** ions during the two-phase
transition from spinel-LTO into rock-salt LTO. The corresponding electrochemical reaction

can be briefly described during the lithium insertion and extraction processes as:

(Spinel-LTO) LisTisO12 + 3Li* + 3e" <> Li;TisO12 (Rock-salt LTO) (4.1)

Two types of LTO crystallographic data is summarized in Table 4.1}, It is apparent
that spinel-LTO and rock-salt LTO has very similar crystallographic parameters, which
demonstrate the structural stability during the charge/discharge processing when LTO

electrode is applied as anode.
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Table 4.1 Crystallographic data for spinel-LTO and rock-salt LTO 4°

Materials Atom  Wyckoff Cell parameter Occupancy
(space group) Site X y z
Spinel-LTO Lil 8a 0.125 0.125 0.125 1.0
(Fd3m) Li2 16d 0.5 0.5 0.5 0.1667
Ti 16d 0.5 05 05 0.8333
O 32e 0.2625(1) 0.2625(1) | 0.2625(1) 1.0
Rock-salt Lil 8a 0 0 0 1.0
LTO (Fd3m) | Li2 16d 0.5 05 05 0.1667
Ti 16d 0.5 05 05 0.8333
0 32e 0.2576(3) | 0.2576(3) | 0.2576(3) 1.0

Figure 4.1 shows the structure of spinel LisTisO12 crystallized in the space group

(Fd3m).23":140 | jthium ions and titanium ions randomly occupy the octahedral (16d) sites,

while the tetrahedral (8a) sites are occupied by lithium. As three lithium ions insert into

spinel LisTisO12 and occupy the octahedral (16c) positions, the tetrahedral lithium ions of

LisTisO12 are shifted to the octahedral (16¢) sites, and Li-TisO12 crystallizes in the space

group with ordered rock-salt structure, as shown in Figure 4.1. In contrast to spinel structure,

the octahedral 16d positions are still occupied by lithium ions and titanium ions, whereas the

tetrahedral (8a) sites in Li;TisO12 are free. They are described by the cubic space group and

have very similar lattice parameters (a = 0.83595 and 0.83538 nm, respectively). 137:140
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Figure 4.1 Crystal structures of LisTisO12 and LizTisO12.14°

Spinel LisTisO12 is a good lithium ion conductor (10° cm?s)6 and very poor
electronic conductor (1078 S/cm)* because of the existence of available free octahedral
(16c) sites in its lattice and the oxidation state of Ti**. On the other hand, Li;TisO1, is a good
electronic conductor (1072 S/cm)*° and poor lithium ion conductor'*® because Ti%* ions
occupy 60% of all the oxidation state of Ti, and the full 16¢ octahedral sites in the lattice are
occupied by Li* ions.

The typical core-shell model has described a reasonable two-phase transition
process!40141.147.149.150 54 jl[ystrated in Figure 4.2, when the lithium intercalation (discharge)
proceeds, the spinel-LTO on the surface of the particle is reduced and transformed to a rock-
salt-LTO structure. Then, the shell with rock-salt structure is formed and becomes
increasingly thicker with the increasing depth of lithium insertion. Simultaneously, the core
with spinel structure shrinks. At the end of discharging process, the entire particle becomes
rock-salt LTO. Vice versa, the particle transforms from rock-salt into spinel phase during the

charging (lithium extraction) process.
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Figure 4.2 Illustration of the charging/discharging process of LisTisO12 %47

4.3.2 Approaches to Improve the Electrochemical Performance

a. Doping on LisTisO12

The performance and electronic conductivity of LTO can be improved by doping of
transition metals. Cr and Mo used as dopants can increase electronic conductivity!®**3 and
improve the electrochemical properties of the pristine LTO. A small amount (1% doping
level) of Ta!™ dopants can increase the electronic conductivity of LTO. V doping is also
beneficial to the reversible intercalation and de-intercalation of Li* ions, which is
responsible for good cycling performance. Li et al*> have reported that an optimum amount
of Zr dopant leads to smaller particle sizes and less particle agglomerations that are
favorable for good rate capability in LTO. The effect of Zn doping on the electronic
conductivity and electrochemical performance on LTO has also been reported.*>® Although
LisxZnxTisO12 (0 < x < 0.5) compounds show lower capacity, the conductivity is enhanced
due to the generation of mixing Ti**/Ti*, and hence an improvement in rate capability.
Another light metal, Al, used as substitution of Ti, can greatly increase the reversible

capacity and cycling stability of LTO.157:1%8

45



b. Surface Coating

In order to overcome the drawback of poor electrical conductivity of LTO, another
typical approach is via surface modification by carbon, metals and oxides, which reduces the
electrode polarization and improves its electrochemical performance.

Carbon is frequently added to LTO electrode to utilize the active material more
effectively, especially at high charge-discharge rates.’>®16! The effectiveness of carbon
addition depends on the amount and type of carbon used. A carbon nano-layer favors the
diffusion of lithium ions and redox reaction, hence excellent cycling performance compared
with the pristine compound.*62163 The particle shape and size are also important to enhance
electrochemical performance of the coated electrode material. For example, spherical
particles!®* with high specific surface area and tap density have been concluded to be
effective in improving the electrochemical performance of LTO. Besides providing
networks and paths for electrical conduction, nano-tubes®® can shorten the diffusion path of
lithium ions while providing a higher electrode/electrolyte contact surface area, thus
overcoming poor Li* diffusivity and poor electronic conductivity.

Additionally, metals are often used to improve the poor electrical conductivity of LTO
by coating or addition. Ag has been shown to increase the electrical conductivity and
decrease the polarization of LTO electrode, and thus improve its high-rate capacity and
cycling stability.'%%16” | TO-based composites can be obtained by coating LTO particles with
active metal oxides. For example, the LisTisO12-SnO2 (5 wt.%) composite delivers a
discharge capacity of 189 mAh/g after 42 cycles.®® SnO, additive acts as a bridge between
the spinel particles to reduce the inter-particle contact resistance.

Huang and co-workers'®® also reported that the high rate discharge capacity and
cycling stability of the pristine LTO was significantly improved by Cu doping. The cycling
behavior of the Cu-doped LTO composite was conducted. Table 4.2 compares the discharge
capacity and cycling stability of the LTO and Cu-doped-LTO anode materials.!®® The Cu-
doped LTO anode showed a remarkably better reversible capacity and cycling stability than

the pure and pristine LTO at different charge-discharge rates, which also demonstrated

46



metal-doping is an effective approach to improve the electrical conductivity and

electrochemical performance of LTO. However, such a metal-doping method seemed to

show only small-scale production of LTO samples.!®°

Table 4.2 Comparison of discharge capacity and cycling stability of the LTO and Cu-doped-

LTO anode materials.

169

Rate (C) Anode materials Discharge capacity cycle (mAh/g)
1% 10"

1 LTO 180.6 164.2
Cu doped-LTO 209.2 171

2 LTO 162.2 155
Cu doped-LTO 184.8 166.6

4 LTO 150.7 117.3
Cu doped-LTO 173.4 153.6

8 LTO 98.9 72.5
Cu doped-LTO 165.7 144.6

10 LTO 80.3 61.2
Cu doped-LTO 142.5 141.6
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Chapter 5
Synthesis, Structural and Electrochemical Studies of C-LiFePO4

Nanocomposites

5.1 Introduction

As stated previously in Chapter 3, olivine-type LiFePO4 exhibits various unique
advantages such as low toxicity, low cost, high thermal and chemical stability, and good
electrochemical performance Though it shows a slightly lower voltage than the widely used
commercial lithium metal oxides cathode of a layered structure (LIMO2, M = Co, Ni), it has
a higher theoretical specific capacity (170 mAh/g) and a flat charge—discharge profile at
intermediate voltage (3.45 V vs Li/Li*).5274170 As well known, olivine structure LiFePOa
crystal is in the Phma Space group, and consists of distorted LiOs, FeOs, and PO4 units. The
cation arrangement in LiFePOg differs significantly from that in layered or spinel structures.
There is no continuous network of FeOs edge-shared octahedra that might contribute to the
electronic conductivity. Instead, the strong covalent bonding between the oxygen and P°* to
form the (PO4)* unit allows for greater stabilization in such structures compared to the
layered oxides.'™® Therefore, LiFePO4 has inherently low electronic conductivity (107 to
107'% S/ecm), which results in its poor rate capability due to as well the poor kinetics of the
lithium intercalation/de-intercalation process,’*1’* which poses a great challenge for power-
demanding applications such as EV and PEV.17173

As introduced briefly in Chapter 3, many nano-engineering approaches have been
implemented to overcome its poor conductivity and improve the electrochemical
performance of LiFePOa, such as metal cation or anion doping and carbon-coating,56:86174-
186 off-stoichiometric Fe/P/O compositions,®* smaller particle sizes that could shorten the
diffusion length of Li-ion,181-184

It was found that the conductivity can be effectively improved by creating such a
conductive carbon coating layer on the LiFePQO4 particles at the nano-scale, usually bearing

carbon in the amount of less than 2 wt%. The electrons can be spread to the entire surface of
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the particles through this carbon layer during charge/discharge and the layer therefore
improves the kinetics and reversibility of the lithium intercalation/de-intercalation cycles
and gives rise to enhanced rate capability. 6686 187-189

In this chapter, main study has focused on the structural morphology and
electrochemical characterization of carbon-coated LiFePOs (denote: C-LiFePOs4) material
prepared by a direct solid phase reaction method using amorphous micro-FePO4 as the iron
source. In addition, the synthesis method does not need any additional treatments, such as

ball-milling necessary for the traditional solid-state reaction routine.®

5.2 Experimental Sections

5.2.1 Starting Materials Precursors

In order to prepare the homogenous carbon-coated LiFePOs cathode material,
selecting the proper synthetic procedure and raw material precursors is very important.
Otherwise, undesired impurities such as Fe2Os, Fe2P and LisPO4 can be contained in the
final products.841"* The starting material precursors were selected as chemical FeSOs
compound, ammonium di-hydrogen phosphate [NH4H2PO4], and lithium carbonate [Li>COs]
in the appropriate stoichiometry of molar ratio. Acetylene black was the carbon source. All

the reagents used in the experiment are of analytical purity.

5.2.2 First-Step Synthesis of Micro-FePO4 Powders

The first step (i.e., pre-calcination) was the solid state synthesis of micro-FePOs
powders, which was typically carried out by heating the mixture of precursors of FeSO4 and
NH4H2PO4 in the molar ratio of 1:2 of FeSO4 and NH4H2PO4 at around 300°C, which was
designed for the decomposition of the precursors and expelling of the gases. After heated

and dried for 10-15 h, yellowish-white micro-FePO4 powders were obtained.
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5.2.3 Second-Step Synthesis of Carbon-Coated LiFePO4 Nanocomposites

The second step is the final calcination of appropriate stoichiometric amounts of
amorphous micro-FePO4 powders and Li>COs, and the conductive carbon source of
acetylene black, which occurred at relatively high temperatures (e.g., 800°C). The
calcination temperature has an important effect on the resultant structure and particle size
(particle growth).?®! Finally, the powder samples are cooled to room temperature for the
resultant products. The resultant carbon-coated LiFePOs nanocomposites powders with
average sizes of 50-100 nm (the aggregates are up to 1 pm), can be obtained by directly
adjusting stoichiometric amounts of all the precursors under controlled different
temperatures and pressures.

Herein, the C-LiFePOs nanocomposites powders with different carbon-coating
thickness were synthesized using the different stoichiometric amounts of acetylene black as
carbon source. Typically, the different coating thickness in these C-LiFePO4 nanocomposite
samples are able to be controlled using appropriate stoichiometric amounts of carbon

sources (e.g., from 5.5 wt% to 20 wt%) during the second-step calcination process.

