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ABSTRACT

Layered lithium transition metal oxides represent a major type of cathode
materials that are widely used in commercial lithium-ion batteries. Nevertheless, these
layered cathode materials suffer structural changes during electrochemical cycling that
could adversely affect the battery performance. Clear explanations of the cathode
degradation process and its initiation, however, are still under debate and are not yet
fully understood. In this thesis, the cycling-induced chemical and structural evolution
of LiNiysMny3C01302 (NMC) and high-energy Li12Nio.13Mno54C00.1302 (HENMC)
cathodes are investigated in details using state-of-the-art electron microscopy
techniques combined with other bulk measurements to uncover the mechanisms at the
source of cell deterioration.

Using high-resolution electron energy loss spectroscopy (HR-EELS), the role of
transition metals (TMs) of NMC cathode material in the charge compensation process
at different state-of-charges (SOCs) is clarified. The cathode evolution is studied in
details from the first-charge to long-term cycling using EELS, aberration-corrected
scanning transmission electron microscope (STEM) and complementary diagnostic
tools. The results reveal that the surface degradation of NMC initiates in the first-
charging stage with a surface reduction layer formed at particle surface. Besides the
study on NMC, the degradation mechanism of a promising cathode material candidate,
high-energy Li-rich layered oxide (HENMC), is investigated thoroughly. In addition to
demonstrating the surface degradation of HENMC during cycling, we clearly reveal
the drastic evolutions from the cathode interior. Instead of attributing the overall
performance decay to the surface evolution, our findings uncover the complexed
transitions in the bulk material, which are potentially the main sources for the rapid
performance decay of Li-rich cathodes.

As complement to two-dimensional (2D) characterization, the three-dimensional
(3D) microstructure of pristine and cycled NMC and HENMC cathodes are also

analyzed using focused ion beam-scanning electron microscopy (FIB-SEM) 3D
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reconstruction. The spatial distribution of active material, carbon-doped binder and
pore spaces are successfully reconstructed by appropriate image processing.
Meanwhile, the connectivity between carbon-doped binder phase and active material
phase in NMC and HENMC cathodes, assessed using a “neighbor counting” method,
showed an appreciable decrease after cycling which indicates a detachment of carbon-

doped binder from active particles.
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Chapter 1

Introduction

Ever since the development of engine technology in 17th century, fossil fuels have
been extensively utilized as primary energy sources. So far, the majority of energy is
still being supplied by fossil 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 these non-renewable
energy resources will eventually 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 issue, it has been
realized that one of the major causes of greenhouse gas emission 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 monoxide, 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 with nuclear 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 cyclic in 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
role in people’s everyday life. Batteries are one form of electric energy storage systems
that convert chemical energy into electricity.[* With a large number of applications in
portable electronic devices, back-up energy supply for electric grids and the recent
development of plug-in/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 development of automotive electrification, consumer electronics, and even
aircrafts requires lithium-ion battery systems to provide higher energy-density, longer
cycle life, and lower cost. The necessity for such battery systems strongly depends on
the development of electrode materials that can deliver higher specific energy and
possess improved structural and chemical stability. Advances in electrode materials’
development therefore become one of the most important tasks in lithium-ion battery
research.

Lithium-ion battery electrodes 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 lithium-ion battery, the cathode
plays a key role in 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 intercalation-deintercalation process compared to
anodes,?3 they suffer irreversible structural reconstruction, electrode-electrolyte side
reactions and chemical evolution during cycling, which adversely affect the
performance of the battery. Hence, the work carried out in this thesis is focused on the
exploration of the possible mechanisms at the origins of the degradation of lithium-ion
battery cathodes.

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

art microscopy techniques, aiming to unravel the degradation mechanism of lithium-
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ion battery cathodes. Chapter 2 introduces the history of different battery technologies
and the fundamentals of lithium-ion battery system. The development of batteries, from
the first primary battery system to the recent development of secondary batteries, are
introduced. More information on the working principle and application of lithium-ion
batteries are described in this chapter. Moreover, the development and challenges in
different types of lithium-ion 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
information 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 lithiation-delithiation process is included. Meanwhile,
previous studies on the cycling-induced 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 layered cathode materials: LiNi1zMn13C01302 (NMC) and
high-energy Li12Nio.13Mnos4C00.1302 (HENMC). Layered lithium transition metal
oxides are some of the most important types of cathode materials in lithium-ion
batteries. Nevertheless, these layered cathode materials 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 charge-discharge using spatially-resolved
electron energy-loss spectroscopy (EELS) are demonstrated. The structural and
chemical evolution of NMC cathode during long-term cycling are investigated in order
to unravel the performance deterioration of the cell. In Chapter 5, the structural and
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 high-energy cathode.

Although we have obtained a 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 the cathodes is still of great importance.
Thus, in Chapter 6, a study on the 3D microstructural evolution of NMC and HENMC
cathodes using state-of-the-art focused ion beam-scanning electron microscopy (FIB-
SEM) 3D reconstruction is presented. The spatial distribution of the three phases:
active material; carbon-doped 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 are evaluated 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 lithium-

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 people’s everyday life. The presence of lithium-ion battery enables the
proliferation of portable electronic devices due to its high volumetric and gravimetric
energy density comparing to the conventional nickel-cadmium (Ni-Cd), nickel-metal
hydride (Ni-MH), and lead-acid secondary battery systems. These characteristics also
promote the blooming of automotive industry, while, on the other hand, the
development of hybrid electric and electric vehicles (HEVS/EVSs) places stringent
demand on battery systems that enable higher energy density, longer cycle-life, better
safety, and lower cost. With these concerns, lithium-ion batteries with different
electrode systems, such as graphite/LiCoOz, graphite/LiFePOa, LisTisO12/LiMn204, etc.
have been developed, and the exploration of new electrode materials are still ongoing.
In this chapter, an overview of battery history and working principle of lithium-ion
batteries are introduced. The development and challenges in lithium-ion battery

positive electrode, or cathode, are being discussed.
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2.1 Basics of Batteries

An electrochemical cell is a device that converts the chemical energy stored in the
active materials into electrical energy by means of electrochemical redox reactions,
which is also referred to as a galvanic cell.] A battery usually consists of multiple
electrochemical cells, although it may also represent a single cell under some
circumstances. In an electrochemical cell, the material with lower standard electrode
potential is defined as the negative electrode or anode, which is oxidized 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 electrons from the 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 short circuit, while 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 standard potentials are connected through an
external electronic load as the reaction leads to a decrease in the free energy of the
whole system (AG < 0).

The theoretical standard voltage (E°(cell)) of a galvanic cell can be basically
determined by the difference between the standard electrode potential of the cathode
(E°(cathode)) and the anode (E°(anode)) by the equation:

E°(cell) = E°(cathode) — E°(anode) (2.1)
Equation 2.1 can be further modified by 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:
E = E°(cell) — RTInQ (2.2)
ar

where Q is the reaction quotient for the overall chemical reaction, Q:a—e, where a is

ox

the chemical activity for the reactants and products in the reaction. R is the gas constant
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(R=8.31 J/kmol).[ 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
generated 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 not, they can
be classified 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 circuit. The discharge reaction in a battery is
thermadynamically favorable (AG < 0) and occurs 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:

AG = —nFE (2.3)

Where n is the number of positive charges carried by the ions transferred during
the reaction, and F is Faraday’s constant. Therefore, if an electrical potential that larger
than the voltage given off during discharge is applied to the cell, the charging reaction
can take 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 on the choice of electrodes, the electrochemical cells fall into two
categories: half cells and full cells. A half-cell 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 reference electrode, 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 constructed

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 of electricity that can be
obtained through the electrochemical reaction of active materials, thus, the theoretical
capacity is directly related with the amount of active materials in the cell. The unit for
cell capacity is coulombs (C) or ampere-hours (Ah), and can 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, in the unit of mole. F is Faraday’s constant. In the real
battery configurations, 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 energy 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) x ampere-hour (Ah) (2.5)
The energy density is related directly with the specific capacity and voltage, which is
usually measured in Wh/kg, Wh/g or Wh/I. In a real battery system, the theoretical
energy density cannot be fully achieved because: (i) the weight or volume of the battery
includes electrolyte and nonreactive components, such as current collector, separator,
container, which adding up the total weight and volume of the battery; (ii) the 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 Pile, in which an electric current is produced 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 solution (Figure 2.1).°"! This model is
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
configuration, 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 system.[4 With the
development of battery 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.

Figure 2.1 A photo of “Volta Pile”. From reference 4],

2.2.1 Primary Batteries

Although primary batteries are not capable of being recharged electrically and
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need to be discarded after fully discharge, they are convenient to use, inexpensive and
usually lightweight. The primary batteries are widely used in portable electric devices,
watches, digital cameras, toys, lighting, and a variety of other applications. They are
easy to use, have good shelf life, acceptable energy density, reasonable cost, 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 its discovery in 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 and shelf life. The first primary battery that has been widely
used is the zinc-carbon battery, also known as Leclanchécell, invented by the French
scientist Georges Leclanchéin 1866.1! In 1940s-1960, 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 1970-1990s,
zinc/alkaline/manganese dioxide primary batteries replaced zinc-carbon 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 was developed during World War I1. 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 the mercury 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 temperature and humidity. The zinc/air battery was preliminary
applied in signaling and navigational applications which require long-term and low rate
discharge. With the development of this battery system into smaller button-type cells,

the zinc/air battery has also been widely used in hearing aids and medical devices.
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Aluminum is considered to be another attractive anode candidate because of its
high standard potential and energy density, whereas, this material has not been
successfully used in a commercial battery system. With the formation of a “protective”
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 battery. Although the film can be removed by using proper
electrolytes, the accompanied corrosion issue result in poor shelf life and problems in
long-term usage.

Magnesium is also an attractive anode material in battery system. It has high
standard potential, low atomic weight, high energy density, and low cost. The
magnesium primary batteries have been successfully used in commercial market in the
system of magnesium/manganese dioxide (Mg/MnQ>). The advantages of this battery
system are the higher voltage and doubled capacity 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 discharge that lead to the 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. In recent years, the use of magnesium
batteries in applications such as military equipment has ceased and they are being
replaced by batteries with higher energy density and better rate capability, like lithium
primary batteries and lithium-ion batteries

Due to the demand of high energy density of battery systems, the introduction 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 1975.1 Lithium batteries
have the advantage of high energy density, wide temperature range and long shelf life,
whereas the application of lithium batteries are restricted by their high cost. The
specific capacity of primary battery systems has been improved from about 50 Wh/kg

for the early zinc/carbon batteries to more than 300 Wh/kg achieved by zinc/air and

11
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lithium primary batteries (Figure 2.2a). 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 and requires 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 cathode, as shown in Figure

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

voltage range of 1.4V to 0.9 V.
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Discharge profile of primary battery systems. From reference [,
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2.2.2 Secondary Batteries

In contrast to primary batteries, secondary batteries are systems that can be
effectively reused multiple times. After being discharged, the secondary battery can be
recharged by applying an external electrical power to promote the reversed reaction.
Such a charge-discharge process is termed as an electrochemical cycle. Nevertheless,
the cell cannot be used infinitely 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 devices, 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 also been applied in hybrid electric or electric vehicles (H/EVS)
as power sources.

There has been a long history for secondary batteries. The first rechargeable lead-
acid battery was invented in 1859, by a French physicist Gaston Planté The lead-acid
battery has two electrodes that both consist of lead, and the electrolyte is acidic. The
original lead-acid 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
1880-1882, a new design of the lead-acid cell was developed by using lead as anode
and a lead grid lattice with lead oxide-sulfuric acid pastes as cathode. There have been
several improved lead-acid battery configurations designed after the plate grid, such as
lead-antimony alloy grid and a lead-calcium grid. The lead-acid batteries are low cost,
but also have relative low specific-energy density. The lead-acid batteries are
commonly used in automotive applications for SLI, in e-bikes, uninterruptible power
supplies, signaling, etc.

Another major category of secondary batteries are the alkaline secondary 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 electrolyte. The first
commercialized alkaline secondary battery is the nickel-cadmium (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 used as electrolyte
solution. This type of Ni-Cd 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 sealed Ni-Cd batteries became available for
portable devices, however, these Ni-Cd secondary batteries have a major drawback of
“memory effect”. When the Ni-Cd batteries are not fully discharged before the initial
charging process, the maximum cell voltage cannot be any longer obtained. The voltage
at which the first discharge terminated will be maintained during charging.

The nickel-metal hydride (Ni-MH) battery is another alkaline secondary battery
system that evolved from nickel-hydrogen 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 in Ni-Cd system, such as nickel oxide, the
alkaline solution is acting as the electrolyte. In the Ni-MH battery, a metal alloy is
placed at the anode side, which can reversibly absorb and desorb hydrogen during the
charge-discharge process by forming a metal hydride. The development of the Ni-MH
battery largely improved the energy density of the alkaline secondary battery, becoming
almost twice that of a Ni-Cd battery. Because of the higher energy density, the Ni-HM
batteries have been used in low-end electronics and portable electronic devices.
However, this battery system is less durable than the Ni-Cd 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 lead-acid battery. In 1970’s, M. S. Whittingham at

14



Ph.D. Thesis — H. Liu McMaster University — Materials Science and Engineering

Exxon built the first lithium secondary battery using Li-TiSz system.U”l Then Moli
Energy commercialized lithium batteries with a LiMoS; cathode in 1980.[1 These
batteries used a Li foil as the anode and various liquid organic electrolytes, which are
not available presently due to their short life and safety issues: (i) high reactivity of the
metallic Li anode with the electrolyte, and (ii) Li dendrite growth under a normal rate
of charging (Figure 2.3a). The application of Li metal in rechargeable batteries was
plagued by the safety problems arising from Li dendrite formation, so the use of Li
intercalation materials for both electrodes attracted researchers’ attention.

The idea of substituting metallic Li with a Li intercalation material (Figure 2.3b)
was first introduced by Murphy et al. at Bell laboratories in late 1970s!®! and Lazzari et
al. in 1980.11 In the meantime, intercalation materials such as graphite used in organic
solvents was discovered. 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 arising 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
early 1980’s,12% the lithium-ion battery was finally commercialized by Sony in 1991,
with a configuration comprising LiCoO2 as cathode, graphite as anode and liquid
organic solution (LiPFs in 1:1 ratio ethylene carbonate and dimethyl carbonate
(ED:DMC)) electrolyte. This battery could offer a potential of 4.2V after being fully
charged, arising from the electrode potential difference between delithiated Li;-«CoO:
and lithiated graphite. The application of a graphite anode avoided the dendrite issue

arising from Li metal anode, improving the safety of lithium-ion 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 compound is used as
anode material. From reference [*4,

The performance of different secondary battery systems varies depending on the
cell design, such as the choice of electrodes and electrolyte, as well as the specific
conditions for the battery usage. Figure 2.4 illustrates the discharge behavior of
different secondary batteries. The average voltage range of alkaline secondary battery
systems is 1.7 V to 1.2 V, while the lead-acid battery has a cell voltage of about 2 V,
higher than that of alkaline batteries. Among all these conventional secondary battery
systems, the lithium-ion battery (graphite/LixCoO. system is used in this comparison)
provides the highest discharge voltage, equivalent to about three Ni-Cd cells in parallel
connection, which therefore enables a high power density. Meanwhile, high-voltage
lithium-ion battery cathodes that enable an operation voltage up to ~4.7 V are being

developed.t*?
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Figure 2.4 Discharge profiles of different secondary battery systems (at C/5 rate)*.
From reference [,

The amount of electrical energy that can be delivered from a battery is determined
by the cell potential and capacity, which is directly associated with the cell chemistry.
Among these secondary battery technologies, lithium secondary batteries show the
highest energy density in both gravimetric and volumetric perspective, as illustrated in
Figure 2.5.1*Y1 Because of the superior performances, lithium secondary batteries have

received most attention at both fundamental and commercial levels.

+ The C-rate is defined as the discharge rate of a battery. 1C rate means the battery’s capacity will
be delivered in 1 hour, thus, C/N rate means the battery needs N hours to be fully discharged.
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Figure 2.5 Comparison of volumetric and gravimetric energy density of different
secondary battery systems. From Reference [,

2.3 Overview of Lithium-lon Batteries

To date, different combinations of electrodes and electrolyte for lithium-ion
batteries have been developed and used in 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 Figure 2.6.*31 Both
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 commercial lithium-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. In this case,
a layered transition metal oxide is shown in the 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 polymers or ceramics, which physically
prevents the direct contact between the positive and negative electrodes and allows ions,
but not electrons, to pass through. During the charging process, the Li ions deintercalate
from the cathode and are intercalated into the 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. The redox reaction of a layered cathode material is given

as an example:
C+yLi* +ye™ & Li,C (Anode)
LiMnO, & Li;_ MO, + xLi* + xe~ (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 lithium-ion
battery. From reference [*3l. Graphite and a layered lithium transition metal oxide are
shown as the electrode materials in the illustration.

