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ABSTRACT

Layered lithium transition metal oxides represent a majoe tgp cathode
materials that are widely used in commercial lithilom batteries. Nevertheless, these
layered cathode materials suffer structural changes during electrochemical cycling that
could adversely affect the battery performance. Clear explanatiotisee cathode
degradation process and its initiation, however, are still under debate and are not yet
fully understood. In this thesis, the cyclimgluced chemical and structural evolution
of LiNi1sMn1zCou302 (NMC) and highenergy Li 2Nio.13MiNg.54C00.1302 (HENMC)
cathodes are investigated in details using sifitbe-art electron microscopy
techniques combined with other bulk measurements to uncover the mechanisms at the
source of cell deterioration.

Using highresolution electron energy loss spestapy (HREELS), the role of
transition metals (TMs) of NMC cathode material in the charge compensation process
at different statef-charges (SOCs) is clarified. The cathode evolution is studied in
details from the firstharge to longerm cycling usingeELS, aberratioftorrected
scanning transmission electron microscope (STEM) and complementary diagnostic
tools. The results reveal that the surface degradation of NMC initiates in the first
chargingstagewith a surface reduction layer formed at particieface. Besides the
study on NMC, the degradation mechanism of a promising cathatkialcandidate,
high-energy Lirich layered oxiddHENMC), is investigated thoralhly. In addition to
demonstratinghe surface degradation of HENMC during cycling, Mesady reveal
the drastic evolutionsfrom the cathode interioinstead of attributing the overall
performance decay to the surface evolution, our findings uncover the complexed
transitionsin the bulk material, which are potentially the main sourceshierapid
performance decay of irich cathodes.

As complement tdwo-dimensional2D) characterization, thinreedimensional
(3D) microstructure of pristin@nd cycledNMC and HENMC cathodes are also

analyzed using focused ion beacanning electron micssopy (FIBSEM) 3D
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reconstruction. The spatial distribution of active material, cadmped binder and

pore spaces are successfully reconstructed by appropriate image processing.
Meanwhile, the connectivity between carbadwped binder phase and active et

phase in NMC and HENMC cathodes, assessed
showed an appreciable decrease after cycling which indicates a detachment of carbon

doped binder from active particles.

u
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Chapter 1

Introduction

Ever since the development of engine technology in 17th gefssil fuels have
been extensively utilized as primary energy sources. So far, the majority of energy is
still being supplied by fasl fuels. With the increasing need for energy, the demand of
fossil fuels is growing. Such fuels, however, are not renewable as they requires millions
of years to form. On one hand, the continuous consumption of thesemmmable
energy resources willentually lead to price increases, thus, the threat of global energy
resources depletion would eventually obstruct the development of human society. On
the other hand, with increasing attention to the global warming igshas been
realized that one dhe major causes of greenhogsesemission is the combustion of
fossil fuels. Carbon dioxide is a main greenhouse gas produced by burning fossil fuels,
such as, oil, gas and coal. Meanwhile, fossil fuel combustion also produces sulfur
dioxide, carbon monade, nitrogen dioxide, which are all detrimental to the
environment.

With these concerns, researchers try to find alternative energy sources that can
complement or replace fossil fuels, such as nuclear and renewable sources. The
challenges associated withclear energy is the storage of radioactive waste which will
last for thousands of years, bringing serious safety concerns. Renewable sources, such
as solar and wind, are sustainable and environmental friendly, however, they are
intermittent and cyclicn nature. Therefore, these energy sources cannot be easily built

into portable forms.Unlike these renewable sources, the electric energy storage
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systems, such as batteries, can be used whenever needed, thus play an indispensable
rol e i n pe difp. Batériss aee vne forynafaelgctric energy storage systems
that convert chemical energy into electridiywith a large number of applications in
portable electronic devices, baak energy supply for electric grids and the recent
development of plgrin/hybrid-electric vehicles (P/HEVs) and electric vehicles (EVs),
lithium-ion batteries have become one of the most promising electrical storage systems
because of their high volumetric and gravimetric energy density. Nevertheless, the
rapid developmenbf automotive electrification, consumer electronics, and even
aircrafts requires lithiuamon battery systems to provide higher enedgysity, longer

cycle life, and lower cost. The necessity for such battery systems strongly depends on
the development oélectrode materials that can deliver higher specific energy and
possess improved structur al and chemical st
development therefore become one of the most important tasks in litnubattery
research.

Lithium-ion battery electrods are known to suffer structural changes during
electrochemical cycling that leads to capacity fade which would influence the stability
and lifetime of the battery. As a major component in lithiom battery, the cathode
plays a key rolen the battery performance since it provides the Li ions source in a
lithium-ion battery configuration in most of the cases. Although cathodes do not exhibit
large volume changes during Li intercalatid@intercalation processompared to
anoded?? they suffer irreversible structural reconstruction, electredetrolyte side
reactions ad chemical evolution during cycling, which adversely affect the
performance of the batteence, the work carried out in this theisifocusedonthe
exploration of the possible mechanisms at the origins of the degradation ofitimum
battery cathode

In this thesis, the chemical evolution and structural change of layered structured
cathodes during electrochemical cycling are thoroughly investigated from two
dimensional (2D) and thredimensional (3D) perspectives using different stdtthe-

art microscopy techniques, aiming to unravel the degradation mechanism of ithium
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ion battery cathodes. Chapter 2 introduces the history of different battery technologies
and the fundamentals of lithiuan battery system. The development of batteries, from
thefirst primary battery system to the recent development of secondary batteries, are
introduced. More information on the working principle and application of lithimm
batteries are described in this chapter. Moreover, the development and challenges in
different types of lithiuron battery cathodes are discussed in detail. In Chapter 3, the
basics of transmission electron microscopy (TEM) and its application in the study of
lithium-ion battery cathodes are discussed. The fundamentals and instrument
informétion related to analytical TEM are introduced in this chapter. A review on the
charge compensation mechanism of layered lithium transition metal oxides with
different compositions during lithiatiedelithiation process is included. Meanwhile,
previous stuiks on the cyclingnduced evolutions of layered cathode involving phase
transformation and chemical changes are summarized and discussed.

Chapter 4 and 5 mainly demonstrate the results on the structural and chemical
evolutions on two different layeredtbade materials: LiNisMn13C01202 (NMC) and
high-energy Li.2Nio.1dMNo54Cm.130. (HENMC). Layered lithium transition metal
oxides are some of the most important types of cathode materials in Htmum
batteries. Nevertheless, these layered cathodeeriala suffer performance
deterioration during electrochemical cycling, whereas the origins of such degradation
have not yet been fully understood. In Chapter 4, results of the study on charge
compensation process of NMC during chadigcharge using spatly-resolved
electron energyoss spectroscopy (EELS) are demonstrated. The structural and
chemical evolution of NMC cathode during letegm cycling are investigated in order
to unravel the performance deterioration of the cell. In Chapter 5, theustduahd
chemical evolutions of a promising cathode candidate, HENMC, which possesses
exceptional high capacity but suffers rapid performance decay, is fully investigated. A
detailed study on the structure and composition of pristine HENMC cathode material
is performed. With a better understanding of the starting material, the phase

transformation and chemical evolution of HENMC during the first and extended cycles
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are investigated thoroughly from the surface to the bulk, revealing the possible failure
mechanisms of this layered higgnergy cathode.

Although we have obtainea wealth of useful information from 2D perspective
in understanding the performance decay of the layered cathodes, a complementary 3D
investigation on the structural evolution of thehoates is still of great importance.
Thus, in Chapter 6, a study on the 3D microstructural evolution of NMC and HENMC
cathodes using statd-the-art focused ion bearscanning electron microscopy (FIB
SEM) 3D reconstruction is presented. The spatial digich of the three phases:
active material; carbedoped binder; and pore spaces within the cathode is clearly
resolved in 3D. The particle size distribution and the connectivity between the-carbon
binder phase and active particles in both cathodes aigagx from the reconstructed
model.

At the end of the thesis, Chapter 7 concludes the work completed in this thesis.
The suggested future work and possible applications of TEM in the study of kthium

ion battery are discussed in Chapter 8.
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Chapter 2

Overview of Lithium -lon Batteries

Lithium-ion batteries are promising energy storage systems that have been widely
used in peopleds ever ydaign bhttery enablesTthee pr e ¢
proliferation of portable electramdevices due to its high volumetric and gravimetric
energy density comparing to the conventional nidegimium (NiCd), nicketmetal
hydride (NtMH), and leaeacid secondary battery systems. These characteristics also
promote the blooming of automotivimdustry, while, on the other hand, the
development of hybrid electric and electric vehicles (HEVS/EVs) places stringent
demand on battery systems that enable higher energy density, longdifeybletter
safety, and lower cost. With these concerndjiditrion batteries with different
electrode systems, such as graphite/Lig;g@aphite/LiFeP@ LisTisO12/LiMn 204, etc.
have been developed, and the exploration of new electrode materials are still ongoing.
In this chapter, an overview of battery histonydavorking principle of lithiuraon
batteries are introduced. The development and challenges in Hibrurbattery

positive electrode, or cathode, are being discussed.



Ph.D. Thesi$ H. Liu McMaster University Materials Science and Engineering

2.1 Basics oBatteries

An electrochemical cell is a device that converts the chararergy stored in the
active materials into electrical energy by means of electrochemical redox reactions,
which is also referred to as a galvanic ¢8llA batteryusually consists of multiple
electrochemical cells, although it may alsepresenta single cell under some
circumstances. In an electrochemical cell, the material with lower standard electrode
potential is defined as the negative electrode or anodehwhioxidized during
discharge and gives up electrons through external circuit. On the contrary, the material
with higher standard electrode potential is called positive electrode or cathode, which
is reduced during discharge process and accepts elettonthe external circuit. The
electrolyte is an ionic conductor, which acts as a medium for ion transfer between the
anode and cathode inside the cell. Practically, the anode and cathode are physically
isolated by a separator to prevent internal shartitirwhile the separator is permeable
to electrolyte so that the ions are able to transfer between the two electrodes and
maintains a good ionic conductivity. The galvanic reaction can occur spontaneously
when the two electrodes with different standartepbals are connected through an
external electronic load as the reaction leads to a decrease in the freeddrtbegy
whole systen{nG < 0).

The theoretical standard voltag® (& 'Q ¥ &f a galvanic cell can be basically
determined by the diffence between the standard electrode potential of the cathode
(O ¢ QNand the anodéd ¢ ¢ DIY the equation:

0 OQA0 VD QQO HE €'QQ (2.1)
Equation 2.1 can be further modified taken into account of the nonstandard state of
the reacting components in order to evaluate the actual open circuit potential for a
battery at fully charged state as:
O O OQa&"Yat s
where Q is the reaction quotient for the overall chemical reactiori-Qahere a is

the chemical activity for the reactants and products in the reaction. R is the gas constant



Ph.D. Thesi$ H. Liu McMaster University Materials Science and Engineering

(R=8.31 J/kmolj¥ The operation voltage of a cell is lower than the theoretical potential
as a result of polarization during the reaction and the IR drop (I denotes the current
geneated during reaction and R represents the cell internal resistance), of course, the
actual operating voltage needs to be sufficient for the intended application.

Depending on whether the batteries can be electrically recharged or natathey
be classifid into two categories: primary battery and secondary battery. A primary
battery refers to a battery system that can only be used once, and is no longer available
after its reactants are consumed by the discharge process. In contrast, a secondary
battery is capable of reversible charge and discharge reactions with electrons
transferred through the external electric circlihe discharge reaction in a battery is
thermadynamically favorablgnG < 0)andoccurs spontaneously, whereas in order to
charge a secondary battery, a minimum potential needs to be applied to inverse the
reaction, which can be calculated from:

y T &% (2.3)

Where n is theaumber of positive charges carried by the ions transferred during
the reaction, and F is Faradayb6s constant
than the voltage given off during discharge is applied to the cell, the charging reaction
can t&e place. Once the cell is at fully charged state, the thermodynamically favorable
discharge reaction may occur spontaneously when an electronic load is connected, thus,

the secondary cell can be used repeatedly.

2.1.1 Full Cells and Half Cells

Depending a the choice of electrodes, the electrochemical cells fall into two
categories: half cells and full cells. A hakll is a cell that constructed with an
electrode of interest (can be either an anode or a cathode) and a counter electrode used
as a refererecelectrode, which facilitates the electrochemical test and the analysis of
activities at different operation voltages. This is usually used for the investigation on
the properties of certain electrode materials. In contrast, a full cell is a cell ctedtruc

in a complete form of an electrochemical cell, where the redox reactions occur at both
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the anode and cathode, and reflects the battery performance in a more realistic way.

2.1.2 Capacity

The theoretical capacity is referred to the total quantity atrdéy that can be
obtained through the electrochemical reaction of active materials, thus, the theoretical
capacity idirectly relatedwvith the amount of active materials in the cell. The unit for
cell capacity is coulombs (C) or ampéreurs (Ah), anatan be calculated by:

C=xF (2.4)

where C is the theoretical capacity, x is the number of electrons being provided by the
active material during discharge, inthe unitofmble. i s Far a dlatheGeal const ant
battery confgurations, the practical capacity is smaller than the theoretical value as the
active components have not fully reacted during cycling, meanwhile, the parasitic

reactions could also consume the active reactants in the cell.

2.1.3 Energy Density

The energ of a battery system is defined by both the quantity of electricity that

can be delivered during the electrochemical process and the cell voltage:

Watthour (Wh) = voltage (V) amperehour (Ah) (2.5)
The energy density is related directly witke thpecific capacity and voltage, which is
usually measured in Wh/kg, Wh/g or Wh/l. In a real battery system, the theoretical
energy density cannot be fully achieved becausth€ weight or volume of the battery
includes electrolyte andonreactive components, such as current collector, separator,
container, which adding up the total weight and volume of the batiigryig operation
voltage is not necessarily the same as the theoretical voltage, and the terminating

discharge voltage may not reach the minimum, which lowering the average voltage.
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2.2 History of Batteries

Historically, the first battery was introduced by an Italian researcher Volta in 1800,
who invented the Voltaic Pilen which an electric current is ptaced by connecting
the two ends of a stack of two metals disks (zinc and copper) which are separated by a
cloth or cardboard soaked in an alkaline solutiBigyre 2.).°! This modelis
considered to be the first form of a battery. In 1836, a British chemist, John F. Daniel
improved the Volta Pile and developed a battery system with Zn|ZnSO4||CuSO4|Cu
configuraton, which is then named as Daniel cell. The Daniel cell was capable of
providing a voltage of 1.1 V and was used in the telegraph syStaNith the
development of &ttery technology, the initial zinc/copper electrode configuration has
been gradually replaced by many other advanced battery systems, which will be

described in the following content.

Figure21A photo of #AVoltdl Pileod. From

2.2.1 Primary Batteries

Although pimary batteries are not capable lwding recharged electrically and
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need to be discarded after fully discharge, they are conveaiesg inexpensive and
usuallylightweight. The primary batteries are widely usegantableelectricdevices
watches, digital cameras, toys, lighting, and a variety of other applications. They are
easy to use, have good shelf life, acceptable energy density)abbesoost, and require
very little maintenance. The primary batteries can be manufactured in different forms
in order to fit different devices. A number of anode and cathode combinations have
been developed for primary battery systems ever since itsvdigcm 19th century,

and some are still widely used in the commercial market.

Among all the primary battery systems, zinc has been a very important anode
material because it is compatible with aqueous electrolytes and has good
electrochemical behavior drshelf life. The first primary battery that has been widely
used is the zincarbon battery, also knowrs &eclanck cell, invented by the French
scientist Georges Leclanchéin 1866In 1940s1960, with the introduction of the new
materials, such as manganese dioxide and zinc chloride electrolyte, the capacity and
shelf life of this battery system were dramatically improved. During 19B0s,
zinc/alkaline/manganesdioxide primary batteries replaced zoarbon batteries and
became popular battery systems stimulated by the concurrent development of portable
electronic devices. The zinc/mercuric oxide is another important primary battery with
a zinc anode, which wadeveloped during World Wadt. But this battery system is
gradually phased out with the environmental concerns associated with mercury.

The zinc/air battery and battery system using other anode materials have been
developed to replace éhmercury battery system in many applications. The zinc/air
battery has advantages of inexhaustible cathode reactant, high energy density, and low
cost. However, the usage and storage of this system is restricted to the environmental
conditions, such as rigperature and humidity. The zinc/air battery was preliminary
applied in signaling and navigational applications which requiretemg and low rate
discharge. With the development of this battery system into smaller fygtercells,

the zinc/air batterpras also been widely used in hearing aids and medical devices.

10
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Aluminum is considered to barotherattractive anodeandidatebecause of its
high standard potential and energy density, whereas, this material has not been
successfullyusedinacommeiciabatt ery system. Wi th the
oxide film on the aluminum anode surface, the voltage that can be achieved by the
primary battery is considerably lower than the theoretical value, meanwhile, it also
leads to voltage delay of the k&it. Although the film can be removbg using proper
electrolytes, the accompanied corrosion issue result in poor shelf life and problems in
long-term usage.