5.2.4 Structure Characterizations and Phase Analysis

Firstly, the phase and size of the C-LiFePO4 nanocompsoites particles were analyzed
by powder X-ray diffraction (XRD). Secondly, the particles surface morphology was
examined by a Hitachi S-4800 field-emission scanning electron microscopy (FE-SEM)
equipped with an energy-dispersive X-ray spectroscopy detector. Phase structure and
characteristics of the carbon coating were evaluated by TEM imaging, HR-TEM imaging,
and selected area electron diffraction (SAED) techniques using a JEOL 3010 microscope at
300 kV. Thirdly, energy filtered TEM (EF-TEM) imaging, STEM -HAADF imaging and
elemental mapping, and EELS analysis were carried out by the JEOL 2010F AEM
microscope. Fourthly, the surface chemical element measurements were determined by the
XPS using a Kratos ULTRA DLD XPS with a mono-chromated Al source that gives an

energy resolution better than 0.5 eV.
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5.2.5 Electrochemical Testing

Electrochemical properties were measured on electrodes prepared using the mixtures
comprised of 80 wt% active material, 10 wt% acetylene black, and 10 wt% polyvinylidene
fluoride (PVDF) binder. The LiFePOs electrode films were fabricated by the doctor blade
technique on aluminum foil and dried in a vacuum oven at 100°C for 10 h. The cells
consisted of the electrode, a lithium metal counter electrode and the electrolyte of a 1 M
solution of LiPFs in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1). The cells were
assembled and handled in an Ar-filled glove box and were evaluated using CR 2032 coin-
type cells. Galvanostatic charge-discharge cycling tests for the cells were performed within a
range of 2.0-4.2 V versus the Lithium counter electrode using in an Arbin BT2000 test
system. The cyclic voltammetry (CV) was performed by the scan rate of 0.1 mV/s between
2.0 and 4.5 V, and electrochemical impedance spectroscopy (EIS) was carried out on the

coin cells in the fully charge state in the frequency range between 100 kHz and 10 mHz.
5.3 Results and Discussion

5.3.1 Morphology and Structure Characterizations

First of all, five C-LiFePOs nanocomposite samples were synthesized under
appropriate stoichiometric amounts of carbon sources (e.g. from 5.5 wt% to 20 wt%) during
the second-step calcination process. The comparison of main crystal phase, carbon-coating
thickness, and average size are summarized in Table 5.1.

It is clear that the carbon-coating thickness of ~ 3 nm of C-LiFePOs nanocomposite
was obtained by the stoichiometric amounts of 10 wt% acetylene black as carbon source
during the second-step calcination process. Meanwhile, it was found that the carbon sources
have the influence on the average size for the final C-LiFePOs nanocomposite samples,
which indicated that the surface carbon adherence suppressed particle growth during the
high-temperature calcination process. More amounts of carbon contents will give smaller

size of C-LiFePO4 nanocomposite. 9418
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Table 5.1 The comparison of carbon sources ratio, carbon-coating thickness, main crystal
phase and average size of five different C-LiFePO4 nanocomposites

Carbon sources Carbon Main crystal Average size
(wt %) thickness (nm) Phase (nm)
(SEM, EDX) (HR-TEM) (HRTEM) (XRD, TEM)
- 5.5 % No-coating Olivine ~ 100-300
- 8.5 % No-coating Olivine ~ 80-300
- 10 % ~3 Olivine ~ 50-100
04 15 % ~5 Olivine ~ 50-100
05 20 % ~10 Olivine ~ 50-80

Table 5.2 The comparison of C-LiFePO4 nanocomposites prepared under different methods
using various precursors and different carbon sources

Li,CO, LiNO, LiOH LiOH Li,CO,
FeC,0,2H,0  Fe(NO,), FeSO, FesO, FeSO,
NH,H,PO,  NH,H,PO, Li;PO, Li;PO,  NH,H,PO,
(1:2:1) (1:1:1) (3:1:1) (3:1:1) (1:2:1)
acetylene sucrose glucose glucose acetylene
black (11.7%) (5%) (10%) black
(7.8%) (10%)
- Olivine Olivine Olivine Olivine Olivine
_ 100-150 50-500 50-800 80-500 50-100
- ~5-14 >10 >10 ~5-12 ~3
- 166 163 154 144 168
_ Ref. 87 Ref. 88 Ref. 99 Ref. 103  This study
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Five different C-LiFePO4 nanocomposite samples under five different methods with
various precursors and different carbon sources was summarized in Table 5.2. It indicated
that the current solid-state reaction has shown the advantageous synthesis of C-LiFePO4
nanocomposite samples with thin carbon-coating thickness and small size range. In
particular, the discharge capacity has shown the best value at 0.1C rate, which revealed that
the C-LiFePO4 nanocomposites with the thickness of 4.5 nm has exhibited the best
electrochemical performance, as compared with the other C-LiFePO4 samples prepared
under different methods.

The comprehensive structure analysis and performance evaluations are elaborated in
more details as the following.

Firstly, the structure and size distribution of the C-LiFePO4 nanocomposites particles
were analyzed by powder XRD. The XRD pattern was shown in Figure 5.1, it is revealed
that all diffraction peaks were indexed and matched well with the standard diffraction data
for orthorhombic phase LiFePOs with a phospho-olivine structure (Pnma, JCPDS No. 83-
2092), which indicates that the particles crystallized in a single phase structure. No
crystalline carbon phase can be identified from the XRD pattern, indicating that the existed
carbon is amorphous and very low; and its presence does not influence the olivine structure
of LiFePOa.

It was noted that very small amount of impurity phase is also present, which can be
identified as LisPOs in the XRD pattern. Such minor impurities could have been induced
during the calcinations process in the highly reducing environment. Yet such an impurity
phase was reported to have somewhat benefits for fast charging and discharging by

providing a guest ion-conductive surface. 819
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Figure 5.1 Powder XRD pattern indexed with Olivine structure for the C-LiFePO4

nanocomposites. The reflections marked with * refer to the impurity phase, LisPO4.

The peaks of (101), (111)/(201), (211)/(020), and (311) in the XRD pattern were
selected to calculate average particle sizes using the Scherrer’s formula (D =0.9A/BcosH,
where A = 0.1542 nm (Cu Ka) and B = full width half maximum at the diffraction angle of
0), the estimated average size was calculated between 50 nm and 85 nm. The least squares
fit of the XRD data also yielded lattice parameter values of a=1.033 nm, b=0.603 nm, and
¢=0.469 nm, which is comparable to the reported unit-cell parameters of olivine LiFePO4
structure (Pnma).?2"1"* The particle size can be controlled by heat treating at different
temperatures.

Surface morphologies of the C-LiFePO4 nanocomposites particles were subsequently
characterized by FE-SEM imaging. Two representative SEM images are illustrated in Figure
5.2 (a, b). It can be seen that most C-LiFePO4 exhibited non-uniform fine particles
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agglomerated assemblies, and the highly irregular aggregates have a size distribution
approximately between 500 nm and 1 upm. It is worth mentioning that the C-LiFePO4
exhibited small adherence to the surface, which appeared to be conductive carbon. It was
considered that the surface carbon adherence suppressed particle growth during calcination
preparation. Those particles are adequately stable; consequently, they cannot be disrupted
into fragments easily. In addition, average carbon content of particle aggregates is measured
around as 4.2% (mass fraction) from the quantitative energy-dispersive X-ray micro-analysis

(SEM/EDX).

Figure 5.2 (a, b). Two representative FE-SEM images of C-LiFePO4 nanocomposites.
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Figure 5.3 Typical BF-TEM images and HR-TEM images and SAED patterns of C-

LiFePO4 nanocomposites, carbon-coating layer are clearly observed.
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Figure 5.3(a) displays a typical bright-field TEM image (BF-TEM) of the C-LiFePO4
nanocomposites particles. It is apparent that the particles show a rough spherical shape with
the sizes of 50-100 nm, which is consistent with the XRD calculation. The appearance of
distinct and diffuse SAED rings at Figure 5.3(b) obtained from the particles shown in Figure
5.3(a) revealed the co-existence of an amorphous and the crystal phase in the C-LiFePO4
particles. The HR-TEM images of Figure 5.3(d) and Figure 5.3(e) give more insights into
the morphologies of C-LiFePOg particles. It is clearly visible that an amorphous carbon layer
covered the surface of LiFePOs4, which is in the interstitial particle/boundary region as
marked by red arrows. It has been found that formation of an amorphous carbon in the
surface of the particles is attributed to the nature of carbon sources during solid-reaction, and
was generated by carbonization of the conductive carbon precursors.9418:190.193 - Meanwhile,
it is observed that the coating seems to be continuous and uniform with a thickness of 3 nm,
suggesting that the carbon precursors also played an important role in reducing the LiFePO4
particle size during high-temperature calcinations. The similar results of the amorphous
carbon coating that inhibits grain growth were reported.®*18%1% The well-resolved lattice
fringes shown in Figure 5.3(d) and Figure 5.3(e) simultaneously demonstrate the highly
single-crystal crystalline of the LiFePOs structures. The typical d-spacing of 0.47 nm as
marked in Figure 5.3(e) is consistent with the (001) plane of the orthorhombic structure of
LiFePOas. The corresponding SEAD pattern in Fig. 5.3(f) taken from the individual particle
of HR-TEM image of Figure 5.3(e) also demonstrates the single-crystal nature of the
LiFePOs. The indexing of electron diffraction spots correspond to the (020) and (002) planes
of LiFePOs4 crystals, which further reveals the single-crystalline olivine-phase has been
formed. Similarly, average carbon mass content was measured as 4.15% by EDX chemical
probing analysis along with the HR-TEM images, which matched well with the above
SEM/EDX data.

Energy filtered TEM (EF-TEM) imaging was performed to further investigate carbon
coating framework and local surface state of the C-LiFePOs particles. The BF-TEM image

of representative particle is selected and shown in Figure 5.4(a). The elemental
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compositional imaging analysis was carried out throughout the particle; the resulting
elemental distribution mapping was shown in Figure 5.4(b). Apparently, this is a typical
core-shell particle structure, demonstrating the well-defined evidence of a thinner carbon
coating layer completely covering the exposed LiFePO4 nanocomposites particle surfaces as
observed from the unique carbon (C) and ion (Fe) elemental mappings distributed with
different colors in the Figure 5.4(b), which is in well accordance with the above HR-TEM

images observations and SAED analysis.