The commercial lithium-ion 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 (an example 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 components that determine 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 potential that is 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 content.

a Liqukt alactmoiyte c
r—H
B
Sq)a’ ———
—L_>
«Cell can
341w
‘3__-9AVn K:u \L\\Sepa'aw 1.1 Ah ©
S Carbon Lly, M0,
Seperator
» Al Mesh
b
Liquia <l / +Plastic alactroge
alectrotyte 3 S “\, (Cathode)
Carbon S Plastic slectrayte

| *——__- Plastic elactroge

Separator — \ (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 reference 4,

Figure 2.8 A photo of a lithium-ion battery pack that contains multiple single 18650
cylindrical cells (in red shrink-wrap). From Reference 141,

20



Ph.D. Thesis — H. Liu McMaster University — Materials Science and Engineering

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 safety concerns,
alternative anode materials were being studied to replace lithium metal. The use of
carbon-based materials enables a standard electrode potential close to that of lithium
metal, thus resolving the safety issues arising from the lithium metal anode. The
carbon-based 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 material in the
commercialized lithium-ion batteries, different structures of carbon-based materials are
also under investigation in order to enhance the capacity of lithium-ion batteries.
Furthermore, studies on non-carbon based materials such as alloys (Li-Al, Li-Si, etc.),
metal oxides (LisTisO12, SiOx, etc.) and metal-carbon composites (Si and Sn are some
common elements in such composites) are being carried out for achieving higher
specific capacity.[*®

In parallel to the anode development, the discovery of chalcogen group
compounds as cathode materials laid the foundation for the development of lithium
secondary battery technologies.®*® 1t has been demonstrated that chalcogen
compounds, e.g. TiSy, are 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 battery. However,
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 lithium-ion battery system using layered structure LiCoO- 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 lithium-ion battery system, the electrolyte has high ionic conductivity through

which lithium ions can shuttle between the two electrodes. The electrolytes can be in
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the form of liquid, gel-polymer or solid-state. The liquid electrolytes is a solution with
lithium salt dissolved in organic solvents (usually carbonates). Most of the commercial
lithium-ion batteries now use this type of electrolyte. In addition, an ionic liquid
electrolyte is also available for lithium-ion battery systems, this type of electrolytes are
composed of lithium salts and molten salts with low melting point. lonic liquid
electrolytes are known of their safe operation because they do not include combustible
organic solutions. Lithium-ion batteries using gel-polymer electrolyte are called
lithium-ion polymer battery, in which a polymer matrix with a liquid electrolyte
constitute the electrolyte component.l*s! Currently, solid electrolytes attract lots of
attention because of the increasing interest in the development of all-solid-state
batteries, aiming 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 electrolytes, however, have not been used in real applications because of the
low ionic conductivity and problems associated with interfacial compatibility between

electrode and solid electrolyte.[6:17]

2.3.2 Application of Lithium-lon Batteries

The rapid development of modern technologies has largely promoted the growth
of the lithium-ion battery market. The global market for lithium-ion batteries is
expected to reach $ 30 billion US dollars by 2020.1*81 Currently, lithium-ion batteries
have been successfully used in a variety of portable devices, such as mobile phones,
tablets, laptop computers, entertainment devices, lighting, and medical applications
because of their high energy density and high power density. With these superior
performances, the application of lithium-ion batteries has expanded to the automotive
industry. The demand for environmental friendly vehicles, including HEVs, plug-in
hybrid electric vehicles (PHEVs) and battery electric vehicles (BEVs) has generated
the need for high power lithium-ion 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 2020.1'81 The demand of P/HEVs and EVs on lithium-
ion battery will have a compounded annual growth rate of about 36% from 2015-2020,
consisting of a need of 11 GWh in 2015 to 54 GWh in 2020, as shown in Figure 2.9.
In addition to the application in automotive industry, the development of lithium-ion

batteries also focuses on small electric appliances and portable electronic devices.
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Figure 2.9 Estimated demand of lithium-ion batteries from automotive industry. From
reference (18]

The safety 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 lithium-ion battery
is a few times that of a lead-acid battery, there is a risk of ignition of the cell component
if this high energy is suddenly released following a short circuit. Although the safety
problems have not been fully eliminated from the lithium-ion battery applications, the
development of advanced electrodes, electrolytes, separators, and controls are

improving the safety level of the battery.

2.4 Cathode Materials for Lithium-lon Batteries

As key components in lithium-ion batteries, different types of cathode materials

have been developed ever since the development of lithium-ion batteries. The ideal
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cathode 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 maintain 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 rapid development 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 type structure.

The layered lithium transition metal oxides can be described by the general
formula of LiMO2 (M = Ni, Mn, Co, etc.) which crystallizes in a hexagonal layered
structure. Oxygen layers are stacked in sequence of ABCABC... along the c-axis with
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 and good
stability. LiCoO», the most commonly used cathode material for commercial lithium-
ion batteries, has o-NaFeO> type structure with R3m space group.[**?% LiCoO, can
provide a practical capacity of about 145 mAh/g, while overcharging (x>0.72) a Li1-
«C00; cathode will lead to oxygen release, structure collapse and safety issues.!*®! This
cathode material is the first cathode material used in commercial cells, whereas it
suffers drawbacks such as high cost and toxicity. As a result, layered LiNiO2 and

LiMnO; have been extensively studied as alternatives for LiC00,.12-2l
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Figure 2.10 Atomic model for layered structure lithium 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 LiNiO2 due to the cation
mixing arising from the similar atomic radii between Ni?* and Li*, thus resulting in
nonstoichiometric  LiixNi1+x02.24%1  The substitution of Li* by Ni** in
nonstoichiometric Lii-xNi1+xO2 will hinder the lithium ion diffusion and lead to a
reduced capacity.l*® This material is also metastable at elevated temperature and is
accompanied by oxygen release, which leads to safety concerns.?8! LiMnO; cathode
material is attractive from the economic and environmental point of view. Although the
synthesis of layered LiMnO: is difficult since it is thermodynamically metastable, both
the stoichiometric LiMnO2 and nonstoichiometric LixMnyO2 have been successfully
synthesized 2" LiMnO; provides high initial capacity of 200 mAh/g when charging to
4.5 V. However, as the delithiated Li;xMnO:> is unstable, this cathode material suffers
irreversible phase transformation during charge-discharge. The deformation of the
material due to Jahn-Teller distortion of Mn®* and the rapid capacity decay arising from
the detrimental phase transformation remain challenging.?®!

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 studied. Stoichiometric Li(NixMnyCo1-x-y)O2, described
from here on as “NMC” materials, are effective cathodes for lithium-ion batteries that

possess high reversible capacity and lower cost.[?®-34 The LiNi1;sMn13C01/302 cathode
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material was first reported by Ohzuku’s group and exhibits a higher capacity than the
conventional LiCoO., it has small volume change upon cycling as well as good
stability.[?®3] This cathode material has the same layered structure with LiCoOg, the
oxidation state of the three transition metals are Ni at 2+, Co at 3+, and Mn at 4+.[3536]
Although there are still debates on the role of TMs in the charge-discharge process, it
is commonly recognized that Mn** is inactive in the redox reaction and contributes to
the structural stability. More details regarding the charge compensation of layered
LiMO. will be discussed in the next chapter.

The rapid development of automotive industry, such as P/HEVs and EVs, still
requires improvements in energy density and power density of batteries. More recently,
Li-rich cathode materials have attracted researchers’ interest. These type of materials
become one of the most promising cathode candidates which deliver high capacities of
above 250 mAh/g when charged above 4.6V.F73%1 The Li-rich layered oxide
compounds (Li1+xM1.xO2) are derived from the conventional layered LiMO; oxides by
partially substituting the transition metal (TM) cations with Li ions in the TM layers.
The layered Li-rich oxides can be written in the form x(LizMQ3)-(1-x)LiMO2, whereas
the structure of the material, whether is a solid solution or a two-phase 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 charge, the Li-
rich cathode has low first-cycle 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 long-term cycling are also main limiting factors
for the commercialization of this type of cathode materials (Figure 2.11b). The origins
for the severe performance decay are therefore under extensive investigation,%4l as

will be discussed in the next chapter.
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Figure 2.11 The cyclic performance of Li-rich cathodes. (a) Charge-discharge curve
showing the irreversible capacity loss of Li-rich cathodes. (b) Cyclic performance

showing the performance decay of Li-rich cathode during long-term cycling. From
reference 1421,

Another type of cathode material is the spinel structure LiM20s oxides, with
LiMn204 as the representative material. LiMn2O4 has high theoretical energy density,
is low cost and environmental friendly. 3 LiMnO4 can provide an operating voltage
of 4.1V, and its high potential analogue, LiNiosMn1504, exhibits about 4.7V operation
voltage.'? The LiMn,O4 spinel crystals have the Fd3m symmetry, Li ions are
occupying tetrahedral 8d sites surrounded by cubic-closed packed O atoms, Mn atoms
reside in 16¢ octahedral sites (Figure 2.12). Unfortunately, this spinel cathode suffers

severe capacity fade due to Jahn-Teller distortion of Mn®*", loss of crystallinity,
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increasing oxygen deficiencies upon cycling, and more significantly, Mn dissolution
into the electrolyte.l*144451 Extensive research has been devoted to improve the
performance of spinel cathodes including substitutions of dopants into the spinel,[4647]
surface modifications,“®l and additives in electrolyte.l*® Furthermore, there have also
been many studies focusing on the high voltage LiNiosMn1504 (LNMO) spinel cathode

material, %" which becoming a promising cathode candidate for lithium-ion batteries.
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Figure 2.12 Polyhedral model of the spinel-type LiMn,O. cathode material. From
reference (461,

Olivine LiFePO4 (Figure 2.13) was first reported by Pahdi et al. in 1997.55% This
cathode material satisfies many criteria for an ideal cathode material: it enables
reversibly Li ion intercalation-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 LiFePOs makes it a very
environmental friendly cathode material. Unlike the former two types of cathode
materials (layered Li1+xM1.xO2 (0 < x < 1) and spinel LiM2Qg), this cathode material
is limited by the poor electronic conductivity with about 1 x10° S/cm at room
temperature which limits the electrochemical performance of the cell since the
electrons cannot be easily transported.®¥! Many studies have focused on improving the
electronic conductivity of LiFePO4 including: carbon coating/mixing;®*-°% supervalent

ion doping;3% porous and nano-size structures.°:5
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Figure 2.13 Polyhedral model of the structure of LiFePO. cathode material. From
reference 491,

As a major component in lithium-ion battery, the cathode behavior highly
influences the performance of the battery. Recently, high-voltage and high-capacity
cathode materials that provide high-energy-density for the lithium-ion batteries have
become the focus of cathode development. The effective design and modification of
these promising cathode materials, however, rely on an in-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 are still open questions on the charge
compensation and degradation mechanisms of the layered cathode materials upon
cycling. Therefore, a systematic study on the cycling-induced evolutions of layered

cathode materials 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 in-depth understanding of the materials’ behavior during
electrochemical cycling is of great importance. The chemical and structural evolution
of different lithium-ion battery cathode materials have been extensively studied using
various techniques including X-ray absorption spectroscopy (XAS),[60-64 nuclear
magnetic resonance (NMR),[5661 X-ray diffraction (XRD),[7¢8 neutron powder
diffraction, " scanning electron microscopy (SEM),I"Y scanning/transmission
electron microscopy (S/TEM),[#%7271 etc. Among all these techniques, TEM has shown
its own potential because of its superior spatial resolution comparing to other
techniques. Using aberration-corrected TEMS, one has the capability of obtaining
structural information down to the atomic-level, and capturing the local chemical

evolution of electrode materials during electrochemical cycling.
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3.1 Overview of Transmission Electron Microscopy

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. The term “resolution” refers
to the smallest distance between two points that can be resolved, in other words, the
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 to Louis de
Broglie (1925), who theorized the wave-like characteristics of electron, an electron
microscope can therefore provide a much higher spatial resolution than visible-light-
microscope based on the classic Rayleigh criterion for the light-microscope.l” From
the criterion, the smallest resolvable distance (8) is strongly dependent on the

wavelength of the radiation, given approximately by
5= 0.611 3.1)

usinf
where A is the radiation wavelength, (8 is the collection semi-angle, and p is the

refractive index of the medium of propagation. If taking usinf3 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,
according to the equation from Louis de Broglie, the wavelength (L) of that electron is

approximately (ignoring the relativistic effects):

1.22
)\ = m (32)

which is about 0.004 nm. Therefore, the spatial resolution 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 since the electron lenses used in a TEM are not perfect. The
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 aberration in an electromagnetic lens occurs
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when the lens field behaves differently for off-axis rays than on-axis rays. Thus, a small
point object will be imaged into a larger disk, which blurs the details in the imaging
process. The chromatic aberration, on the other hand, occurs because the incident
electrons are not monochromatic, the energy spread of the electron 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 disk rather than the original point object imaged at
the image plane. Nevertheless, the recent breakthroughs in the design of spherical and
chromatic aberration correctors and monochromator have largely improved the
resolution of modern TEMs.

When a high-energy 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 if the specified detectors are not installed), many of them are commonly
used in TEM analysis. The analytical TEM with X-ray energy-dispersive spectroscopy
(EDS) and electron energy-loss spectroscopy (EELS) collect signals of characteristic
X-rays and inelastically scattered primary electrons with certain energy-losses,
providing valuable chemical information and many other details about the samples.
The transmitted electrons or electrons used to form dark-field or bright-field images,
diffraction patterns are at the basis of the operation and function of TEMs. Signals,
such as backscattered electrons (scattered through angles > 909, or secondary electrons
(ejected from the sample) also contain useful information but are more generally used

in a scanning electron microscope (SEM).
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Figure 3.1 Signals generated from the interaction of incident electron beam with the
specimen. From reference /%],

3.2 Introduction to Electron Scattering

Basically, when the high-energy incident electrons going through a thin specimen,
some of them interact with the electrons or atomic-nuclei of the material through
Coulomb (electrostatic) forces, being scattered with either no energy loss or some
energy losses. 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 energy-lost electrons are the main source for EELS.

3.2.1 Elastic scattering

The elastic scattering can be considered in two forms: one is scattering from single,
isolated atoms, which helps in understanding the formation of Z-contrast images; the
other is collective scattering from many atoms in the specimen, this form is at the basis
of electron beam diffraction.[’¥ 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 electrons penetrate the electron cloud. With respect to the electron-electron
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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.
When the 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 electron-nucleus 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
important for understanding the atomic number (Z) dependence of this high angle
elastic scattering: the electrons that undergo Rutherford scattering provide information
on atomic number contrast and are at the basis of Z-contrast images. More details on
the Rutherford 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 incident 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 strong diffracted 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 when they 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 is described by Bragg’s law.

3.2.2 Inelastic scattering

Inelastic scattering refers to the interaction processes that leading to energy losses
for the incident electrons. The signals arising from inelastic scattering process are

invaluable for retrieving information about chemistry of the specimen. Some of these
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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 generated.l’+!

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 quantized oscillations 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 high-energy incident electrons can also
penetrate the outer conduction and valence 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 a 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 energy (Ec). A higher Ec is required when
the excited electrons are closer to the nucleus, i.e. the innermost K shell electrons will
need a higher Ec 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 shell hole with an outer shell electron, and this process is accompanied with the
emission of energy in the forms of X-rays 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 emission of characteristic X-rays 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 nucleus and the lost energy of this electron may be in the form of
bremsstrahlung X-rays. The bremsstrahlung X-ray signal contributes to the background

of the characteristic X-ray spectrum, while this type of X-rays are not of much interest
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in analytical electron microscopy. 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 because of their low energy, and they are one of the major
signals in SEM 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 should be aware that the energy-loss 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 energy-loss events, the energy distribution of the electron beam that interacted

with the specimen can be obtained using EELS.
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Figure 3.2 Schematic diagram showing the ionization process. (a) Generation of
characteristic X-rays. (b) Generation of Auger electron. From reference 41,

3.3 Electron Energy-Loss Spectroscopy

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

through the specimen and suffer either energy losses or no energy loss. The magnetic
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prism spectrometer and energy filter are used to produce an energy-loss spectrum 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 zero-loss peak (ZLP). As 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 low-loss region, which contains electrons that have interacted
with weakly bound electrons including inter/intraband transitions and plasmon
interactions as introduced in section 3.2.2. Above that energy range is the high energy
loss, or core-loss region, containing information arising from the ionization of an atom
accompanied by the excitation of core-shell electrons. As described in section 3.2.2, to
ionize an atom, a minimum energy of Ec is required. The cross-section of ionization
event is highest when the energy loss E is at critical ionization energy Ec and gradually
decreases with the increasing energy loss above Ec. The ionization edges can be used
for identifying elemental information of the specimen, whereas, we can obtain way

more than that from the core-loss spectrum.
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Figure 3.3 An example of EELS spectrum. From reference ["6],

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

fine structure oscillates within ~50 eV of the ionization energy Ec, which 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 relate these
features to the electronic density of states (DOS) and in particular the unfilled portion
of the DOS in the material. When the core electrons are being ejected from their own
core level states, they may not receive enough energy to escape to the vacuum level,
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 the density of unfilled 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 information regarding the
oxidation state and bonding environment of the ionized atoms.