Magnesium is also an attractive anode materidbatiery systemlt has high
standard potentiallow atomic weight, high energy density, and low cdkte
magnesium primary batteries have been successfully used in commercial market in the
system of magnesium/manganese dioxide (Mg/MnThe advantages of this battery
system areghe higher voltage ashdoubledcapacity comparing to that of zinc/carbon
batteries. It also has good capacity retention under a wide temperature range during
storage. However, the magnesium batteries have problems with voltage delay and
parasitic reactions during discharipet lead tothe generation of hydrogen and heat.

The storage time will also be greatly reduced once the cell has been partially discharged,
therefore, is not suitable for intermittent use.recent yearshe use of magnesium
batteries in applications su@s military equipment has ceased and they are being
replaced by batteries with higher energy density and better rate capability, like lithium
primary batteries and lithiusion batteries

Due to the demand of high energy density of battery systems, theuctian of
lithium as an anode material into a battery system has drawn increasing interest since
1970". The first commercialized lithium primary battery with lithium/manganese
dioxide configuration was released by Sanyo Electric Co. in #bZzBhium batteries
have the advantage of high energy density, wide temperature range and long shelf life,
whereas the application of lithium batteries are restricted by thglr twst. he
specific capacity of primary battery systems has been improved from about 50 Wh/kg

for the early zinc/carbon batteries to more tB&80 Wh/kg achieved by zinc/air and

11
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lithium primary batteriesKigure 22a). Although lithium primary batteries can provide
high energy density, they cannot fully replace alkaline batteries in the commercial
market, since the manufacturing of lithium battery is a high technology business due to
the reactivity of lithium andequires much higher cost. Meanwhile, among all these
primary battery systems, lithium primary batteries have the advantage of high working
voltage close to or above 3 V depending on the choice of cathaeddown in Figure

2.2b. In comparison, the commgrused zinc alkaline batteries have a discharge

voltage range of 1.4 Vto 0.9 V.
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Figure 2.2 Comparison of cycling performances of different primary battery systems.
(a) Development ofspecific energy ofprimary batteries in the 20th centurip)
Dischage profile of primary battery systenfaom referencé!.
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2.2.2 Secondary Batteries

In contrast to primary batteries, secondary batteries are systems that can be
effectively reused multip times After being discharged, the secondary battery can be
recharged by applying an external electrical power to promote the reversed reaction.
Such a chargdischarge process is termed as an electrochemical cycle. Nevertheless,
the cell cannot be usedfinitely and needs to be discarded when the capacity drops
below a certain level. Secondary batteries are widely used in many applications. One
major applications are power sources for portable devices, such as tools, radio, lighting,
and electronic dawes, such as mobile phones, laptop computers, tablets, etc. Other
common usages including starting, lighting and ignition (SLI) for automobiles,
emergency and standby power. With the rapid development in automotive industry,
secondary batteries have alg®en applied in hybrid electric or electric vehicles (H/EVS)
as power sources.

There has been a long history s@condaryatteries. The first rechargeable lead
acid battery was invented in 1859, by a French physicist Gaston Planté Thacidad
batteryhas two electrodes that both consist of lead, and the electrolyte is acidic. The
original leadacid cell contains two lead electrode sheets, a spiral rolled separator and
sulfuric acid electrolyte. During cycling, the lead electrodes will be corroded by
electrolyte, leading to the formation of lead dioxide and spongy lead on the two
electrodes, therefore, resulting in an increased capacity in the subsequent cycles. In
18801882, a new design of the leadid cell was developed by using lead as anode
and aead grid lattice with lead oxideulfuric acid pastes as cathode. There have been
several improved leadcid battery configurations designed after the plate grid, such as
leadantimony alloy grid and a leaghlcium grid. The lea@cid batteries are low s
but also have relative low specHenergy density. The leaatid batteries are
commonly used in automotive applications for SLlI, 4hilkes, uninterruptible power
supplies, signaling, etc.

Another major category of secondary batteries are the rd¢ksd¢icondary batteries

13
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that use an aqueous alkaline solution as electrolyte. Hence, the electrolyte is less
reactive with the electrode materials compared to the acidic electrolytefirgihe
commercialized alkaline secondary battery is the nickelmium (Ni-Cd) battery,
which was invented in 1899 and commercialized in 1910. In this battery configuration,
the cathode is nickel hydroxide mixed with graphite, the anode is cadmium hydroxide
or cadmium oxide mixed with iron, and potassium hydroxide is useteatolyte
solution. This type of NCd batteries may evolve into gas generation from the
decomposition of water, whereas this can be prevented by some special designs. The
batteries, however, are too heavy to be applied in portable devices. With further
improvements on the cell design, the sealedCHibatteries became available for
portable devices, however, these®d secondary batteries have a major drawback of
Amemory ef f e c-Cdatteridéhaeemot fully dischidiged before the initial
chargng process, the maximum cell voltage cannot be any longer obtained. The voltage
at which the first discharge terminated will be maintained during charging.

The nickelmetal hydride (NiMH) battery is another alkaline secondary battery
system that evolvefiom nickethydrogen battery, and was commercialized in 1989.
In this battery configuration, hydrogen is acting as the anodic active material, while the
cathode is conventional to the one used ifCHNisystem, such as nickel oxide, the
alkaline solution isacting as the electrolyte. In the-MiH battery, a metal alloy is
placed at the anode side, which can reversibly absorb and desorb hydrogen during the
chargedischarge process by forming a metal hydride. The development of-tfiéi Ni
battery largely improgd the energy density of the alkaline secondary battery, becoming
almost twice that of a NCd battery. Because of the higher energy density, tHéNNi
batteries have been used in lewd electronics and portable electronic devices.
However, this batteryystem is less durable than the-Gll system, and also exhibits
the memory effect.

The motivation of using lithium in the battery is the fact that Li is the lightest and

most electropositive metallic element and can therefore provide a specific capacity

almost ten times that of Pb in the leadd batteryln 197® s , M. S. Whittingh

14
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Exxon built the first lithium secondary battery usingTiS, system”) Then Mol
Energy commeialized lithium batteries with a LiMaScathode in 1988! These
batteries used a Li foil as the anode and various liquid organic electrolytes, which are
not availdle presently due to their short life and safety issuekigh reactivity of the
metallic Li anode with the electrolyte, and (i dendrite growth under a normal rate
of charging (Figure 2.3a). The application of Letal in rechargeable batteries was
plagued by the safety problems arising from Li dendrite formation, so the use of Li
intercal ation materials for both electrod
The idea of substituting metallic Li with a Li intercatatimaterial (Figure 2.3b)
was first introduced by Murphy et al. at Bell laboratories in late 1820l Lazzari et
al. in 1980 In the meantime, intercalation materials such as graphite used in organic
solvents wasliscovered. Under such circumstances, research focus of cathode material
shifted from transition metal disulphides to transition metal oxides because of their
high insertion potential, which is necessary in order to compensate the potential
difference arigg from the replacement of Li metal. With the pioneering work of J. B.
Goodenough who discovered an electrochemical cell with new fast ion conductors in
ear | y teedithignsion battery was finally commercialized by Sony in 1991,
with a configuration comprising LiCoOas cathode, graphite as anode and liquid
organic solution (LiPE in 1:1 ratio ethylene carbonai@nd dimethyl carbonate
(ED:DMQ)) electrolyte. This battery could offer a potential of 4.2V after being fully
charged, arising from the electrode potential difference between delithiatgeb O,
and lithiated graphite. The application of a graphite anode avthgedendrite issue

arising from Li metal anode, improving the safety of lithiton battery.
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Figure 2.3 Schematic diagrams of (a) rechargeable lithium secondary battery using
lithium metal as anode material, and (b) a lithium intercalation compouwnskd as
anode material. From referenég.

The performance different secondarpattery system varies depending on the
cell design, such as the choice of &ledes and electrolyte, as well as the specific
conditions for the battery usagBigure 2.4 illustrates the discharge behawbr
different secondary batteries. The average voltage range of alkaline secondary battery
systems is 1.7 V to 1.2 V, while thealdacid battery has a cell voltage of about 2 V,
higher than that of alkaline batteries. Among all these conventional secondary battery
systems, the lithiuaon battery (graphite/lkCoQO; system is used in this comparison)
provides the highest dischargdtage, equivalent to about three-Qd cells in parallel
connection, which thereforenabls ahigh power densityMeanwhile, highvoltage
lithium-ion battery cathodes that enalin operation voltagap to ~4.7V are being

developed*?
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Figure 2.4 Discharge profiles of different secondary battery eyt (at C/5 raté)
From referencé!.

The amount of electrical energy that can be delivered from a battery is determined
by the cell potential and capacity, which is directly assocwatédthe cell chemistry.
Among these secondary battery technologies, lithium secondary batteries show the
highest energy density in both gravimetric and volumetric perspeagviustrated in
Figure 2.5 Because of the superior performances, lithium secondary batteries have

received most attention at both fundamental and commercial levels.

A T hrate isdefined as the discharge rate of a battery. 8& e means t he battery:¢
be delivered in 1 hour, thus, C/N rate means the battery needs N hours to be fully discharged.
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Figure 25 Comparison of volumetric and gravimetric energy density of different
secondary battery systems. From Refee¢hl.

2.3 Overview of Lithium-lon Batteries

To date, different combinations of electrodes and electrolyte for litihomm
battereshave been developed and dig® commercial applications. At the same time,
new materials that enable higher operation voltage and higher capacity are being
investigated and leading to promising electrode candidates for the next generation

lithium-ion batteries.

2.3.1 Working Principle of Lithium -lon Batteries

A lithium-ion battery can be schematically described in Figurd*2.®oth
electrodes are based on Li insertion materials which facilitate Li ions intercalation and
deintercalation during electrochemical cycling. Graphite or other carbon based
materials are commonly used in commercialdith-ion batteries as the anode material
which can provide a potential relative close to metallic Li. The cathode is a Li
intercalation compound, usually a metal oxide with high standard potential. taseis
a layered transition metal oxide is showntle schematic diagram in Figure 2.6.
During cycling, the Li ions are reversibly intercalated and deintercalated from the two

electrodes through an electrolyte which transports Li ions between the electrodes. The
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separator is a membrane that is made of pelg or ceramics, which physically
prevents the direct contact between the positive and negative electrodes and allows ions,
but not electrons, to pass throughuring the charging process, the Liions deintercalate
from the cathode and are intercalatad ithe anode, while electrons travel through the
external circuit from the cathode towards the anode. During the discharging process,
the Li ions intercalate back to the cathode material accompanied with electrons transfer
through the external circuit. Thhedox reaction of a layered cathode material is given

as an example:
# 0 Q AQ P 04 (Anode)

L EDIP DQOG D Q 6 (Cathode)

S

1

Current

- T

Anode Electrolvte/ Cathode
Separator

« Carbon eLi-ion e Transition Metal @ Oxygen

Figure 2.6 Schematic diagram showing the electrochemical process in a li#bium
battery. From referend&. Graphite and a layered lithium transition metal oxide are
shown as the electrode materigghe illustration.

The commercial lithiumon batteries have been manufactured into different
configurations in order to meet different demands, as show in Figure 2.7. These include:
cylindrical cells, the most common form for consumer electronics xampgle of
cylindrical lithium-ion battery pack composed of multiple individual cells is shown in

Figure 2.8); prismatic cells; single coin cells; and pouched cells. Amongst all these
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lithium-ion battery configurations, there are three major componentddtemine the
performance of the battery: the positive and negative electrodes, and the electrolyte.
The positive electrode, or cathode, provides the source of active lithium ions in the
battery. The negative electrode, or anode, should have a low pbthatiis close to

the electrochemical potential of lithium metal. The electrolyte should have high ionic
conductivity, enabling a fast ion transfer between the two electrodes. A brief

introduction of these three components is given in the following obnte

a Liqukt alactrolyte c
r—JH
Aol ——
Sq_\j. —
«Cell can
W
t
ey N\\\ Seperator 1.1An ©

Carmn/cu I\ Uy, M0,
Sep

ator

Al Mesh

| / +Piastic alactrode
(Cathade)
Plastic slectroiyte

Liguid

2 % R R\ LUK L A=
*—__- Plastic elactrode

Separator =5 \ (Anode)
Cu mash
3.7V \

Figure 2.7 Schematic diagrams illustrate the shape and components of different
lithium-ion battery configurations including: (a) cylindrical; (b) coin; (c) prismatic; (d)
pouch. From referencdé.

Figure 2.8 A photo of a lithiumion battery pack that contains multiple single 18650
cylindrical cells (in red shrinkvrap). From Referenc&!.
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As described earlier, lithium metal was used as the anode material in the lithium
secondary batteries in the early stages of their development. The dendrite formation on
the lithium anode side, however proved to be problematic. Due to the safegyronc
alternative anode materials were being studied to replace lithium metal. The use of
carbonbased materials enables a standard electrode potensalto that of lithium
metal, thus resolvinghe safety issues arising from the lithium metal anode T
carbonbased anode materials experience no significant change in the crystallographic
structure during lithiation and delithiation, therefore, ensure the reversible charge and
discharge cycles. While graphite is the most commonly used anode matdhal in
commercialized lithiurion batteries, different structures of cardmased materials are
also under investigation in order to enhance the capacity of litfuanibatteries.
Furthermore, studies on n@arbon based materials such as alloysA(L.iLi -Si, etc.),
metal oxides (LiTisO12, SiQ;, etc.) and metatarbon composites (Si and Sn are some
common elements in such composites) are being carried out favechihigher
specific capacit{t®!

In parallel to the amdbe development, the discovery of chalcogen group
compounds as cathode materials laid the foundation for the development of lithium
secondary battery technologi&$d It has been demonstrated that chalcogen
compounds, e.g. TiSare able to participate in the intercalation reactions as their bulk
structure maintains unchanged during lithium ion intercalation and deintercalation,
therefore, enabling the repeated charge and discharge cycles for the batiayeklo
this type of cathode materials have disadvantages of high cost, difficult to synthesize,
and low electrode potential, thus restricting their commercial application. With the
commercialization of lithiumon battery system using layered structure d@g as
cathode material, research on different types of oxide cathode materials evolved rapidly.
More details of the recent development on cathode materials will be discussed in the
following section.

In a lithiumrion battery system, the electrolyte hagthionic conductivity through

which lithium ions can shuttle between the two electrodes. The electrolytes can be in
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the form of liquid, gelpolymer or solidstate. The liquid electrolytes is a solution with
lithium salt dissolved in organic solvents (usyiahrbonates). Most of the commercial
lithium-ion batteries now use this type of electrolyte. In addition, an ionic liquid
electrolyte is also available for lithition battery systems, this type of electrolytes are
composed of lithium salts and moltenltsawith low melting point. lonic liquid
electrolytes are known of their safe operation because they do not include combustible
organic solutions. Lithiunion batteries using gglolymer electrolyte are called
lithium-ion polymer battery, in which a polymenatrix with a liquid electrolyte
constitute the electrolyte componést.Currently, solid electrolytes attract lots of
attention because of the increasing interest in the development-siflidistate
batteries, mning to solve the instability and safety issues of the current liquid
electrolyte systems. Compared to carbonate electrolytes, most of the solid electrolytes
are stable under a wide voltage window (of above 5 V) and are noncombustible. This
type of electolytes, however, have not been used in real applications because of the
low ionic conductivity and problems associated with interfacial compatibility between

electrode and solid electroly{&:17]

2.3.2 Application of Lithium-lon Batteries

The rapid development of modern technologies has largely promoted the growth
of the lithiumion battery market. The global market for lithitiom batteris is
expected to reach $ 30 billion US dollars by 26%0Currently, lithiumion batteries
have been successfully used in a variety of portable devices, such as mobile phones,
tablets, laptop computers, entertainment devices, lighting, and medical apptication
because of their high energy density and high power density. With these superior
performances, the application of lithidion batteries has expanded to the automotive
industry. The demand for environmental friendly vehicles, inclutHiy's, plugin
hybrid electric vehicles (PHEVs) and battery electric vehicles (BEVS) has generated
the need for high power lithiunon batteries. Based on a 2016 report on automotive

lithium-ion cell manufacturing, the annual growth rate of all the different types of EVs
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is expected to be 44% through 202%.The demand of P/HEVs and EVs on lithium

ion battery will have a compounded annual growth rate of about 36% fror22205
consisting of a need of 11 GWh in 2015 to 54 GWh in 2020, as shown in Figure 2.9.
In addition to the pplication in automotive industry, the development of lithiiom

batteries also focuses on small electric appliances and portable electronic devices.
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Figure 2.9Estimated demand of lithittion batteries from automotive industry. From
referencé!®l

The safty of lithium-ion batteries for P/HEVs, EVs, and other applications is also
an issue of great concern particularly in battery operations related to thermal abuse (e.g.
external heating), mechanism abuse (e.g. mechanical damage), and electrical abuse (e.g.
overcharge and short circuit). Considering the energy density of a lHbmuimattery
is a few times that of a leaatid battery, there is a risk of ignition of the cell component
if this high energy is suddenly released following a short cifélilthough the safety
problems have not been fully eliminated from the lithilom battery applications, the
development of advanced electrodes, electrolytes, separators, and controls are

improving the safety level of the battery.