@ AL

Carbon shows red and Fe shows blue

Figure 5.4 (a) Typical BF-TEM image of individual C-LiFePO4 nanocomposites particle. (b)
The energy-filtered TEM (EF-TEM) image and elemental map.
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It can be concluded that, structural analyses of HR-TEM imaging and EF-TEM
imaging convincingly reveal that the formation of a stable olivine C-LiFePOs nano-
composites particle, each particle has a single-crystal LiFePO4 core and a thinner carbon

coating layer. 94193-196

5.3.2 STEM-HAADF Imaging and EELS Analysis

Scanning transmission electron microscopy high-angle annular dark field (STEM-
HAADF) imaging and EELS spectra was employed to further visualize the C-LiFePO4
nanocomposites particles, since the combinational technique is able to probe the chemical
and valence states along the particles at the nano-scale.?*”% It is well known that elemental
valence band excitations and phase compositions of the transition-metal can be feasibly
detected and determined at nanometer resolution from the analysis of energy loss near edge
structures (ELNES) in a typical EELS spectra.’®”"1*° Particularly, the EELS edge spectra is
proven to be a very powerful tool for studying nano-structured LiFePO4 because the valence
state of the transition Fe metal can be analyzed by measuring the relative intensity of the Fe
L3 and Fe Lz lines.197-2%0

A typical STEM-HAADF image of individual C-LiFePOs nanocomposites particle
was shown in Figure 5.5(a), and the corresponding EELS spectra was recorded and shown in
Figure 5.5(b) and Figure 5.5(c), respectively. First of all, the characteristics of the coating
framework layer of C-LiFePQOg4 particle surface were clearly identified in the EELS spectrum
shown in Figure 5.5(b). Obviously, the coating layer was sp2-bonded amorphous carbon by
a C—K edge with maximum peak at 285.0 eV due to the C 1s— = transition for disordered
carbon-carbon sp2-hybridized bonds. Meanwhile, Figure 5.5(b) shows Fe L,z white lines
recorded at high-loss energy range. The ELNES spectrum of the Fe-L»3 edge analyses in
Figure 5.5(b) was ascribed to the characteristics of Fe2* in olivine LiFePOy4 structure. On the
other hand, the Fe?* valence state appeared in the hybridization of P 3p states with the Fe 3d

states due to the FeOs octahedral site in olivine-LiFePOs structure, which is demonstrated by
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an Lz edge peak maximum at 710 eV. It is also evident in Figure 5.5(b) that O is determined
by a O-K edge with a maximum peak at 532 eV, and that P is present in Figure 5.5(c) by a
P—L2 3 edge with a double peak and a first maximum at 140 eV. Consequently, the O-K edge
and P-L.3 edge is inferred from the oxo-anions (PO4)% unit, which is ascribed from the
phospho-olivine structure of lithium transition-metal phosphates in the orthorhombic Pnma
space group system.821971% The Li-K near edge structure is also clearly visible and
identified in Figure 5.5(c). Indeed, the ELNES of Li with a K-edge at a maximum peak of
58 eV in the low energy core loss spectrum can be used as a fingerprint for phase

identification of LiOg octahedral sites located in olivine-structure LiFePQ,. 170172
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Figure 5.5 Typical STEM-HAADF image (a) and the EELS Spectra (b,c).
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5.3.3 XPS Analysis

As a powerful surface analysis technique, XPS technique is well-suited for the
evaluation of valence and electronic states of metal/non-metal ions, and extensively used in
the characterizations of the olivine LiFePO. cathode materials.?1-2%

The XPS spectrum survey profile and core-scan XPS spectra of Li 1s, Fe 2p, P 2p, O
1s, and C 1s profiles are shown in Figure 5.6 (a) and Figure 5.6 (b, c, d, e, f), respectively. It
is clear that the survey profile in Figure 5.6(a) shows that the main binding energy (BEs) of
Li1s, Fe 2p, P 2p and O 1s, C 1s peaks are 55eV, 710 eV, 133 eV, 531 eV, and 285 eV,
respectively. Here the Ti and N peaks were from the sample holder.

It is seen from Figure 5.6 (b) that the Fe 2p spectrum split into 2p1» and 2pz, due to
the spin-orbit coupling. Each part consists of a main peak and a corresponding satellite peak
at BEs of 710.9 and 724.4 eV for Fe 2p32 and Fe 2p1p, respectively. In fact, the appearance
of satellite peaks or shoulder peaks is a typical characteristic feature of transition metal ions
with partially filled d-orbits.2%22%3 Herein, the two distinct BEs peaks are attributed to the
characteristic of the valence of the Fe?* state in the LiFePO4 olivine-structure as reported
previously. 201-207

Meanwhile, the P 2p spectrum in Figure 5.6 (c) can be de-convoluted into two
components of 2ps2 and 2p12 at BEs of 134.1 eV and 133.6 eV due to spin—orbit coupling.
The presence of only one doublet reveals the P chemical state should be the POs*
tetrahedral group characteristic in the lithium transition-metal phosphates, which indicates
the absence of iron phosphides, thereby excluding the formation of impurity phases such as
FeoP or Fe2O3 that would appear at a BE value of 129.5 eV. The O 1s spectrum in Figure 5.6
(d) has the main binding energy of 530 eV, which represents the oxide ions of PO4*" group
existed in LiFePO4. The O 1s spectrum and P 2p spectrum exhibited the BE peaks at 530 eV

and 133.6 eV are eventually originated from the phosphate units structure.?%%-207
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Figure 5.6 (a) is XPS spectrum survey profile of the C-LiFePO4 nanocomposites. (b-f) is the
core-scan XPS spectra of Fe2p, P2p, O1s, C1s, and Lils profiles, respectively.

The main BE peak of 285 eV of C1s spectrum in Fig. 5.6(e) is assigned to amorphous
(284.7 eV) carbon with sp?> C—C bonds, and such a BE value of C1s is consistent with the
one reported from the literature.2%-2%7 The smaller difference for the reported binding energy
(284.7 eV) is probably due to oxygen-containing surface functional groups formed at the
surface because of air exposure. Thus, the presence of an amorphous sp2-bonded carbon
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coating on the sample surface was revealed. Furthermore, it was shown that the centered BE
peak of 55 eV in the Li 1s spectrum of Figure 5.6 (f) is consistent with the BE value of Li*
ions in the reported LiFePO4-Olivine cathode.?%1-2%

Therefore, XPS analysis convincingly confirms the existence of olivine phase purity
and amorphous carbon phase in the C-LiFePOs, which is in well agreement with the above
XRD data, HR-TEM images, EF-TEM images, and EELS analysis. In a word, the synthesis
of stable amorphous carbon coated LiFePOs nanocomposite particles is clearly

demonstrated.

5.3.4 Electrochemical Performance

The cyclic voltammogram (CV) at 0.1 mV/s using a charged coin cell within a
potential window of 2.0-4.5 V (vs. Li/Li*) is shown in Figure 5.7 (a). It is clear that C-
LiFePOs nanocomposites showed one distinct anodic peak (charge) and cathodic peak
(discharge). The well-defined sharp redox peaks in the range of 3.3-3.6 V is attributed to the
Fe?*/Fe®" redox couple reaction. The anodic peak at 3.52 V corresponded to the oxidation of
Fe?* to Fe*, and the reduction of Fe®* to Fe?* appeared at 3.3 V, which also corresponds to
Li ions extraction and insertion in LiFePO4 crystal structure. These are consistent with a
two-phase redox reaction at about 3.5 V vs. Li/Li*. 6™ This also implies that a two-phase
Fe3*/Fe?* redox reaction proceeds via a first-order transition between FePOs and
LiFeP04.52™ The CV profiles almost overlap after three cycles, revealing very good
reversible kinetic reaction. In addition, sharp redox peaks and smaller potential interval
peaks shown in the Figure 5.7(a) demonstrated that lithium ions and electrons were quite
active during kinetic redox reactions, which could be attributed to the smaller particles that
reduced the diffusion length of the Li* ions, and the amorphous carbon-coating layer that
facilitated the electrons transfer in C-LiFePOa. It is also worth mentioning that the intensity
and shape of the peak current in the CV profiles can be affected by carbon coating.'>"1%° The

C-LiFePO4 electrode showed a higher peak current than the no-coated LiFePOa,
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demonstrating that both Li* ions and electrons considerably contributed to kinetic redox

reactions as a result of the carbon coating on LiFePOa.
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Figure 5.7 (a). The cyclic voltammetry (CV) profile of C-LiFePO4 nanocomposites at the
scan rate of 0.1 mV/s. (b). Schematic diagram of Li ion intercalation/de-intercalation during

charge-discharge.

64



Figure 5.7 (b) shows the brief schematic diagram of Li* ions intercalation/de-
intercalation processing during charge-discharge of the LiFePOs. One of the fascinating
characteristics of LiFePOs is its ability to be used at very high cycling rates, although it does
exhibit lower electronic conductivities. So far, based on many research efforts focused on
neutron diffraction data, electron microscopy/electron energy loss spectroscopy
observations, and theoretical simulations, several reasonable models have been proposed to
establish the relation between the structure and both ionic and electronic transport properties
of LiFePO. cathode materials.”’:8:208-210

An mentioned in Chapter 3, the model proposed the reversible charge/discharge (de-
lithiation/lithiation) of olivine LiFePOs is a two-phase reaction mechanism of shrinking
core-shell model by FePOs + XLi* + xe” = xLiFePO4 + (1-x)FePO4.”® Such a two-phase
model was proposed to explain the behavior of LiFePO4 electrodes with an isotropic core-
shell mechanism.”®2% However this model didn’t consider the microscopic process involved
during the reaction.

As stated previously at Chapter 3, the proposed domino-cascade model at the scale of
a particle’” 2% well explained how Li*ions and electrons can move as solid-solution
reactions inside the olivine LiFePOg particles.

To understand the whole lithium de-intercalation /intercalation mechanism, the ionic
and the electronic conductivities need to be considered simultaneously, as both processes are
coupled at the microscopic scale; the effect of strong local distortions must also be account
for. As reported,?® the major drawback of the shrinking core-shell models to describe the
evolution of the reaction mechanisms observed experimentally is the necessity for the
majority of particles to be at similar degrees of lithiation. However most LiFePO4 particles
have a distribution of sizes, so it is unlikely that the majority of particles meet this
requirement.

In fact, LiFePO4 functions as a cathode where de-lithiation (charge) occurs via either a
solid-solution or a two-phase mechanism, which is influenced by sample preparation and

electrochemical conditions. The reaction mechanism is found to be also affected by particle
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size, which determines whether two-phase reactions can be stabilized within a particle. It is
interesting to note that the core-shell models and domino-cascade models have been verified
to describe different experimental observations, which indicated the domino-cascade model
explains the mechanism at the particle scale, but the core-shell models are valid at an
agglomerate (meso) scale.?®

The direct experimental evidence for competitive solid-solution (domino-cascade) and
two-phase reactions occurring within a LiFePO4 cathode under non-equilibrium conditions
was also revealed,?!® as theoretically predicted.?!* The simultaneous occurrence of solid-
solution and two-phase reactions can be confirmed by in situ neutron powder diffraction
after deep discharge at non-equilibrium conditions. As mentioned earlier,62%7* the LiFePO4
lattice is an assembly of FeOg octahedra sharing corners and forming Fe-O atomic ac planes.
The tetrahedral PO4 units link these planes together, which forms the skeleton of the lattice.
The presence of one common edge between each PO, tetrahedron and each FeOg octahedron
in the LiFePOy lattice is very particular. The mobile Li* form one dimensional chains in the
structure that run parallel to planes of corner-shared FeOe octahedra, and along the [010]
direction in the orthorhombic Pnma lattice. This generates preferential rapid one-dimensional
Li* ion conductivity along that direction. But the strong covalency of the P-O bond is found
in phosphates. Therefore, in the olivine structure, this edge-sharing induces strong
distortions at the local scale that spread in a cooperative way through all of the crystallite.