In this thesis, the EELS measurements were carried out in STEM mode to ensure
a spatially-resolved acquisition. The working principle of acquiring spectrum images
(Sls) is shown in Figure 3.4.1%1 A high energy incident electron beam is focused and
scanned on a thin specimen pixel by pixel, the electrons that undergo high-angle elastic
scattering are collected by a STEM detector (a detailed description of STEM detectors
will be discussed in section 3.4) and form an image, while the energy-lost 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 spectrometer. 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
reference [75],

The energy resolution of TEM is a key factor in determining how much information
one can obtain from EELS. For vibrational modes of atoms, inter/intra-band excitation,
and ELNES, an energy resolution of a few eVs is not sufficient. If the 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 (LaBe), respectively, whereas a cold FEG or Schottky
gun will provide a sub-eV resolution.[’”¥ However, better solution can be achieved by
further using a monochromator, which is usually a Wien filter with perpendicular
electrostatic and magnetic fields that only allows the selected electrons to travel in a
straight line down the TEM column.["8! An energy-selecting slit is placed in 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 monochromator and thus can 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 operating in STEM
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 pre-specimen area of the TEM, we are able to scan this focused
beam (often called a “probe”) on the specimen. Similar with TEM imaging, we can
acquire both bright-field (BF) and annular dark-field (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.
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detector  ADF ~*| ADF detector
detector RE detector
detector

Figure 3.5 Schematic of the different detectors in a STEM imaging system, along with
the range of electron scattering angles gathered by each detector. From reference [74],

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 collecting the 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).[ Before going into details of ADF imaging, the term “cross section” should be
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explained first. Cross section (o) is used to describe the probability of any kind of
interaction between the incident electron and specimen atom. The unit for cross section
is ‘barn’, which equal to 102¢ m2, or (10° nm?). Note that the cross section is used to
describe the probability 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 beam. The Rutherford differential cross section for high-angle

scattered electrons by the nucleus can be expressed as

e*7? dn
16(4meEy)?

or(0) = (3.4)

0
in4Z
sin* =

where Eo (in keV) is the energy of the electrons, €, is the dielectric constant and 0 is
the scattering angle. The relativistic and screening effects are ignored in this expression.
For unscreened Rutherford scattering (ignoring the contributions from outer electrons),
the cross section o is proportional to Z2 and the contrast of the images formed by
Rutherford scattered electrons is termed as “Z-contrast” (heavier atoms appear bright
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 < ~3<. We can further incorporate screening and relativity

corrections into the expression and get the modified equation as

(3.5)

Here 6, is the screening parameter, the screening effect is prominent only when the
incident electrons are far from the nucleus; a, 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. The cross section is
getting smaller at higher scattering angles when approaching towards 1802Also, with

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 102 This significant change in the Rutherford cross
section associated with atomic number variation contributes to the contrast of Z-

contrast images.

-22 Beam energy 100 keV

60 120
Scattering angle, 6 (°)

Figure 3.6 The variation of Rutherford cross section for electrons scattered at angles >0
from different elements at 100 keV. From reference [74],

In general, the Z-contrast images acquired in STEM mode are collected by a high-
angle annular dark field detector (HAADF) detector, as shown in Figure 3.5. The
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 Z-contrast 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
structure of various electrode materials for lithium-ion batteries. Using the instrument
equipped with a spherical aberration corrector (Cs-corrector), which is the case for this
thesis, one could obtain sub-A resolution that enables the direct observation of the
atomic arrangement of crystals. Unlike powder X-ray diffraction(®”%8 or neutron
powder diffractionf®®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 provides high spatial resolution that
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enables the examination of minor phase generations. As will be shown in the following
discussions that some cycling-induced phase transformations only occur within the first
few nanometers from the particle surface, and such surface evolutions are not within

the detection limit of the bulk techniques.

3.5 Characterization of Layered Lithium-lon Battery Cathodes

Compared to other characterization techniques, TEM shows its own advantage of
superior spatial resolution capable of revealing the structure of studied material down
to atomic-scale. In addition of acquiring the crystallographic information of the studied
material, an analytical TEM equipped with X-ray energy dispersive spectrometer and
electron energy-loss spectrometer provides 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 is comparable to that of X-ray absorption
spectroscopy (XAS). Therefore, TEM is a powerful tool that can be applied in the study

of cathode materials in lithium-ion batteries.

3.5.1 Charge Compensation in Layered Structure Cathodes

In a lithium-ion battery, the capacity arises from the redox reactions accompanied
with Li deintercalation-intercalation between the positive and negative electrodes.
Therefore, to the extent that it influences the redox behavior, the chemical evolution of
cathode materials during charge-discharge 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 deintercalation during charging process is accompanied with
oxidation of TM ions in the layered lithium transition metal oxide cathodes,!*8-2°]

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 in Li deintercalation-intercalation process, especially
when more than one TMs are added into the material 6064

Most of the previous studies on the charge compensation process of lithium-ion
battery cathodes were carried out using XAS. With in-situ XAS experiment, Nakai et
al.[%% investigated the charge transfer process in Li1-xNio5C00502 (LNCO) with TM K-
edge spectra during Li deintercalation. Their study suggested that the oxidation of Ni%*
to Ni** occurred in the first half part of the delithiation process, while Co continues to
be oxidized slowly until x=0.8. Rosolen et al.[:-%% also observed the positive shift in
the Ni K-edge due to Ni?* oxidation, but they disagree with the Co®" oxidation state
change. In addition to the TM K-edges, they obtained Co and Ni L 3-edge XAS spectra
for further analysis. The TM L- and Ls-edges arise from the electronic transition of
2p12 and 2pay. states (split by the spin-orbit coupling of the 2p state) to the unoccupied
3d states. This electric dipole-allowed 2p—3d transition gives rise to relative intense
L. 3-edge features, which are very sensitive to the oxidation state and spin state of TM
ions. From the Co L2 3-edge spectra acquired during Li deintercalation process (Figure
3.7), they claimed that the Co ions in LNCO were at trivalent Co* low-spin state and
remain unaffected during Li deintercalation as evident by the consistent features of the
Co L 3-edge spectra. They suggested that the Co K-edge shift is attributed to a change
in the electrostatic potential of the surrounding ions. Meanwhile, different with the
Ni®*—Ni*" oxidation that proposed by Nakai et al., they suggested that the charge

compensation at Ni sites is made through Ni?*—Ni®",
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Figure 3.7 (a) Co L2 3-edge XAS spectra of delithiated LNCO cathodes. (b) Calculated
Co Las-edge XAS spectra of Co?*, high-spin Co®*, low-spin Co®*", and Co*". From
referencel®?,

Furthermore, studies on layered LiNiosMnosO2 (LNMO) show some differences
between the surface and bulk.[**71 The density function theory (DFT) calculations on
the electronic structure of the LNMO indicates that Ni is the redox-active species and
oxidized from Ni?* to Ni** during Li deintercalation, while Mn** is stable during the
process.l”® This calculation result is consistent with the in-situ XAS study, from which
the Ni?* oxidation was observed from Ni K-edge spectra and Mn** is electrochemically
inactive.’”l The Ni?*—Ni* oxidation was also observed by Yoon’s group with soft
XAS study,® whereas their results from the partial electron yield (PEY) mode and
fluorescence yield (FY) mode presented different behaviors 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 1000 A.["*8% The Ni Lyz-edge XAS spectra
collected by the two modes presented different electronic structures between the
surface and bulk, as shown in Figure 3.8. The charge compensation at the bulk region
was mainly achieved by the oxidation of Ni?* to Ni*" as evident by the peak shift,
whereas the oxidation state of Ni at the surface was almost unchanged at Ni%*, as the

Ni L2 3-edge spectra acquired with PEY mode exhibits no obvious change.
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Figure 3.8 Normalized Ni L»3-edge XAS spectra of LNMO cathodes at different x
values using the (a) PEY method and (b) FY method. From reference (¢4,

In the case of LiNiysMn13C01302 (NMC), the charge compensation process is
more complicated as three TMs co-exist in the cathode material. First 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 consists of Ni?*/Ni*,
Ni®*/Ni**, and Co®/Co*", respectively.*® It is shown from TM K-edge XAS
experiment during the first-charge that Ni?*—Ni*" oxidation is related to the lower
plateau around 3.75V while Co**—Co** occurred over the entire range of delithiation
process.®Y By comparing TM K-edge and Lz s-edges, Kim et al.[®? reported that the
charge compensation was achieved through Ni?*—Ni** and Co**—Co*" by examining
the bulk sensitive TM K-edge spectra, while the surface region investigated by the TM
L, s-edge spectra only exhibited a change of Ni>*—Ni%*. However, this work ignored
the change in Mn L 3-edges (as shown in Figure 3.9), where the Mn Lsz-edge showed
a clear increase in the lower energy range. Instead, they concluded that both Co%* and

Mn** were unchanged at the surface.
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Figure 3.9 Mn L 3-edge XAS spectra of NMC cathode during Li deintercalation-
intercalation. From reference (821,

Instead of using TM K-edge and L, 3-edge to examine the difference between the
bulk and the surface, Yoon et al.[®% also applied PEY and FY modes to investigate the
charge compensation of TMs during the first-charge. From their results, the Ni L 3-
edge XAS spectra collected in PEY and FY modes are slightly different. They
concluded that the Ni?* ions at the surface are less oxidized at surface 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 Co L2 3-edge spectra show no substantial changes
during the delithiation process in both PEY and FY data, indicating Co remain
unchanged in the Co®" oxidation state. They suggested that it is not possible to
determine the change of oxidation state solely by using K-edge features. The
coordination environment, such as ligand-type, coordination number, bond length, etc.

would also affect the edge features.
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Figure 3.10 Co L23-edge XAS spectra of Li1-xCo13NiyzMny30. cathode at different x
values collected in (a) PEY mode and (b) FY mode. From reference [,

EELS can also be applied to investigate the electronic structure of the TMs during
lithiation-delithiation process in order to understand the charge compensation
mechanism. Miao et al.[4l performed an EELS study on the local electronic 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 deintercalation process,
since the TM L2 3-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 TM L2 3-
edge near edge fine structures and the authors thus deduced the oxidation state only
from the energy shift and comparisons with the electronic structure calculation. In
addition, this study also ignored the surface and bulk differences. Therefore, an EELS
study with improved energy and spatial resolution would provide much more valuable
information (and less ambiguous) in studying the TM behavior during the charge

transfer process.

48



Ph.D. Thesis — H. Liu McMaster University — Materials Science and Engineering

Intensity
S\
2
Intensity
Intensity

L L L L " " " i
635 640 645 650 655 660 775 780 785 790 795 800
Energy Loss (eV) Enorgy Loss (aV) Energy Loss (aV)

Figure 3.11 Mn, Co, and Ni Ly3-edge EELS spectra (from left to right) of
LixNi1sMn13Co1/30- at different x values. From referencel®.

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 been fully understood.?-24l
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 needed. So far, 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 localized phenomena.
Considering the complexity of the surface chemistry induced by the inevitable
electrode-electrolyte interface reactions, a detailed study on the chemical evolution of
the cathode material using spatially-resolved characterization technique, such as
STEM-EELS, is hence necessary.

Another class of materials of interest are the layered Li-rich oxides which possess
a much higher capacity than the regular layered oxides discussed above.l#81 |n
contrast to the regular layered oxide cathode materials, it has been reported that the
delithiation process for these Li-rich oxides includes two steps, as shown in Figure
3.12.[%° During the initial charging region up to ~4.5 V, 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 excess Li* removal compensated by oxygen

loss. [69.:86-88]
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Figure 3.12 Variation of potential (vs Li*/Li) with state of charge of Li1.2Nio.2MnosO2
cathode at 10 mA/g rate. From reference [

Armstrong et al. have demonstrated the direct oxygen evolution associated with
the 4.5V plateau by in situ differential electrochemical mass spectroscopy (DEMS).[6]
Jiang et al. have revealed the Li* removal in Li(Li1eNiizMnsg)O2 cathode from both
Li layer and TM layer using solid-state NMR at different states of charge and
discharge.!® The in-situ XAS measurements indicated that partial oxidation of 0% may
attributed to the reversible capacity in the Li-rich cathode material
Li(Nio.17Li0.2C00.07Mnos6)02.18% They suggested, from the TM K-edge spectra, that the
contribution from Ni?* and Co®' are less than two electrons and one electron,
respectively. The oxygen redox participation in Li-rich cathode material was also
proposed by Delmas et al..[®l Using ex-situ 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 structure; oxygen 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 during charge is the formation of peroxo-like species (07 ~). Using
X-ray photoelectron spectroscopy (XPS) and TEM, Tarascon et al.[’®! reported the

formation of O-O peroxo-like dimers in Li2lrO3 during charging. In this work, they
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observed the O 1s peak in XPS spectra that represents the 07~ species during cycling.
Meanwhile, they revealed the lattice distortion with the formation of shortened (1.56
A) and lengthened (1.83 A) projected O-O separations in delithiated LioslrOs,

indicating the formation of 07~ peroxo-like species, as shown in Figure 3.13.
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Figure 3.13 (a) Oxygen 1s core XPS peaks of Li2IrO3 during cycling. The 02~ (blue)
and 07~ (red) peaks are attributed to the cathode material, whereas the two gray
shaded peaks are attributed to the surface species and electrolyte decomposition
products. (b) HAADF- and ABF-STEM images of the charged LiosIrOs cathode,
demonstrating the differences in the projected distance of O-O pairs. From referencel®l.

Recently, a detailed work on the charge compensation process of Li-rich cathode
was carried out by Bruce et al.,[®*l who reported the O evolution of Li-rich 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 coordinated by Mn**
and Li* ions, but not true 05~ species, for the charge compensation of Li* removal.
The influence of local Li-excess environment around O atoms on the redox activity of

oxygen in the layered Li-rich oxides was further investigated by Ceder et al..[®?l They
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suggested that the Li-O-Li configurations create oxygen states at a higher energy than
the hybridized O bonding states (as shown in Figure 3.14), making them more easily
oxidized. The oxidation of the oxygen in Li-rich oxides is mainly achieved through the

labile electrons in the Li-O-Li states.
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For example, Li-excess layered/cation- o
disordered Li-M oxides For example, Li(Li;;3M5,3)0,

Figure 3.14 Schematic of the band structure of layered Li-rich oxides demonstrating
the Li-O-Li states. Atomic model (on the left) shows the local environment around
oxygen with one Li-O-Li and two Li-O-M configurations. From reference [°2.

Through the continuous efforts of researchers, the origin of the anomalous high
capacity of Li-rich cathodes is gradually being understood, although more work is still
needed to completely uncover its chemistry. The discovery of anionic oxygen redox
reaction in the charge compensation process of layered Li-rich cathodes overcomes the
limit of TM-determined theoretical capacity. The oxygen redox mechanism for
different compositional Li-rich 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 understand the cycling behavior of these high-energy-density

cathodes.