2 4 Cathode Materialsfor Lithium -lon Batteries

As key components in lithiunon batteries, different types of cathode materials

have been developed ever since the development of Itlmnrbatteries. The ideal
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cahode materials should display reversible behavior during Li intercalation
deintercalation and should have high electrical and ionic conductivities. The cathode
materials should not undergo side reactions or irreversible phase transformation in
order to matain high cycle efficiency and battery capacity. Meanwhile, good
electrochemical and thermal stability are expected for the cathode materials. Although
the current cathode materials have not yet fully satisfied all these demand
characteristics, the rapidevelopment of novel materials has largely resulted in
improved performance of the cathodes. Based on their crystallographic structure, the
cathode materials fall into three main categories: layered type structure, spinel type
structure, and olivine typstructure.

The layered lithium transition metal oxides can be described by the general
formula of LIMO, (M = Ni, Mn, Co, etc.) which crystallizes in a hexagonal layered
structure. Oxygen | ayers are st-axisWwithd i n seq!
Li and transition metal (TM) ions occupying the octahedral sites between oxygen atoms,
as shown in Figure 2.10. Layered lithium transition metal oxides represent a major type
of cathodes used in commercial market because of their high specific capacity@nd goo
stability. LiCoQ, the most commonly used cathode material for commercial lithium
i on bat t-®aFeQtgpe straciue withRom space group®?% LiCoO; can
provide a practical capacity of about 145 mAh/g, while overcharging (x>@.71)

«CoQ; cathode will lead to oxygen release, structure collapse and safety!issTieis.
cathode material is the first cathode material used in commercial cells, whereas it
suffers drawbacks such as high cost aoxicity. As a result, layered LiNigand

LiMnO2 have been extensively studied as alternatives for Li3&’!

24



Ph.D. Thesi$ H. Liu McMaster University Materials Science and Engineering

() Lithium
“ Transition metals
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Figure 2.10 Atomic model for layered structure lithm transition metal oxide. The
unit cell is outlined by the line frame.

LiNiO2 has a high theoretical capacity, its actual capacity is also higher than
LiCoO.. However, it is difficult to synthesize stoichiometric LiNiG@ue to the cation
mixing arising fom the similar atomic radii between?Niand Li*, thus resulting in
nonstoichiometric  LixNi1+x02.24%%  The substitution of Ui by Ni#* in
nonstoichiometric LixNi1+xO2 will hinder the lithium ion diffusion and lead to a
reduced capacity®! This materidis also metastable at elevated temperature and is
accompanied by oxygen release, which leads to safety corfetnsIinO2 cathode
material is attractive from the economic and environmental point of view. Although the
synthesis of layered LiMn£s difficult since it is thermodynamically metastable, both
the stoichiometric LiMn®@ and nonstoichiometric kMnyO- have been successfully
synhesized®”! LiMnO; provides high initial capagitof 200 mAh/g when charging to
4.5 V. However, as the delithiatechkMnOz is unstable, this cathode material suffers
irreversible phase transformation during chadgeharge. The deformation of the
material due to JakTeller distortion of MA* and therapid capacity decay arising from
the detrimental phase transformation remain challerigfihg.

In light of these limitations, cathode materials with partial substitution of Co with
Ni and/or Mn appear as alternative solutions to overcome these various disadvantages,
and have been extensively studi€ttoichiometricLi(NixMnyCo1.xy)O2, described
fromhereorms A NMCO materi al s, ar donbaftdriesthati v e

possess high reversible capacity and lower €83t The LiNi 13Mn13C01202 cathode
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materi al was first reported by Ohzukuds gr ol
conventional LiCo@, it has small volume change upon cycling as well as good
stability[?®®% This cathode material has the same layeredtstiavith LiCoQ, the
oxidation state of the three transition metals are Ni at 2+, Co at 3+, and MFat?h+.
Although there are still debates on the role of TMs in the chdispdarge prcess, it
is commonly recognized that Mhis inactive in the redox reaction and contributes to
the structural stability. More details regarding the charge compensation of layered
LiMO 2 will be discussed in the next chapter.

The rapid development of autothe industry, such as P/HEVs and EVs, still
requires improvements in energy density and power density of batidaesrecently,
Li-ri ch cathode materials have attracted rese
become one of the most promisinghzate candidates which deliver high capacities of
above 250 mAh/g when charged above 4%6¥! The Li-rich layered oxide
compounds (LixM1xO2) are derived from the conventional layered LiM®@ides by
partially substituting the transition metal (TM) cations with Li ions in the TM layers.
The layered Lirich oxides can be written in the form x§MO3)-(1-x)LiM Oz, whereas
the structure of the material, whether is a solid solution or aptvase composite,
remains ambiguous when the composition and synthesis method varies. Although a
high capacity of above 300 mAh/g can be achieved during the initial chards; the
rich cathode has low firgtycle coulombic efficiency, there is a considerable
irreversible capacity loss after the first discharge, as shown in Figure 2.11a. The rapid
capacity decay and voltage fade under {rgn cycling are also main limiting fact
for the commercialization of this type of cathode materials (Figure 2.11b). The origins
for the severe performance decay are therefore under extensive investtféatias,

will be discussed in the next chapter.
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Figure 2.11The cyclic performance of kich cathodes. (a) Chargkscharge curve
showing the irreversible capacity loss ofrigh cathodes. (b) ¥lic performance

showing the performance decay ofrich cathode during lorterm cycling. From
referencé*?,

Another type of cathode material is the spinel structure.OiVoxides, with
LiMn 204 as the representative tedal. LiMn2O4 has high theoretical energy density,
is low cost and environmental friendl§?! LiMn .04 can provide an operating voltage
of 4.1V, and its high poteial analogue, LiNi.sMn1.504, exhibits about 4.7V operation
voltage? The LiMn,Os spinel crystals have th&0@da symmetry, Li ions are
occupying tetrahedral 8d sites surrounded by caloised packed O atoms, Mn atoms
reside in 16¢ octahedral sites (Figure 2.12). Unfortunately, this spinel cathode suffers

severe capacity fade due to Jdfatler distortion & Mn3*, loss of crystallinity,
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increasing oxygen deficiencies upon cycling, and more significantly, Mn dissolution
into the electrolyté*#44% Extensive research has been devoted to improve the
performance of spinel cathodes including substitutions of dopants into thel&gfhel,
surface modification¥® and additives in electrolyt’! Furthermore, there have also
been many studies focusing on the high voltageddMin:.s04 (LNMO) spinel cathode

materiall®®>!'which becoming a promising cathode candidate for lithiombatteries.

VEIY

.J:

b

Figure 2.12 Polyhedral model of the spinglpe LiMn,O4 cathode material. From
reference*®l,

Olivine LiFePQ (Figure 2.13) was first reported by Pahdi et al. in 1897 his
cathode material satisfies many criteria for an ideal cathode material: it enables
reversibly Li ion intercalatin-deintercalation at 3.5V voltage, a high theoretical energy
density of 170 mAh/g, good stability, and is compatible with most electrolyte systems.
The abundance of the elements that composed in LiFeRékes it a very
environmental friendly cathode matdr Unlike the former two types of cathode
materials (layered LixM1xO2(m @ p and spinel LiMOs), this cathode material
is limited by the poor electronic conductivity with about 10° S/cm at room
temperature which limits the electrochemical perfaoroea of the cell since the
electrons cannot be easily transpoftédviany studies have focused on improving the
electronic conductivity of LiFePQncluding: carbon cdiang/mixing®* % supervalent

ion doping®**" porous and nansize structure§8>9
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Figure 2.13 Polyhedral model of the structure of LiFeP€thode material. From
referenceé®.

As a major component in lithimion battery, the cathode behavior highly
influences the performance of the battery. Recehtbhrvoltage and higitapacity
cathode materials that provide highergydensity for the lithiurvion batteries have
become the focus of cathode development. The effective design and modification of
these promising cathode materials, however, rely on-depth understanding of the
chemical and structural evolution of the material during electrochemical cycling. The
work carried out in this thesis is focused on the study of layered structure cathodes. As
will be discussed in the next chapter, there afdé gien questions on the charge
compensation and degradation mechanisms of the layered cathode materials upon
cycling. Therefore, a systematic study on the cyeintuced evolutions of layered

cathodematerials is hence necessary.
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Chapter 3

Basics of Transmission Electron Microscopy

In order to synthesize and design electrode materials with improved cyclic
performance an indepth understanding of themat er i al s 0 behavi or
electrochemical cycling is of great importantbe chemtal and structural evolution
of differentlithium-ion batterycathode materials have been extensively studied using
various techniques including -day absorption spectroscopy (XASYS4 nuclear
magnetic resonance (NMH§;%81 X-ray diffraction (XRD)©"¢8 neutron powder
diffraction®®7% scanning electron microscopy (SENW, scanning/transmission
electron microscopy (S/TEM%%"3letc. Among all these techniques, TEM has shown
its own potential because of its superior spatial resolution comparing to other
techniques. Usin@gberratiorcorrected TEMs, one has the capability of obtaining
structural information down to the atorlevel, and capturing the local chemical

evolution of electrode matersadiuring electrochemical cycling.
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3.1 Overview of Transmission Electron Micoscopy

A microscope can be simply described as a tool that can magnify objects that have
small dimensions so that they become visible to the eye. Theiterra s o Irefetsi o n 0
to the smallest distance between two points that can be resolved, in otherth®rds
resolving power of the instruments used for magnifying. This resolution is directly
related to the wavelength of the radiation used to image the object. Since the
wavelength of electrons is substantially less than that of visible light, due todeuis
Broglie (1925), who theorized the walike characteristics of electron, an electron
microscope can therefore provide a much higher spatial resolution than-ligtible
microscope based on the classic Rayleigh criterion for therigtroscopé’* From
the criterion, the smallest resolvable distanGg i6 strongly dependent on the

wavelength of the radiation, given approximately by

T o
OET P

wher e aadiatisnwavdieagth,; is the collection sermangle, and{ is the

]

refradive index of the mediunof propagation If taking t sinf as unity, then the

resolution achieved with green light (a wavelength of about 550nm) will be about 300

nm. Now, if we considering the wavelength of an electron with an energy of 100 keV,
accordingt t he equation from Louis de Brogli e,

approximately (ignoring the relativistic effects):

P& ¢
or o

which is about 0.004 nm. Therefore, the sgdatsolution of a microscope is pushed to

]

smaller scale using an electron source, in theory, enabling the visualization of atoms in
a material.

In practice, however, we cannot achieve the theoretical resolution based on these
simplistic calculation sincéhe electron lenses used in a TEve not perfectThe
resolution of a TEM is basically limited by the lens aberrations rather than the
wavelength of the electron source. In a TEM, the electrons are focused using

electromagnetic lenses. The spherical atiemm in an electromagnetic lens occurs
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when the lens field behaves differently for-a¥is rays than eaxis rays. Thus, a small
point object will be imaged into a larger disk, which blurs the details in the imaging
process. The chromatic aberration, the other hand, occurs because the incident
electrons are not monochromatic, the energy spretie @lectron beam could be 0.3
3.0 eV depending on the electron sources used. Electrons with different energies will
be focused differently, leading to a diglther than the original point object imaged at
the image plane. Nevertless, the recent breakthroughghe design of spherical and
chromatic aberrabh correctors and monochromatbave largely improved the
resolution of modern TEMSs.

When a higkenepgy primary electron beam interact with the specimen, there are
a wide range of signals produced by this interaction, as shown in Figure 3.1. Although
the signals may not be all detected by one TEM instrument (i.e. the TEM cannot collect
all the signals ithe specified detectors are not installed), many of them are commonly
used in TEM analysis. The analytical TEM withr&Xy energydispersive spectroscopy
(EDS) and electron energdgss spectroscopy (EELS) collect signals of characteristic
X-rays and inelagtally scattered primary electrons with certain endopges,
providing valuable chemical information and many other details about the samples.
The transmitted electrons or electrons used to form-filglck or brightfield images,
diffraction patterns arat the basis of the operation and function of TEMs. Signals,
such as backscattered electrons (scattered through angl®scer 88condary electrons
(ejected from the sample) also contain useful information but are more generally used

in a scanning elein microscope (SEM).
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Figure 3.1 Signals generated from the interaction of incident electron beam with the
specimen. From referenf@l.

3.2 Introduction to Electron Scattering

Basically, when the higlenergy incident electrons going through a thin specimen,
some of them interact witthe electrons or atonycuclei of the material through
Coulomb (electrostatic) forces, being scattered with either no energy loss or some
energylosses. The scattering events in a TEM is usually divided into two broad
categories: elastic scattering and inelastic scattering. Elastic scattering involves almost
no energy change in the incident electrons, which makes the main contribution to
diffraction patterns and image contrast. Whereas from inelastic scattering, part of the
kinetic energy of incident electrons is transferred to the electrons or atoms in the

specimen. These enerpst electrons are the main source E&LS.

3.2.1 Elastic scatteriny

The elastic scattering can be considered in two forms: @eattering from single
isolatedatoms,which helps in understanding the formation e€ahtrast imageghe
other iscollective gattering frommany atoms in the specimen, this form is atahss
of electron beam diffractior® In the case of scattering with single atoms, the electrons
can either interact with the electron cloud of an atom, or interact with the nucleus when

the incident electns penetrate the electron cloud. With respect to the eleglgotron
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interactions, the electrons will be scattered at small angles, although in many cases, the
incident electrons will suffer energy loss, resulting in an inelastic scattering events.
Whenthe incident electrons approach the positively charged nucleus, they are usually
scattered through large angles because of the strong Coulomb attraction between
electrons and nucleus, sometimes even leading to the generation of backscattered
electrons The differential cross section for the high angle eleetrodleus interaction

was first discovered and derived by Ernest Rutherford and is therefore referred to as
Rutherford differential cross section. The discovery of the Rutherford scattering is
importart for understanding the atomic number @@pendence of this high angle
elastic scattering: the electrons that undergo Rutherford scattering provide information
on atomic number contrast and are at the basisaunfrast images. More details on

the Rutheiford differential cross section will be discussed in section 3.4.

When referring to the phenomenon of collective scattering from many atoms, we
need to think of the wave nature of the incident electron beam. In contrast to Rutherford
scattering, the inceht electrons are treated as plane waves and scattered by the atoms
in the specimen, this being referred to as electron diffraction. The scattered electron
wave front will be modified by the crystallographic arrangement of the specimen,
leading to strongitfracted electron beams at small angles. These elastically scattered
electrons at low angles are coherent, i.e. there are phase relationships between the
scattered electrons, and the diffracted beams can be constructively interference with
one another whethey are in phase, or destructively interference when they are fully
out of phase. The angles of the diffracted electron beams can be related to the spacing

of the atomic planes in the specimen, which

3.2.2 Inelastic scatteing

Inelastic scattering refers to thrgeraction processeikat leading to energy loss
for the incident electronslThe signals arising from inelastic scattering process are

invaluable for retrieving information about chemistry of the specirfBeme ofthese
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signals can be collected by detectors of an analytical transmission electron microscope
(ATEM) and used for further analysis. Combined with the energy loss process of
incident electrons, many different signals can be gene¥ated.

When the incident electrons reach the specimen, they interact with the weakly
bounded or free electrons in the conduction or valence band of the specimen and excite
plasmons. The plasmons are quantizexllatons of electron gas and create localized
regions with different electron density, which is most likely to occur in metals which
possess large number of free electrons. The-dighigy incident electrons can also
penetrate the outer conduction andewae bands and interact with the tightly bound
inner shell electrons. If a sufficient amount of energy is transferred from the incident
electron to the inner shell electron, this electron will be ejected into the unfilled state
above Fermi level, leaving hole in the inner shell, and this atom becomes ionized. To
ionize an atom, a minimum amount of energy needs to be transferred into the inner
shell electron, defined as critical ionization enerigy.(A higherEc is required when
the excited electronseacloser to the nucleus, i.e. the innermost K shell electrons will
need a highdg: than L or M shells, because the electrons are more tightly bound to the
nucleus. After an atom is being ionized, it can go back to its ground state by filling the
inner sh# hole with an outer shell electron, and this process is accompanied with the
emission of energy in the forms ofrdys or Auger electrons, as shown in Figure 3.2.
The energy of this emission process is characteristic of the energy difference between
the two shells, which is also dependent on the atomic number and coordination
environment of the involved atom. Therefore, by collecting these secondary process
signals, we are able to identify the chemical information of the specimen.

In addition to the emgon of characteristic Xays and Auger electrons, the
incident beam of electrons may penetrate the inner shell electrons and interact with the
atomic nucleus. In such case, the electron suffers a change in the momentum by the
interaction with the nucleusnd the lost energy of this electron may be in the form of
bremsstrahlung Xays. The bremsstrahlungrdy signal contributes to the background

of the characteristic Xay spectrum, while this type of-days are not of much interest
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in analytical electrormicroscopy. Meanwhile, the inelastic scattering process also
generates secondary electrons (SEs), which are electrons being ejected from the
conduction or valence band of the specimen. Only the SEs from the specimen surface
can escape from the material base of their low energy, and they are one of the major
signals inSEM that provides useful topographic information of the specimen.