In particular, during lithium de-intercalation, Fe?* ions are oxidized to Fe3* with strong
changes in the Fe-O bond lengths and O-O distances in FeOe octahedra, leading to a
cooperative structure distortion. Overall, these structural distortions have a significant
impact on the electronic conductivity. The very high concentration of Li* vacancies and
Fe2*/Fe** polarons localized in this interfacial zone enables a very fast reaction. This
interfacial zone is unstable and can move very rapidly inside the crystallite, like a wave
going through the particle in the a direction on de-intercalation /intercalation processing.”’
Recently, the first-principle calculation result demonstrated the critical effects of the local

crystal structure changes on the electronic structure and the kinetic properties of olivine
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cathodes since both Li* ion mobility and electron conductivity are significantly enhanced by
the local structure change.?*

In order to evaluate the electrochemical cycle capability performance for the C-
LiFePO4 nanocomposite, galvanostatic discharge-charge cycling testing, at various current
densities of C/10, C/5, C/2, 1C, was performed at different cycles and shown in Figure 5.8.
The cell exhibited a typical plateau at 3.42 V (versus Li*/Li) associated with the Fe3* to Fe?*
redox process for the LiFePOs electrodes. It is clear from Figure 5.8 that the C-LiFePO4
particles delivered almost 99% of their theoretical discharge capacity of 168 mAh/g at 0.1 C

rates. The exceptionally high capacity is due to full usage of the active material at 0.1 C rate.
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Figure 5.9 The rate capabilities for C-LiFePO4 nanocomposites at different C-rates (from

0.1C to 20C)

Also the good discharge capacity retention of approximately 165 mAh/g at 0.2C, 140
mAh/g at 0.5C and 115 mAh/g at 1C were achieved after charging/discharging cycle,
respectively. Very good reversible charge—discharge symmetry from 0.1C to 2C was
observed, which also demonstrates less polarization during the galvanostatic discharge-
charge cycling. That is attributed to the nanometer particles and carbon-coating network that
enables both Li* ions and electrons to migrate and reach each of the nanocomposite
particles, hence facilitating the more potential usage of the active materials. This is in good
agreement with the results in Figure 5.7 (a).

Figure 5.9 is the rate capabilities performance for C-LiFePO4 nanocomposite electrode
cycled at different current rates from 0.1C to 20C. No obvious decline was observed in the
discharge capacity that remained stable during every cycling, and the good rate performance

is revealed, and a better lithium intercalation/de-intercalation property is demonstrated.
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However, it should be noted that the discharge capacity becomes low at a high current
density (e.g., 5C, 10C, 20C), which can be ascribed to the slowing diffusion of Li* ions
inside particles at high current rates.

This indicated that the C-LiFePO4 nanocomposites sample demonstrated the superior
discharge capacity and good rate capability, and cycling performance with initial discharge
capacities 168 mAh/g at C/10. As we already discussed, these improved properties were
strongly correlated to the improved electronic conductivity of the LiFePO4 coated with
amorphous carbon and smaller charge transfer resistance as shown in the following
electrochemical impedance spectroscopy data. As mentioned earlier, the active materials
with better electronic conductivity should have better discharge capacity and cycling
capabilities. It is believed that the crucial role played by the surface carbon-coating on the C-
LiFePOs4 nanocomposites is responsible for the better electrochemical high power
performance due to the effective increase of both electronic and ionic transport.

Much effort has been made to improve the power performance of LiFePO4 by carbon
coating to increase the conductivity of LiFePO, cathode.!*44213-218 gyrface carbon coating
has been well recognized as an alternative to enhance electronic conductivity in the design
of a cell battery electrode. The significant role of the carbon layer is believed to be creating a
better electric contact between the intra-particles inside the Li-ion cell. Once an electron has
arrived at the surface of the particle it can migrate to the collector of the electrode rapidly
through the connected network of conductive carbon. Moreover, the non-coated LiFePO4
cathode particles have a disordered surface layer,?® which results in an increased electric
resistance of battery cells. The full carbon coating is also expected to cure the structural
disorder on each particle surface, thus reducing the electric resistance in the surface of
particles. Another significant influence, reported from several research groups 1344215217 jg
that the carbon layer permits the pass of Li* while preventing the pass of solvent molecules
of the electrolyte during the Li-intercalation process; the carbon layer plays the role of a
buffer layer on Li-intercalation, which may improve the adsorption of Li* and mobility of

Li* on the outer surface of LiFePO4 used in the battery cell.%621
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It is still unclear whether the carbon coating improves interfacial charge transfer in the
LiFePO4 cathode, which may be another specific reason for the high power performance. It
should be further investigated with more advanced surface analysis technology.®®2t
Meanwhile, the synergetic effects of carbon coating of the creation of the Fe?*/Fe* polarons
and improved interfacial charge transfer also need to be further confirmed.

Electrochemical impedance spectroscopy (EIS) was measured on the CR-2032 coin
cells in the fully charge state. Figure.5.10 shows the typical Nyquist plots for the charged
cell measured at 1C rate. The plot has an intercept at high frequency, followed by a
semicircular plot in the medium-to-high frequency region and a sloping line in the low

frequency region.
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Figure 5.10 Electrochemical impedance spectroscopy (EIS) on the LiFePO4 coin cells in
the fully charge state in the frequency range between 100 kHz and 10 mHz. The equivalent

circuit is shown in the inset

As known, the intercept at the Im (Z) axis in the high frequency region was attributed
to the ohmic resistance (Ro), representing the resistance of the electrolyte. The semicircular
plot in the medium frequency range is associated with the charge transfer resistance (Rct) of

the electrochemical reaction, and the sloping line in the low frequency region represents the
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diffusion of lithium ions into the bulk of the cathode material, namely the Warburg
impedance.?'*?2 This is because the Warburg impedance at low frequency is directly related
to the lithium-ion diffusion process in an electrode material.

The Rt value for the C-LiFePO4 samples is calculated to be around 110 Q. It is clear
that the Ret values are lower than several literature values.??%* Generally, the value of R is
small enough to force Li* ions and electrons react immediately, accelerating the transport of
the polarons of Li* ions and electrons at the electrode, which is beneficial to the kinetic
reactions during charge-discharge process. As a result, the electrochemical performance is
improved. This also demonstrates that the EIS is completely consistent with the results from
the CV and the cycling testing.

5.4 Fabrication and Evaluation of the LiFePO4 Battery Cell
5.4.1 Fabrication of the 18650-LiFePOs Prototype Battery Cell

The present synthetic technique is promising for mass production of the C-LiFePO4
materials, since it is able to scale up. The 18650 LiFePO4 prototype battery cells (i.e., 18
mm width x 65 mm length) have been manufactured by an industrial partner using those C-
LiFePO4 cathode materials, as shown in Figure 5.11.

Basic electrochemical characteristics of such an 18650 LiFePO4 prototype battery is

summarized in Table 5.3. Electrolyte was used with organic electrolyte of 1M LiPFs in EC

and DMC (1:1), and commercial graphite was used as anode in this prototype battery.

18650 cells

LiFePO4 -cathode
Graphite- anode

Figure 5.11 The 18650-LiFePO4 prototype battery cells
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Table 5.3 The electrochemical characteristics of 18650-LiFePO4 prototype battery cell

LiFePOs < FePOs+Li™ + ¢ Li"+e + C < LiCs
Positive Electrode: Electrolyte: Negative Electrode:
(Cathode) 1 M LiPFs in (Anode)
LiFePO4 on Al terminal ethylene carbonate Graphite on Cu terminal
. : 3 (EC)/dimethyl - : 3
Loading as: 28.5 mg/cm carbonate (DMC) Loading as: 11.5 mg/cm
Left to Right = Charging Right to left = Discharging

5.4.2 Industrial Evaluation of the 18650-LiFePO4 Prototype Battery Cell

The rate capability of the LiFePO4 prototype battery cell is demonstrated in Figure
5.12. It is very clear that the discharge capacity slowly decays along with the increase of the
current rate. When the discharge current is as high as 3C, this prototype battery cell still
reaches a discharge capacity of ~3300 mAh, approximately 80% of its capacity at 0.2C,

which indicated such a LiFePO4 battery offers very high-rate performance.
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Figure 5.12 The rate capability curve of the 18650-LiFePO4 prototype battery cell at

different rates
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Figure 5.13 Cycle life performance of the 18650-LiFePQO4 prototype battery cell

The electrochemical investigation was carried out using an 18650 cell with the
standard organic electrolyte of 1M LiPFs in EC and DMC (1:1). The battery cell
demonstrated a remarkable cycle life performance as shown in Figure 5.13. An extremely
stable discharge capacity was obtained at a 1C discharge rate. The discharge capacity
remained almost constant at 520 mAh for approximately 1100 cycles at 100% deep of
discharge (DOD).

Both cycling lifetime and remaining discharge capacity is increased by 15-20% as
compared with commercial LiFePO4 batteries using graphite anode. In brief, our C-LiFePO4
cathode powder samples have of the potential for long-life lithium-ion batteries with
improved cycling performance and high discharge capacity.

On the other hand, it has demonstrated that uniform carbon coating on the surface of
LiFePOs cathode enhanced the efficiency of the battery charge and discharge with

increasing electronic conductivity and Li-ion diffusion.

5.5 Chapter Conclusions

Amorphous carbon-coated C-LiFePOs nanocomposite have been synthesized by an
economic solid-state reaction process. All the structural analyses of the C-LiFePO4
nanocomposites at nanoscale such as TEM, HR-TEM, EF-TEM and STEM-HAADF

imaging as well as both EELS and XPS spectra provide a comprehensive view of the
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correlation of structure-performance of, and also clearly reveal the well-ordered olivine
LiFePOg crystal covered with uniform and thin carbon layers (~3 nm). Both XPS and EELS
spectra analysis clearly confirmed the amorphous sp2 carbon-coating. It is evident that the
uniform carbon coating on the surface of each LiFePO4 particle creates effective pathway
networks for both electronic transport and ionic diffusion during the electrochemical testing,
and thereby enhances the electronic conductivity and its electrochemical performance. The
good rate capability, cycling performance, and high discharge capacity for these C-LiFePO4
nanocomposites would enable the development of long-life lithium-ion batteries with both
high energy and high power density. The remarkable rate capability and cycling
performance are clearly demonstrated in the LiFePO4 prototype battery cell that designed
using the commercial graphite as the anode. The full structural observations and
performance evaluations are also helpful to the general understanding of how to produce

high-quality C-LiFePO4 cathode in relevance to low-cost appropriate precursors.
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Chapter 6
Synthesis and Characterizations of Nano-sized Carbon-Coated

LisTisO12 Nanomaterials

6.1 Introduction

High-rate LIBs with high safety and long cycle lifetime have become very important
as one of the promising power sources for a larger scale demanding applications such as
EVs and HEVs; and fast charging electric devices.'*® When the advanced LIBs are used in
the current EVs and HEVs as power sources, they delivers less power than an internal
combustion engine. One of the effective approaches to solve such a challenge is to improve
the rate and cycle performance of anode electrode applied in the current LIBs.>?% So far,
spinel lithium titanium oxide LisTisO12 (LTO) has attracted great interest as a novel anode
material for high-rate LIBs instead of the commercial graphite,137:138143.226

As discussed in the previous Chapter 4, pure LTO has a spinel crystal structure with
Fd3m space group. Lithium ions occupy tetrahedral 8a sites and 1/6 of octahedral 16d sites,
while the rest of octahedral 16d sites are occupied by tetra valence Ti ions. The ratio of
lithium ions and titanium ions is 1:5. Oxygen ions are located at 32e sites. Thus, the LTO
could be expressed as Liga)[LivsTiss]aea)Oae2e). 22?2 Interestingly, at the initial stage of
discharge, Li* ions occupy 8a sites in a spinel structure. As new Li* ions insertion takes
place during charging process, the inserted Li* ions are located at 16¢ sites. Simultaneously,
the Li* ions initially located at 8a sites are transported to 16c¢ sites. Such an insertion leads to
the electrochemical two-phase transition from spinel-LTO (LisTisO12) phase to rock-salt
LTO phase (Li7TisO12), which is topotactic two-structure transition from
Li(say[LizaTisis](160)Oa2e) 10 Linase)[LivaTissa] asa)Oacaze). 222 These two distinct LTO crystal
unit cells are shown in Figure 6.1 (a, b), respectively.