3.5.2 Structural Evolution of Layered Structure Cathodes

Sufficient energy density of lithium-ion batteries after extended cycles has not yet
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been achieved due to capacity fade. This effect is attributed to multiple possible factors,
including electrolyte decomposition and SEI formation,®*-%4 chemical and structural
changes of electrode materials. 72195-197 The design of lithium-ion batteries that enable
improved cycling performance thus relies on an in-depth 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 suffer
irreversible phase transformations that contribute to battery degradation. Possible
transformation include a transition from layered structure into spinel structure (Fd3m),
[108,109] and/or to rock-salt structure (Fm3m),[*2%-1151 or from the newly formed spinel
phase to other stable phases.[*]

Ikuhara et al.[®! investigated the microstructure of the LiNiosC00.15Alo.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 layered R3m structure at the grain
interior gradually changed to a partially ordered structure and then to a disordered rock-
salt structure at the grain boundaries. The corresponding EELS data also showed that
the Co®*" and Ni®** have been reduced to a lower valence at the rock-salt surface layer.
Kang et al.[**? observed an irreversible phase transformation at the cathode surface of
LiNio.5C00.2Mno 302 from rhombohedral structure into a mixture of spinel and rock-salt
phases. However, the acquired HRTEM images do not clearly show the atomic-
ordering of the surface “cubic region”, as shown in Figure 3.15. Meanwhile, the atomic-
ordering displayed from the labelled “spinel region” is not unique to the spinel phase.
Therefore, improved spatial resolution measurements and more orientations are

necessary for the investigation of the structural evolution.
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Figure 3.15 HRTEM image of the LiNio.sC00.2Mno 302 cathode after 50 cycles under
3.0-4.8 cycling condition. From reference 12,

Abraham et al.™ reported in their work that a NiO-type rock-salt surface layer
exists on the LiNiogCo0020. 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 data, they
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.
Acrelative Ni and Co enrichment was also found on cathode surface. A similar situation
was observed on LiNiosMno4C001sTio0202 cathode material after cycling.*®! 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 in Figure 3.16.
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Figure 3.16 (a) Atomic-resolution STEM images of LiNig.4Mng4Co0o.18Tio.0202 after 1
cycle. (b) EELS spectra of Mn L 3-edges along (001) direction is shown on the right.
From reference 4%,

The surface structural changes and thermal stability of NCA and NMC cathodes
were also reported by Yang et al..['%! From their study, a rock-salt surface and a spinel
near-surface region were discovered from the overcharged NCA cathode while these
surface phases propagate towards the core during heating. In contrast with Kang et al.,
they proposed the phase transformation on NMC surfaces is from a layered structure
into a LiM2O4-type spinel structure and then a further transformation into mixed
Co030s-type and LiM2Os-type spinel phases after heating up to 300<€. More 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 EELS.[*14115] As 3
result of thermal decomposition, the electronic structure of the charged (delithiated)
cathode materials changes at their surfaces, as shown 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 although the high Ni-content cathode exhibits high
capacity, it shows the worst thermal stability than the other two compositions, which
may arising from the large amount of unstable Ni** at the charged state. Based on
previous studies, it is clear that the chemical and 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 cycling-induced changes of
layered cathode materials is therefore important and would provide a more complete

understanding of the cathode degradation mechanisms.
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Figure 3.17 Oxygen K-edge EELS spectra from LixNio.8C00.15Al0.0502 (x=0.5, 0.33,
0.1) at different temperatures. From reference 141,

As discussed in Chapter 2, Li-rich layered oxides have become some of the most
promising cathode candidates for the next generation lithium-ion batteries due to their
exceptional high capacity.™72!1 The local ordering of excess Li with TM atoms has
been confirmed by XRD and neutron diffraction (ND) from the observation of
superstructure diffraction peaks at lower angles, indicating the presence of LiMnOs-
type monoclinic ordering.[*22224 So far, the debate on the structure of pristine Li-rich
layered oxides is mainly focused on whether the material is a two-phase composite or
a single-phase solid solution. Thackeray et al.,[*?>127] have proposed that these Li-rich
oxides are two-component composites that are composed of x(Li-MnOz) monoclinic
phase and (1-x)LiMO; trigonal phase, while similar results have also been reported by
other research groups.[*22128-132 Using atomic-resolved HAADF-STEM imaging, Yang
et al.'?®1 demonstrated that the pristine Li1.2Nio.15C001MnossO2 material contains
layered components of both the monoclinic LiMnO3 phase and the rhombohedral

LiMO; phase. As shown in Figure 3.18, they described the continuous dots contrast
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observed from the HAADF image (area | and Il1) to be LiMO2, component, and the

discontinuous dots contrast areas (11 and 1V) to be LioMnOsz-like component.
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Figure 3.18 Characterization of pristine Li1.2Nio.15C00.1Mnos502 cathode material. (a)
HAADF-STEM image of pristine Li12Nio.15C00.1MnossOz2. (b) Intensity profiles of the
atomic planes labelled in (a).From reference [*28],

Meanwhile, Yu et al.l*?l reported the coexistence of rhombohedral LiMO; and
monoclinic Li2MnOz-like structures in lithium-rich Li12Mno.s67Nio.166C00.06702 cathode
material by combining selected area diffraction (SAED), annular bright-field (ABF)
and HAADF-STEM imaging, as shown in Figure 3.19. However, no chemical data of

the two claimed phases was presented in this work.
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Figure 3.19 HAADF- and ABF-STEM images of different regions in
Li12Mnos67Nio.166C00.06702. (a, b) Images taken from LiMO. phase along [110]
direction. (c, d) Images taken from LioMnOz-like monoclinic phase along [100]
direction. From reference [*2°1,

In contrast, using XRD, STEM, and electron diffraction (ED), Jarvis et al.
proposed that the structure of Li-rich layered oxide is a solid solution in C2/m
monoclinic symmetry with planar defects.[**3134 Shukla et al. also reported the Li-rich
cathode materials with different morphologies are made up of monoclinic single
phase.l’® They concluded that the bulk material contains domains with different
variants of the C2/m monoclinic phase, i.e. [100], [110] and [1-10], 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] direction of trigonal R3m phase. This
information indicates that one cannot confirm the structure of Li-rich oxides, i.e.
monoclinic or trigonal, only by judging the atomic-arrangement of the images when
viewing along a limited number of directions. Due to the complexity of these Li-rich
compounds, the structure of pristine Li-rich cathode materials thus remains elusive and

needs further clarification.

58



Ph.D. Thesis — H. Liu McMaster University — Materials Science and Engineering

Transition
® metal

@ Lithium [1 1 O]

coum | 2SS RAREESP
/o.cgooooo/
too oo oo#

0

o o
. ) o/
> q
2nm oo ;

Figure 3.20 HAADF-STEM image showing the structure and three variants of
Li12Mngos4Nio.13C00.1302. The atomic model of the three variant directions are shown
on the right. From reference 3%,

Although the Li-rich oxides possess high initial capacity, these cathode materials
bear major drawbacks in terms of voltage decay and capacity fade. Firstly, the Li-rich
cathode materials exhibit an anomalous irreversible voltage plateau at about 4.5 V (vs
Li+/Li) during the first charge, which leads to a poor first-cycle coulombic efficiency
of the cell.[*3] 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 modification.[3":136-131 |t has been proposed from previous
studies that that 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 densification.[3%1 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 Figure 3.21.[140141]

59



Ph.D. Thesis — H. Liu McMaster University — Materials Science and Engineering

- g - -
Layered | g Spinel
- S
'0'0'000 «u S
R —as
R S A
mawy
. Ve
LR SRy
panl R S FPRE
L .
X
2 - nm T01D] 3 1
| e— ~
® Li column @ ™ column
®Li and Mn column @ “additional” TM column

Figure 3.21 HAADF-STEM images showing the surface evolution of a
Li12Mno61Nio.18Mgo.0102 particle after the first cycle. From reference [141,

In addition, both voltage and capacity fade have been observed during the
subsequent electrochemical cycles of Li-rich cathodes.[*21427144] The “layered-to-spinel”
transformation is commonly considered to play a vital role in the performance
deterioration, and extensive studies using ex-/in-situ XRD, ND, TEM, SAED, etc. have
been carried out to explore and validate the structural transformation of Li-rich oxides
during cycling.[65106:124,141,145-149] 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 material evolution.[1%614:1461 On the other hand, although

XRD and ND analysis could demonstrate the structural changes in the bulk material,
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they do not provide direct evidence of the spinel formation.[%51471501 Stryctural changes
such as unit-cell 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% LiMnO4 spinel is included into the model. Although the results suggest the
presence of a spinel phase, it is an indirect way to prove the phase existence and result
in unanswered questions: (i) Whether TM cations occupy the tetrahedral sites in the
spinel phase or not? Although their refinement shows better agreement 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 out. (ii) What is the
composition of the spinel phase? There have been studies proposing the cycling-
induced spinel phase to be LiMn204,15150 whereas the actual composition of the
newly formed spinel phase is still unclear. For example, Sun et al.[!**! reported that a
B-MnO:z phase would form during the first charge plateau and eventually transform into
a LiMn20s-type spinel phase, whereas no direct proof of the new phase composition is
provided. (iii) How does the spinel phase distribute inside the active particles? 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 structural changes at the surface

region.[106.146,151]
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Figure 3.22 TEM images showing the nanoscale spinel phase formation in
Li1.2Ni0.15C00.10Mno 5502 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 reference 152,

Although there have been TEM observations showing the presence of disordered
nanoscale domains in the bulk material [128148149152153] some 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 reported the formation of spinel-like Fd3m
phase in cycled Li-rich cathode, whereas the images are lacking of sufficient resolution
to clearly identify the structure.[? In addition, some of the nanoscale domains with
structural degradation might be more precisely interpreted as lattice defects rather than
a well-defined spinel phase, such as the TEM image shown in Figure 3.23, from which
the severe distorted lattice fringes are revealed in the image.[*1 Moreover, the spinel
and the layered phases could exhibit similar atomic-arrangement when observing the
materials in specific orientations. For example, the [001]s orientation is a major zone
axis of the Fd3m spinel structure and the cubic-like 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 the R3m layered phase by using images taken from such
orientation, since the [841]r zone projection of the rhombohedral phase can also

display a cubic-like 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 no other 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 lithium-rich cathodes during

electrochemical cycling.

Figure 3.23 (a) TEM image of long-term cycled Li-rich cathode. (b) Fast Fourier
Transform of the image shown in (a). (c) Fourier filtered image of (a). From
referencel49,
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Figure 3.24 Atomic model of LiMn,Os-type Fd3m spinel structure and NMC-type
R3m layered structure: (a) viewing along [001]s zone axis of spinel structure; (b)
viewing along [841]r 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 from HAADF-STEM image.

In addition to these structural changes, the complex surface chemistry, including
electrode-electrolyte interface reactions and possible TM cation dissolution into the
electrolyte, can also lead to capacity fade and contribute to the overall cell impedance
increase. [8:102.103.154155] The electrolyte decomposition and reactivity of active material
with electrolyte are important when cycling beyond the electrochemical stability
window for the standard electrolytes, which is thus more prominent for Li-rich
cathodes since the required upper cutoff voltage is usually above 4.6 V in order to
achieve the high capacity. Dudney et al.l*% reported the surface film formation on a
Li-rich cathode due to the oxidation of the electrolyte during electrochemical cycling
between 2.5 V-4.9 V. Using XPS and micro-Raman analysis, they studied the
composition of the surface film formed on the cathode surface during cycling,
including surface fluorides (LiF), salt-based products such as LixPFy and LixPOyF;, 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 attempted to use different modification methods to
improve the structural stability and energy retention of lithium-rich cathodes, including
inorganic or solid-electrolyte coating, such as AlFs, Al,Os, LiPON;!52156.157] gpinel
encapsulation and/or with additional surface coating;*>¢%° other surface modification

methods, such as surface treatment followed by post annealing;[*6%-262 doping;*20.16%l
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and the design of integrated layered-spinel structures.!*541651 Nevertheless, a better
design of high-energy-density cathodes with improved cycling performance still relies
on a complete understanding of the failure mechanism of the cathode materials during
cycling. A detailed work on the chemical and structural changes of the lithium-rich
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 in this chapter. From the discussion, the remaining questions on the role of
some TM species during charge-discharge and the structural and chemical evolutions
at both the cathode surface and internal regions during electrochemical cycling are
clearly stated. In 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
length-scales, in order to unravel the mechanisms at the source of performance
deterioration of lithium-ion 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
LiNi1sMn13Co130, Cathode Material

Lithium transition metal oxides are some of the most important types of cathode
materials for lithium-ion batteries, which possess high capacity and relatively low cost.
Nevertheless, as discussed in Chapter 3, these layered cathode materials suffer
irreversible structural changes during electrochemical cycling that adversely impact the
battery performance. Clear explanation of the cathode degradation process and its
initiation, however, are still under debate and not yet fully understood. In this chapter,
the chemical evolution and structural transformation of LiNiysMny3C01302 (NMC)
cathode material will be discussed. High-resolution electron energy loss spectroscopy
(HR-EELS) is used to clarify the role of transition metals (TMs) in the charge
compensation process. The local ordering of TM and Li layers in the bulk material
upon cycling are revealed by the bulk sensitive ’Li nuclear magnetic resonance (NMR)
measurements.t In complement to the bulk measurements, we locally probe the surface
structure and valence state distribution of cations in NMC cathode material using EELS
and scanning transmission electron microscopy (STEM). The study depicts the charge
compensation and degradation process of NMC using a combination of diagnostic tools
at different length scales, which is of great importance in understanding the battery

performance deterioration driven by the cathode degradation upon cycling.

+ The NMR measurements and analysis were carried out by Mark Dunham, Matteo Tessaro, and
Kristopher Harris from Gillian Goward’s group at McMaster University.
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4.1 Sample Preparation and Characterization Techniques

4.1.1 Electrochemical Test

The positive electrode consisted of LiNiysMny3Co1302 (NMC, Toda America
Inc.), acetylene black 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 N-methyl-2-pyrrolidene (NMP) was added and the resultant
slurry was stirred for 2-3 hours. The slurry was cast onto aluminum foil and the NMP
was evaporated in an evacuated drying oven at 110 °C for 12 hours. Discs, 1.27 cm in
diameter, were punched and coin cells were assembled in an argon atmosphere glove
box. The average mass of NMC in each cell was 8 mg. The anode used was lithium
metal and the electrolyte was LiPFe in ethylene carbonate/dimethyl carbonate. Coin
cells were cycled with a Arbin battery testing equipment and MITS Pro software at
room temperature. The cells were cycled galvanostatically between 2.5-4.6 V at rates
of C/10 and were held potentiostatically at various voltages until the measured current
was less than 5 pA (i.e. the rate was approximately C/200). The cyclic curve for the

long-term cycled cells are shown in Figure 4.1.
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Figure 4.1 Galvanostatic charge-discharge curves of NMC electrodes of (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
cycle were acquired using a FEI Titan 80-300 kV microscope equipped with a spherical
aberration corrector of the imaging lens, a monochromator, and a high-resolution
spectrometer (Gatan Image Filter Tridiem 965). An energy resolution of ~0.08 eV was
achieved using the monochromator, as given by the full width at half maximum of the
zero-loss peak (ZLP). The microscope was operated at 80 kV and the spectra were
recorded in STEM mode, using the spectrum imaging technique, with 0.1 eV/channel
dispersion of the spectrometer. Multiple particles were examined at each state of charge
(SOC) to estimate the average valence of the TMs in NMC. The structural analysis of
the long-term cycled NMC cathodes were carried out on an aberration corrected (probe
and image-forming lenses) FEI Titan Cubed 80-300 kV microscope operated at 80 kV
in STEM mode. The STEM images were acquired using a high-angle annular dark-
field (HAADF) detector with collection angle range of 64 to 200 mrad. The HAADF-
STEM image acquired with a HAADF detector is also called a “Z-contrast” image,
where the image intensity is proportional to the atomic number of the elements
present.l*68] EELS spectra for the long-term cycled samples were collected with 0.25
eV/channel dispersion of the spectrometer. The nano-beam 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 for TEM analysis, the cycled cells were dissembled in an
argon-filled 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 specimen for 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 of long-term cycled NMC cathodes
(20 and 50 cycles) were prepared using a Zeiss NVision 40 dual beam, focused ion

beam-scanning electron microscope (FIB-SEM), for further structural analysis.
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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 DRX console. The sample, isotopically
enriched with 8Li, was prepared from ®LiCOs, as described previously.[**] Spectra are
referenced to 1M LiClg) at 0 ppm. The °Li Hahn-echo NMR spectrum was collected
with 46 kHz sample spinning in a specially built probe supporting 1.8 mm rotors, and
employed 1.7 ps 90° pulses and 0.5 s recycle delays. All ‘Li NMR spectra were
collected using 1.3 mm rotors at a 60 kHz sample-spinning rate using a Bruker high
speed MAS probe. "Li Hahn-echo spectra were collected using 1 ps 90° pulses and 50
ms recycle delays. ’Li spectra containing only isotropic shifts were generated using the
projection magic-angle-turning phase-alternating spinning-sideband, pj-MATPASS, [1¢8]
method of separating sidebands into different slices of a 2D spectrum, which were then
aligned and summed to yield the presented spectra. ‘Li pj-MATPASS spectra were
collected using slightly more conservative rf power and recycle delay settings (1.5 us

n/2 pulses and 100 ms delays) than the Hahn-echo spectra.

4.2 Characterization of Pristine NMC

The morphology of pristine NMC powder is shown in Figure 4.2a, demonstrating
that the NMC cathode material consists of large secondary particles with diameters in
the range of 5-20 um.*®) These large NMC secondary particles are composed of
numerous primary particles which are hundreds of nanometers in diameter, as shown
in Figure 4.2b. The pristine NMC cathode material has a layered structure (R3m space
group), where lithium and transition metal ions occupy the alternating octahedral sites
between the oxygen layers, as shown in the atomic model in Figure 4.2c. Figure 4.2d
shows an atomic-resolution HAADF-STEM image of NMC particle. The
corresponding Fourier transform (FT) diffractogram is shown in the inset at bottom left

in Figure 4.2d, which can be indexed to [1120]r zone axis. Note that the bright atomic
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columns and related atomic planes in the HAADF-STEM image shown in Figure 4.2d
are the TM 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.
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Figure 4.2 Electron microscopy characterization of pristine NMC cathode material. (a-
b) SEM images of pristine NMC. (c) Atomic model of NMC showing the layered R3m
structure. (d) An atomic-resolution STEM image of a pristine NMC particle along
[1120]r zone axis, the corresponding Fourier transform diffractogram is shown in the
inset. The subscript R denotes R3m structure.