The inelastic scattering process generates a wealth of signals that carry a lot of
information of the specimen, but we sifth be aware that the enerlpss electrons
themselves are also of great importance, as they provide useful information about the
chemistry and electronic structure of the specimen atoms. In order to analyze these
primary energyloss events, the energy ttibution of the electron beam that interacted

with the specimen can be obtained udiif) S.
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Figure 3.2 Schematic diagram showing the ionization procéay.Generation of
characteristic Xrays. (b) Generation of Auger electron. From referéfite

3.3 Electron EnergyLoss Spectroscopy

EELS is a technique that detects the energy distribution of electrons that pass

throughthe specimen and suffer either energy losses or no energy loss. The magnetic
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prism spetrometer and energy filter are used to produce an etesgyspectrum and
create energy filtered images or diffraction patterns (DPs) in a TEM.

An EELS spectrum contains electrons that have lost almost no energy, referred to
as a zerdoss peak (ZLP). & shown in Figure 3.3, the ZLP primarily contains elastic
scattered electrons and electrons have suffered small energy losses. Up to an energy
loss of ~ 50 eV is the lowoss region, which contains electrons that have interacted
with weakly bound electronsncluding inter/intraband transitions and plasmon
interactions as introduced in section 3.2.2. Above that energy range is the high energy
loss, or cordoss region, containing information arising from the ionization of an atom
accompanied by the excitati@f coreshell electrons. As described in section 3.2.2, to
ionize an atom, a minimum energy &f is required. The crossection of ionization
event is highest when the energy I&ds at critical ionization enerdy. and gradually
decreases with thedreasing energy loss aboke The ionization edgesan beused
for identifying elemental information of the specimen, whereas, we can obtain way

more than that from the celess spectrum.
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Figure 3.3 An example of EELS spectrum. From referelite

The coreloss spectrum can be described in two parts: energy loss near edge
structure (ELNES) and extended enelgss fine structure (EXELFS). The nesdge

fine structure oscillates within ~50 eV of the ionization en&gyvhich is valuable in
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obtaining chemical bonding information of atoms excited by the electron beam. For a
basic understanding of the physics behind the ELNES, it is helpful to thkge
features to the electronic density of states (DOS) and in particular the unfilled portion
of the DOS in the material. Whehe core electrons are being ejected from their own
core level states, they may not receive enough energy to escape to e \eweel,
but they transfer to the unfilled states above Fermi level. In such case, the energy being
transferred from the incident electrons to the excited electrons are closely related to the
unoccupied DOS. In other words, the ELNES can reflect thetgiasfsiinfilled states
of the target material. Because the DOS is very sensitive to the bonding character of
the atoms, the shape of ELNES can be used to obtain infornmagamdingthe
oxidation state and bonding environment of the ionized atoms.

In thisthesis, the EELS measurements were carried out in STEM mode to ensure
a spatiallyresolved acquisition. The working principle of acquiring spectrum images
(Sls) is shown in Figure 31 A high energy incident electron beam is focused and
scanned on a thin specimen pixel by pixel, the electrons that undergangighelastic
scattering are collected by a STEM detector (a detailed description of STEM detectors
will be discussedn section 3.4) and form an image, while the endogy incident
electrons that undergo inelastic scattering process are collected by the EELS
spectrometer at the bottom of the microscope and recorded by a detector after the
magnetic prism of the spectreter. Thereby, a data cube with each pixel of the

scanning area containing an EELS spectrum is obtained.
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Figure 3.4 Schematic illustration of the STEM spectrum imaging acquisition. From
referencé’.

The energy resolution of TEM is a key factor in determining how much information
one can obtain from EELS. For vibrational modes of atoms, interkaind excitation,
and ELNES, an energy resolution of a few eVs is not sufficieéthe resolution of the
spectrometer is not a limiting factor, the energy resolution is limited by energy spread
of the incident electron beam. The normal thermionic sources can provide an energy
resolution ~3 eV (W) and 1.5 eV (LgBrespectively, Wereas a cold FEG or Schottky
gun will provide a sueV resolutiort’¥ However, better solution can be achieved by
further using a monochromator, which is usually a Wien filter with perpendicular
electrostatt and magnetic fields that only allows the selected electrons to travel in a
straight line down the TEM columiff! An energyselecting slit is placedh an image
plane of its chromatic focus to further refine the energy spread. The monochromator is
therefore used to produce an incident electron beam of small energy spread. An energy
resolution below 0.1 eV can be achieved by using a monochromatorendati be

used to acquire remarkably fine details in the spectrum
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3.4 Scanning Transmission Electron Microscopy

In a TEM, the illumination system can be operated in two modes: parallel beam
(TEM imaging) and convergent beam (STEM imaging). When operaiir&TrEM
mode, we can adjust the convergence angle of the beam by adjusting the condenser
lenses and minimize the area of the specimen that is being illuminated. By controlling
the scan coils of the pigpecimen area of the TEM, we are able to scan thisséul
beam (often called a Aprobeodo) on the specin
acquire both brightield (BF) and annular darkeld (ADF) images in STEM mode
with different detectors. As shown in the schematic of STEM imaging (figure 3.5), the

different detectors are collecting electrons from different scattering angles.

Incident
convergent
beam

Specimen

8, >10-550 mrads 0 >50 mrads off axis

03 <10 mrads

HAADF 03 HAADF
detector  ADF ~*| ADF detector
detector RE detector
detector

Figure 3.5Schematic of the different detectors in a STEM imaging system, along with
the range of electron scattering angles gathered by each detector. From référence

The direct beam is collected by a BF detector centered on the optic axis. ADF
detector is complementary to the BF detector, which is also centered on the optic axis
but having a hole in the middle. When collectihg data with an ADF detector, we are
forming an image using electrons that are being scattered by the nucleus (Rutherford
scattering), which are incoherent (i.e. it does not depend on the defocus of the electron

lens)'Bef ore going into details of ADF imaging
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explained first. Crossesct i on ( () i's used to describe
interaction between the incident electron and specimen atom. The unit for cross section
is O6barnd, WP orfl0°er)uNote that the cto8s section is used to
describe the pitmability of the occurrence of a scattering event, but not a physical area.
The cross section will be different depending on the type of interactions and the energy
of incident electron beanThe Rutherford differential cross section for hahgle
scatterd electrons by the nucleus can be expressed as

Qw Q

p(PTTO IQE__

whereEo (in keV) is the energy of the electrons is the dielectric constaaind [ is

the scattering angle. The relativistic and sareg effects are ignored in this expression.

For unscreened Rutherford scattering (ignoring the contributions from outer electrons),
the cross sect i onand theicentragtrobtpedmages tormadby t o Z
Rutherford scattered electrons istedmea s« ofnZ r ast 0 ( heavier ato
in an image). This unscreened behavior is quite a good approximation for the high

angle scattered electrons while the screening only needs to be considered when the
scattering angle is small (say < ~3p. Wercturther incorporate screening and relativity

corrections into the expression and get the modified equation as

(I) D
_ B 2l o®
ot W
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Here —is the screening parameter, the screening effect is prominent only when the
incidentelectronsarefar from the nucleus® is Bohr radius of the scattering atom
when taking into consideration of the relativistic effects.

The influence of atomic number and scattering angle on the Rutherford cross
section can easily be seen from the data shown in Figure 3.6. Theseotiss is
getting smaller at higher scattering angles when approaching towaft<k8Qvith

the increase of atomic number Z of the element from C to Au, the cross section
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increases by a factor of about?1This significant change in the Rutherfordbss
section associated with atomic number variation contributes to the contrast of Z

contrast images.
(b)

) Beam energy 100 keV

logipo
(m?)

60 120
Scattering angle, 6 (°)

Figure 3.6 The variation of Rutherford cross section for electrons scattered at ahgles >
from different elements at 100 keV. From referefitle

In general, the £ontrast images acquired in STEM mode are collected by a high
angle annular dark field detector (HAADF) detector, as shown in Fig&reThe
HAADF detector only gathers the high angle forward scattered electrons with a
scattering angle of >50 mrad (~3}, thus can further avoid the Bragg scattered electrons
that may be collected by the normal ADF detector. Therefore, the HAADF image is
also termed Zontrast image in which the image contrast is due to the value of Z, not
the orientation of the specimen. Therefore, the images are easier to interpret.

HAADF-STEM imaging has been widely used to characterize the crystallographic
structureof various electrode materials for lithivion batteries. Using the instrument
equipped with a spherical aberration corrector¢@sector), which is the case for this
thesis, one could obtain sdbresolution that enables the direct observation of the
atomic arrangement of crystals. Unlike powdefray diffraction®”-%8! or neutron
powde diffraction®® 7% that only probe a macroscopic phase distribution and average
crystallographic structure, the atomic arrangement and defects can be observed using

this characterization technique. STEM imaging providigh spatial resolution that
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enables the examination of minor phase generations. As will be shown in the following
discussions that some cyclimgduced phase transformations only occur within the first
few nanometers from the particle surface, and sudace evolutions are not within

the detection limit of the bulk techniques.

3.5Characterization of Layered Lithium -lon Battery Cathodes

Compared to other characterization techniques, TEM shows its own advantage of
superior spatial resolution capablere¥ealing the structure of studied material down
to atomiescale. In addition of acquiring the crystallographic information of the studied
material, an analytical TEM equipped withrXy energy dispersive spectrometer and
electron energyoss spectrometgsrovides chemistry information of the constituent
atoms,such as chemical composition, bonding and valence state of the atoms. As
introduced in the former section, with the application of monochromator, one could
even achieve an energy resolution that asnparable to that of XXay absorption
spectroscopy (XAS). Therefore, TEM is a powerful tool that can be applied in the study

of cathode materials in lithimion batteries.

3.5.1 Charge Compensation in Layered Structure Cathodes

In a lithiumion battery, tle capacity arises from the redox reactions accompanied
with Li deintercalatiorintercalation between the positive and negative electrodes.
Therefore, to the extent that it influences the redox behavior, the chemical evolution of
cathode materials during atgedischarge is critical for battery performance. During
past years, there has been a growing interest on the layered lithium transition metal
(TM) oxide cathode materials, as introduced in the former chapter. Previous studies
showed that the Li ion detiercalation during charging process is accompanied with
oxidation of TM ions in the layered lithium transition metal oxide cath8&és,

whereas the redox mechanism of some TM species is not fully understood. There are
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still debates on the role of TMs Li deintercalationintercalation process, especially
when more than one TMs are added into the matéfit,

Most of the pevious studies orthe charge compensation process of lithiton
battery cathodes were carried out using XMA8th in-situ XAS experiment, Nakai et
al %% investigated theharge transfer process inkNiosC.502 (LNCO) with TM K-
edge spctra during Li deintercalatioiheir study suggested that the oxidation of'Ni
to Ni** occurred in the first half part of thielithiation process, while Co continues to
be oxidized slowly until x=0.8. Rosolen etl®i5%! also observed the positive shift in
the Ni K-edge due to Ni oxidation, but they disagree with the Toxidation state
change. In addition to the TM-Kdges, they obtained Co and Njstedge XAS spectra
for further analysis. The TMiand Ls-edges arise from the electronic transition of
2p12 and 2py2 states (split by the spiorbit coupling of the 2p state) tbe unoccupied
3d states. This electric dipetel | owed 2pVY3d transition gives
Lo zedge features, which are very sensitive to the oxidation state and spin state of TM
ions. From the Co4zedge spectra acquired during Li deintdation process (Figure
3.7), they claimed that the Co ions in LNCO were at trivalerit ©w-spin state and
remain unaffected during Li deintercalation as evident by the consistent features of the
Co Ly,>edge spectra. They suggested that the @ald¢fe hift is attributed to a change
in the electrostatic potential of the surrounding ions. Meanwhile, different with the
Ni®*Y N #* oxidation that proposed by Nakai et al., they suggested that the charge

compensation at Ni sites is made through™KIiN 7*.
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Figure 3.7 (a) Co Lo zedgeXAS spectra otlelithiatedLNCO cathodes. (b) &culated
Co Lo zedgeXAS spectra of C8, high-spin Cd*, low-spin Cd*, and C4*. From
referencé?.

Furthermore, studies on layered LiNWnosO2 (LNMO) show some differences
between the surface and bilftk’”! The density function theory (DFT) calculations on
the electronic structure of the LNM@dicates that Ni is the redeactive species and
oxidized from N#* to Ni** during Li deintercalation, while M¥i is stable during the
process’® This calculation result is consistent with thesitu XAS study, from which
the N#* oxidation was observed from Ni-&dge spectra and Miis electrochemially
inactivel” The NP*'Y Nf*oxi dati on was also observed
XAS study!® whereas their results from the partial electron yield (PEY) mode and
fluorescence yield (FY) mode presented differlea@haviors of Ni. While PEY is a
surface sensitive mode (depth of more than 50 A), the FY mode is more bulk sensitive
which probes a depth of more than 10007°R% The Ni Lxsedge XAS spectra
collected by the two modes presented different electronic structures between the
surface and bulk, as shown in Figure 3.8. The charge compensatierbatkiregion
was mainly achieved by the oxidation of°Nto Ni** as evident by the peak shift,
whereas the oxidation state of Ni at the surface was almost unchangéd ashe

Ni L2,3-edge spectra acquired with PEY mode exhibits no obvious change.

45

b



Ph.D. Thesi$ H. Liu McMaster University Materials Science and Engineering

- (a)

Normalized intensity (a.u.)
Normalized intensity (a.u.)

L 1 i L i L " 1 I i 1 L 1
840 850 860 870 880 840 850 860 870 880

Energy / eV Energy / eV

Figure 3.8 Normalized Ni L2,zedge XAS spectra of LNM@athodesat differentx
values using the (a) PEY method and (b) FY method. From reféfénce

In the case of LiNisMn12Co120. (NMC), the charge compensation process is
more complicated as three TMs-egist in the cathode materidFirst principle
calculations on NMC electrode during charge predicted that the reaction in the range
of 0 x 1/3, 1/3 x 2/3, and 2/3 x 1 in NMC electrode ansists of Ni*/Ni%*,
Ni®*/Ni**, and C@&%Co*, respectively®¥ It is shown from TM Kedge XAS
experiment during the firstharge that Ni'Y N f* oxidation is related to the lower
plateau around 3.75V while €& C 4* occurred over the entire range of tiaktion
process$t!! By comparing TM Kedge and bs-edges, Kim et df? reported that the
charge compensation was achieved throughYNN #* and CS*Y C 8* by examining
the bulk sensitive TM Kedge spectra, while the surface regiorestigated by the TM
L. s-edge spectra only exhibited a change dfXIiN #*. However, this work ignored
the change in Mn 4z-edges (as shown in Figure 3.9), where the Mhedge showed
a clear increase in the lower energy range. Instead, they concladdxbth C3* and

Mn** were unchanged at the surface.
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Figure 3.9 Mn L. zedge XAS spectra of NMC cathode duribgdeintercalation
intercalation From referencé?.,

Instead of using TM Kedge and {,3-edge to examine the difference between the
bulk and the surface, Yoon et.also applied PEY ahFY modes to investigate the
charge compensation of TMs during the fcharge. From their results, the Ni,+
edge XAS spectra collected in PEY and FY modes are slightly different. They
concluded that the Rliions at the surface are less oxidizedwafage than the bulk.
Meanwhile, their result is in contrast with the Co oxidation reported in previous study.
As can be seen from Figure 3.10, the Ga-&dge spectra show no substantial changes
during the delithiation process in both PEY and FY datdjcating Co remain
unchanged in the CGb oxidation state. They suggested that it is not possible to
determine the change of oxidation state solely by usingdd¢e features. The
coordination environment, such as ligaige, coordination number, bond lenggtc.

would also affect the edge features.
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Figure 3.10Co L 3-edge XAS spectra of LkCo13NiysMny302 cathode at different x
values collected in (a) PEY mode and (b) FY mode. From refef&hce

EELS can als be applied to investigate the electronic structure of the TMs during
lithiation-delithiation process in order to understand the charge compensation
mechanism. Miao et & performed an EELS study on the local elesic structure
change of NMC cathode material. They proposed in their work that the charge
compensation is mainly achieved at oxygen 2p states, while no substantial change in
the oxidation state of Co and Ni was observed during Li ions deintercalaticgsproc
since the TM k>-edges remain unchanged (Figure 3.11). In their study, because of the
poor energy resolution, it is difficult to infer the TM oxidation state from the M L
edge near edge fine structures and the authors thus deduced the oxtdttiamlg
from the energy shift and comparisons with the electronic structure calculation. In
addtion, this study also ignored the surface and bulk differences. Therefore, an EELS
study with improved energy and spatial resolution would provide much rabrable
information (and less ambiguous) in studying the TM behavior during the charge

transfer process.
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Figure 3.11 Mn, Co, and Ni kszedge EELS spectra (from left to right) of
LixNi1sMn12C0130; at different x values. From refereffée

From all the results above, the role of Ni and Co in the charge compensation
process remains ambiguous. In addition, the inhomogeneity of the TM oxidation state
discovered from the particle surface to the bulk has not yet bégnifderstood?' 24
It is clear that there are knowledge gaps with respect to the charge compensation
processes and local changes in the TM oxidation states, thus, detailed studies on the
role of TMs during delithiation and lithiation process are neeS8edar, most of the
studies discussed above were carried out using XAS because of its superior energy
resolution, whereas this technique lacks sufficient spatial resolution to provide
information at the nanometer length scale for understanding locallmtbmena.
Considering the complexity of the surface chemistry induced by the inevitable
electrodeelectrolyte interface reactions, a detailed study on the chemical evolution of
the cathode material using spatialgsolved characterization technique, suh
STEM-EELS, is hence necessary.