There is an extremely flat discharge-charge plateau between the spinel-LTO and the
rock-salt LTO crystal during the electrochemical two-phase reaction (Ti**/Ti%* redox couple)

at 1.55 V vs. Li/Li* ,B7"143226 |t js also effective in avoiding the formation of the solid
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electrolyte interface (SEI) passive layer on the surface of LTO materials within the operating
voltage range. Hence all of these unique merits make the LTO materials competitive as a

safe anode material in terms of long cycle life and high cycling safety. 145:227:229-231

(b)

Figure 6.1 Schematic unit cell of (a) spinel LisTisO12 [Liga[LivaTiss]ed)Oaa2e)] and (b)
rock-salt-LizTisO12 [Liz@ec)[LizaTisz](16d)O432e)]. White spheres denote lithium ions, blue
spheres denote disordered titanium ions and lithium ions (Ti: Li = 5:1), red spheres denote

oxygen ions

As discussed in the previous Chapter 4, the high-rate performance of pure LTO anode
is seriously hindered by its low Li* diffusion coefficient (10°-10"1 cm?/s)!43232 and inherent
low electrical conductivity (<10 S/cm). A great deal of efforts have been devoted to solve
this problem and improve the rate performance of LTO. The popular way is the doping with
metal or non-metal ions on Li, Ti or O sites'™®?%-24 or surface modification via surface
coating with conductive species to enhance surface electrical conductivity.*6224224 There is
a strategy of the effective combination of “conductive surface modification” and “nano-
size”, 160247254 \which simultaneously attains high electronic conductivity and a short lithium

ion diffusion path to significantly enhance the general electrochemical performance. In
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particular, carbon-coated LTO nanostructures have been investigated using various synthetic
methods including ex-situ and in-situ coating methods,62-164:244.245255-260 \\jhen the source of
appropriate carbons is optimized, carbon-coated LTO (C-LTO) nanostructures with uniform
coating thickness can be produced effectively.?48257:261-263 |n general, the optimum carbon
coating can lead to a reduction of the cell impedance and decrease of the charge transfer
resistance. Therefore, it is essential to optimize the coating thickness for carbon-coated
anode materials. As a result, the rate capacity can be greatly enhanced. It has been proposed
that an ideal structure for high-performance LTO should contain nano-sized particles
completely coated with conductive carbon.62248:255257 |n addition, high carbon content can
contribute to high surface conductivity but thick carbon-coating might restrict transport of
lithium ions, and thus is unfavorable for attaining high rate capacities.?”2642 | ess carbon
means thin carbon coating, which is normally linked to non-uniform coatings, which usually
leads to poor surface conductivity. Only optimized and uniform carbon-coating can provide
good conductivity and fast Li-ion transport in the C-LTO materials. 452 80.64 |t s critically
important to understand in depth the influence of the carbon-coating effects on the
electrochemical performance of the LTO anode materials.

In this Chapter, the C-LTO nanoparticles with optimized thin coating layers were
successfully synthesized using the combination of solvothermal method and in-situ
calcination method. Structural characterizations and electrochemical tests of these C-LTO
nanoparticles reveal that the synergistic role of optimal amorphous carbon-coating and nano-
size particle gives rise to high electrical and ionic conductivity, resulting in enhanced

electrochemical performance as applied in LIBs.

6.2 Experimental Details
6.2.1 Solvothermal Synthesis and Solid-State In-situ Reaction
Solid-state in-situ/ex-situ synthesis, which includes several successive steps of pre-

treatment and calcination of the stoichiometric mixture of starting materials, is a
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conventional and cost-effective method for preparing the C-LTO anode
materials.163'164*245'255'258

Firstly, the Lix(TiO2)1x@C powders with different carbon contents were
solvothermally synthesized using commercial anatase TiO, powder as raw material and the
different stoichiometric amounts of glucose (0.5 g-1.0 g, Fisher, Canada) as carbon source.
Typically, a stoichiometric amount (Ti:Li=5:4) of anatase TiO2 powder (2.75 g, Sigma-—
Aldrich, USA) was dispersed in ethanol (50 ml) solution of dissolved lithium hydroxide
(LiOH, 2.48 g, Fisher, Canada). After stirring the mixture for 30 min at ambient
temperature, the suspension was transferred into a 50 mL Teflon-lined autoclave and heated
up to 180°C for 10-24 hrs. Subsequently, the solvothermal precursor (e.g., white solid-
solution precipitate) was filtered from the solution, and washed several times with deionized
water to remove the excess hydroxide before drying at 80°C for 5-10 hrs. The solvothermal
Lix(TiO2)1.x@C precursor was then heated to achieve in-situ calcination and carbonization
reaction to prepare the carbon-coated C-LTO nanoparticles. Usually, the white solid-solution
Lix(TiO2)1.x@C precursor was calcinated at 850°C for 5 hr in argon atmosphere, followed by
natural cooling in the furnace. Finally the grey-black C-LTO nanoparticles were obtained
and collected under ambient conditions. Two schematic illustrations of solvothermal
reaction and in-situ calcination process for the C-LTO particles is shown in Figure 6.2 (a, b).
The distinguished color difference between solvothermal Lix(TiO2)1x@C precursor and
black C-LTO nanoparticles is clearly observed.

Herein, the optimized coating thickness in the C-LTO nanoparticles can be controlled
using different stoichiometric amounts of glucose (e.g., 0.5g - 1.0g) during the initial
solvothermal synthesis, which is compared with the ex-situ calcination process using the

stoichiometric amounts of glucose as the mixed carbon source.?6®

78



(a)

In-situ Calcination

TiO Solvothermal - a
T 2 reaction ‘ ~ (] @Ar gas
@&
Lon | o ™€ -
& @850°C/Shr
al + @180°C/24h Carbonization
ucose
+
Ethanol
Li (TiO,), ,@C precursor C-Li,Tis0;, particles
(b)
Tube Furnace
D ¢
Gas Liy(TiO,), ,@C
Ar@850°C

.~

Figure 6.2 (a) Schematic illustration of in-situ synthesis of C-LTO particles by solvothermal
reaction and calcination process. (b) Schematic illustration of in-situ calcination process

from solvothermal Lix(TiO2)1x@C precursors.

6.2.2 Structure and Carbon-Coating Characterizations

Crystal structures of these C-LTO nanoparticles were examined by powder X-ray
diffraction (XRD). Crystalline phases and carbon-coating structure were characterized by
TEM imaging, HR-TEM imaging and selected area electron diffraction (SAED) using a
JEOL 2010F FEG transmission electron microscope. Atomic resolution structure of STEM-
HAADF images were obtained with collection semi-angles from 50 to 180 mrad in spherical
aberration-corrected scanning transmission electron microscopy of JEOL 2100F
STEM/TEM operated at 200 kV.

For STXM measurements, C-LTO powders were dispersed in methanol by brief
sonication, and then deposited on SisNs windows for measurement. In STXM, the
monochromatic X-ray beam is focused by a Fresnel zone plate to a ~30 nm spot on the

sample, and the sample is raster-scanned with synchronized detection of transmitted X-rays
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to form images. Chemical/elemental mapping for a selected sample region of isolated
particles was performed at the C, O K-edges, and Ti L-edge via two-energy image
subtraction to generate optical density (OD) image of each element distribution, e.g.,
280/292 eV at C 1s, 454/458.5 eV at Ti 2p, and 525/540 eV at O 1s. Image sequences
(stacks) over a range of photon energies at these elemental edges were also acquired. The X-
ray-Absorption-Near-Edge-Structure spectra (XANES) were extracted from the combined
image stack at the regions of submicron sized nanoparticles. STXM data were analyzed by

aXis2000 database.?%”

6.2.3 Battery Cell Fabrication and Electrochemical Testing

The coin-type cell was based on the configuration of Li metal (—) |electrolyte]
LTO (+). Pure lithium foil was used as the counter electrode. The synthesized C-LTO
powders, carbon black and polyvinylidene fluoride (PVDF) binder were mixed in a weight
ratio of 80:10:10, respectively, and then were mixed in N-Methyl pyrrolidone (NMP) solvent
to form homogeneous slurry. The slurry was coated on an Al foil current collector, and dried
at 90 °C for 12 h to remove the solvent. The electrodes were punched to form a disk for the
half-cell test. The electrolyte solution was 1 M LiPFs dissolved in a mixture of EC, DMC
and EMC (volume ratio is 1:1:1). The cell assembly was carried out in a pure argon-filled
glove box (M. Braun Co, Germany).

Galvanostatic charge-discharge cycling tests for the assembled coin cells were
performed within a range of 1.0-3.0 V vs the lithium counter electrode using a LAND-
CT2001A battery-testing system instrument. The cyclic voltammetry (CV) and rate cycle
measurements for the assembled coin cells were performed using the Arbin 2000 testing
system at the scan rate of 0.1 mV/s between 1.0-3.0V vs Li*/Li. Electrochemical impedance
spectroscopy (EIS) measurements were carried out over a frequency range of 102 —10° Hz at

5 mV as the applied sinusoidal perturbation.

80



6.3 Results and Discussions

6.3.1 Structures and Phase Identifications

Five different C-LTO samples were synthesized under different stoichiometric
amounts of glucose (e.g., 0.5g - 1.0g). The comparison of crystal phase, carbon-coating
thickness and average size is summarized with details in Table 6.1.

It is very clear that the LTO particles sample with carbon-coating thickness of ~ 4.5
nm was eventually achieved by the initial stoichiometric amount of glucose (0.7g, 18.9 wt%)

during the in-situ calcination process.

Table 6.1 The comparison of initial carbon contents, carbon-coating thickness,

average size, and crystal phase of five different C-LTO samples

Initial After After After After After
carbon calcination | calcination | calcination | calcination | calcination

Carbon Carbon Carbon Lattice Average Cubic
content content thickness parameters  size (nm) Spinel
(wWt%) (Wt%) (nm) (nm) (XRD, (XRD,
(EDX) (EDX) (HRTEM) (XRD) TEM) SAED)
14% (0.5 g) 2.1 <1 0.8360 25.2 yes
17% (0.6 g) 34 <1 0.8364 254 yes
18.9%(0.79) 8.6 ~4.5 0.8363 26.5 yes
21 % (0.8 g) 115 ~8 0.8365 26.2 yes
25% (1.0 g) 14.8 >10 0.8362 25.8 yes

Figure 6.3 showed the three HR-TEM images of different carbon-coating thicknesses

for three C-LTO samples with different initial stoichiometric amounts of glucose.
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Figure 6.3 HR-TEM images comparing carbon-coating thickness for three different C-LTO

samples with different carbon contents.

It is apparent from Figure 6.3 that there is distinct difference of coating-thickness for
three C-LTO samples with different initial stoichiometric amounts of glucose. In brief, the
carbon-coating is almost negligible when the initial amounts of glucose is 2.1wt%, and the
carbon-coating thickness is more than 8 nm when the initial amounts of glucose are
11.5wt% and 14.8wt%.