4.3 Charge Compensation of NMC at Different SOCs

As discussed in Chapter 3, there are still remaining questions on the role of TMs
in charge compensation process. Herein, the electronic structure of NMC cathode
material during charge-discharge process along with delithiation-lithiation was studied
using high-resolution EELS in order to elucidate the evolution of oxidation state of the
transition metal cations. EELS spectra of Mn, Co and Ni L 3-edges were collected from
a series of ex-situ cathode samples at different SOCs during the first cycle, as shown in

Figure 4.3. The Lo 3-edges of transition metals are attributed to the electronic transition
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of electrons from 2pz,» and 2py» core states to the unoccupied 3d states. The dipole-
allowed 2p—3d transition in Mn, Co, and Ni leads to sharp features in fine structures
of the L>3-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 4.3b-d represent the general trend observed from all the samples. The L 3-edge
spectra with label “1” (Figure 4.3b-d) were acquired from the pristine NMC sample.
The oxidation state of Mn, Ni and Co are determined to be Mn**, Co®* and Ni?* based
on the near-edge fine structures of the L, 3s-edges.®?! Interestingly, we noticed that the
electronic structure of TM cations are not constant from the particle surface to the bulk
during cycling, indicating an inhomogeneous valence distribution of TMs. Therefore,
the electronic structure of Ni, Mn and Co cations in the surface and bulk will be

discussed separately in the following content.
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Figure 4.3 Woltage profile (a) and normalized EELS spectra (b) Mn, (c) Co and (d) Ni
L. 3-edges of the NMC cathode with respect to different SOCs during first cycle at the
corresponding conditions identified in (a).

The L»3-edge EELS spectra labeled “2” to “9” in Figure 4.3 were obtained from
the bulk region of the NMC particles at different SOCs. As illustrated in Figure 4.3b

and c, both Mn and Co L»3-edges present very little change in the peak features at
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different SOCs with respect to the electrochemical untreated sample (spectra “1”’). The
results indicate that there is no obvious change in the oxidation state of these two TMs
during delithiation and lithiation processes. Both Mn and Co remain at their tetravalent
and trivalent oxidation states respectively, suggesting that these two TM cations are
relatively unaffected with Li ion removal. In contrast, significant changes are observed
in the Ni L 3-edges during the charge-discharge process (Figure 4.3d). A splitting in
the Ni Ls-edge with a double-peak feature including a strong lower-energy peak
(~852.2 eV) and a weak higher-energy peak (~854.2 eV) is observed in the high-
resolution EELS spectrum of the pristine sample (spectrum “1”’) due to the multiplet
and crystal field effect in octahedral symmetry.[16%17° The variation of the intensity
ratio between these two peaks fingerprints the oxidation state of Ni cations. Upon
charging (spectra “2” to “5”), the intensity ratio of high-energy peak over the low-
energy peak of the Ni Ls-edge increases dramatically and the overall Ls-edge shifts
toward higher energy, indicating an oxidation of Ni?* to Ni** during Li extraction.[!7%:171]
The chemical shift of Ni Ls-edge towards higher energy is indicative of a change in the
valence of TM cations to higher oxidation states, although we cannot exclude that few
Ni cations at lower oxidation state may still exist. Furthermore, since EELS results
reveal that both Mn and Co remain unchanged during the charge, Ni cations would be
oxidized to their tetravalent state to compensate the Li removal at top of charge. This
is also consistent with the NMR result that will be discussed below. During discharge
(spectra “6” to “9”), when Li ions are inserted back into the cathode material, the
oxidized Ni cations are gradually reduced back to the divalent state at 2.5V discharge,
evident by the Ni Ls-edge fine structure change associated with the peak shifting back
towards lower energy loss. The dominant variations in Ni L2 3-edges clearly show that
the redox reaction of Ni?*<Ni*" primarily compensates the charge transfer due to
delithiation-lithiation process, whereas both Mn** and Co%* are inactive during the
process. The HR-EELS study elucidates the debate on the role of TMs (particularly Ni
and Co) in the charge transfer process, which provides useful guidance for the design

of high energy density cathode materials.
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Lithium NMR spectroscopy was also used to study NMC at different SOCs
because the spectrum is uniquely sensitive to the electronic state of the paramagnetic
metals surrounding each lithium ion.217% As discussed in our work from Ref 36, and
summarized here, Figure 4.4a shows the 'Li 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 ppm. The 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 of Ni?* and Li*
leads to the presence of Li ions in the TM layers, 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 from the ‘Li
NMR spectra. There are remaining Li ions in NMC at 4.6V charged state as the two
peaks at 360 ppm and 100 ppm are clearly observed from the NMR spectrum.
Meanwhile, the constant shift of ‘Li NMR peaks towards lower frequency and the
appearance of the two distinct peaks reveal the existence of Mn*" and Ni?* local
ordering in the TM layer of NMC cathode material. After discharged to 2.5 V, the “Li
NMR spectrum shows identical features with the pristine NMC spectrum, indicates that
the Li deintercalation-intercalation process is reversible, where the Li ions are mostly
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 charge-discharge.
In addition, the 'Li NMR spectra acquired at 4.6 V charged state from the 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 cycles.t

t For more detailed analysis of NMR spectra, please refer to our work in Ref 36.
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Figure 4.4 (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 be noted that the NMR spectra above provide a bulk measurement of
NMC particles. Details of the surface behavior of charged particle, as observed by
STEM-EELS, reflect notable differences which are not detected by NMR. Interestingly,
it is noticed that when Li ions are extracted from NMC during charging, the TM cations
are in lower oxidation states at the surface comparing to the bulk region, and this
surface reduction effect was still observed until the end of discharge. The valence maps
of TMs from charged NMC are provided to illustrate this surface reduction
phenomenon, as shown in Figure 4.5. An EELS spectrum image (SI) was acquired from
a region of interest (ROI), marked in the STEM image shown in Figure 4.5a, where
each pixel of the ROI contains an EELS spectrum. The valence maps of Mn, Co and

Ni were obtained using the multiple linear least square (MLLS) method from EELS SI
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with reference spectra shown in Figure 4.6 (details of the MLLS method is shown in

Appendix I).

o Nij3+4+

Figure 4.5 Valence maps for a 4.1V charged NMC particle. (a) HAADF-STEM image
of a 4.1V charged NMC particle. (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 the corresponding reference spectra deduced from the MLLS
analysis, which can be interpreted as the weights of the corresponding references at
each pixel. More details are included in Appendix I.

The Mn valence maps shown in Figure 4.5b clearly demonstrate that the Mn
cations in lower oxidation state were mainly located at the edge of the particle, whereas
the Mn in the bulk remains in tetravalent state, indicating that the Mn** cations have
been reduced at the surface region with a thickness of about 2 nm. The corresponding
reference spectra of the Mn L 3-edges are shown in Figure 4.6a, where the surface Mn
Ls-edge spectrum (in yellow) shows a chemical shift of about 3 eV towards lower
energy compared with the bulk Mn** spectrum (in purple) indicating a reduction of the
Mn cations.['” Although the thickness of this layer shows some 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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cations are reduced at the particle surface comparing to the bulk Co** as shown in
Figure 4.5c. The corresponding reference spectra are shown in Figure 4.6b, the Co L 3-
edge spectrum (in red) shows consistent features with Co®", while the Co L2 3-edge
shown in blue exhibits a clear shift towards lower energy comparing to the Co®*
spectrum suggesting a reduction to the divalent state.[*”>"8] The surface reduction
effect is also present in the Ni valence maps shown in Figure 4.5d. Because the cathode
is in delithiated state, Ni ions in the bulk were oxidized to higher valence which are
labelled as “Ni**#*” in this case. The corresponding Ni L2 s-edge reference spectrum
(in red) exhibits a positive shift towards higher energy comparing to the Ni?* (in green)
obtained near the surface indicating a higher oxidation state, as shown in Figure 4.6c.
In contrast to the bulk, Ni cations in the surface layer were reduced to divalent state as

shown in Figure 4.5d.
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Figure 4.6 Reference spectra of (a) Mn, (b) Co and (c) Ni L3-edges used for MLLS
analysis. All the reference spectra were obtained from the experimental data at the
surface region and bulk region.

The homogeneity of TM valence state in pristine NMC was evaluated before
electrochemical tests by STEM-EELS, as shown in Figure 4.7. As can be seen from
Figure 4.7b that both the O K-edge and Mn L 3-edges have similar peak features from
the surface to bulk, there is almost no change observed in the Mn L 3-edges. The result,
therefore, indicates there is no oxidation state gradient from the surface to bulk in

pristine NMC.
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Figure 4.7 EELS spectra profile of pristine NMC. The O K-edge and Mn L 3-edge are
shown here to demonstrate the consistency of the electronic structure of NMC.

The reduction of Ni cations at the surface is in apparent conflict with the expected
oxidation reaction of the TM at surface, since Li ions tend to be primarily extracted
from the particle surface and resulting in an oxidation of the Ni?* cations. In contrast,
the three TMs are reduced to lower oxidation state at the particle surface as comparing
to the bulk, indicating that the change of the oxidation state of TMs is not simply based
on the degree of Li ion removal. The valence gradient of Ni has also been observed
from a previous study, where Ni cations were in lower oxidation states at the surface
(Ni%*) compared to bulk (Ni**),[®2 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 the surface 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 of TM cations must be associated with local 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 material.””1 They suggested that the great 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 located near the surface
region and promote the phase transition. Besides, it has been reported by Alva et al.

that the oxidized Ni ions (Ni**) are prone to facilitate the electrolyte decomposition
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reaction at the electrode surface,*"® which may also influence the surface chemistry of
the cathode. Therefore, the surface reduction observed in the first charge may due to
combination effects including the significant Li vacancies generated at the 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 structure evolution, as will be discussed
below.

The surface reduction effect is 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 (Figure 4.8). Figure 4.8b illustrates the
O K-edge acquired at the particle surface and in the bulk. The pre-peak of O K-edge
located at ~ 529 eV, marked with a red arrow, is attributed to the transition of O 1s core
state to 2p states which are highly hybridized with the TM 3d states. Therefore, the
intensity change of the O K-edge pre-peak reflects the variation of the oxidation states
and coordination of the transition metal ions. This pre-peak drops significantly at the
surface region compared to the bulk region, indicating that the valence of the TM
cations and 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 O 2p-TM 3d holes at the oxygen sites, fully consistent with a
lower valence of the cations shown from the TM L2z-edges on the same location. Such
detailed information regarding the TM valence change can be obtained from the
transition metal L2z-edges, as shown in Figure 4.8c-4.8e. The Mn Lz-edge acquired in
the bulk region (Figure 4.8c) shows features consistent with Mn*" whereas a clear
chemical shift (about 3eV) of Mn Lz-edge towards lower energy is observed near the
surface as compared to the bulk, hence demonstrating that Mn ions have been reduced
to the divalent oxidation state near the surface.l!”! A similar change is observed at the
Co Ls-edge (Figure 4.8d), 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 Co?* at the surface.!'’>17¢l |n contrast, the Ni L,s-edges show no obvious
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change from the cycled bulk to surface, indicating that nickel is mostly at Ni%*,
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Figure 4.8 (a) Atomic-resolution HAADF-STEM image of NMC cathode after 20
cycles. (b) O K-edge, (c) Mn, (d) Co and (e) Ni Lo3-edges 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 clearly observed
from the cycled surface to the bulk, as shown in Figure 4.8a. The bulk region of NMC
particles maintain the well-defined R3m layered structure, consistent with the NMR
results showing overall stability of the structure. In contrast, the layered structure 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 layers, forming a surface
reconstruction layer with the thickness of about 3-5 nm. This is indicative of migration
of TM cations into 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 significant amount of TM cations
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are occupying the lithium 3a sites. In contrast, the bulk region of NMC particles
maintains the well-defined R3m layered structure, consistent with the NMR results
showing overall stability of the structure. Therefore, the reduction of TMs is associated

with the structural transformation at the surface.
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Figure 4.9 (a) HAADF-STEM image of NMC cathode after 50 cycles. (b) Atomic-
resolution STEM image showing the surface transition layer of the highlighted region
in (a). (c,d) EELS spectra of 50-cycle NMC acquired from the particle surface into bulk,
the corresponding locations are marked in the STEM image (c).

The thickness of the surface reduction layer increases significantly to about 15 nm
in some regions of the NMC cathode material after 50 cycles, as shown in Figure 4.9a
and 4.9b. The bulk region of the 50-cycle sample maintains the R3m layered structure
(a higher-magnification STEM image showing the bulk structure detail is inserted at
the upper right corner in Figure 4.9a). The series of EELS spectra obtained from the

particle surface into the bulk show that the Ni L2 3-edge have consistent features and
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the corresponding La/L> peak ratio shows minor variation (Figure 4.10), indicating
there is no valence change in the divalent Ni ions (Figure 4.9d). In contrast, significant
chemical shift towards lower energy of the energy onset of Mn and Co Ls-edges and
the obvious Ls/L, ratio decrease (Figure 4.10) highlight that Mn** and Co®" ions are
gradually reduced to Mn?* and Co?* at the surface layer, respectively. This valence
change is similar to the one observed from the 20-cycle NMC cathode discussed above.
Furthermore, it is noticed that the Mn** and Co** do not undergo abrupt chemical
changes. The TM cations are gradually reduced to divalent states via a transition zone,
indicating by the gradual shift of Mn and Co Ls-edges (Figure 4.9d) and the
intermediate La/L> value of the transition zone (Figure 4.10). This transition zone will
be discussed in more details below. In addition, the O K-edge also shows a decrease in
the pre-peak intensity from bulk to surface which is consistent with the observed TM

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

Phase transformation of the cycled NMC particle is further validated by the nano-
beam electron diffraction (NBED) patterns acquired 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 50-cycle NMC particle (Figure 4.11e) shows identical layered structure symmetry

and can be indexed to [2110]r zone axis of the R3m space group. The result thus

81



Ph.D. Thesis — H. Liu McMaster University — Materials Science and Engineering

indicates that the bulk of NMC particle maintains the layered structure after
electrochemical cycling, which is consistent with the previous HAADF-STEM images
and the valence of TMs (Mn*", 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) disappears and the corresponding NBED
can be indexed to a Fm3m rock-salt (RS) structure viewed along [110]r zone axis, as
shown in Figure 4.11c. This suggests a structural transformation from the ordered
layered structure to a disordered RS phase where Li-TM layered ordering no longer
exists. Figure 4.11b shows the simulated HAADF image and atomic model
corresponding to the rock-salt [110]r orientation, which are in good agreement with the

experimental image.

Li — AR

o — MR "3,

Figure 4.11 Structural evolution of NMC cathode material after 50 cycles. (a) Atomic-
resolution HAADF-STEM image of 50-cycle 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 the structural transformation of NMC.
(c-e) Nano-beam electron diffraction patterns acquired from the particle surface to bulk.
The corresponding regions are labelled in (a). The subscript F and R denote Fm3m and
R3m structures.
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EELS quantification shows that the 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 the significant intensity drop of the Li K-edge
from bulk to surface (Figure 4.12). The results suggest that the cycled NMC particle
surface layer consists primarily of a transition metal oxide (TMO)-type RS phase with
Fm3m structure, in good agreement with the valence reduction of TM cations (reduced
to Mn?*, Co?*, and Ni?*) and the O K-edge feature at the surface. It is also observed
that the O to TM ratio obtained from the surface layer is slightly higher than 1:1
expected for a pure TMO phase, indicating that there may be a very small amount of
residual Li ions or vacancies at the cation site of the surface RS structure. This
hypothesis is supported by the important atomic-column to atomic-column contrast
variation at some TM sites as seen in Figure 4.9b and Figure 4.11a. The features in
Figure 4.9b may also suggest that there is some correlation between the residual dark

columns (possibly either Li atoms or vacancies) appear to be close to each other.
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Figure 4.12 Li K-edge spectra acquired at the surface reduction layer and the bulk
region from the NMC cathode after 50 cycles. The background subtraction is not
applied to the Li K-edge due to the complexity of spectrum arising from the existence
of the adjacent Mn M2 3-edge and Co M 3-edge, as labelled in the spectrum.
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In addition, an intermediate region is observed between the outermost RS layer
and the bulk LS region. From the high-resolution HAADF-STEM image shown in
Figure 4.11a, the intensity within the Li layers increases gradually from the particle
interior to the surface RS region, indicating that the Li 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 region (@), as shown in Figure 4.11d. 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 and Li layers 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 of TM valence mentioned before (Figure 4.9d).

As discussed above, the surface reduction is associated with a phase transition of
the layered structure (R3m) to the TMO rock-salt structure (Fm3m) accompanied by
lithium and oxygen loss. Based on our results, the surface reduction initiates as early
as the first-charge process, the formation of the surface layer may impede Li insertion
during discharge, resulting in first-cycle coulombic inefficiency. Besides, the surface
undergoes more severe phase transformation when the cell is under longer term cycling.
It is apparent that the formation and thickening of the TMO rock-salt phase, which has
poor electronic and ionic conductivity, could block the lithium pathway and restrict the
charge transfer characteristics of the active particles. This may result in an impedance
rise at the electrode/electrolyte interface and 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 Figure 4.13. It was suggested from a previous study
that the thickness of the surface reconstruction layer is orientation-dependent,! the
reconstruction layer is thicker along the Li diffusion channels (i.e. parallel to Li layers)
than other orientations. However, this proposed mechanism is insufficient to explain
our results. Figure 4.13b and 4.13c show two HAADF-STEM images acquired at

different locations from a single grain marked in Figure 4.13a. The 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 Figure 4.13b is much thinner than the RS layer in Figure
4.13c. The surface 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 in Figure 4.13a, 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 be filled with electrolyte during cycling).