Another class of materials of interest are the layeratthioxides which possess
a much higher capacity than the regular layered oxides discussed ot In
contrast to the regular layered oxide cathode materials, it has been reported that the
delithiation proces for these Lrich oxides includes two steps, as shown in Figure
3.120% During the initial charging region up to B4V, the capacity originates from
the TM oxidation. For the high voltage plateau above 4.5 V, the anomalous high

capacity during first charge arises from the exceseelnoval compensated by oxygen

loss69.86 881
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Figure 3.12Variation of potential (vs LiLi) with state of charge of kiNio.2Mno 602
cathode at 10 mA/g rate. From referefi&e

Armstrong et al. have demonstrated the direct oxygen evolution associated with

the 4.5V plateau by in situ differential electrocherhinass spectroscopy (DEM&§!

Jiang et al. have revealed thé t&moval in Li(Li/gNi1sMnsg)O2 cathode from both

Li layer and TM layer using solstate NMR at different states of charge and
dischargd®! The insitu XAS measrements indicated that partial oxidation éf @ay
attributed to the reversible capacity in the -rich cathode material
Li(Ni 0.17Li 0.2C00.0Mno.59 02.8% They suggestedrom the TM Kedge spectra, that the
contribution from Nf* and C3" are less than two electrons and one electron,
respectively. The oxygen redox participation inrich cathode material was also
proposed by Delmas et &F Using exsitu XRD, they observed a mixture of two
phases formed upon cycling. Although their experiment only shows structural data
from XRD, they still proposed a mechanism from their observation: oxygen loss
occurred at the surface with densification of the host strucaxygen oxidation
happened in the bulk without major structure modification.

A subsequent question is related to the nature of the oxygen redox reaction
occurred during lithium deintercalation and intercalation. One suggested form of
oxygen oxidation durig charge is the formation of perokke species({ ). Using
X-ray photoelectron spectroscopy (XPS) and TEM, Tarascon!®t edported the

formation of GO peroxelike dimers in LplrO3 during charging. In this work, they
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observed th® 1s peak in XPS spectra that representsithe species during cycling.
Meanwhile, they revealed the lattice distortion with the formation of shortened (1.56
v and lengthened (1.8% projected GO separations in delithiated oldrOs,

indicatingthe formation of0  peroxoclike species, as shown in Figure 3.13.
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Figure 3.13(a) Oxygen 1s core XPS peaks oflt®3 during cycling. Thed  (blue)
and 0  (red) peaks are attributed to the cathode material, whereas the two gray
shagkd peaks are attributed to the surface species and electrolyte decomposition
products. (b) HAADF and ABRSTEM images of the chargedolsirOs cathode,
demonstrating the differences in the projected distance®pairs. From referentd.

Recently, a detailed work on the charge compensation processiol lcathode
was carried out by Bruce et 8t who reported the O evolution of-kich oxide during
charging. In addition to O release, they proposed that the anionic redox reaction is made
through the formation of localized electron holes on oxygen atoms natediby MA*
and Li" ions, but not trued  species, for the charge compensation éfremoval.
The influence of local lexcess environment around O atoms on the redox activity of

oxygen in the layered kiich oxides was further investigated bydee et all®? They
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suggested that the40-Li configurations create oxygen states at a higher energy than
the hybridizd O bonding states (as shown in Figure 3.14), making them more easily
oxidized. The oxidation of the oxygen in-tich oxides is mainly achieved through the

labile electrons in the LD-Li states.

.
t‘lu

One Li-O-Li, two Li-O-M
For example, Li-excess layered/cation- o
disordered Li-M oxides For example, Li(Li;;3M;;3)O,

Figure 3.14 Schematic of the band structure of layeredith oxides demonstrating
the Li-O-Li states. Atomic model (on the left) shows the local environment around
oxygen with one LHO-Li and two LFO-M configurations. From referen€®l,

Through the continuous efforts of researchers, the origin of the anomalous high
capacity of Lirich cathodes is gradually being understood, although more work is still
needed to completelyncover its chemistry. The discovery of anionic oxygen redox
reaction in the charge compensation process of layeradh.cathodes overcomes the
limit of TM-determined theoretical capacity. The oxygen redox mechanism for
different compositional Lrich materials, however, have not yet been fully understood.
Detailed investigations on the electronic structure of TM and O during the first
irreversible cycle and the subsequent cycles are still of importance for validating the
calculations and to better und&nd the cycling behavior of these higergydensity

cathodes.

3.5.2 Structural Evolution of Layered Structure Cathodes

Sufficient energy density of lithiunon batteries after extended cycles has not yet
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been achieved due to capacity fade. This efemttributed to multiple possible factors,
including electrolyte decomposition and SE| formatfsit®¥ chemical and structural
changes of electrode materi&l$2° 1971 The design of lithiurvion batteries thagnable
improved cycling performance thus relies on adépth understanding of the chemical
evolution and structural transformation of the electrode materials upon cycling. It has
been proposed that the layered lithium transition metal oxide cathodes suff
irreversible phase transformations that contribute to battery degradation. Possible
transformation include a transition from layered structure into spinel struEtom),

[108,1091 gand/or to rocksalt structure Kmom),[*2% 1151 or from the nedy formed spinel
phase to other stable pha8é%.

Ikuhara et al”® investigated the microstructure of the LiNC0o.15A10.0502 (NCA)
cathode material before and after first cycle using STEM and EELS. Their results
showed the formation of very thin layers at grain boundaries that contain TM ions
(particular Ni) on Li sites. After the first cycle, the layeRaim structure at the grain
interior gradually changed to a partially ordered structure and then to a desbirolek
salt structure at the grain boundaries. The corresponding EELS data also showed that
the Cd* and NF* have been reduced to a lower valence at the-sattksurface layer.

Kang et af**?l observed an irreversible phase transformation at the cathode surface of

LiNi 0.5C0.2Mno z0- from rhombohedral structure into a mixture of spinel and-satk

phases. However, the acquired HRTEM images do not clearly show the -atomic
ordering of the surface Acubic regi-ono, a:t
ordering displayed from the | abelled fispi
Therefore improved spatial resolution measurements and more orientations are

necessary for the investigation of the structural evolution.
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(a)

Rhombohedral region Bulk

Surface

Figure 3.15HRTEM image of theLiNiosCo.2Mno 302 cathode after 50 cycles under
3.0-4.8 cycling condition. From referengé?.

Abraham et at'* reported in their work that a Ni§ype rocksalt suface layer
exists on the LiNigCm.2O. particles from HRTEM imaging and convergent beam
electron diffraction (CBED) pattern, while the thickening of this layer during cycling
could significantly hinder the Li ion transfer. Combining XAS and EELS datg, the
suggested that both Co and Ni are in trivalent state in the bulk region but in lower
valence at the particle surface, and this phenomenon is more obvious for the aged cell.
Arelative Ni and Co enrichment was also found on cathode surface. A simitgiositu
was observed on LiNiMno4Coo1sTio.020> cathode material after cyclift)! The
layered structure undergoes a phase transformation from a layered structure to a rock
salt structure and leading to the formation of a surface reduction layer (SRL) with all

the TM ions in divalent states, as shown inuFey3.16.
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Figure 3.16(a) Atomicresolution STEM images of LilNiMno.4Cao.18Tio.0202 after 1
cycle. (b) EELS spectra of Mnpls-edges along (001) direction is shown on the right.
From referenc&?.

The surface structural changes and thermal stability of NCA and NMC cathodes
were also reported by Yangadt!'° From their study, a roekalt surface and a spinel
nearsurface region were discovered from the overcharged NCA cathode while these
surface phases propagate towards the core during heatimmtitast with Kang et al.,
they proposed the phase transformation on NMC surfaces is from a layered structure
into a LiM2Os-type spinel structure and then a further transformation into mixed
Cox0s-type and LiMOs-type spinel phases after heating up to°800ore detailed
investigations on thermal induced evolution of NCA cathode and NMC cathodes with
different Ni content (0.4, 0.6, 0.8) were performed using TEM and EEt8%As a
result of thermal decomposition, the electronic structure of the charged (delithiated)
cathode materials changes at their surfaceshawn from the EELS spectra in Figure
3.17. The authors pointed out that the changes in electronic structure were associated
with the reduction of the TM ions, oxygen gas release and phase transformation during
heating. The results suggest that althotigh high Nicontent cathode exhibits high
capacity, it shows the worst thermal stability than the other two compositions, which
may arising from the large amount of unstablé*Nit the charged state. Based on
previous studies, it is clear that the chernaral structural evolution of layered lithium

transition metal oxide cathodes with different compositions and under different cycling
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conditions remain controversial. The elucidation of the cydlmigiced changes of
layered cathode materials is thereforgortant and would provide a more complete

understanding of the cathode degradation mechanisms.
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Figure 3.17 Oxygen kKedge EELS spectra from Nio.sCao.15Al0.0502 (x=0.5, 0.33,
0.1) at different temperatures. From referefitée

As discussed in Chapter I2-rich layered oxides have become some of the most
promising cathode candidates for the next generation lithimnatteries due to their
exceptional high capacit§t”*?!l The local ordering of excess Li with TM atoms has
been confirmed byXRD and neutron diffraction (ND) from the observation of
superstructure diffraction peaks at lower angles, indicating the presencéMofCzt
type monoclinic ordering?? 1?4 So far, the debate on the structure of pristineidh
layered oxides is mainly focused on whether the material is -ptase composite or
a singlephase solid solution. Thackeray et 21 have proposed thatése Lirich
oxides are twacomponent composites that are composed ofMihO3) monoclinic
phase and ¢k)LiMO > trigonal phase, while similar results have also been reported by
other research group$128132lysing atomieresolved HAADFSTEM imaging, Yang
et all’?®l demonstrated that the pristines bNio15Co.1Mnos€02 material contains
layered components of both the monoclinieMmnOs phase and the rhombohedral

LiMO2 phase. As shown in Figure 3.18, they described the continuous dots contrast
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obsrved from the HAADF image (ardaandlll) to be LIMG component, and the

discontinuous dots contrast areAsagdIV) to be LeMnOs-like component.
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Figure 3.18Characterization of gtine Li1.2Nio.15C00.1Mno.5502 cathode materiala)
HAADF-STEM image of pristine LizNio.15C00.1Mno 5502. (b) Intensity profiles of the
atomic planes labelled in (a).From refereRéa.

Meanwhile, Yu et al*?® reported the coexistence of rnombohedral LiviDd
monoclinic LbMnOs-like structuresn lithium-rich Li1.2Mno s6/Nio.166C0.06702 cathode
material by combining selected area diffraction (SAED), annular bfigidt (ABF)
and HAADFRSTEM imaging, as shown in Figure 3.19. However, no chemical data of

the two claimed phases was presentedigwiork.
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A A e e e !

Figure 3.19 HAADF- and ABFSTEM images of different regions in
Li1.2Mnos6/Nio.166C00.06702. (@, b) Images taken from LiMOphase along [110]
direction. (c, d) Images taken fromMnOs-like monoclinic phase along [100]
direction. From referemd*?°],

In contrast, using XRD, STEM, and electron diffraction (ED), Jarvis et al
proposed that the structure of-fich layered oxides a solid solution inC2/m
monoclinic symmetry with planar defe¢t&134IShukla et al. also reported therigh
cathode materials with different morphologies are made up of monoclinic single
phasd®®® They concluded that the bulk material contains dios with different
variants of th&€2/mmonoclinic phase, i.e. [100], [110] and1D], as shown in Figure
3.20. It is also pointed out that some viewing orientations, such as [010] of monoclinic
phase is indistinguishable from the [010] or [110] direttbtrigonalRom phase. This
information indicates that one cannot confirm the structure afchi oxides, i.e.
monoclinic or trigonal, only by judging the atoracrangement of the images when
viewing along a limited number of directions. Due to thenplexity of these Lrich
compounds, the structure of pristinerlgh cathode materials thus remains elusive and

needs further clarification.
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Figure 3.20 HAADF-STEM image showing the structure and three variants of
Li1.2Mno.saNio.13C00.1802. The atomianodel of the three variant directions are shown
on the right. From referené&®.,

Although the Lirich oxides possess high initial capacity, these cathode materials
bear major drawbacks in terms of voltage decay and capacity fade. Firstlyritle Li
cathode materialexhibit an anomalous irreversible voltage plateau at about 4.5 V (vs
Li+/Li) during the first charge, which leads to a poor fiegtle coulombic efficiency
of the celll**®! The large irreversible capacity after the first cycle has been proposed to
result from simultaneous removal of Li and O from the cathode material, and is
associated with structural modificatiBf3¢ %8 |t has been proposed from previous
studies thathat the oxygen evolution from the surface is accompanied by TM ion
diffusion from the surface into the bulk (whereupon they enter Li vacancies generated
by Li deintercalation), leading to material densificatfS3® Boulineau et al. also
reported the presence of a defect spinel phase at the particle surface after the first

electrochemical cycle by using STEM imaging, as shown in Figure3°24!]

59



Ph.D. Thesi$ H. Liu McMaster University Materials Science and Engineering

ooooo

.....

_2-_'nmm.m ' .

® Li column @ T™ column
®Li and Mn column @ “additional” TM column

Figure 3.21 HAADF-STEM images showing the surface evolution of a
Li1.2Mno.eiNio.18Mgo 0102 particle after the first cycle. From referert®l.

In addition, both voltage and capacity fade have been observed during the
subsguent electrochemical cycles oftich cathode&?14¥%IT h e  f{ |-tasypeir reedl 0
transformation is commonly considered to play a vital role in the performance
deterioration, and extensigudies using exn-situ XRD, ND, TEM , SAED, etc. have
been carried out to explore and valel#te structural transformation of-tich oxides
during cycling(®%:106:124.141.14349 O one hand, there are some studies that have focused
on detailing the structural transformation occurring at the material surface, but have
paid less attention to the bulk mategablution!1°6-141.146l0n the other hand, although

XRD and ND analysis could demorae the structural changes in the bulk material,
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they do not provide direct evidence of the spinel formaffolt/ 1°%Structural changes
such & unitcell expansion, crystal defects or strain effects could all lead to peak shifts
or broadening in the diffraction patterns, resulting in greater difficulties in identifying
the spinel phase.

Daniel et al!® performed Rietveld refinement to the experimental ND data to
examine the presence of spinel phase. They found that a better fit would be achieved
when 15% LiMnOs spinel is included into the model. Although the results sughest
presence of a spinel phase, it is an indirect way to prove the phase existence and result
in unanswered questions) Whether TM cations occupy the tetrahedral sites in the
spinel phase or not? Although their refinement shows begtelement when Li atoms
are in tetrahedral sites and Mn atoms are in octahedral sites, they also pointed out that
the possibility of Mn in tetrahedral site should not be ruled ait.\What is the
composition of the spinel phase? Thereéhdeen studies proposing the cycling
induced spinel phase to be Liby,14>1%% whereas the actual composition of the
newly formed spinel phase is still unclear. For example,8@* reported that a
b-MnO. phase would form during the first charge plateau and eventually transform into
a LiMn2Os-type spinel phase, whereas no direct proof of the new phase composition is
provided. {ii) How does the spinel phase distribute inside theagptrticles? XRD or
ND results could only indicate the presence of the phases but not their spatial
distribution. In previous TEM work, not all the studies investigated the bulk evolution,

some of the work were only focused on detailing the structuralgesaat the surface

region!106.146,151]
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Figure 3.22 TEM images showing the nanoscale spinel phase formation i
Li1.2Nio.15C.10Mno 5802 cathode after 100 cycles. Inset is the atomic model of [001]
zone projection of cubic spinel phase (green: Li atoms; purple: TM atoms; red: O
atoms).From referenc¢&?,

Although there have been TEM observations showing the presence of dégorder
nanoscale domains in the bulk matefi&148149.15215350me images are lacking of
sufficient resolution to show the clear atomic structure. For example, from the HRTEM
images shown in Figure 3.22, the author repottedformation of spindike Fdom
phase in cycled Liich cathode, whereas the images are lacking of sufficient resolution
to clearly identify the structuf&®? In addition, some of the nascale domains with
structural degradation might be more precisely interpreted as lattice defects rather than
a welkdefined spinel phase, such as the TEM image shown in Figure 3.23, from which
the severe distorted lattice fringes are revealed in the iHf8geloreover, the spinel
and the layered phases could exhibit similar atesmiangement when observing the
materials in specific orientations. For example, the [§0fipntation is a major zone
axis of theFdom spinel structure and the cuHike ordering projected in this
orientation (Figure 3.24a) is often used for spinel phase identification, such as the
image shown in Figure 3.22. However, we need to be cautious when differentiating
between the spinel phase and Rmen layered phase by using images taken from such
orien@tion, since the [84&]zone projection of the rhombohedral phase can also

display a cubidike atomic ordering similar to that, as can be seen from the atomic
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model in Figure 3.24b. Thus, it is not correct to index the phase from such orientations
when noother evidence is provided. All these limitations make the new phase

identification difficult. Based on previous studies, there are clearly still open questions
regarding the evolution experienced by the lithinom cathodes during

electrochemical cycliq

v \1/4 ..
Figure 3.23 (a) TEM image of longerm cycled Lirich cathode. (b) Fast Fourier
Transform of the image shown in (a). (c) Fourier filtered image of (a). From

referenc849,
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Figure 3.24 Atomic model of LiMnOs-type Fdom spinel structure and NM/pe

Rom layered structure(a) viewing along [00X zone axis of spinel structure; (b)
viewing along [8414 zone axis of layered structure. In the atomic model, Li atoms are
shown in blue, O atoms are shown in red, TM atoms are shown in pink. Note that only
TM atoms are visible frm HAADF-STEM image.