It concluded that the C-LTO sample with initial stoichiometric amounts of glucose
(0.7g, 18.9wt%) gave rise to the optimized carbon-coating of ~ 4.5 nm and the optimized

carbon content of 8.6 wt% during the in-situ calcination process.
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Detailed structure analysis of XRD patterns of the solvothermal Lix(TiO2)1x@C
precursor (glucose, 0.7g, 18.9 wt%) and the C-LTO nanoparticles (carbon, 8.6 wt%) are
shown in Figure 6.4. All the XRD diffraction peaks of C-LTO particles (carbon, 8.6 wt%)
exhibit the characteristic diffraction lines of well-crystallized phase without presence of any
crystalline carbon. It is in good agreement with JCPDS file (card No. 49-0207),*° which can
be identified as Liga)[Li13Tisa]ed)Oa(2e) and indexed to the cubic system with Fd3m space
group, demonstrating a spinel-LTO structure was successfully obtained. However, XRD
pattern of the solvothermal Lix(TiO2)1x@C precursor was found to be the mixed solid-
solution. The average crystallite size of C-LTO particles is calculated to be around 32 nm
from the (111), (311), and (400) diffraction peaks using the Scherrer equation (D
=0.90/BcosO, where L = 0.154 nm (Cu Ko) and B = full width half maximum at the
diffraction angle of 6). Because spinel LTO is face-centered cubic, Bragg equation was used
to determine the lattice parameter, a, by A= 2dnkixsin®, where (h k 1) are the Miller indices, 4
is the wavelength of the incident X-ray beam (0.154 nm), @is the incident angle, and d is the
distance between the atomic layers of the cubic structure. The lattice parameter was
calculated to be a~0.8363 nm, which is in good agreement with the lattice constant
reported for pure spinel LTO,! and reveals that carbon is not incorporated in the spinel
LTO lattice structure, instead, it is on the surface of each C-LTO nanoparticle. Therefore it
can be inferred that the existed carbon content (glucose, 0.7g, 18.9 wt%) inside the solid-
solution phase in the solvothermal Lix(TiO2)1x@C precursor has contributed to the carbon-
coating on surface of the C-LTO particles during the in-situ calcination process, and did not

influence the formation of cubic-LTO crystal with high spinel purity.
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Figure 6.4 X-ray diffraction patterns of (a) the solvothermal solid-solution Lix(TiO2)1x@C
precursor (glucose, 0.7g, 18.9 wt%) and (b) C-LTO nanoparticles (carbon, 8.6 wt%).
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Figure 6.5 Representative SEM images (a, b), low-magnification bright-field TEM image (c)

and corresponding SAED pattern (d) for the C-LTO nanoparticles (carbon, 8.6 wt%)

Figure 6.5 shows the representative SEM images, bright-field TEM image and SAED
pattern of as-prepared C-LTO nanoparticles using initial stoichiometric amounts of glucose
(0.7g, 18.9 wt%). SEM images showed that the C-LTO nanoparticles form relatively few
agglomerates and have the diameter of 500 nm - 1 pm. They have smooth surface, which is
associated with the good conductivity resulting from conductive surface-coating. TEM
image indicates that the as-grown LTO particles have quasi-spherical shape and the
estimated diameters are about 20 nm-50 nm, which is in good agreement with the crystallite
sizes calculated using XRD pattern. The SAED pattern also confirms the formation of cubic

spinel LTO crystal phase with no evidence of crystalline carbon.
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Figure 6.6 HR-TEM images (a-d) and SAED pattern (inset) of C-LTO nanoparticles. The
well-crystallized structure and an amorphous carbon layer covering (~4.5 nm) of the surface

of LTO particle is clearly observed (a-c)

A series of HR-TEM images of individual C-LTO particle (stoichiometric amounts of
glucose, 0.7g, 18.9 wt%) were shown and analyzed in Figure 6.6. The particle has well-
crystallized structure with an amorphous carbon layer covering the surface of LTO particle.
Meanwhile, it appears that the coating is continuous and uniform with a thickness of ca.4.5
nm, suggesting that the carbon phase (18.9 wt%) in solvothermal Lix(TiO2)1.x@C precursor
played an important role in controlling the coating-thickness during in-situ calcination. It has
been reported that the amorphous carbon layers can be formed in-situ/ex-situ during the

calcination process, and heating temperature and time are important factors to control the
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final coating thickness,163.164.248:255-257.264-266.268 Q1 jn-situ calcination time is only 5 hours in
the inert environment, and carbon-coating thickness can be adjusted by the calcination
temperature. Moreover, HR-TEM images reveal that the well-resolved lattice fringes have
an interplanar distance of 0.48 nm, corresponding to the d-spacing of the facets of the spinel
LTO structure, which again confirms that the high-purity spinel LTO crystal was
synthesized during in-situ calcination processing. Similarly, the corresponding SEAD

pattern taken from the same particle again confirms the formation of well-crystallized spinel

LTO structure.
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Figure 6.7 (a) High-resolution STEM-HAADF images at atomic scale. (b) The enlarged
HAADF panel showed atomic structure of LTO crystal plane, (c) Schematic lattice view of
spinel LTO along the [110] direction, corresponding to the 16d, 32e, and 8a sites in the LTO

atomic lattice.

Scanning-TEM (STEM) equipped with an annular dark-field detector is a very
powerful tool for obtaining useful structural and chemical information with atomic
resolution.?®-2"* The resultant high-angle-annular-dark-field (HAADF) STEM images (>50
mrad) exhibit a strong dependence of scattering electron intensity on atomic number (2),
which is also called the Z-contrast image, and could be used for the quantitative

differentiation between atoms of different elements. High-spatial resolution in STEM had
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been limited by the spherical aberration (Cs) in the condenser lens, which is now
compensated by the implementation of aberration correctors (Cs-corrected) for this spherical
aberration, allowing for the generation of sub-angstrom images (i.e., < 0.1 nm).2’%27
Currently, Cs-corrected STEM technique allows us to obtain atomic-resolution HAADF
images and count the number of atoms in an atomic column of a crystal. The typical high-
resolution STEM-HAADF images at the atomic scale are shown in Figure 6.7a. The
titanium atom sites (16d), lithium atom sites (16d) and oxygen atom site (32e) can be clearly
visualized in the enlarge atomic resolution HAADF image (Figure 6.7b), which is consistent
with the atomic occupancies in schematic lattice view of spinel LTO along the [110]
direction, as shown in LTO [110] projection model in Figure 6.7¢,”®"° Bascially, such a
[110] projection of spinel LTO is most suitable for observing Li, O, and Ti atoms directly,
because separate columns of these atoms are aligned in this [110] direction.?>?"> As such,
the pure spinel LTO phase was synthesized and further confirmed.

Synchrotron-based STXM imaging and XANES spectroscopy have been effectively
used for studying the electronic and chemical structures of electrode materials for lithium
ion batteries.?’®2"® XANES is an element specific technique, in which core electron is
excited from the ground state to probe the partially filled or empty excited states, hence
giving useful information about geometry and oxidation state of the element interested.?”
Spectro-microscopy studies were done using STXM, allowing for the generation of the
spectra with high spectral and spatial resolution.

Figure 6.8a displays STXM chemical/elemental imaging of submicron sized C-LTO
particle assemblies. It is evident that Ti and O are majority elements in the sample, while
carbon intensity is much lower, yet still somehow uniformly distributed on the particle
surface, which confirmed that the very low thickness regions were dominated by amorphous
carbon. This is consistent with the above HR-TEM and STEM characterization revealing

thin amorphous carbon coating on the LTO particles.
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Furthermore, quantitative XANES spectroscopy was recorded on the selected
submicron sized C-LTO particles in the same sample region via STXM image stacks as a
function of photon energy.?®

Figure 6.8b shows the C K-edge XANES spectrum extracted from the STXM stacks.
The relatively weak C 1s spectrum confirmed lower carbon content. In addition, primarily
amorphous sp? structure with C=C bonding (i.e. 285.3 eV) was presented in the carbon
content of the C-LTO particles. Strong oxygen functional groups was also revealed and
presumably due to the bonding interaction between the carbon coating and the nanoparticles.
Ti L-edge XANES of Figure 6.8c demonstrated Ti** valence state and a significant crystal
field splitting pertaining to the octahedral geometry for the core Ti** ion (3d orbital)
coordinated with six O% ions (2p orbital).241:27"280 O K-edge XANES in Figure 6.8d is found
to be consistent with the octahedral Ti-O bonding and TiOs geometry in the spinel LTO
structure, 241281

Figure 6.9 showed spatially-resolved XANES spectra of C-LTO nanoparticle
assemblies extracted from the STXM image stacks. Figure 6.9a shows STXM optical
density image of the measured sample region, which was averaged from all stack images at
the C K-edge, Ti L-edge and O K-edge. The enclosed color lines indicate the regions of
interest on C-LTO for extracting XANES spectra, (red corresponds to the thick region;
between red and green is the middle thickness region; between green and blue is the thin
region). The C K-edge in Figure 6.9c reveals that the total carbon thickness in the thin
region is 9 nm, inferred from the C K-edge jump. The average thickness of carbon-coating
can be accordingly calculated to be 4.5 nm, taking into account this is the least aggregated
region and STXM is a transmission technique. Herein a specific model is shown in Figure
6.10, which indicate that each C-LTO particle surface coating will be passed twice by the X-
ray beam, so the measured thickness is doubled. On the other hand, another proposed model
of C-LTO particles aggregate is shown in Figure 6.11, which assuming middle and thick
regions consist of aggregated particles of much larger sizes. In other words, the thicker the

region, the larger the particle agglomerates.
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Figure 6.8 (a-d) STXM chemical imaging and XANES spectra of C-LTO nanoparticles
assemblies, (a) colour composite chemical map, red: carbon, green: titanium, blue: oxygen,
all vertical color grey scales on the right represent sample optical density in each element;

(b-d) C 1s, Ti 2p and O 1s XANES spectra of the selected submicron sized C-LTO particles

aggregates.
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Figure 6.9 (a-d) STXM spatially-resolved XANES spectra of C-LTO nanoparticle
assemblies, (a) STXM optical density image of the measured sample region (the image was
averaged from all stack images at the C K-edge, Ti L-edge and O K-edge), the enclosed
color lines indicate the regions of interest on C-LTO for extracting XANES spectra, red:
thick region, between red and green: middle thickness region, between green and blue: thin
region, the vertical scale on the right represents the averaged optical density; (b) all edges,

(c) C 1s, (d) Ti 2p, and (e) O 1s XANES spectra from the selected regions of interest in (a).
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Black color: carbon coating

X-ray

Blue color: LTO

Figure 6.10 Schematic illustration of synchrotron-based X-ray transmission technique on C-
LTO nanoparticle. Synchrotron-based STXM is a transmission technique, each C-LTO
nanoparticle surface coating will be passed twice by the X-ray beam, so the measured

thickness is doubled.

Figure 6.11 The proposed C-LTO nanoparticles assembly’s model, assuming middle and

thick regions have C-LTO nanoparticles aggregates with much larger sizes

From the above studies, it is evident that the STXM characterization of carbon
structure and coating thickness is in a good agreement with the HR-TEM images and

HAADF analysis.

6.3.2 Electrochemical Analysis

To demonstrate their potential application as anode materials for the LIBs,
electrochemical performance of C-LTO particles has been evaluated and shown in Figure
6.12. The lithium storage properties were firstly examined using cyclic voltammetry
(CV). Figure 6.12a shows the CV profile of C-LTO electrode assembled in a coin-type half-
cell using lithium as the reference electrode. At a scan rate of 0.1 mV s™* between 2.5 and
1.0V, a pair of well-defined sharp redox peaks was observed at 1.60/1.50 V, which could be
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attributed to the redox reaction of Ti**/Ti®*. Such a reversible pair of redox peaks within
each CV curve indicates that a well-defined electrochemical cathodic and anodic process has
occurred from the spinel LTO structure. The cathodic peak located around 1.50 V
corresponds to the voltage plateau of the discharge process in which Li-ion inserts into the
spinel LTO, the anodic peak located at 1.60V corresponds to the voltage plateau of the
charge process in which Li-ion extracts from the rock-salt LTO.