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

On one hand, the electrode/electrolyte interface reactions, i.e. electrolyte
oxidation and decomposition, during electrochemical cycling will highly influence the
NMC particle surface. On the other hand, our results show that a thin reconstruction
layer is readily formed on the surface of an NMC particle just after pure electrolyte
exposure (Figure 4.14). This observation illustrates that the influence of the electrolyte
exposure on the active material is not negligible, and can lead to a structural change of
the particle surface even without electrochemical cycling. Therefore, the active
material/electrolyte contact may also play a role in the surface structural transformation

during cycling. The results suggest that a better binder/particle contact could help
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limiting the structural degradation of the cathode material.

=
2 nm P

Figure 4.14 Atomic-resolution HAADF-STEM image of a NMC particle after one
week electrolyte exposure. The TM migration into Li layer is readily observed near the
particle surface.

4.5 Conclusion

A detailed investigation of chemical evolution and structural transformation of
stoichiometric NMC cathode material has been carried out upon electrochemical
cycling. EELS analysis demonstrates that the charge compensation at TM sites during
delithiation is mainly achieved by oxidation of Ni?*—Ni*, whereas Co®*and Mn**
remain essentially unchanged. The ’Li NMR study of NMC at high voltage resolves
distinct environments, definitively proving local ordering of Mn** and Ni?* in the TM
layer. The relithiated spectrum of 2.5 V NMC is almost identical to that of pristine
NMC, which demonstrates the reversible nature of Li extraction-insertion in bulk NMC.
The structure, including the local Mn**/Ni?* ordering, is stable, as reflected by
unchanged ’Li spectra collected at 4.6 V after the first and tenth electrochemical cycles.

In contrast to the bulk measurement of NMR, spatially resolved STEM-EELS
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results show that the electronic structure of TM cations are inhomogeneous from the
particle surface to the bulk upon first-charge. A surface reduction layer is formed at the
surface, where the TMs are in lower oxidation state near the particle surface compared
to the bulk. Our results indicate that the surface evolution of NMC originates in the
first cycle. It is shown that the surface region of NMC has transformed to a TMO-type
rock-salt (RS) phase (transition from R3m to Fm3m) accompanied by lithium and
oxygen loss during cycling, while a partially disordered layered structure is located
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 adversely impact the cell capacity. It is also worth noting that electrolyte
exposure has influence on the surface structural change whereas a better binder/particle
contact may help limiting the structural degradation of the cathode. This work clarifies
the role of TM cations in the charge compensation process and unravels the initiation
and development of cathode degradation process, providing valuable insights into the

origins of battery performance deterioration.
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Chapter 5

Structural and Chemical Analysis of
Li1_2Nio_13|\/| No54C00.130> Cathode Material

Compared to the commercial layered NMC cathode material that has been
discussed in the previous chapter, lithium-rich layered oxides are promising cathode
candidates for the next generation lithium-ion batteries which possess higher specific
energy density. The Li-rich cathodes can provide high capacity of above 250 mAh/g
under high operation voltage, whereas they suffer severe capacity loss and voltage
decay during cycling that hinder their commercial applications. Although different
modification methods have been developed to improve the cycling performance of Li-
rich cathodes, the premise for the improvement is an in-depth understanding of the
reasons behind the performance deterioration. Under such circumstances, the
exploration of the origin for the rapid performance decay of Li-rich cathodes is of
paramount importance for the future application of these high-energy cathode materials.
In this chapter, we implement aberration-corrected Scanning Transmission Electron
Microscopy (STEM), Electron Energy Loss Spectroscopy (EELS), ‘Li Nuclear
Magnetic Resonance (pj-MATPASS, NMR)* and X-Ray Diffraction (XRD) to
thoroughly investigate the structural and chemical evolution of high-energy
Li12Nio.13Mno54C00.1302 (HENMC) layered cathode material, aiming to unravel the

origins for the rapid performance decay of Li-rich cathode material.

+ The NMR measurements and analysis were carried out by Matteo Z. Tessaro, and Kristopher J.
Harris from Gillian Goward’s group at McMaster University
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5.1 Sample Preparation and Characterization Techniques

5.1.1 Electrochemical Test

The lab-scale Li12Nio13Mnos6C00.1302 (HENMC) cathode material was
synthesized using the co-precipitation method.t The transition metal acetates:
Ni(CH3CO2)2exH20 (99+%, Alfa Aesar), Mn(CH3CO2)22xH20 (99+%, Arcros
Organics), and Co(CH3CO2)2xH20 (99+%, Alfa Aesar) were dissolved in de-ionized
water and added to a solution of KOH (0.1M) to form the mixed transition metal
hydroxide precipitate. The precipitate was filtered and washed with de-ionized 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 900 °C.
The cathode was prepared with HENMC powder, acetylene black and polyvinylidene
fluoride (PVDF) at a weight % ratio of 80:10:10. The cathodes were then constructed
into half-cell configurations with Li metal as counter electrode and 1M LiPF¢ EC/DMC
(1:2-v/v) as electrolyte. The coin cells were cycled galvanostatically between 2.0-4.6
V at rates of C/10 using a Maccor cycler. The cyclic curves are shown in Figure 5.1.
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Figure 5.1 Charge and discharge profiles of HENMC after 1, 10 and 100 cycles.

+ The HENMC was synthesized and provided by Yan Wu and Meng Jiang from 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 image-forming lenses) FEI Titan Cubed 80-300 kV microscope
operated at 200 kV. For structural analysis, STEM images were acquired using a high-
angle annular dark-field (HAADF) detector with collection angle range of 64-200 mrad.
The HAADF-STEM image provides “Z-contrast” imaging, where the image intensity
is proportional to the atomic number of the elements present in the material. For
chemical analysis, EELS data were recorded using a Gatan Image Filter (GIF)
Quantum-965 with 0.25 eV/channel dispersion of the spectrometer. To prepare the
TEM specimen for pristine HENMC, the powder was dispersed in ethanol and drop
casting to a copper grid. The TEM specimens for cycled cathodes were prepared using
a dual beam focused ion beam-scanning electron microscope (FIB-SEM, Zeiss NVision
40). The cells were discharged to 2.0 V, disassembled and dried in a glove box before

TEM specimen preparation.

5.1.3 XRD and NMR Spectroscopy

The XRD data was collected by a Bruker Smart6000 CCD area detector with a
Rigaku Cu Ko (A=1.5418 A) rotating anode source operating at 50 kV voltage and 90
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 LiClq) at O ppm. In all cases, 1.5 us
/2 pulses and 100 ms delays were employed. 'Li NMR spectra influenced only by the
isotropic chemical shifts were recorded using either the MAT (magic-angle-turning) or
pj-MATPASS (projection magic-angle-turning phase-alternating spinning-sideband)
methods.[*®® The MAT spectrum of the 50-cycle sample used a 34 kHz sample spinning
rate and a home-built probe employing 1.8 mm rotors, while all other experiments used
pj-MATPASS experiments under a 60 kHz sample-spinning 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 multiple techniques
in order to clarify the structure and composition of the material, and to enable a better
understanding of the material’s behavior during the subsequent electrochemical cycling.
Figure 5.2a shows the powder XRD pattern of pristine HENMC. The majority of
diffraction peaks can be indexed to the trigonal (R3m) structure, except the weak peaks
at lower 20 angles (between 20°and 259. The appearance of the superstructure
reflections at lower angles is attributed to the “honeycomb” cation ordering of Li-TM
(transition metal) atoms in the TM layer, which is characteristic of the monoclinic
(C2/m) phase. An obvious broadening of the (020) and (110) superstructure peaks is
observed in Figure 5.2a. According to previous studies, this broadening may be due to
stacking faults of the cationic layers along the monoclinic c-axis.[*’%8% Daniel et al.[*24]
reported that the structure of the Li-rich cathode material can be refined with both (i) a
monoclinic (C2/m space 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; and (ii) a
monoclinic (C2/m) LizMnOs + trigonal (R3m) two-phase mixture model, where only
Mn is allowed in the 4g site of the monoclinic phase. They 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 a two-phase

composite.
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Figure 5.2 Characterization 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 known for its ability to report on local
structures within fully or partially disordered materials, and ‘Li NMR analysis is
relatively well established in this class of material.[36.65173.181-183] Ag discussed in our
submitted manuscript and summarized here, the ‘Li NMR spectrum of pristine

HENMC ( Figure 5.2b) 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 to 1600 ppm.[5173l Of
particular note is that the frequencies of the two largest peaks (1435 ppm and 720 ppm)
correspond essentially exactly to those observed from the pure monoclinic-phase
Li2MnOs. 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 arise from the Li in the TM layers.
As mentioned before, the 1435 ppm peak corresponds to the LiMng local ordering in
the TM layer from the LizMnOz phase. While the nearest-neighbor Mn contributes a
positive frequency shift, Ni contributes a negative shift, and Co and Ni produce no
effect, the other peak located at 1335 ppm is most probably due to the LiMnsCo or
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 in layers 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 in LizMnOz. 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 LiMng local ordering are swapped for Co or Ni.t

More spatially-resolved structural and chemical information of the HENMC
cathode material were obtained by aberration-corrected STEM and EELS
characterization. Figure 5.3a shows a HAADF-STEM image of pristine HENMC, the
bright atomic columns correspond to the TM atoms, while the lighter 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 [110]m, [1-10]m, and [100]m zone axes of the C2/m monoclinic
phase are co-existing in the bulk region due to stacking faults along the c-axis, as
labelled in the image with different colored frames. The corresponding atomic models
of these three orientations are presented in Figure 5.3b. The observation of stacking

fault in the pristine material is in accordance with the broadening of superstructure

t More detailed analysis of NMR spectrum is discussed in the submitted manuscript.
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peaks in the XRD pattern in Figure 5.2b. The HAADF-STEM intensity plot of the TM
layer is shown in Figure 5.3c, in which the two adjacent bright TM atomic columns are
separated by 0.14 nm spacing, forming a TM-TM dumbbell, and the dark Li atomic
columns reside between these TM dumbbells. Crucially, this Li-TM ordering in the TM
layer is unique to the monoclinic phase and is not present in any orientations 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 in [110], [110], [100]
orientations. (c) Intensity plot from the region highlighted with the white rectangle in
the HAADF image. The subscript M denotes the monoclinic C2/m structure.

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 LiMO trigonal phase.l*?] Through detailed
analysis on the 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 Figure 5.4a.
However, the expected intensity of a LiMO: type plane should be about twice as that
of a Li2MnOz-like monoclinic phase, because the larger number of heavier TM atoms
in the LIMO: lattice plane would lead to a higher contrast in the HAADF image. Thus,
it is believed that such effects are due to the presence of stacking faults within the
projected particle thickness (as illustrated in Figure 5.4b), similar to the ones seen in
the X,Y plane of Figure 5.3a. 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 Figure 5.4b.
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\Figure 5.4 (a) Intensity plot of the lattice planes from the highlighted region in the
STEM image of 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 point within a circle next to the “Z” letter indicates
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. Figure 5.5 shows an EELS spectrum taken from the monoclinic
region where the “dumbbell” structure is visible. Mn, Co and Ni L 3-edges are clearly
observed from the spectrum with the oxidation state of 4+, 3+ and 2+ respectively,
indicating the monoclinic domains are not LizMnQOgz phase since the three TM cations

are co-existing. It is possible, however, that small amounts of Ni are in the TM-layer
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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%, as demonstrated from STEM image simulation by Gu et al.['84],
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Figure 5.5 (a) HAADF-STEM image acquired from the region exhibiting the TM
dumbbell structures in pristine HENMC. (b) EELS spectrum acquired from the region
marked in (a).

By examining multiple particles, the three TMs always co-exist throughout the
bulk material with no abrupt changes in the concentration between different grains.
Figure 5.6a shows the HAADF-STEM 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 well-defined layers. The crystallographic
structure of the 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 super-lattice diffraction spots that can only be indexed to the C2/m
monoclinic phase rather than the R3m 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 LiMO: trigonal phase,
and the material is a two-phase 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 the EELS 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, ¢) Fourier Transform (FT) diffractograms of the areas marked in (a). (d)
Series of EELS spectra acquired across the two grains shown in (a).

These findings are in apparent contradiction with the two-phase composite
(Li2MnOs + LiIMO2) model, in which Mn segregation would be expected in the
monoclinic domains. The result, therefore, suggests that the structure of HENMC
cathode material is most accurately described as a solid-solution based on monoclinic

symmetry.
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Figure 5.7 (a) A lower magnification HAADF-STEM image of pristine HENMC. (b-
d) Atomic-resolution HAADF-STEM images acquired from different facets of a
HENMOC particle as indicated in (a). (e, f) Series of EELS spectra showing the spinel-
type surface and bulk corresponding to the image in (b). Note that the Co M2 3-edge is
not labelled in the spectra since the edge onset of Co My 3-edge is close to Li K-edge at
a slightly higher energy loss. The Co M2 3-edge has a very broad peak feature, which is
usually hidden under the sharp Li K-edge features.

Structural differences between the bulk region of the particles and their surfaces
are observed in pristine HENMC. Figure 5.7 shows the atomic-resolution HAADF-

STEM images taken from different regions of a pristine HENMC particle, as indicated
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in the lower magnification image shown in Figure 5.7a. The particle surface has a
distinct atomic ordering that is different from the bulk structure (Figure 5.7b). This
surface layer is about 2 unit cell thick and can be indexed to the [110]s zone axis of an
Fd3m spinel phase, and the corresponding atomic model is shown on the left inset of
Figure 5.7b. This spinel-type surface termination is also present in other surface regions
of the particle with the thickness around 1-2 unit cells (Figure 5.7d). It is also noticed
that these spinel surface layers are mostly present on (100) facets of the particles, which
are formed along the Li-O-TM layers. EELS spectra demonstrate that the intensity of
Li K-edge is reduced in the surface spinel layer (Figure 5.7e), while the relative
intensities of Co and Ni Lz3-edges to Mn Lo 3-edges increase dramatically from the
particle bulk to the surface (Figure 5.7f), indicating that there is Co and Ni segregation
at the spinel surface. Moreover, the spinel-type surface is usually present on a single
facet and does not continue onto neighboring ones (Figure 5.7b). It is important to note
that the spinel phase is not detected from the powder XRD pattern, which may because
the small size of the spinel layer will lead to very broad diffraction peaks according to
Scherrer equation and the spinel phase in the pristine material is a very small portion
of the overall cathode materials, so that any resulting features in the patterns are below
the detection limit.

There are also some spinel-like regions observed at grain boundaries in the bulk
material, as shown in Figure 5.8a. However, EELS analysis across this grain boundary
presents no discernible change in the intensity of Li K-edge (Figure 5.8c), which
indicates that the Li concentration at the grain boundary and the two adjacent grains is
quite uniform. Meanwhile, the relative intensity between O K-edge and Mn, Co, Ni
Lo3-edges exhibits no significant change across grain boundary (Figure 5.8d),
suggesting there is no TM segregation at the grain boundary. As discussed above, some
degree of TM segregation would be expected from the spinel phase considering the
O:TM ratio varies between HENMC phase (2.5) and spinel phase (2.0). The absence
of a compositional change at the boundary suggests that instead of the spinel phase, we

observed the overlap of the two adjacent layered grains, as illustrated in Figure 5.8b,
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which can exhibit this misleading atomic-arrangement when the edge of the two grains

overlapped with each other.
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Figure 5.8 (a) HAADF-STEM image showing the spinel-like region at the grain
boundary of HENMC. (b) Schematic of the two overlapped grains. GB denotes for
grain boundary. (c, d) Series of EELS spectra obtained across the grain boundary shown
in (a).

Besides the regions with a spinel surface layer, the majority of surface areas
maintain the layered structure as the bulk region. As shown in Figure 5.7c, the particle
surface maintains the layered structure as the bulk region in both facets. Although no
structural variation is observed from these facets, EELS spectra acquired from these
surfaces show interesting differences with the bulk in some areas. The compositional
variation from the layered particle surface to the bulk is clearly illustrated in Figure 5.9.

The EELS maps (Figure 5.9b and 5.9c) show that the particle surface exhibits
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significant Co segregation even though the surface has an apparent identical layered
structure with bulk. The EELS spectra (Figure 5.9d) clearly show that the relative
intensity of Co Lo3- to Mn Lo 3-edges increases dramatically from bulk to the outer
surface atomic planes, suggesting the increased concentration of Co at surface. We also
note that the O K edge does not present any fine changes, indicating that this Co

enhancement does not lead to significant structural changes or oxygen loss.
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Figure 5.9 (a) HAADF-STEM image of pristine HENMC. (b) Elemental map of Co
and Mn. (c) Elemental map of Co and Ni. (d) A series of EELS spectra acquired form
the particle surface to bulk indicated in (a).