In addition to these structural changes, the complex surface chemistry, including
electrodeelectrolyte interface reactions and possible TM cation dissolution into the
electrolyte, can also lead to capacity fade and contribute to #ralbgell impedance
increasd?®102.103.154.155Tha electrolyte decomposition and reactivity of active material
with electrolyte are important when cycling beyond the electroctad stability
window for the standard electrolytes, which is thus more prominent foich.i
cathodes since the required upper cutoff voltage is usually above 4.6 V in order to
achieve the high capacity. Dudney et‘®l. reported the surface film formation on a
Li-rich cahode due to the oxidation of the electrolyte during electrochemical cycling
between 2.5 M.9 V. Using XPS and micfRaman analysis, they studied the
composition of the surface film formed on the cathode surface during cycling,
including surface fluorided.iF), saltbased products such asRk and LkPOQ/F;, and
polycarbonate from EC polymerization, which can cause an increase in the cell
impedance as evidenced by the electrochemical impedance spectroscopy (EIS) data.

Up to now, researchers have attemptedse different modification methods to
improve the structural stability and energy retention of lithiich cathodes, including
inorganic or solieelectrolyte coating, such as Al|FAI,Os, LIPON!52156.157gpjing|
encapsulation and/or with additional surface codfit{g>°lother surface modification

methods, such as surface treatment followed by post ann&&fiftf! doping!2°:163l
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and the design of integrated layessguinel structure85416% Nevertheless, a better
design of highenergydensity cathodes with improved cycling performance still relies

on a complete understanding of the failure mechanism of the cathode materials during
cycling. A detailed wik on the chemical and structural changes of the lithiigin
cathodes is hence necessary.

In summary, the previous studies on the charge compensation mechanism and
cycling-induced evolutions of a variety of layered cathode materials have been
reviewed inthis chapter. From the discussion, the remaining questions on the role of
some TM species during chardescharge and the structural and chemical evolutions
at both the cathode surface and internal regions during electrochemical cycling are
clearly statedin this thesis, a detailed study on the chemical evolution and structural
transformation of two kinds of layered cathodes has been performed using multiple
electron microscopy techniques combined with other measurements at complementary
lengthscales, inorder to unravel the mechanisms at the source of performance
deterioration of lithiurdon batteries. The corresponding results will be presented and

discussed in the next few chapters.
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Chapter 4

Structural and Chemical Analysis of
LiNi1sMn13C01302 Cathode Material

Lithium transition metal oxides asmmeof the most important tyjseof cathode
materialgor lithium-ion batterieswhich possess high capacity and relatively low cost.
Neverthelessas discussed in Chapter B)eselayered cathode materials suffer
irreversiblestructural changes during electrochemicaliogcthat adversely impact the
battery performance. Clear explanatiohthe cathode degradation process and its
initiation, however, are still under debate and ywitfully understoodin this chapter,
the chemical evolution and structural transformation of LidNn13C0o1z02 (NMC)
cathode materiakill be discussed. Highesolutionelectron energy loss spectroscopy
(HR-EELS) is used toclarify the role of transian metals(TMs) in the charge
compensatiorprocess. The local orderirgf TM and Li layers in the bulk material
upon cyclingare revealed bthe bulk sensitivéLi nuclear magnét resonance (NMR)
measurementaln complement to the bulk measurements,aeally probe the surface
structureandvalence state distribution oationsn NMC cathode materialsingEELS
and scanning transmissietectron micoscopy (STEM). The study depicts the charge
compensation and degradation process of NMC using a conalnirditiliagnostic tols
at different length scales, which is of great importance in understanding the battery

performance deterioration driven by the cathode degradation upon cycling.

U The NMRmeasuremestand analysisverecarried out byMark Dunham Matteo Tessaroand
Kristopher HarrisfromGi | | i an Go wMcMaki@&rsUnigersityu p a't
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4.1 Sample Preparation and Characterization Techniques

4.1.1 Electrochemical Test

The positive electrode consisted of LiNVIn13Co1302 (NMC, Toda America
Inc.), acgyleneblack and polyvinylidene fluoride (PVDF) in an 80:10:10 weight %
ratio. NMC and CB were ground together for 30 minutes and dried, then a solution of
3% PVDF (by weight) in Nmethyl2-pyrrolidene (NMP) was added and the resultant
slurry was stirreddr 2-3 hours. The slurry was cast onto aluminum foil and the NMP
was evaporated in an evacuated drying oven aP@X0r 12 hours. Discs, 1.27 cm in
diameter, were punched and coin cells were assembled in an argon atmosphere glove
box. The average mass HMC in each cell was 8 mg. The anode used was lithium
metal and the electrolyte was LiP#a ethylene carbonate/dimethyl carbonate. Coin
cells were cycled witla Arbin battery testing equipment and MITS Pro software at
room temperature. The cells were legtgalvanostatically between 245 V at rates
of C/10 and were held potentiostatically at various voltages until the measured current
was | ess than 5 A (i.e. the rate was ap|

long-term cycled cells are shown Figure 4.1

(0),.| g

Voltage (V)
Voltage (V)

04 06 o 1 0.4 06 08 1

X i Li,NiysMn,5C0420, Xin Li;Ni,sMn;5Co, 30,

Figure 4.1 Galvanostatic chargdischarge curves of NMC electrad# (a) 20 cycles,
(b) 50 cycles.
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4.1.2 Transmission Electron Microscopy Characterization

For charge compensation analysis, EELS data of NMC cathode during the first
cyclewere acquired using a FEI Titan-800 kV microscope equipped with a spherical
aberration corrector of the imaging lens, a monochromator, and adsglution
spectrometer (Gatan Image Filter Tridiem 965). An energy resolution of ~0.08 eV was
achieved usg the monochromator, as given by the full width at half maximum of the
zeroloss peak (ZLP). The mroscope was operated at 80 kvid the spectra were
recorded in STEM mode, using the spectrum imaging technigtre0.1 eV/channel
dispersion of the spgometer. Multiple particles were examined at each state of charge
(SOC) to estirate the average valence of the TMINMC. The structural analysis of
the longterm cycled NMC cathodes were carried out on an aberration corrected (probe
and imageforming lenses) FEI Titan Cubed 8800 kV microscope operated at 80 kV
in STEM mode. The STEM images were acquired using admgfe annular dark
field (HAADF) detector with collection angle range of 64 to 200 mrad. The HAADF
STEM image acquired with a HAADF detect i s al s-oormtald d ®£td0 ai mag e,
where the image intensity is proportional to the atomic number of the elements
present!®® EELS spectra for the loagrm cycled samples were kited with 0.25
eV/channel dispersion of the spectrometer. The 1@ electron diffraction patterns
were acquired by reducing the convergence angle to ~1.2 mrad, leading to an electron
probe size of a few nanometers.

To prepare the specimen foeM andysis, the cycled cells were dissembled in an
argonilled glovebox and the NMC cathodes were washed and dried. Then the cathode
particles were scraped from the current collector and suspended on a copper grid with
holey carbon in the glovebox. The speamnfier EELS analysis was sealed in the argon
atmosphere using a vacuum transfer holder (Gatan Model 648) during the sample
transfer process to the microscope. The specimens otéomgcycled NMC cathodes
(20 and 50 cycles) were prepared using a Zeissiblvid0 dual beam, focused ion

beamscanning electron microscope (FEEM), for further structural analysis.

68



Ph.D. Thesi$ H. Liu McMaster University Materials Science and Engineering

4.1.3 NMR Spectroscopy

All °Li and ’Li magic-angle spinning MAS NMR spectra were acquired under a
4.7 T applied magnetic field using a Bruker DR&hsole. The sample, isotopically
enriched withPLi, was prepared frofLiCOgs, as described previoush” Spectra are
referenced to 1M LiGlq at 0 ppm. ThéfLi Hahnecho NMR spectrum was collected
with 46 kHz sample spinning in a specially built probe supporting 1.8 mm rotors, and
employed 1.7 s 90A pul sélsNMRrsgectr®weBe s r e c
collected using 1.3 mm rotors at a 60 kHz sargplening rate using a Bruker high
speed MAS probéLiHahnecho spectra were collected u:
ms recycle delaysLi spectra containing only isotropic shifts were generated using the
projection magieangleturning phaselternating spinimg-sideband, pMATPASS 168l
method of separating sidebands into different slices of a 2D spectrurh, wrie then
aligned and summed to yield the presented spefttraj-MATPASS spectra were
collected using slightly more conservative rf power and recycle delay settingss(1.5

/2 pulses and 100 ms delays) than the Hedtro spectra.

4.2 Characterizationof Pristine NMC

The morphology of pristine NMC powder is shown indfgg.2a, demonstrating
that the NMC cathode material consists of large secondary particles with diameters in
the range of 2 0 [EnThese large NMC secondary particles are composed of
numerous primary particles which are hundreds of nanomatdiameter, as shown
in Figure 4.D. The pristine NMC cathode material has a layered strudRora ¢pace
group), where lithium and transition metal ions occupy the alternating octahedral sites
between the oxygen layers, as shown in the atomaeiio Fgure 4.2c. Figure 4.2d
shows an atomicesolution HAADF-STEM image of NMC particle. The
corresponding Fourier transform (FT) diffractogrershown in thenset at bottom left

in Figure 4.2d, which can be indexed14¢0]r zone axisNote that the brighatomic
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columns and relateatomicplanes in th&édAADF-STEM image shown in Figure 412
are theTM layers, while the lighter elements, lithium and oxygen (shown in the
corresponding atomic model), are not visible in the image due to their low atomic

number

S L E T R N
e Li layer

¢ & * t 3 WY
s ‘dla‘yer"

Lk s TMJayer g v &k
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Figure 4.2Electron microscopy characterization of pristine NMC cathode materal. (a
b) SEM images of pristine NMC. (c) Atomic model of NMC showing the layB®d
structure. (d) An atomicesolution STEM image of a pristine NMC particle along
[11¢0]r zone axis, the corresponding Fourier transform diffractogram is shown in the
inset. The subscript R denofesm structure.

4.3 ChargeCompensation of NMC atDifferent SOCs

As discussed in Chapter 3, there are still remaining questions on the Tdlis of
in charge compensation process. Heree, ¢lectronic structure of NMC cathode
material duringchargedischarge process along with delithiatighiation was studied
using highresolution EELSn orderto elucidatehie evolution of oxidation stat# the
transition metatatiors. EELS spectra d¥in, Co and Ni k3-edgeswere collected from
a series oéxsitu cathode samples at different SOCs durhmegyfirst cycle, as shown in

Figure 4.3 The Lo3-edges of transition metals are attributed to thetegdric transition
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of electrons fron2ps2 and 2py2 core states to the unoccupi@d states. The dipote
allowed?2pY 3d transition in Mn, Co, and Ni leads to sharp features in fine structures
of the Lo3-edge which are very sensitive to the oxidation and spin state, therefore,
bringing qualitative information on the electronic structure of the transition metal ions.
Extensive EELS analysis was performed at each SOC in this study, spectra shown in
Figure 4.3bd represent the general trend observed from all the samples. ¥Heelde
spectra wiFiglre 4.3edpvecte adfuiréd frgm the pristine NMCngale.

The oxidation state of Mn, Ni and Care determined to be Mf Co** and NF* based

on the neaedge fine structures of the d-edged®? Interestingly, we noticed that the
electronic structure ofM cationsare not constant from the particle surface to the bulk
during cycling,indicatingan inhomogeneous valence distributionT®s. Therefore,

the electronic structure of Ni, Mn and Gmaions in the surface and bulk will be

discussed separately in the following content.

(a) (b) (c)

L Mn L-edge Ly Co L-edge (d) Ni L-edge
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Figure 4.3Voltage profile (a) and normalized EELS spectra (b) Mn, (c) Co and (d) Ni
L>3edges of the NMC cathode with respectlifferent SOCs during first cycle at the
corresponding conditions identified in (a).

The Loz-edge EELS spécr a | abel ed i 2 avere abtaified domi n
the bulk region of the NMC particles different SOCs. As illustrated in Figure 4.3b

and c, both Mn and Co 13-edges present very little change in the peak features at
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different SOCs with respect to the electrochemical untreated sesppleed 1 0 ) . T h e

results indicate that there is no obvious change in the oxidation state of th@9dgwo

during delithiation and lithiation processes. Both Mn and Co remain at their tetravalent

and trivalent oxidation states respectively, suggesting that thesEMweaions are

relatively unaffected with Li ion removal. In contrast, significant changestamerved

in the Ni Lo3-edges during the chargischarge process (kige 4.31). A splitting in

the Ni Ls-edge with a doublpeak feature including a strong lowamergy peak

(~852.2 eV) and a weak highenergy peak (~854.2 eV) is observed in the high
resolution EELS spectrum of the pristine sam
and crystal field effect in octahedral symmét#$}1’° The variation of the intensity

ratio between these two peaks fingerprints the oxidation state o&ilns. Upon

charging (spectra 20 t @nembpeadk overtthedsw i nt ensi t
energy peak of the Nizedge increses dramatically and the overali-édge shifts

toward higher energy, indicating an oxidation of"Nd Ni** during Li extractiorf*"%171]

The chemical shift of Ni $-edge towards higher energy is indicative of a change in the

valence offM cationsto higher oxidation states, although we cannot exclude that few

Ni caions at lower oxidation state may still exist. F@rtmore, since EELS results

reveal that both Mn and Co remain unchanged during the chargeijdyis would be

oxidized to their tetravalent state to compensate threrhoval atop of charge. This

is also consistent with the NMR result that will be dgs®d below. During discharge
(spectra A60 to fA90), when Li ions are ins
oxidized Nicatons are gradually reduced back to the divalent state at 2.5V discharge,

evident by the Ni b-edge fine structure change asstazawith the peak shifting back

towards lower energipss The dominant variations in Nixk-edges clearly show that

the redox reaction of Kiz N primarily compensates the charge transfer due to
delithiationtlithiation process, whereasoth Mrf* and C3* are inactive during the

process. The HEELS study elucidates the debatethe role ofMs (particularly Ni

and C9 in thecharge transferrpcess, whiclprovides useful guidance for the design

of high energy density cathode materials.
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Lithium NMR spectroscopy was also used to study NMQlifierent SOCs
because¢he spectrum is uniquely sensitive to the electronic state of the paramagnetic
metals surrounding each lithium idH2173 As discussed in our work fno Ref36, and
summarized herefigure 4.4a shows théLi MATPASS NMR spectra of NMC at
different SOCs during the first cycle. For pristine NMC, the Li ions in the Li layer give
rise to the broad peak centered at 500 pphe broad peak feature is attributed to a
variety of coordination environments of TMs in the coordination spheres of Li ions that
give rise to different chemical shifts. Meanwhile, the cation mixing 6f Aind Lif
leads to the presence of Li ions in th®l Tayers, which gives rise to a weak peak
located at ~1300 ppm. As shown in Figure 4.4a, the Li ions are deintercalated from
NMC during charging, evident by the decreased intensity in the peaks frofi the
NMR spectra. There are remaining Li ions in NMCA&6V charged state as the two
peaks at 360 ppm and 100 ppm are clearly observed from the NMR spectrum.
Meanwhile, the constant shift 6Ei NMR peaks towards lower frequency and the
appearance of the two distinct peaks reveal the existence Hf and NF* local
ordering in the TM layer of NMC cathode material. After discharged to 2.5 V].the
NMR spectrum shows identical features with the pristine NMC spectrum, indicates that
the Li deintercalatiofintercalation process is reversible, where the Li @mmsmostly
intercalated back into the NMC cathode during discharge. The results thus suggest that
there is no obvious change in the structure of the bulk material after ahischarge.

In addition, thélLi NMR spectra acquired at 4.6 V charged statmftoe NMC cathode
after the first and tenth cycle exhibit similar line shape and chemical shifts, as shown
in Figure 4.4b. This indicates that the local ordering of the TM layers in the bulk

material is maintained after multiple electrochemical cykles.