This is a typical character of the two-phase reaction mechanism for spinel-LTO/rock-

salt-LTO, as shown by the following equation,137:138:143.226,227,229,232,261

LisTisO12 (spinel-LTO) + 3Li*+ 3e = Li7TisO12 (rock-salt-LTO) E=15V

In addition, the strong and sharp redox peaks indicate well-behaved electrode Kinetics
of the C-LTO electrod. It is apparent that the initial three cycles almost overlap between 1.0
and 2.5 V at a scan rate of 0.1 mV/s, confirming Li-ions insertion into and extraction from
the C-LTO electrode is reversible and fast, which is consistent with that of pure spinel-LTO
structure, where the ions at titanium tetrahedral sites are involved in the charge/discharge
process. The CV features also reveal that the C-LTO nanoparticles have high-purity spinel
phase. Figure 6.12b shows the first and second galvanostatic discharge—charge cycles of the
C-LTO cell in a voltage range of 1.0-3.0 V at a current rate of C/2. It is evident that the
discharge process (Li insertion) consists of three stages: an initial stage of quick voltage
drop, a second stage with a distinct voltage plateau, and the third stage exhibiting a gradual
decay in potential. The discharge-charge potential plateau was observed at ~1.55 V due to
the redox reaction of Ti**/Ti®* couple. Furthermore, two galvanostatic discharge—charge
cycling plateaus seemed to be overlapped, and the excellent reversibility was observed from
this two galvanostatic discharge—charge cycles, indicating no irreversible lithium insertion
process and battery cell polarization was involved. In fact, the electrochemical behaviour
under a galvanostatic cycling agrees well with the CV studies, further confirming that the C-

LTO nanoparticles have highly crystalline spinel-structure. The first-discharge reversible
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capacity value is equal to 166 mAh/g, which corresponds to the intercalation of ~1 mol of
lithium ion per formula unit and also corresponds to 94% of its theoretical capacity of 175
mAh/g, while the Coulombic efficiency steadily kept values of ~ 99%. After the first
discharge—charge process, the second discharge-charge cycle of the C-LTO electrode
delivers a stable discharge capacity of about 162 mA h/g, demonstrating that the C-LTO
particles exhibit a high-rate capability as anode materials for LIBs. The rate capabilities of
the C-LTO electrodes were employed to evaluate the rate performance and cycling stability

from low to high rates.
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Figure 6.12 Electrochemical characterizations of the C-LTO particles, (a) cyclic
voltammetry (CV) at a scan rate of 0.1 mV/s, (b) the first and second galvanostatic charge-
discharge cycles at a rate of C/2, (c) the rate capabilities at different rates from 1C to 50C,

(d) cycle performance and Coulombic efficiency at 1C rate.
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Figure 6.12c showed the rate capabilities and discharge capacity retention during
cycling at various C-rates over the voltage cut-off range of 1.0-2.5 V. The electrode was
progressively charged and discharged in a series of stages with rates from 1C to 50 C over
the voltage cut-off range of 1.0-2.5 V. It is seen that the reversible capacity of C-LTO
electrode at 1C rate (here the charge and discharge rates are the same) is 155 mAh/g and
retained reversible capacity after over 80 cycles is 150 mAh/g. Such a reversible capacity
retention indicated the rate capability of the C-LTO particles has improved to a certain
extent and is sufficiently stable for high-rate cycling. It is well-known that the rate capability
relies on both electronic conductivity and ionic transport. As-synthesized C-LTO
nanoparticles could effectively shorten the lithium ion diffusion channel, and improve the
diffusion rate of lithium ion and then increase the rate capacities of the LTO electrode. Here
it was found that the Coulombic efficiency during cycling is being ~ 100%, which could be
attributed to thin carbon-coating that effectively improve the electronic conductivity and
greatly reduces the polarization of the LTO electrode. Indeed, both high reversible capacity
and Coulombic efficiency are beneficial for the high rate performance of LIBs. The cycling
performance at a high current density is an important parameter for EV battery. Figure 6.12d
showed the cycle performance and Coulombic efficiency at constant current density of 1C. It
is obvious that C-LTO anode demonstrated enhanced cycling performances and high
Coulombic efficiency at 1 C rate, which also confirms better kinetics and better lithium
storage performance for these C-LTO nanoparticles materials.

Apparently, this enhancement of the rate and cycle performance could be associated
with smaller particle size and the presence of electrically conductive carbon coating, which
may be attributed to four aspects: (1) high-purity spinel-LTO phase provides high capacity;
(2) the nanosize effect significantly reduce the distance for the electron and lithium ion
diffusion inside LTO particles; (3) uniform thin carbon-coating provides an improved
surface electron conductivity; and (4) high surface area of nanoparticle size provides a high
electrode/electrolyte contact area, which results in a low electrochemical reaction resistance

during the rapid charge/discharge process.
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As mentioned earlier, it was reported that low carbon content could barely improve the
electrical conductivity while high amount of carbon would rather hinder the ionic
conductivity.248:264-266268 Generally, the charge-transfer reaction takes place at the LTO
electrode upon accepting both Li* and electrons. For pure bare LTO, the particle surface is
easily accessible to Li*, but suffers from the lack of electrical conductivity. Electron
conduction is facilitated by the carbon coating. For Li* transport, there is a facile way to
reach the LTO particle surface by coating a thin carbon layer. In the presence of a thick
carbon layer, the Li* diffusion path may be blocked due to graphitic stacking. This hampers
ionic diffusion and accounts for the limited rate capability of the C-LTO particle. Thus a
critical balance between the electronic and the ionic transport is necessary to attain
remarkable performance by optimizing the carbon content and coating-thickness,245:246.283.284

It can be concluded that the enhanced charge—discharge capability, rate capability and
cycle performance of the C-LTO nanoparticles could be ascribed to the synergistic effect of
increased electrical conductivity and facile Li* ion diffusion from the combination of the
optimized thin carbon-coating and high-purity spinel-LTO
nanocrystal_251,257,263,265,266,268,285,286

To clarify the effect of carbon-coating on the electrochemical kinetics and further
understand the relationship between the electrochemical performance and electrode Kinetics
of these C-LTO particles as anode in LIBs, electrochemical impedance spectroscopy (EIS)
was measured at the frequency range between 100 kHz and 10 mHz. The EIS method has
been considered as an effective method to identify diffusion phenomena in the electronic
and ionic mixed conductors.?*?% As mentioned previously, Li-ion electrochemical

insertion/extraction process is shown as:

(Charge, Ti** — Ti*") LiasTissOs = LizsTissOs (Discharge, Ti*t — TidY)
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EIS was measured on the C-LTO coin cell in the fully charge state (activated cell), the

Nyquist plot (Zre vs Zim) of the EIS spectra was presented in Figure 6.13a. Such a Nyquist

plot data can be fitted by an equivalent circuit model as shown in the inset of Figure 6.13a.
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Figure 6.13 Electrochemical impedance spectroscopy (EIS) for C-LTO electrode at the

frequency range between 100 kHz and 10 mHz. (a) The Nyquist plot (Zre VS Zim) from EIS

measurement at the frequency range between 100 kHz and 10 mHz. The equivalent circuit

model is shown in the inset, (b) the plot of Zr against " at low frequency region obtained

from EIS measurements.
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Apparently, the Nyquist plot has an intercept at high frequency, followed by a
depressed semicircular in the medium-to-high frequency region and a ~45° sloping line in
the low frequency region. The intercept at the Z. axis in the high frequency region was
attributed to the Ohmic resistance, representing the resistance of the electrolyte. The
semicircular plot in the medium frequency range is associated with the charge transfer
resistance (Rct) of the electrochemical reaction, and the ~45° sloping line in the low
frequency region represents the Li-ions diffusion within electrode, namely the Warburg
impedance.?87:288

In general, smaller charge transfer resistance is beneficial for the Kkinetic behaviors
during charge/discharge process. The Rc value is calculated to be around 42 Ohm. It is
obvious that this Rct value of the C-LTO nanoparticles is lower than the reported values in
the Iiterature.160'250'251'253'256'289

Usually, small R¢ forces both Li* ions and electrons to react immediately, thus
accelerating the transport of the polarons of both Li* ions and electrons within the
electrodes. This is favorable for the kinetic reactions during electrochemical
charge/discharge process.

On the other hand, EIS is also an important tool for evaluating the diffusion coefficient
of the Li-ion within the particles. The diffusion coefficient of the Li-ion (Dv) is calculated
according to the following equation: 257 290.29

Dii = RZT2/2A2n*FAC2 o2

Where D is the diffusion coefficient, R is the gas constant, T is the absolute
temperature, A is the surface area of the cathode (1 cm?), n is the number of electrons

transferred in the half-reaction for the redox couple (Ti**/Ti*"), which is equal to 1, F
is the Faraday's constant, Cp is the concentration of lithium ion in solid
(4.37 x 1072 mol/cm?®),%%! w is the angular frequency (o = 2xf), o is the Warburg factor and

has a relationship with Z as the equation of Zre = Ret + Rs + oo ¥2.  The plot of
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Zre Vs Y2 is presented in Figure 6.13b. The o value can be obtained from the slope of the
plot of Figure 6.13b. 2!

Warburg factor (o) and the lithium diffusion coefficient (Dv;) are calculated to be 95 +
0.5and 2.1 - 3.1 x 1012 cm?/s, respectively. Such a value of the Dy is one or two orders of
magnitude higher than the values for the LTO anode materials in previous
reports.18'149'160'256'257

The larger Dvi for the C-LTO particles suggests that the transport of the Li-ions can
satisfy the reaction requirement at large charge and discharge current with a low charge
transfer resistance. In fact, the Rt of the electrode depends on the electronic and ionic
conductivity. During the Li-ions electrochemical insertion and extraction reaction, both
electrons and Li-ions must reach or leave the reaction point in the electrode materials
simultaneously. Thus, the electrode material with an improved rate performance must have
both high electronic and ionic conductivity.

As a result, the electrochemical performance of these C-LTO particles has been
significantly improved by low charge transfer resistance (Rc¢t) and high lithium diffusion
coefficient (Dwi). As well, the EIS measurement is consistent with the CV profiles and the
cycling study.

Figure 6.14 showed the comparison of electrochemical rate capabilities for three C-
LTO particles samples with different carbon-coating thickness as indicated in Figure 6.3 and
6.4, it is very clear that the optimized uniform and thin carbon-coating (e.g., 4.5 nm) on the
surface of LTO anode has been proven to enhance its electrochemical performance

effectively at different rates from 1C to 50 C.
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Figure 6.14 The comparison of electrochemical rate capabilities for three C-LTO particles

samples with different carbon-coating thickness at different rates from 1C to 50C.
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6.4 Comparison of Cycling Testing of the LisTisO12 Battery Cell

The comparison of two C-LTO samples materials and one commercial LTO sample
was evaluated in coin half cells with lithium as the negative electrode at IMRA America,
Inc, MI, USA.

Brief summary of three LTO electrode preparations was shown in Table 6.2. Herein,
the current collector used was aluminum foil (Al), the electrolyte was used as the
commercial solvents of 1 M LiPFe¢/PC. Testing condition was a constant current
charge/discharge at 1A/g, continuously for 1000 cycles. Two samples of C-LTO anode
materials were denoted as A and B, as the commercial LTO sample was denoted as C, and

was purchased from https://www.electrodesandmore.com.

Table 6.2 Brief summary of three types of LTO electrodes

A(C-LTO: 850°C/5hrs) | Composition: 70wt% active | Loading 1.8 mg/cm?
material/20wt% PVDF/10
wt% Acetylene Black
B(C-LTO: 850°C/5hrs) | Composition: 70wt% active | Loading 1.6 mg/ cm?
material/20wt% PVDF/10
wt% Acetylene Black
C (Commercial LTO) | Composition: 70 wt% active | Loading 1.8 mg/cm?
material/20wt% PVDF/10
wit% Acetylene Black
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Figure 6.15 The comparison of cycling performance for C-LTO coin cells with lithium as
the negative electrode
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As shown in Figure 6.15, excellent cycling performance has been clearly demonstrated
for these two C-LTO samples, as compared with the commercial one. Both cycling lifetime
and remaining discharge capacity is 20% - 40% higher than the commercial LTO samples.
Those C-LTO anode samples have the potential for lithium-ion batteries with improved
cycling performance and high-rate capacity. On the other hand, uniform carbon coating on
the surface of LTO anode has been proven to enhance its electrochemical performance

effectively.