5.3 Structural and Chemical Evolution at HENMC Surface

5.3.1 Formation of Surface Reconstruction Layer

The surface evolution of HENMC cathode during cycling was investigated using

electron microscopy (EM). Figure 5.10 shows the edges of differently cycled HENMC
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particles. The HAADF-STEM images of HENMC after 1 cycle are shown in Figure
5.10a-5.10c. The bulk regions of the 1-cycle particles maintain the layered structure,
whereas the first few atomic planes near the surface exhibit obvious difference as
compared to the bulk (Figure 5.10a-5.10c). Most surface areas suffer TM migration
into Li octahedral sites, forming a rock-salt like structure within a thickness of about
1.5-2.5 nm, indicating that the HENMC particles have undergone surface structural
evolution during the first cycle. Meanwhile, a surface layer with spinel structure is also
observed from a few surface areas as shown in Figure 5.10b. We cannot conclude that
the spinel phase detected on the surface of 1-cycle HENMC must be formed during
cycling, since the pristine HENMC already contains spinel surface layers on certain

facets (shown in Figure 5.7), it is possible that those spinel layers are stable during
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Figure 5.10 HAADF-STEM images of cycled HENMC particles after: (a-c) 1 cycle;
(d-e) 100 cycles.

Furthermore, the formation of the surface reconstruction layer (SRL) during

electrochemical cycling is accompanied with irreversible Li loss as illustrated in the Li
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K-edge spectra shown in Figure 5.11a, where the sharp Li K-edge feature almost
disappears at the surface layer with only the broad Co M2 3-edge visible in the spectra.
The TMs are also reduced to lower oxidation states as indicated by the chemical shift
of Mn and Co L 3-edges towards lower energy and the increase in the intensity ratio of
Ls/L> peaks (Figure 5.11b).The O K-edge at SRL is dramatically different with the bulk
region, indicating a change of oxygen environment at SRL, consistent with the rock-
salt formation that has been observed in previous studies on the layered lithium
transition metal oxide cathode materials.*81521851 The formation of the SRL in Li-rich
cathode material could be related to oxygen removal associated with Li extraction at
the 4.5 V plateau during the first chargel®°1%:139  |n fact, the EELS spectra also reveals

that the O to TM ratio is significantly decreased at SRL as compared to the bulk region.
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Figure 5.11 EELS spectra acquired from the SRL and bulk region of 1-cycle HENMC.
(a) Low-loss spectra. (b) Core-loss spectra.

Figure 5.10d-5.10f present HAADF-STEM images of HENMC after 100
electrochemical cycles. The thickness of the SRLs from 100-cycles particles is around
2-4 nm, i.e. not significantly increased compared to the 1-cycle sample. The formation
of SRLs on layered structure cathode materials is often correlated with the first-cycle
irreversible capacity loss and the performance decay of the battery.[0-19.1461 Although
the SRL could be thicker (~10 nm) in some surface regions, the structural change at
HENMC particle surfaces is only a small portion of the whole cathode material; this
surface effect cannot fully explain the significant voltage decay and capacity loss of the

HENMC cell (shown from the charge/discharge curves in Figure 5.1).
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5.3.2 Formation of Cathode-Electrolyte Interface Layer

A further observation related to the formation of surface passivation layer on the
cathode/electrolyte interface demonstrated in Figure 5.12a and 5.12b. An amorphous
layer, with non-uniform distribution is detected on the 100-cycle HENMC particle
surface. The thickness of this amorphous layer, not observed in the pristine material, is
up to about 20-30 nm in some regions of the HENMC particles. It has been reported
that the undesired side reactions can take place near the surface of a cathode particle,
where electrolyte solvent and salt can participate in electrochemical reactions, and form
a SEl-type layer on the cathode/electrolyte interface (CEI).] The composition of this
CEI layer has been investigated using EELS. Figure 5.12d shows a series of EELS
spectra obtained from regions at the surface layer and then moving into the particle
bulk.

First of all, a significant amount of oxygen is detected in the CEI layer as
evidenced by the intense O K-edge in the EELS spectra acquired from the surface layer.
The shape of the O K-edge fine structure is also very different with respect to the bulk.
The O K-edge acquired from bulk region has a pre-peak located at ~ 530 eV which is
attributed to the transition of O 1s core state to O 2p unoccupied states. Because the O
2p states are highly hybridized with TM 3d states, the intensity change of the O K-edge
pre-peak will reflect the variation of TM oxidation states. The intensity of the O K-
edge pre-peak drops significantly when approaching the particle surface, indicating that
the TM cations are in lower oxidation states near the particle surface. Moreover, the O
K-edge fine structure is fully changed when probing into the CEI layer, indicating the
coordination environment of the oxygen atoms has drastically changed at the surface

layer.
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Figure 5.12 (a, b) HAADF-STEM images of the HENMC particle after 100 cycles. (c,
d) A series of EELS spectra acquired from the CEI layer to the bulk. The spectra were
collected from the color coded regions of interest (ROI) marked in (c).

In addition, EELS spectra show that the Mn, Co and Ni are co-existing in the
cycled particle, and both Mn and Co have been reduced to lower oxidation states near
the particle surface compared to the bulk region, as evidenced by the chemical shift of
the L 3-edges towards lower energy. This effect is consistent with the SRL formation
discussed above. When probing into the CEI surface layer, however, both Co and Ni
L. 3-edges disappear whereas Mn L 3-edges are still present. The Mn Ls-edge from the
surface layer exhibits about 3 eV chemical shift towards lower energy compared to the
bulk spectrum (shown in red), indicating a reduction of Mn** to Mn?*.141 The presence
of Mn?* in the CEI layer is indicative of Mn dissolution from the HENMC cathode into
the electrolyte during electrochemical cycling.

Furthermore, a fluorine K-edge is observed in the EELS spectra collected from
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the surface (Figure 5.12d), which confirms the presence of F in the CEI layer.
Meanwhile, C and Li were also detected from the surface layer, as shown in Figure
5.13. It is worth noting that the peak features of Li K-edge acquired from the CEI layer
is quite different from that of the bulk layered phase, which may be due to the overlap
of Li K-edge from different possible electrolyte decomposition products, such as LiF,
LixPFy, Li2COs, etc.%® This CEI layer buildup is likely to influence the charge transfer

characteristics between cathode and electrolyte and result in impedance rise of the cell.
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Figure 5.13 (a) HAADF-STEM images of a HENMC particles after 100 cycles. (b)
Carbon map from the region marked in (a). (c, d) A series of EELS spectra acquired
from the CEI layer to the bulk, as indicated in (c).

5.4 Structural and Chemical Evolution in Bulk Material

5.4.1 Irreversible Li loss and Structural Transformation

While TEM is perfectly suited to study changes in very specific regions on an
incredibly small scale, such as the surface reconstruction shown above, solid-state
NMR reports on the short range atomic configuration but averaged over the entire

material, allowing changes in the bulk properties to be measured. Notably, the small
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fractional volume of the surface reconstruction layers studied above prevents them
from contributing visible signal to the NMR measurements. Studying the spectrum
after electrochemical cycling therefore yields averaged information on changes in the
local environments around each Li atom.

As discussed in our submitted manuscript and summarized here, the post-cycling
NMR spectra demonstrate clearly that the first few cycles yield little change in the local
structure; e.g. Figure 5.14a, where the shape of the spectrum changes by little more
than an increased line broadening after two cycles. This is perhaps somewhat surprising
given the very different electrochemical response of the material during the first cycle
versus the subsequent electrochemical cycles. By comparing the intensity ratio of the
TM-layer Li resonances with the Li-layer Li resonances from pristine HENMC and 2-
cycle HENMC, a decrease in the intensity ratio of the TM-layer Li is detected from
HENMC after 2 cycles (from 1:1.209 to 1:1.140), indicating there is Li loss from the
TM-layers in the initial few cycles. More drastic changes are observed from the NMR
spectrum of HENMC cathode after 50 cycles. Firstly, the NMR peaks representing the
Li in TM-layers (located at 1435 ppm and 1335 ppm) are no longer visible, suggesting
the excess Li in the TM-layers are fully lost after prolonged electrochemical cycling.
In addition, the Li-layer Li peaks become less defined, indicating a loss of order in the
long-term cycled material. The ‘Li NMR spectrum of 50-cycle HENMC is similar to
that of the NMC-based cathode materials,[*73181 as the one we show in the previous

chapter.
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Figure 5.14 (a) 'Li NMR spectra of pristine, 2-cycle and 50-cycle HENMC. The
asterisk marks the location of dried electrolyte remaining in the two electrochemical
samples. (b) XRD patterns of pristine and 100-cycle HENMC. (c-e) HAADF-STEM
images acquired from the bulk grain of pristine, 1-cycle and 100-cycle HENMC.

The XRD pattern of HEMNC cathode after 100 cycles shows dramatic differences
as compared to that of the pristine sample (Figure 5.14b). The irreversible Li loss in
TM layers is further confirmed since the superstructure reflection peaks between 20°
and 25%are not visible in the 100-cycle sample (Figure 5.14b). Meanwhile, significant
peak broadening and peak shift are observed for the HENMC cathode after 100 cycles.
Such effects have also been observed in previous studies on Li-rich
materials.[1451°0.186.187] The peak broadening could result from strain generation and
local structure disorder (or crystal defects) in the cathode material after long-term
cycling. The peak shift towards lower angle indicates a unit-cell expansion of the
cycled material, in particular, expansion of the interlayer spacing based on the peak
shift of (003) planes to lower 20 value. Furthermore, a shoulder on the higher 20O side

of the (003) peak, not visible on the pristine material, is observed in the cycled material.
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The shoulder next to the (003) reflection may be due to structural distortion or phase
transformation during cycling as suggested by Jiang et al.l®! On the other hand, the
(108) and (110) peaks are merged into a single broad peak, which may correspond to
the reflection from the cubic unit cell.[*] |t is worth noting that the reflection peaks of
AB>04 type spinel phase are very close to those of the trigonal phase, but are at slightly
lower angles. The peak shift and broadening may therefore be indicative of the
formation of spinel phase in the cycled bulk material but the XRD results alone cannot
be unambiguously identified.

Consistent with the NMR results discussed above, the LioMnOz-like monoclinic
domains with TM dumbbell features are observed from both pristine and 1-cycle
HENMC samples, as shown in Figure 5.14c and d, suggesting the existence of Li in the
TM layers. Although the quantification is practically impossible due to the severe peak
overlap, the Li concentration in the 1-cycle HENMC material shows obvious
nonuniformities within the particle interiors, an effect that is not observed in the pristine
material, as revealed by the EELS spectra acquired from different regions of HENMC
particles after 1 cycle (Figure 5.15). Li depletion is observed from some regions as
evidenced by the lower Li K-edge intensity, suggesting the loss of Li from the cathode
material in the first cycle, which is consistent with the loss of Li from the TM layer that
was revealed by NMR data.

STEM imaging of HENMC cathode subjected to 100 electrochemical cycles also
demonstrates consistent result with NMR and XRD results, where no LioMOz3-like
monoclinic ordering with TM dumbbells can be detected (Figure 5.14e). EELS
quantification also reveals that the O to TM ratio decreases from the pristine material
to the 100-cycle sample. The results, therefore, suggest that the Li vacancies generated
by the irreversible TM-layer Li loss are eliminated by a densification process
accompanied with oxygen loss, the material has transformed into a LiMO»-type
trigonal phase with no Li in the TM layer. The densification process could disable the
excess Li ions re-intercalated back into the TM-layer, resulting in loss of lithium.

Accroding to Ceder et al.,[*® the oxygen redox activity originates from the Li-O-Li
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configurations in Li-rich layered material which create oxygen states positioned near
the energies of the TM e; and ¢, states that compete with the transition metal states
for oxidation. Therefore, the loss of Li in the TM-layers in cycled HENMC will lead to
the loss of Li-O-Li configurations, and therefore ultimately resulting a loss of

electrochemical capacity arising from oxygen redox reaction.
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Figure 5.15 Low-loss EELS spectra acquired from different bulk regions of pristine
and 1-cycle HENMC.

Furthermore, HAADF-STEM images of the 100-cycle sample shows nanoscale
“defect domains” with highly distorted lattice fringes on a nanometer lengthscale that
are randomly distributed within the particle interior (Figure 5.14e). The nanoscale
lattice distortions are also observed from different particles, as shown in Figure 5.16.
As can be seen from the images shown in Figure 5.14e and 5.16, the distinct TM-O-Li
layered ordering are lost, i.e. lattice defect or mismatch of (003) lattice planes, in the
nanoscale domains associated with TM migration. These nanoscale lattice distortions
are more precisely ascribed as structural defects rather than the formation of spinel
phase, in light of the cycling-induced spinel grains discussed in the next section.The
appearance of these lattice distortions could be the reason for the peak broadening
observed in the XRD pattern discussed above. These severe lattice lattice defects in the

bulk material could result from the oxygen evolution and Li loss during cycling. The
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distortion of the regular lattice planes disrupts the well-defined layered structure and
will likely block the Li ion diffusion pathway during charge/discharge, and ultimately

leading to reduced Li deintercalation/intercalation and thus capacity fade.

Lattice defect

Figure 5.16 (a, b) HAADF-STEM images of 100-cycle HENMC. (c, d) STEM images
demonstrating the lattice distortion from the regions marked with yellow rectangles in
(a b)

5.4.2 Formation of Cycling-Induced Spinel Grains

Following extensive analysis of the 100-cycle HENMC cathode, we also observed
that some grains having a completely different structure than the layered (R3m) phase.
As pointed out in Chapter 3 there are still many unclear questions regarding the
“layered to spinel” transformation in Li-rich cathode materials. Here, the presence of
large-scale spinel grains and their spatial distribution are clearly resolved using atomic-
resolution STEM imaging for the first time. Figure 5.17a shows a HAADF-STEM
image acquired from a 100-cycle HENMC particle, the grain exhibits an entirely
different atomic arrangement with the layered phase. The size of this newly-formed
grain is about a few hundred nanometers in width, as indicated in the lower
magnification image shown in the insert of Figure 5.17a highlighted in yellow. The
atomic ordering of this cycling-induced new phase grain is clearly revealed from the
higher magnification image shown in Figure 5.17b, with the corresponding FT
diffractogram displayed in Figure 5.17c. The FT diffractogram of this cycling-induced

grain can be indexed to the [110]s zone axis of Fd3m spinel phase. To further support
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the identification of this phase, a simulated STEM image of the spinel phase in the
[110]s projection is shown in the upper right inset of Figure 5.17b, showing good
agreement with the experimental result based on the atomic model (Figure 5.17e).
There are, however, occasional lattice defects distributed in the newly-formed spinel

grain, (identified with a red arrow in Figure 5.17a).
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Figure 5.17 (a) HAADF-STEM image acquired from the spinel grain of HENMC after
100 cycles. The grain is marked in a lower magnification image at the bottom right
inset of (a). (b, ¢) A higher magnification HAADF-STEM image and the corresponding
Fourier transform diffractogram showing the spinel structure; a simulated HAADF
image of the corresponding orientation is shown in the inset of (b). (d) EELS spectrum
from the spinel grain shown in (a). (€) Atomic model of the LiM204 spinel phase in the
[110] orientation. The subscript S denotes spinel (Fm3m) structure.

The composition of the cycling-induced spinel grain is also investigated using

EELS. Figure 5.17d shows the EELS spectrum acquired from the spinel grain in Figure
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5.17a. Mn is still present as a major component in the spinel phase as anticipated, since
the overall material is Mn-rich at beginning. Interestingly, an intense Co L-edge is
detected from the new phase, indicating that the spinel grain is with a high Co content.
A tiny amount of Ni is also present in the spinel phase as evidenced by the weak Ni L-
edge in the spectrum. The La/L peak intensity ratio of Mn L 3-edges is close to that of
Mn** 74 indicating the majority of Mn ions are in the tetravalent state. Given the fact
that Mn** ions are electrochemically inert and Co** ions are also electrochemically inert
up to the 4.6 V potentials applied for charging,!*® the transformation of layered phase
to this form represents a mechanism for performance decay. Furthermore, the formation
of spinel grains could increase the Li* diffusion energy barrier at the spinel-layered
interface, thus, influencing the kinetic behavior of HENMC cathode.

As discussed above, STEM characterization provides concrete evidence of spinel
grain formation in the bulk HENMC material after cycling. These large spinel grains
can be found either in the middle of a particle (Figure 5.17) or near the surface (Figure
5.18), and these newly formed spinel grains are usually hundreds of nanometers in size.
Therefore, our results clearly reveal that the cycling-induced spinel phase is in the form
of large grains rather than small nano domains. It can be seen from the low-
magnification image (inset of Figure 5.17a) that a sharp grain boundary is located
between the cycling-induced spinel grain and the adjacent layered grain underneath,
whereas the top part of the spinel grain does not have a clear boundary and the spinel
phase smudges into the surrounding grains. Therefore, it is likely that the layered-to-
spinel phase transformation is initiated from the grain boundary and grew during

cycling.
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(a) (b)

Figure 5.18 HAADF-STEM images showing the spinel grain in 100-cycle HENMC.

In fact, a thin layer of spinel phase is readily observed at the grain boundary in the
1-cycle HENMC cathode, as shown in Figure 5.19, which may be the nucleation site
of the cycling-induced spinel grain. Since we also observed spinel grains formed near
the particle surface (Figure 5.18), it is also possible that the spinel grain might grow
from the particle surface to the interior. Based on the observations, the growth of spinel
grains appear to be initiated at boundaries, either a grain boundary or the particle

surface.