W For more detailed analysis of NMR spegcplease refer tour work inRef 36.
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Figure 44 (a) 'Li MATPASS NMR spectra of NMC cathode at different SOCs on the
first cycle. The inset shows the galvanostatic cycling curve, where the colored boxes
indicate the SOC at which the cathodes were extracted from coin cells and analyzed by
NMR. (b) ’Li 60 kHz Hahn Echo MAS NMR spectra of NMC cathode stopped at 4.6V

at the first and the tenth cycle.

4.4 Structural Evolution of NMC during Cycling

It should benoted that the NMR spectra abovweyde a bulk measurement of
NMC particles. [tails of the surface behavior aharged particle, as observed by
STEM-EELS, reflect notable differencesichare not detected by NMR. Interestingly,
it is noticed that whenilions are extracted from NMC during charging, i\ cations
are in lower oxidatin states at the surface compariogthe bulkregion and this
surface reductiorffectwas still observed until the end of discharge. The valence map
of TMs from charged MIC are provided to illustrate this surface reduction
phenomenon, as shown in &rg 4.5 An EELS spectrum image (SI) was acquired from
a region of interest (ROI), marked in the STEM image shown iar€ig.®, where
each pixel of the ROI contains an EEL&strum. The valence maps of Mn, Co and

Ni were obtained using the multiple linear least square (MLLS) médtbodEELS Sl
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with reference spectrshown in Figure 4.6 (details of the MLLS method is shown in

Appendixl).

o Nij3+4+

Figure 4.5 Valene maps for a 4.1V charged NMC partidle®l HAADF-STEM image

of a 4.1V charged NMC patrticle. (b) Mn, (c) Co and (d) Ni valence maps of the NMC
particle shown in (a)The valence maps of Ni, Mn and Co are represented by the fitting
coefficient maps of thearresponding reference spectra deduced fromMhéeS
analysis, which can be interpreted as the weights of the corresponding references at
each pixelMore details are included in Appendix

The Mn valence maps shown in &ig 4.5 clearlydemonstrate that the Mn
catons in lower oxidation state were mainly located at the edge of the particle, whereas
the Mn in the bulk remains in tetravalent stateljcatingthat the Mi* caions have
been reduced at the surface region with a thickneabait 2 nm. The corresponding
reference spectra of the Mad-edges are shown in kige 4.&, where the surfaddn
Ls-edge spectrum (in yellow) shows a chemical shift of about 3 eV towards lower
energy compared with the bulk Kfrspectrum (in purple) iridating a reduction of the
Mn caions[’ Although the thickness of this layshowssome variations among
different particles, the majority of charged particles exhibit this surface reduction effect.

Similar surface valence reduction is also observed in the case of Co and Ni. The Co
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caions are reducedat the particlesurface comparingo the bulk Cé" as shown in
Figure 4.%. The corresponding reffence spectra are shown in Figurd4tbe Co k-

edge spectrum (in red) shows consistent features with @hile the Co ks-edge
shown in blue exhibita clear sHt towards lower energy comparirtg the C&*
spectrum suggesting a reduction to the divalent 8fat€% The surface reduction
effectis also present in the Ni valence mapsmaiho Figure 4.%1. Because the cathode

is in delithiated state, Ni ions in the bulk were oxidized to higher valence which are
| abel | &0 aisn AtNAi s case. Fduge refeence specpumn d i
(in red) exhibits a positive shifowards gher energy comparirtg the Nf* (in green)
obtained near the surface indicating a highedatkon state, as shown in Figureel.6

In contrast to the bulk, Ndaions in the surface layer were reducedii@mlent statas

shown in Figire 4.5d.

(a) (b) (c) iL-
R L, Mn L-edge Ly Co L-edge - Ly Ni L-edge
) L Fl s
: | “ oo 2
€ € €
z Mn2* S Co?* s

640 645 650 655 660 775 780 785 730 795 800 850 855 860 865 870
Energy loss (eV) Energy loss (eV) Energy loss (eV)

Figure 46 Reference spectra of (a) Mn, (b) Co and (c) h+-kdges used for ML.S
analysis. All the reference spectra were obtained from the experimental data at the
surface region and bulk region.

The homogeneity of TM/alence staten pristine NMC was evaluad before
electrochemical tests BIYTEM-EELS, as shown irFigure 4.7.As can be seen from
Figure 4.7b that both the O-&dge and Mn z-edges have similar peak features from
the surface to bulk, there is almost no chastggerved in the Mndzedges. The result,
therefore, indicates there i® oxidation state gradient from the surface to bolk

pristine NMC
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(b)) OK-edge Mn L-edge
1 ;
2

10 nm

$

Figure 4.7 EELS spectra profile of pristine NMC. The Qdfige and Mn %,z-edge are

shown here to demonstrate the consistency of the elecstonature of NMC.

The reduction of Ncatons at the surface is in apparent conflict with the expected
oxidation reaction of th@M at surface, since Li ions tend to be primarily extracted
from the particle surfacandresulting in an oxidation of the Nicaions. In contrast,
the threeTMs are reduced to lower oxidation statéhatparticle surface as comparing
to the bulk, indicating that the change of the oxidation stai®Asf is not simply based
on the degree of Li ion removal. The valence gradiérti has also been observed
from a previous study, where Maions were in lower oxidation states at the surface
(Ni®") compared to bulk (M), and it was suggested by the authors that the oxygen
2p hole state may play a role in compensating the charge transfer at the surface.
However, this explanation is insufficient to explain thefaee reduction observed in
the present study, where not only Ni is in a lower valence state at the surface, but both
Mn and Co are reduced to lower oxidation state. The significant change in the electronic
structure ofTM cations must be associated withdal structure distortion and/or
rearrangement of the surrounding atomic environment. Hwang et al. proposed that the
kinetic effects induced by Li ion removal could play an important role in the phase
transition of layered cathode matefdl! They suggesid that thegreat number of Li
vacancies would facilitate the phase transition resulting from the increased cation
migration. Considering the kinetics of lithium diffusion, more Li ions are primarily
extracted from the surface, resulting in excess Li vacancies logasgdhe surface
region and promote the phase transition. Besides, it has been reported by Alva et al.

that the oxidized Ni ions (i) are prone to facilitate the electrolyte decomposition
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reaction at the electrode surfat@ which may also influence the surface chemistry of
the cathode. Therefore, the surface reduction observed in thehfngte may due to
combination effects including the significant Li vacancies gengattéhe surface and

the parasitic side reactions with electrolyte during delithiation. Our study on the long
term cycled NMC cathodes herein provides direct evidence of the relationship between
the surface reduction and the crystallographic structureigmo) as will be discussed
below.

The surface reduction effect further observed in the NMC cathode after 20
electrochemical cycles at fully discharged state, evident by the EELS spectra acquired
from the particle surface region and bulk region (Fégt.8). Figure 4.B illustrates the
O K-edge acquired at the particle surface and in the bulk. Thpgaile of O kedge
located at ~ 529 eV, marked with a red arrow, is attributed to the transitiohsufoDe
state to2p states which are highly hybridizedth the TM 3d states. Therefore, the
intensity change of the O-Bdge prepeak reflects the variation of the oxidation states
and coordination of the transition metal ions. Thisgeak drops significantly at the
surface region compared to the bulk oggiindicating that the valence of thé/
cationsand the coordination environment of the oxygen atoms drastically change. In
particular, the drop of sharp peak at around 528eV could be indicative of a lower
number of hybridized @p-TM 3d holes at the oxyen sites, fully consistent with a
lower valence of the cations shown from the Tp4-&dges on the same location. Such
detailed information regarding thEM valence change can be obtained from the
transition metal bs-edges, as shown in kige 4.8e4.8. The Mn Ls-edge acquired in
the bulk region (Figre 4.8) shows features consistent with ¥nvhereas a clear
chemical shift (about 3eV) of Mnstedge towards lower energy is observed near the
surface as compared to the bulk, hence demonstrating that Mnaea$een reduced
to the divalent oxidation state near the surt&¢eA similar change is observed at the
Co Lz-edge (Figre 4.81), where a chemical shift towards lower energy is observed in
the surface layer as compared to the bulk, indicating the trivalent Co ions have been

reduced to CH at the stfacel*’>17®l|n contrast, the Ni ts-edges show no obvious
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change from the cycled bulk to surface, indicating that nickel is mostly*at Ni

(b) :21;;:30& (c) s e Surface

Norm. Intensity (a.u.)
Norm. Intensity (a.u.)

r T T T r T T r T r T T
520 525 530 535 540 545 550 555 635 640 645 650 655 650
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(d) j ::3:&103 1 (e) j —Sﬁllacu
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Figure 4.8 (a) Atomicresolution HAADFSTEM image of NMC cathode after 20
cycles. (b) O Kedge, (c) Mn, (d) Co and (e) Nikbkedges EELS spectra from the
surface layer (blue spectra) and bulk (red spectra), respectively.

From the results presented above, EELS analysis provides direct evidence of the
surface cation reduction by examining the local electronic structure changes. Moreover,
this chemical evolution is revealed to be associated with structural change from direct
visualization of the local atomic arrangement. The structural change is cleseyed
from the cycled surface to the bulk, as shown irufeégt.&. The bulk region of NMC
particles maintain the wetlefinedRom layered structure, consistent with the NMR
results showing overall stability of the structure. In contrast, the lagamaecture with
alternating bright and dark atomic planes is no longer visible near the particle surface,
while the bright atomic columns appear in the initial Li laye@ming asurface
reconstruction layewith thethicknessof about 35 nm. This is imlicative of migration
of TM cationsinto the Li layer. As previously stated, Li atoms are not visible from the
HAADF-STEM image due to their low atomic number, therefore, the prominent

change in the contrast of the Li layer suggests that a significaninaimiotM cations
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are occupying the lithium 3a sites. In contrast, the bulk region of NMC particles
maintains the weltlefined Rom layered structure, consistent with the NMR results
showing overall stability of the structure. Therefore, the reductidiMsfis associated

with the structural transformation at the surface.

Ni L-edges
Co L-edges '

Norm. Intensity (a. u.)

520 540 60 580 600 620 640 660 780 80 820 840 860 850
Energy Loss (eV)

Figure 4.9 (a) HAADF-STEM imageof NMC cathodeafter 50 cycles(b) Atomic-
resolution STEM image showing the surface transition layer of the highlighted region
in (). (c,d) EELS spectaf 50-cycleNMC acquired from the particle surface into bulk,
the corresponding locations are marked in the STEM image (c).

The thickness of theurface reduction lay@ncreases significantly to about 15 nm
in some regions of the NMC cathode materia¢f0 cycles, as shown in kig 4.%
and4.%. The bulk region of the 50ycle sample maintains thHeom layered structure
(a highermagnification STEM image showing the bulk structure detail is inserted at
the upper right corner in Rige 4.%). The saes of EELS spectra obtained from the

particle surface into the bulk show that the Mgdedge have consistent features and
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the corresponding 4> peak ratio shows minor variation (kig 4.10), indicating
there is no valence change in the divalent Nsi@Figure 4.9l). In contrast, significant
chemical shift towards lower energy of the energy onset of Mn and@ddes and
the obvious b/L; ratio decrease (Figure 4)1Bighlight that Mi* and C&" ions are
gradually reduced to M and C&" at the surdice layer, respectively. This valence
change is similar to thone observed from the-2§cleNMC cathode discussed above.
Furthermore, it is noticed that the #Mrand Cd&* do not undergo abrupt chemical
changes. Th&M cationsare gradually reduced to dikent states @i a transition zone,
indicating by the gradual shift of Mn and Coszledges (Figre 4.9l) and the
intermediate k/L> value of the transitiozone (Figire 4.10. This transition zone will
be discussed in more details below. In addition, tle-€lge also shows a decrease in
the prepeak intensity from bulk to surface which is consistent with the obsdiMed

valence reduction.

35

3.5
354

3.04
3.0 B LR

Mn LL,
|
ColL/JL

u
NiLJL,

2.5 E . 2.5
251

L] =
2.0

20
T T T T T T T T T
Surface Transition Bulk Surface Transition Bulk Surface Transition Bulk

Figure 4.10 L3/L> ratio of Mn, Co and Ni for NMC after 50 cycles. The three ratios
were calculated from the corpemnding EELS spectra (Rige 4.10Q acquired from the
surface layer (Surface), transition zone (Transition) and bulk region (Bulk).

Phase transformation of the cycled NMC patrticle is further validated by the nano
beam electron diffraction (NBED) patternsgaired from the particle surface into the
bulk, as shown in Figure 4.11. The NBED illustrates that there are three type of phases
located from the surface to the bulk. The NBED pattern obtained in the bulk region of
the 50cycle NMC particle (Figure 4.1)shows identical layered structure symmetry

and can be indexed toppO]r zone axis of thdRom space group. The result thus
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indicates that the bulk of NMC particle maintains the layered structure after
electrochemical cycling, which is consistenttwtihe previous HAADFSTEM images

and the valence of TMs (Mfy Co*, Ni?*). In contrast, when probing into the outer
most layer, the diffraction spots corresponding to the alternating arrangement of Li and
TM layers (some are marked with arrows) disappeenrd the corresponding NBED

can be indexed to Bmom rock-salt (RS) structure viewed along [1t@pne axis, as
shown in Figure 4.11c. This suggests a structural transformation from the ordered
layered structure to a disordered RS phase wheil@/Liayered ordering no longer
exists. Figure 4.11b shows the simulated HAADF image and atomic model
corresponding to the roedalt [110} orientation, which are in good agreement with the

experimental image.

Li — AR

o — MR "3,

Figure 4.11 Structural evolution of NMC cathode neatal after 50 cycles. (a) Atomic
resolution HAADFSTEM image of 5&ycle NMC particle. (b) Details of the surface

RS structure. The corresponding simulated HAADF image is shown in the inset on the
top left corner, the atomic model below illustrates thacstiral transformation of NMC.

(c-e) Nanebeam electron diffraction patterns acquired from the particle surface to bulk.
The corresponding regions are labelled in (a). The subscript F and R Bewoteind

Rom structures.
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EELS quantification shows théhe O to TM ratio within this RS layer decreases
significantly as compared to the bulk layered structure (LS) region
(1.95(RS® 1.15(LS)), indicating that the new phase formed on the surface is oxygen
deficient. Meanwhile, almost no Li can be detected in the surface RS layer compared
to the bulk region, as highlighted by teggnificantintensity drop of the Li Kedge
from bulk tosurface (Figure 4.12) he results suggest that the cycled NMC particle
surface layer consists primarily of a transition metal oxide (T#P¢ RS phase with
Fmom structure, in good agreement with the valence reduction of TM cations (reduced
to Mn?*, Cc*, and N#*) and the O Kedge feature at the surface. It is also observed
that the O to TM ratio obtained from tlserface layeiis slightly higher than 1:1
expected for a pure TMO phase, indicating that there may be a very small amount of
residual Li iors or vacancies at the cation site of the surface RS structure. This
hypothesis is supported by the important atecaltimn to atomigcolumn contrast
variation at some TM sites as seen in Figure 4.9b and Figure 4.11a. The features in
Figure 4.9b may also ggest that there is some correlation between the residual dark

columns (possibly either Li atoms or vacancies) appear to be close to each other.

Mn M, ;-edge

Ni M, ;-edge

Norm. Intensity (a. u.)

30 40 50 60 70 80
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Figure 4.12Li K-edge spectra acquired at the surface reduction layer and the bulk
region from the NMC cathad after 50 cycles. The background subtraction is not
applied to the Li Kedge due to the complexity of spectrum arising from the existence
of the adjacent Mn Ks-edge and Co Wk-edge, as labelled in the spectrum.
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In addition, an intermediate region ibserved between the outermost RS layer
and the bulk LS region. From the higsolution HAADFSTEM image shown in
Figure 4.14, the intensity within the Li layers increases gradually from the particle
interior to the surfacBRSregion, indicating that thiei sites were partially occupied by
the TM atoms at this transition zone. Any ambiguity from the imaging contrast in this
transition zone is further removed by the corresponding NBED pattern obtained from
the transition regionY , as shown in Figre 4.11. The diffraction spots corresponding
to the alternating arrangement of TM and Li layers (marked with yellow arrows)
become weaker as compared to the bulk phase DP, indicating that the structure has lost
some of the alternate ordering between the TM andyark to a certain extent due to
the partial occupancy of the Li sites by TM ions. This observation is again in agreement
with the gradual reduction @M valence mentioned before (kg 4.9).

As discussed abovthe surface reduction is associated watpphase transition of
the layered structurdR¢m) to the TMO rocksalt structure Kmom) accompanied by
lithium and oxygen losBased on our results, the surface reduction initiates as early
as the firstcharge process, the formation of the surfagerdanay impede Li insertion
during discharge, resulting in firsycle coulombic inefficiencyBesidesthe surface
undergoes more severe phase transformation when the cell is under longer term cycling.
It is apparent that the formation and thickeninghef TMO rocksalt phase, which has
poor electronic and ionic conductivity, could block the lithium pathway and restrict the
charge transfer characteristics of the active parti¢les. may result in an impedance
rise at the electrode/electrolyte interfacel contribute to the capacity fade.