6.5 Chapter Conclusions

Amorphous thin carbon-coated LTO nanoparticles have been directly synthesized by a
facile solvothermal method followed by a calcination treatment. Comprehensive structural
characterizations including advanced imaging techniques such as TEM, HRTEM, HAADF,
and STXM confirmed that the C-LTO nanoparticles have a well-defined spinel nanocrystal
structure with average size between 20-70 nm, and exhibited the spherical particle shape
with amorphous carbon-coating of uniform thickness of ca. 4.5 nm. Systematic
electrochemical studies on C-LTO nanoparticles as the LIB anode, have demonstrated an
enhanced performance in terms of rate capability, cycling life, capacity retention, and
Coulombic efficiency. The improved electrochemical performance can be ascribed to high
phase purity as well as the enhanced intrinsic electronic conductivity and Li-ions diffusion
resulting from the synergistic effect of nano-structure, optimal carbon-coating and uniform
thin thickness that is beneficial for improving the kinetic process and electron transport. This
improved cycling performance has been confirmed by the comparison with the commercial
samples, which makes these C-LTO nanoparticles a highly promising material for use in the
development of high-rate rechargeable lithium-ion batteries, as well as provides the
guidance to explore the facile approach for synthesizing LTO anode with improved

performance.
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Chapter 7

Conclusions, Concluding Remarks and Future Outlook

7.1 Overall Conclusions

The objective of this PhD thesis work is dedicated to the study of nanostructured
cathode and anode material for the development of next generation of green and sustainable
lithium-ion battery system with high capacity density and long cyclic life, as well as their
demanding applications on high-power stationary backup systems and/or advanced electric
vehicles (EVs). To meet the stringent technical requirement for stationary and EVs
application, my research efforts are focused on increasing the energy/power density and
reducing the energy cost of these electrodes. Controllable synthesis, structure
characterizations and performance evaluation of the good electrodes candidates of LiFePO4
cathode and LisTisO12 anode nano-materials have been investigated systemically. Based on
the comprehensive experimental studies, the overall conclusions can be drawn as the

following:

l. Morphology—controlled Synthesis of Carbon-coated LiFePOs Cathode

Nanocomposites and Related Electrochemical Performance

Carbon-coated LiFePO4 (C-LiFePOs) nanocomposites have been directly synthesized
by an economic solid-state reaction process. A variety of analytical techniques such as X-ray
diffraction (XRD), TEM imaging, HRTEM imaging and STEM-HAADF imaging are
applied to investigate particles morphologies and phase structures. Single phase and olivine
structure of the spherical LiFePO4 nanocrystals are confirmed by XRD pattern, HRTEM
images and SAED patterns. The details of the coating including carbon content, thickness,
and structure are studied by energy filtered-TEM imaging, EELS analysis, and XPS
analysis. The size distribution is estimated at 50-100 nm from XRD analysis and TEM

images. A homogenous ~ 3 nm carbon layer on the particles surface is clearly revealed by
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HRTEM and EF-TEM imaging. The characteristics of these nanostructures and the
amorphous carbon-coating has been demonstrated to improve the electronic conductivity
and cell performance by reducing the path of both electron transfer and lithium ions
diffusion while the C-LiFePOs; cathode is used in the battery cell. Electrochemical
performance of the C-LiFePQO4 particles exhibited improved electric conductivity, good rate
capability, capacity retention, and cycling performance and superior discharge capacity with
delivery of almost 99% of its theoretical discharge capacity of 168 mAh/g at a C/10 rate
with a high Coulomb efficiency. The CV profiles show that lithium ions and electrons are
quite active during two-phase kinetic reaction, which could be attributed to the small
particles and carbon-coating layer that facilitated extraction and insertion of lithium ions and
electron transfer.

The practical performance of these C-LiFePOs nanomaterials as cathode was
performed with a prototype of 18650-type battery cell manufactured by using the
commercial graphite as the anode active materials. The remarkable rate capability and
cycling performance are clearly demonstrated in the 18650-LiFePO4 prototype battery. This
investigation showed that the low cost and direct solid-state preparation can produce the

active LiFePOg4 cathode for the development of high-power Li-ion batteries.

Il. Facile Synthesis and Characterizations of Carbon-Coated LisTisO12 Anode and

Related Electrochemical Performance

Carbon-coated LisTisO12 nanoparticles have been synthesized by a facile solvothermal
method and an in-situ calcination process. Carbon-coating and crystal phases were
characterized in details using X-ray diffraction, transmission electron microscopy, and x-ray
microscopy techniques. Amorphous carbon-coating with optimal thickness of 4.5 nm on the
surface of LisTisO12 is obtained using the optimized amounts of carbon source and in-situ
calcination temperature. The carbon-coated LisTisO12 material has cubic spinel-type crystal
structure with the varying size between 20 and 50 nm. The electrochemical Kinetic

performance has been evaluated as an anode in a half-cell battery configuration using
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galvanostatic charge/discharge tests, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). This LisTisO12 battery has demonstrated greatly improved
cycling performance, high reversible capacity, high Coulombic efficiency of 95%, large
lithium diffusion coefficient (Dvi -1072 cm?/s) and high-rate capabilities with the capacity
retention of 155 mAh/g at 1C. These improved lithium storage properties can be attributed
to the combination of uniform thin carbon-coating and high-purity spinel LisTisO12
nanocrystal, which increases electron transport and facilitates lithium-ion
insertion/extraction simultaneously throughout the electrode, making these carbon-coated
LisTisO12 nanoparticles an excellent anode material for high-rate lithium ion battery
applications.

The practical performance of the LisTisO12 nanomaterial as anode was conducted with
a half-cell battery prototype, using the commercial LisTisO12 nanomaterial as the
comparative active materials. The improved cycling performance is clearly demonstrated in
the half-cell LisTisO12 battery.

7.2 Concluding Remarks

Lithium-ion batteries based on spinel-LisTisO1. anode and olivine-LiFePO4 cathode
have showed the attributes of high safety and excellent rate capability.

However, a number of challenges still remain in the development for a new-generation
of lithium-ion batteries to meet the emerging applications. Some of the major remaining
challenges associated with the existing LisTisO12 anode materials and olivine LiFePO4
cathode are briefly described below.

(1) Since the improved safety of LisTisO12 anode is obtained at the expense of energy
density due to its high operating voltage vs Li/Li+ (~1.5 V), the lithium-ion battery cells
with LisTisO12 anode offer a low theoretical specific energy due to its low cell voltage.
Therefore, lithium-ion batteries with LisTisO12 anode are more likely to be used in the long
term for stationary energy storage and powering HEVSs in transportation sector.

(2) Major technical breakthroughs of controllable routes are demanded to create nano-

enabled high-quality LisTisO12 anodes and LiFePOs cathode materials with improved
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electronic and ionic conductivity. The highly effective synthetic combination is always
desirable with the optimized approaches such as in-situ or ex-situ adopted coating or doping
methods without compromising safety and cost. A reliable, low-cost, and easily controllable
routes to produce high-quality cathode and anode material should be continuously
developed.

(3) Nanostructured LisTisO12 anodes and LiFePQOs cathode, in the form of nanorods,
nanowires, and porous clusters, with carbon-coatings have shown very promising
performance. However, little is known about the mechanism of elementary steps associated
with charge and mass transport in the confined dimensions of LisTisO12 anode and LiFePO4
cathode (1D, 2D). More sophisticated in-situ characterization techniques for probing and
mapping these confined LisTisO1, anode surfaces and LiFePO4 cathode surfaces are needed
to gain critical insights into nanoscale phenomena in nano-electrode surfaces during the
cycling. The interfacial behavior between electrode and electrolyte strongly influences the
cyclability of the nano-LiFePO4 cathode and LisTisO12 anode, and both modeling and
experimental works are needed to investigate this behavior.

(4) The Li-ion cells of LisTisO1o/LiFePOs are safe and can support fast
charge/discharge rates without degrading the cycling life. Effective combination of
LisTisO12 anode and LiFePO4 cathode is specifically suitable for stationary energy storage in
terms of performance and safety. Cost comparison of the combination LisTisO12/LiFePO4
electrode materials is also favorable. High rate and long cycling tests based on half-cell or
full-cell is expected to attain more effective combination of electrodes of
LisTisO12/LiFePOs..

(5) It is important to mention that safety considerations are as important as the
performance, since a car accident due to the electric vehicle battery safety failure may cause
significant damage. On the other hand, high energy density also means high safety risks, and
it is the responsibility of the researchers dedicated to this field to ensure that the new
lithium-ion batteries meet the safety requirements before they are commercialized in current

and future battery markets.
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7.3 Future Outlook

As has been demonstrated in the previous Chapters, important future directions and
key research efforts of spinel-LisTisO1> anode and olivine-LiFePO4 cathode behind the
developments of high-performance lithium-ion batteries are:

(1) From a scientific point of view, more fundamental studies are needed to fully
understand and improve electrochemical performance (i.e. rate-capability, power capacity
etc) of LisTisO12 anode and LiFePO4 cathode using various parameters such as surface area,
crystallinity, and the crystalline orientation. In particular, more extensive studies of novel
LisTisO12 and LiFePOs nano-architectured anode materials are required. One of the
strategies is to create 3D LisTisO12 and LiFePOg4 structures combining microscale template
and nanostructures to maximize the advantages and minimize the disadvantages of materials
at the two scales. Rational design of LisTisO12 nano-architectured anode and LiFePO4 nano-
architectured cathode may lead to higher energy and power densities, significantly
enhancing Li-ion battery performance. Eventually, fundamental electrochemical kinetic
behaviour (ionic or electronic) needs to be evaluated, and the critical factors of lithium
intercalation and extraction (e.g. nanostructure size, phase coating, cation order, doping
derivatives, specific morphology, coating composition, and mixed valence conduction) need
to be investigated systematically. There remain plenty of opportunities for tailoring the
architecture and morphology to obtain more desirable properties.

(2) From a practical point of view, precursor materials availability and cost, cost-
effective synthesis, improved service life and safety, and minimal environmental impact are
equally important as performance. These features must be in the right balance to achieve the
desired battery energy/power density and enhanced charge/discharge rate capability. From
the previous discussion mentioned on the above Chapters, one of the best methods to
improve the power performance of both LisTisO12anode and LiFePO4 cathode is to increase
its electronic conductivity by an effective hybrid-surface-coating. Such a nano-hybrid-
coating of LisTisO12 anode and LiFePO4 cathode has played an important role in improving

its electrochemical performance. Further work is needed to ensure that the batteries can
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withstand operation at the high and low temperatures required by EVs or HEVs. Systematic
studies on the mechanism of lithium insertion/extraction of different operating temperatures
are helpful for a better fundamental understanding of the relationship between the structure
and electrochemical characteristics.

The development of large-scale and low-cost fabrication strategies for LisTisO1. anode
and LiFePO4 cathode materials with desirable performance is a major challenge in the
fabrication of battery materials for wide-spread commercial applications. Considering its
promise in the design of the new generation of lithium-ion batteries, without doubt,
graphene-LisTisO12 hybrid and graphene-LiFePO4 cathode nanocomposite has potentially
shown a very promising and competitive candidate material. It can be anticipated to be used
for the next generation of green and sustainable lithium-ion battery system due to its super

electrochemical performance.
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