It is important to note that the thickness of the RS layer varies significantly even
within the same grain, as show in &iig 4.13 It was suggested from a previous study
that the thickness of theurface reconstructiolayer is orientationdependent” the
reconstructia layer is thicker along tha diffusion channels (i.e. parallel to Li layers)
than other orientations. However, this proposed mechanism is insufficient to explain
our results. Figre 4.13b and 4.X3show two HAADFSTEM images acquired at

different locatons froma single grain marked in Figure 4dl3The phase shown in
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medium gray is the binder phase that contains conducting carbon. As can be seen from
the images that the RS layer in &ig 4.1® is much thinner than the RS layer inUtig

4.13%. The surhce RS layer with very different thickness is observed in the same
orientation along the Li diffusion channels. Therefore, the crystallographic orientation
is not the dominant factor in this case. Instead, we note that the two regions are under
different levels of electrolyte exposure. As can be seen inr€ig.13%, region 1 is

tightly bound with the binder matrix while region 2 lacks binder contact and is more
likely to be fully exposed to the electrolyte (the pore space in the cathode would

presumably bélled with electrolyte during cycling).

Figure 4.13 HAADF-STEM images of NMC cathode after 50 cycles. (b, c) Atemic
resolutionHAADF-STEM images showing the surface reconstruction layer taken at
different locations from the same grain, the correspanidcations are marked in (a).

On one hand, the electrode/electrolyte interface reactipas,electrolyte
oxidation and decomposition, during electrochemical cycling will highly influence the
NMC particle surface. On the other hand, our resiibw that a thinreconstruction
layer is readily formed on the surface of an NMC particle just after pure electrolyte
exposure (Figre 4.14. This observation illustrates that the influence of the electrolyte
exposure on the active material is not negligible, @rdlead to a structural change of
the particle surface even without electrochemical cycling. Therefore, the active
material/electrolyte contact may also plapke in the surface structural transformation

during cycling. The resudt suggesthat a bette binder/particle contact could help
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limiting the structural degradation of the cathode material.

2nm

Figure 4.14 Atomic-resolution HAADFSTEM image of a NMC patrticle after one
weekelectrolyte exposurdheTM migration into Li layer is readily observed nélae
particle surface.

4.5 Conclusion

A detailed inestigation of chemical evolution and structural transformation of
stoichiometric NMC cathode material has been carried out upon electrochemical
cycling. EELS analysis demonstrates that the charge comup@matTM sites during
delithiation is mainly achieved by oxidation of2\¥ Ni**, whereas Ctand Mrf*
remain essentially unchangéthe ‘Li NMR study of NMC at high voltage resolves
distinct environments, definitively proving local ordering of WandNi2* in the TM
layer. The relithiated spectrum of 2.5 V NMC is almost identical to that of pristine
NMC, which demonstrates the reversible naturg etractioninsertion in bulk NMC.

The structure, including the local ¥WNi%* ordering, is stable, aseftected by
unchangedLi spectra collected at 4.6 V after the first and tenth electrochemical cycles.

In contrast to the bulk measurement of NMR, spatially resolved SEENS
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results show that the electronic structurel bf cationsare inhomogeneous frothe
particle surface to the bulkponfirst-charge. A surface reduction layer is formed at the
surface, where thEMs are in lower oxidation stateear the particle surface compared
to the bulk. Our results indicate that the surface evolution of NMCnaitigs in the

first cycle It is shown that the surface region of NMC has transformed to a-TiAd©
rock-salt (RS) phase (transition froRom to Fmom) accompanied by lithium and
oxygen loss during cycling, while a partially disordered layered strutuozated
between the bulk and the surface RS layer as a transition zone. The formation of this
poor electronic and ionic conductive TMO layer would limit the charge transfer of the
cathode and advedly impact the cell capacity. It is also worth notimgtelectrolyte
exposure has influence on the surface structural chelngeeas a better binder/particle
contactmayhelp limiting the structural degradation of the cathddes work clarifies

the role ofTM cations in the charge compensation processuanavels the initiation

and development of cathode degradation progassidingvaluable insights into the

origins of battery performance deterioration.
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Chapter 5

Structural and Chemical Analysis of
Li 1_2Nio_13|\/|no_54COo_1302 Cathode Material

Compared to the commercial layered NMC cathode material that has been
discussed in the previous chapt@&hilm-rich layered oxides are promising cathode
candidates for the next generation lithiuwn batteriesvhich posseshigher specifc
energy density. The kich cathodes can provide high capacity of above 250 mAh/g
under high operation voltage, whereas they suffer severe capacity loss and voltage
decay duringcycling that hinder their commercial applications. Although different
modification methodsave been developéd improve the cycling performance of-Li
rich cathodes, the premise for the improvement is atepth understanding of the
reasons behind the performance deterioration. Under such circumstances, the
exploration of the agin for the rapid performance decay ofrich cathodes is of
paramount importance for the future application of these-éigingy cathode materials.

In this chapterwe implement aberratiecorrected Scanning Transmission Electron
Microscopy (STEM), Eleton Energy Loss Spectroscopy (EELS)i Nuclear
Magnetic Resonance (MATPASS, NMRW and XRay Diffraction (XRD) to
thoroughly investigate the structural and chemical evolution of -éngngy
Li1.2Nio.13MNg54C0.1402 (HENMC) layered cathode materiaijrang to unravel the

origins for the rapid performance decay ofrich cathode material.

U The NMR measuremestand analysisverecarried out byMatteo Z. TessarandKristopher J.
HarrisfromGi | | i an Go wMcMasi@rsUnigersiyu p  a't
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5.1 Sample Peparation and Characterization Techniques

5.1.1 Electrochemical Test

The labscale Lii2Nio.1dMnoseCm.130. (HENMC) cathode material was
synthesized using the -@ecipitation methoét The transition metal acetates:
Ni(CH3COn)A x28 (99+%, Alfa Aesar), M(CHCOu)A x28 (99+%, Arcros
Organics), and Co(C4€0,).A x.8 (99+%, Alfa Aesar) were dissolved in-itmized
water and added to a solution of KOH (0.1M) to form the mixed transition metal
hydroxide precipitate. The precipitate was filtered and washeddsitbnized water
to remove the residual KOH and then dried overnight at 100€C. The dried product was
mixed with a 3% excess lithium hydroxide and heated for 24 hours in air at®00
The cathode was prepared with HENMC powder, acetylene black and polyvinylidene
fluoride (PVDF) at a weight % ratio of 80:10:Ihe cathodes werencongructed
into halfcell configurationsvith Li metal ascounter electrodend1M LiPFs EC/DMC
(1:2-v/v) as electrolyteThe coin cells were cycled galvanostatically betweerd20
V at rates of C/10 using a Maccor cycler. The cyclic curves are shown in Bigure
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Figure 5.1 Charge and discharge profiles of HENMC after 1, 10 and 100 cycles.

UTheHENMC wassynthesized and providdyy Yan WuandMeng Jiangrom General Motors.
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5.1.2 Transmission Electron Microscopy Characterization

The pristine and cycled HENMC samples were studied using an aberration
corrected (probe and imagerming lenses) FEI itan Cubed 800 kV microscope
operated at 200 kV. For structural analysis, STEM images were acquired using a high
angle annular darkeld (HAADF) detector with collection angle range of8@0 mrad.

The HAADRFSTEM i mage -@orotvri aletso dieZhedngagenngensityw h
is proportional to the atomic numberf the elements present in the material. For
chemical analysis, EELS data werecorded using a Gatan Image Fil{@IF)
Quantum965 with 0.25 eV/channel dispersion of the spectrom@étemprepae the

TEM specimerfor pristine HENMC, the powder was dispersed in ethanol and drop
casting to a copper grid. The TEMeximers for cycled cathodes were prepared using
adual beam focused ion beananning electron microscope (FEEM, Zeiss NVision

40). The cells were discharged to 2.0 V, disassembled and dried in a glove box before

TEM specimenpreparation.

5.1.3 XRD and NMR Spectroscopy

The XRD data was collected by a Bruker Smart6000 CCD area detector with a
RigakuCuKl (a=1.5418 ) ropetatng at BOgkV woltagecaed 98 o u r c e
mA current./Li NMR spectra were acquired under a 4.7 T applied magnetic field using
a Bruker DRX console and are referenced to 1M ¢4t O ppm. In all cases, 10s
"/ 2 pndl0® mssdelays were employéti NMR spectra influenced only by the
isotropic chemical shifts were recorded using either the MAT (reagbeturning) or
pj-MATPASS (projection magiangleturning phasealternating spinningideband)
methods1% The MAT spectrum of the 56yclesample used a 34 kHz sample spinning
rate and a hombuilt probe employing 1.8 m rotors, while all other experiments used
pj-MATPASS experiments under a 60 kHz sarrggdéning rate with a Bruker high

speed MAS probe and 1.3 mm rotors.
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5.2 Characterization of Pristine HENMC

The pristine HENMC cathode material was examined using rneitigezhniques
in order to clarify the structure and composition of the material, and to enable a better
understanding of the material 6s behavior ¢
Figure 5.2a shows the powdeXRD pattern of pristine HENMCThe majority of
diffraction peaks can be indexed to the trigoRaing) structure, except the weak peaks
at | ower 2 & afagnde%. The amgpeavaece of th& Buperstructure
reflections at | ower angles is at-TMi buted
(transition metal)atomsin the TM layer, which is chacteristic of the monoclinic
(C2/m phase. An obvious broadening of the (020) and (110) superstructure peaks is
observed in FigurB.2a According to previous studies, this broadening may be due to
stacking faults of the cationic layers along the monoctirzis* " Daniel et af!?4
reported that the structure of therich cathode material can be refined with ba}ia(
monoclinic C2/mspace group) only model, where Mn, Co and Ni are all allowed to
occupy both the 2b (Li in the TM layer) and 4g (Mn in the TM layer) sites;ignd (
monoclinic C2/m) LioMnQOs + trigonal Rom) two-phase mixture maal, where only
Mn is allowed in the 49 site of the monoclinic phaBeey show that both models fit
well with the neutron diffraction results. In such case, the diffraction data is
inconclusive to determine whether the material is a solid solution or ghease

composite.
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Figure 5.2Characterization of pristine HENMC cathode material. (a) XRD pattern.(b)
‘Li MATPASS NMR spectrum. Inset: layered structure of the material showing peak

assignments by layer type.

Solid-state NMR spectroscopy is well knovior its ability to report on local
structures within fully or partially disordered materials, dhtl NMR analysis is
relatively well established in this class of matelfa§>1731818I Ag discussed in our
submitted manuscript and summarized heahe ‘Li NMR spectrum of pristine

HENMC (Figure5.2o) displays two distinct groupings of resonances: Li in the Li layer
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at 0 to ~1100 ppm, and Li in the nominally TM layer at ~1100 td¥g§In>1731 Of
particular note is that the frequencies of the two langesks (1435 ppm and 720 ppm)
correspond essentially exactly to those observed from the pure monptiase
LioMnOzs. This suggests that much of the structure is not too different from this parent
phase.

The’Li NMR peaks at 1435 ppm and 1335 ppm arieatfthe Li in the TM layers.

As mentioned before, the 1435 ppm peak corresponds to the; Lokl ordering in

the TM layer from the 1MnOs phase. While the nearestighbor Mn contributes a
positive frequency shift, Ni contributes a negative shift, anca@ib Ni produce no
effect, the other peak located at 1335 ppm is most probably due to theQahdm
LiMnsNi local ordering in pristine HENMC. The peaks below 1100 ppm originate from
Li in the Li layer, the different configurations of TM atoms lying indes/on either

side of each Li give rise to a series of peaks. The largest peak in the HENMC spectrum
at 720 ppm is a measure of the large amount of Li environments that are between TM
sheet sections that are nominally similar to the Li layer #MbOs. Since Mn
contributes the largest positive frequency shift, it is likely that the signal intensity at
frequencies below 720 ppm is from environments in which some of the Mn positions
in the LiMne local ordering are swapped for Co orii.

More spatiallyresohed structural and chemicahformation of the HENMC
cathode material were obtained by aberratomrected STEM and EELS
characterization. Figurg.3a shows a HAADFSTEM image of pristine HENMC, the
bright atomic columns correspond to the TM atoms, whigelighter elements Li and
O are not visible from the image due to their low atomic weights. As can be seen from
the image, projections of [11@][1-10]wm, and [1004; zone axes of theé2/mmonoclinic
phase are cexisting in the bulk region due to stackifaylts along the -@axis, as
labelled in the image with different colored frames. The corresponding atomic models
of these three orientations are presented in Figu8® The observation of stacking

faultin the pristine material is in accordance with ineadening of superstructure

U More detailed analysis of NMR spectrismiscussed ithe submitted manuscript.
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peaks in the XRD pattern in Figuseh. The HAADF-STEM intensity plot of the TM
layer is shown in Figur.3c, in which the two adjacentight TM atomic columns are
separated by 0.14 nm spacing, forming a-TM dumbbell, and the dark Li atomic
columns reside between these TM dumbbells. Crucially, tAi$Lordering in the TM
layer is unique to the monoclinic phase and is not present ioragmntations of the

trigonal phase.
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Figure 5.3 HAADF-STEM image taken from pristine HENMC sample. (a) The
HAADF image shows the monoclinic domains of HENMC. The Z direction comes out
of the page. (b) Atomic models of the monoclinic structure pO[;1[110], [100]
orientations. (c) Intensity plot from the region highlighted with the white rectangle in
the HAADF imageThe subscripM denote the monoclinicC2/mstructure

It can be seen from the image that there are some lattice planes exhibiting
continuous contrast instead of the TM dumbbell ordering (marked with green dotted
rectangles). This effect has also been observed in a previous study, where it was
suggested to be due to the presence of a LikiGonal phasé?® Through detailed
analysisonthe intensity of the continuous planes, we notice that there is no significant

change in the contrast of the continuous plane when compared with the adjacent planes
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containing the dumbbells as illustrated in the intensity plot shown in Fiydee
However, the expected intensity of a LiM@pe plane should be about twice as that

of a LMnOzs-like monoclinic phase, because the larger number of heavier TM atoms
in theLiMO lattice plane would lead to a higher contrast in the HAADF im&jges,

it is believed that such effects are due to the presence of stacking faults within the
projected particle thickness (as illustrated in Figu#db), similar to the ones seen in

the X,Y plane of Figuré.3a. Therefore, the presence of these partial planes with
continuous contrast could be due to the stacking faults in the Z direction of the sample,

as illustrated in Figurg.4b.
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\Figure 5.4 (a) Intensity plot of the lattice ph@s from the highlighted region in the

STEM imageof pristine HENMC The continuous plane is marked with a yellow dotted

circle. (b) Atomic model illustrating the continuous contrast leading by the stacking

faults in the depth (z) direction. The poimthi n a ci r cl e nimdicatest o t he
that the Z direction comes out of the page.

The EELS spectra taken from the monoclinic domains confirms the presence of
the three TM elements. Figuseb shows an EELS spectrum taken from the monoclinic
regonvher e the Adumbbel |l 0 st r vxedgesrarecléaaty v i si k
observed from the spgum with the oxidation state @i+, 3+ and 2+ respectively,
indicating the monoclinic domains are notMnOs phase since the three TM cations

are coeexiding. It is possible, however, that small amounts of Ni are in thdaydr
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Li sites (shown as the dark atomic column between the TM dumbbells), because the
intensity variation could be negligible or minor when replacing the Li by Ni with less

than 20%, aslemonstrated from STEM image simulation by Gu €€4l.
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Figure 5.5 (a) HAADF-STEM image acquired dm the region exhibiting the TM
dumbbel structures in pristine HENMC. (b) EELS spectrum acquired from the region
marked in (a).

By examining multiple particleghe three TMsalways ceexist throughout the
bulk material with no abrupt changes in the concentration between different grains.
Figure 5.6a shows the HAADBTEM image across two grains from pristine HENMC.
The top grain shows the honeycomb ordering that is characteristic of the monoclinic
ordering, while the bottom grain shows the wdsfined layers. The crystallographic
structure othe two grains are confirmed by the corresponding Fourier Transform (FT)
diffractograms shown in Figure 5.6b and c. The diffractogram acquired from the top
grain shows the supdattice diffraction spots that can only be indexed to @2ém
monoclinic phas rather than th&om trigonal phase. Meanwhile, the diffractogram
acquired from the bottom grain can be indexed to both phases, as shown in Figure 5.6c.
Therefore, if the bottom layered ordering grain belongs to the kivi@onal phase,
and the materlas a twophase composite, a change in the composition of the two
grains would be expected. EELS spectra were obtained across the two grains in order
to further examine if there is any chemical variation, as shown in Figure 5.6d. As can
be seen from thelELS spectra, there is no discernible change in the composition across

the two grains.
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Figure 5.6 (a) HAADF-STEM image acquired from two adjacent grains of pristine
HENMC. (b, c) Fourier Transform (FT) diffractograms of the areas marked in (a). (d)
Seres of EELS spectra acquired across the two grains shown in (a).

These findings are in apparent contradiction with the-phvase composite
(LioMnOs + LiMO2) model, in which Mn segregation would be expected in the
monoclinic domains. The result, thereforeggests that the structure of HENMC
cathode material is most accurately described as asalition based on monoclinic

symmetry
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