(b)

Ba,

Figure 5.19 HAADF-STEM image showing the grain boundary of 1-cycle HENMC.
(a) Low-magnification image. (b) High-magnification image from the region marked
in (a).
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The overall structural evolution of HENMC is illustrated in the schematic diagram
shown in Figure 5.20. The SRL formation on HENMC particle surfaces originate in
the first cycle. Although the thickness of SRLs show some variations among different
locations, the SRLs do not exhibit prominent growth during the subsequent cycles.
Therefore, they are not the main reason for the drastic performance decay. More severe
changes take place in the particle interior. The material suffers slight Li loss in the first
few cycles, followed by more dramatic losses during extended cycling, leading
eventually to a complete loss of Li in the TM-layers. The significant Li loss in the bulk
and the formation of nanoscale lattice distortions will lead to the loss of oxygen redox
activity and hinder the Li diffusion from bulk to surface (and into the electrolyte),
respectively, which both drastically reduce the cell capacity. In parallel, the layered-to-
spinel phase transformation leads to the formation of large-scale spinel grains which
also contributes to the performance degradation. The results suggest that coating or
surface modification methods could be beneficial for inhibiting the surface degradation
but will likely be insufficient for preventing the severe capacity decay, since the
nanoscale lattice distortion and spinel grain formation could proceed from the particle
interior. Therefore, modification of the bulk structure should be considered in order to

stabilize the structure of Li-rich cathode material for better capacity retention.

Li-rich (C2/m) Cycling-induced
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Figure 5.20 Schematic diagram showing the surface and bulk evolutions of HENMC
cathode material during electrochemical cycling.
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5.5 Conclusion

In conclusion, we have shown that the structure of the HENMC cathode material
appears to be a solid solution based on C2/m symmetry with thin spinel layers present
on certain facets. The structural and chemical evolution of cycled HENMC were
systematically investigated from surface to interior. The HENMC particles undergo
structural transformation after 1 cycle, where SRLs are formed on the particle surface
with ~2 nm in thickness. The SRLs are Li-depleted and show no significant growth
after extended cycling. In addition, an amorphous CEI layer is observed from the cycled
particle surface that contains Li, C, O, F and Mn with about 20-30 nm thickness in
some region. The presence of Mn?* species in the CEI layer indicates Mn dissolution
from the HENMC cathode into electrolyte during cycling.

More drastic changes were observed in the bulk material. The HENMC cathode
suffers irreversible Li loss after long-term cycling. The Li ions in the TM-layers are
fully lost, and the bulk material undergoes a densification process such that the bulk
material has transformed into a LiMO.-type layered phase. Meanwhile, the particle
interior forms nanoscale defect domains with severe nanoscale lattice distortions and
defects randomly distributed in the layered grains. More significantly, some of the
layered grains has completely transformed in to a LiM204 (M=Mn, Co, Ni) spinel phase
from either particle interior or near the surface. The observation of these large cycling-
induced spinel grains with hundreds of nanometers in size clarifies the longstanding
ambiguities on the “layered-to-spinel” transformation in Li-rich cathodes. Our findings
reveal that, although the irreversible surface reconstruction could contribute to the cell
performance decay, the more prominent bulk structural and chemical changes would
be the main reasons for the severe performance deterioration of the Li-rich cells. The
results thus suggest the importance of bulk modification techniques in order to stabilize

the structure of Li-rich cathode material.
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Chapter 6

3D Reconstruction of Lithium-lon Battery Cathodes

Although two dimensional (2D) TEM imaging has shown some evidence of
electrode degradation associated with structural change at the nanometer scale, it is
clear that three dimensional (3D) imaging over larger volumes is necessary in achieving
a complete picture of the geometric evolution of the cathode microstructure upon
electrochemical cycling. Dual beam focused ion beam-scanning electron microscopy
(FIB-SEM) is a promising technique that can be applied in serial sectioning and
imaging for 3D reconstruction. In this chapter, the effect of electrochemical cycling on
lithium-ion battery cathodes will be analyzed from 3D perspective. The microstructure
of both pristine and cycled LiNixMnyCo01xyO2 (NMC) and Li1.2Nio.13Mno54C00.1302
(HENMC) cathodes were successfully reconstructed using state-of-the-art FIB-SEM
3D reconstruction. The cycling-induced structural evolution of different cathodes were
semi-quantitatively analyzed in order to determine the influence of electrochemical

cycling on lithium-ion battery cathodes.
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6.1 FIB-SEM 3D Reconstruction: Motivation and Issues

During the past decades, there has been a rapid development in the methodology
for 3D reconstruction. X-ray tomography, appears as the prime technique for 3D
characterization, is a nondestructive method which allows for time-dependent
study.[*%-1%4 Using X-ray tomography, a serial of transmission (absorption) images
taken at different projections are collected and used for 3D reconstruction. However,
the voxel resolution of X-ray tomography is relatively large, usually in micron or sub-
micron scale, which is sometimes insufficient for capturing nanoscale features.
Although the appearance of TEM tomography technique overcomes the limitation of
X-ray tomography, which can provide a much higher spatial resolution and enable the
observation of fine features, this method can only be used to reconstruct small volume
sizes.

An alternative method to X-ray and TEM tomography is serial sectioning.[*%5-1%7]
The procedure for serial sectioning is mainly composed of two steps, which are then
repeated until the sample sectioning is finished. The first step is sample sectioning,
which can be achieved by various methods, such as cutting, polishing, and sputtering.
In this step, a constant depth of sectioning is required between each slice to ensure
the accuracy of reconstruction. The second step is the collection of 2D imaging data
from each slice, sometimes this data could be collected simultaneously during
sample sectioning, depending on the method being used.

Among various serial sectioning techniques, FIB-SEM has shown its own
potential in 3D reconstruction. Using FIB, a high energy focused ion beam with a small
spot size is generated and the localized material will be removed by the interaction of
the high-energetic ions with the target sample. Initially, FIB-SEM is not specially
designed for 3D serial sectioning, it has been used in site-specific analysis and
nanofabrication in different research areas.**8! However, this technique is quite suitable
for serial sectioning with ion beam milling. Using dual beam FIB-SEM, one could

obtain the slice spacing less than 20nm,*%°2%! comparable to the pixel resolution of the
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2D image. Meanwhile, the dual beam FIB-SEM system enables the synchronous
milling and imaging, which is impossible to achieve by using other conventional
polishing techniques.

Both FIB-SEM and X-ray tomography techniques have been widely used in 3D
reconstruction of energy materials and enable quantitative assessment on their complex
microstructures. The 3D structure of electrodes in lithium-ion batteries have been
successfully reconstructed and a number of geometric parameters—volume fraction,
surface area, particle size distribution and tortuosity have been extensively
analyzed.[?92-25 Wwith X-ray tomography, the 3D microstructure of graphite and tin (I1)
oxide negative electrodes were successfully reconstructed and the geometric
parameters were analyzed.[?°22%21 Heat generation was simulated based on the 3D
microstructure of the LiCoO: cathode acquired by X-ray nano-computed tomography
by Zhu et al..[?*®l With synchrotron radiation X-ray tomographic microscopy (SRXTM),
3D microstructure of LiNi1sMn13C01302 cathode was reconstructed and the particle
size distribution of the cathode were analyzed using a segmentation algorithm that
identifies the individual particles.?*”! By tuning the X-ray energies appropriately, an
optimum contrast for the cathode active materials LiCoO> (LCO) and NMC could be
achieved, as shown in Figure 6.1.12°41 However, one disadvantage of this method is the
difficulty of distinguishing the carbon-doped binder phase from the pore space due to
the small particle size and the low X-ray absorbance of the binder phase.[2%3207]
Recently, Thiele et al. managed to insert the carbon-binder domain of LCO cathode by
combining statistical modeling with X-ray tomography,?® but to obtain a complete
3D dataset including all the three phases with good spatial resolution remains a major
challenge for X-ray tomography. Additional FIB-SEM 2D information was still needed

for creating a complete 3D hierarchical reconstruction of the cathode.[?%8!
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Figure 6.1 (a) A cross-section image from transmission X-ray tomography (TXM)
reconstruction, a good contrast between the LCO and NMC is achieved. (b) 3D
reconstructed volume of the electrode. From reference [2%4],

With the total volume sampling and higher spatial resolution, the reconstruction
of lithium-ion battery electrodes with the FIB-SEM technique has been reported by
several groups. 2°2%1 In previous work, Ender et al.?%21% have successfully
reconstructed the 3D structure of LiFePO4 cathode and carried out detailed calculations
on the microstructure parameters including particle size distribution and tortuosity, as
shown in Figure 6.2. The 3D microstructure of LCO cathode has also been widely
studied using FIB-SEM. Wang et al.l?!!! calculated the tortuosity based on an actual 3D
structure while the internal cracks and grain boundaries of LCO active particle were
discovered. The internal cracking and grain boundaries of LCO particles were observed
from 3D reconstruction of a LCO electrode by Wilson et al..[?*? The influence of these
features on battery performance was evaluated. Whilst there are many detailed
structural studies of different cathodes, the correlation between 3D microstructural
changes and electrochemical cycling remains comparatively unexplored for cathode
materials. Herein, we implement FIB-SEM 3D reconstruction to study the structural
evolution of lithium-ion battery cathodes during electrochemical cycling, in order to

obtain a more complete insight into the cathode degradation process.[?®l
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Figure 6.2 (a) Reconstructed 3D volume of LiFePOs electrode. LiFePOs is shown in
green, carbon black is shown in dark gray, and pores are transparent. (b) Particle size
distribution of the LiFePO4 sample. From reference [209219,

6.2 Sample Preparation and FIB-SEM 3D Reconstruction

6.2.1 Electrochemical Test

A commercial HKE-IMP-0660J0 battery (HECO, Shanghai, China) with
LiNixMnyCo1.xy O2 (NMC) as the active material was studied. The battery was fully
discharged, then disassembled and dried in a glove box. The NMC cathode sheet was
cut into small circular pieces and constructed into coin cells with Li metal as the counter
electrode and LiPFs in ethylene carbonate/dimethyl carbonate (EC/DMC 1:1-v/v) as
electrolyte. The half-cells were then subjected to 20 and 50 electrochemical cycles,
respectively, the cycling performances are shown in Figure 6.3. The cells were then

disassembled and dried in the glove box. Note that the NMC cathode taken from a
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commercial battery may have undergone a few pre-cycles from battery manufacturer.
In the following discussion, we refer the coin cell made with the commercial NMC
cathode before cycling as a “pristine” sample, which relates to the NMC cathode before
the cyclic test in a half-cell. In the following study, we use the microstructure observed
in the pristine NMC sample as a starting point (with pre-existing features generated

from pre-cycles) in contrast to the sample after cycling test.
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Figure 6.3 Cycling performance of NMC cathodes for: (a) 20 electrochemical cycles,
(b) 50 electrochemical cycles.

The lab-scale Li12Nio13Mnos6C00.1302 (HENMC) cathode material was
synthesized using the co-precipitation method. The details for cathode preparation is
introduced in Chapter 5. The HENMC cathodes were constructed into half-cell
configurations with Li as counter electrodectrode and 1M LiPFe EC/DMC (1:2-v/v) as
electrolyte. The cells were subjected to 1 and 50 electrochemical cycles, respectively.
The cycling performance of the HENMC cell subjected to 50 cycles is shown in Figure
6.4. The cells were then disassembled and dried in a glove box. All the cathode samples
were positioned on the SEM stages using conducting carbon tape, with silver paste

applied at the edge to enhance the conductivity.
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Figure 6.4 Cycling performance of HENMC cathode with 50 electrochemical cycles.

6.2.2 FIB-SEM Serial Sectioning

The samples were serial-sectioned and imaged with a Zeiss NVision 40 dual beam
FIB-SEM equipped with a gallium (Ga) ion beam source and a Schottky Field Emission
Gun (FEG). In general, the samples were milled by a high-energy Ga ion beam and a
series of cross-sectional SEM images were acquired with the electron beam. Then,
these SEM images were converted into a 3D dataset and analyzed. A tungsten (W)
coating was deposited on top of the region of interest (ROI) to protect the sample’s
intrinsic surface morphology from high-energy Ga ions and reduce curtaining effects
on the sectioned face. Figure 6.5a shows an SEM image of a NMC cathode after serial
sectioning. As the duration time of the serial sectioning process is strongly dependent
on the intensity of the ion beam used for milling (faster milling uses higher current),
and the quality of the section is affected by the ion beam size, a relatively small ion
beam current (1.5nA at 30KeV) was selected to mill and polish the cutting surface, in
order to produce an ideal surface flatness with a reasonable time duration.

Because the incident electron beam does not scan the sectioned surface normal to
the sectioning plane due to the intrinsic angle between the electron beam column and
the ion beam column (54<From the electron beam and parallel to the surface), the

apparent tilt (36 <) of the image was compensated by software before image collection,
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as shown in the schematic diagram in Figure 6.5b. Also due to the geometry of the ion
and electron beam columns with respect to the sample surface, an apparent image drift
is generated with each slice. This effect was corrected by software using reference
markers as the images will appear to shift upwards during serial sectioning. Markers
were also used to calibrate and adjust slight drifts in the horizontal direction (on the
image plane).

The sampling of the acquired SEM images is 1024 x 768 pixels with the pixel
sizes of approximately 25 nm (for NMC cathode) and 35 nm (for HENMC cathode),
while the spacing between each slice were 50 nm (for NMC cathode) and 70 nm (for
HENMC cathode), respectively. A larger pixel size was chosen for HENMC cathode
due to the larger size of the HENMC secondary particles compared with regular NMC.
These imaging and sectioning parameters were selected to be consistent with the
sampling needed to represent, with fidelity and given the time constraints of the
sectioning work of a representative volume, the various components of the cathode (the
features in NMC particles were consistently detected at the resolution provided by the
SEM), so as to provide reasonably accurate 3D reconstruction. For the NMC cathode
samples, 300 consecutive cross-section images were obtained from a volume of ~ 5100
um?, and 280 cross-section images were obtained from the HENMC cathode samples
corresponding to a volume of ~11800 pm?. The total 3D sampling volume is evaluated
to be sufficient for this study as it yields the measured volume fraction consistent with

the predetermined volume fraction of the cathode (see details in Appendix II).
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Figure 6.5 (a) An example SEM image of a NMC cathode after FIB milling. (b)
Schematic of FIB serial-sectioning and image acquisition process.

For large scale sectioning and comparative purposes, an ion beam cross-section
polisher (JEOL I1B-09010CP) was also used to prepare the 2D cross-sections of the
pristine and cycled NMC cathodes. The sample was mounted on a Mo block and a thin
layer of Au was deposited on the sample surface with physical vapor deposition by Ar
ion sputtering. The sample was then milled by the cross-section polisher with an Ar ion

beam at 5 keV.

6.2.3 Image Segmentation

Before the raw 2D image dataset can be analyzed in a meaningful and systematic
manner, the images must be digitally segmented into three distinct phases: (i) active
material (AM), (ii) carbon-doped binder (CB), and (iii) pore spaces which are filled
with electrolyte during operation. The term ‘“carbon-doped binder” indicates the
additive mixture of conductive agent (carbon black) and polymer binder (PVDF).
Usually, the carbon black is mixed with PVDF to bind active particles together and
enhance the conductivity of electrode, so they are defined as one phase of additives

under segmentation. The epoxy infiltration is avoided in this work, so that the sample
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preparation is less invasive. The 3D reconstruction process is illustrated with our lab-
scale NMC cathode as shown in Figure 6.6. The in-house segmentation algorithm is
based on thresholding and gradient analysis implemented in MATLAB utilizing the
IMAGE PROCESSING toolbox.t The key aspects of the electrode microstructure from
SEM images that facilitate a reliable semi-autonomous segmentation are: (i) the
separation in grey-scales of the different phases — the AM phase with lighter gray, the
CB phase typically in medium gray, and pore spaces appearing as darkest features, and,;
(ii) the distinctive vertical grooves on the active material that are caused by the FIB and
general milling process.

Despite minor artifacts which can be subsequently corrected afterwards, we are
able to obtain good accuracy by carefully controlling the various parameters that
characterize the weighting between grey-scale threshold and analysis of gradient values
in an automated fashion. The systematic error arising from the image processing step
is estimated by comparing the experimental volume fraction deduced by our algorithm
with the expected volume fraction of a lab-made NMC cathode with known
composition (based on weight ratio of AM, carbon black, and PVDF). A comparison
of the measurements and expected values leads to a small systematic error of less than
2%. Figure 6.6a shows an example of a series of raw 2D images of a lab-scale NMC
cathode, and the corresponding segmented images are shown in Figure 6.6b. A 3D
image of the reconstructed cathode volume using the segmented images is shown in
Figure 6.6¢ with: (i) AM in white; (ii) CB in yellow; and (iii) pore spaces in transparent.
Separate 3D structures revealing the spatial distribution of the active material (NMC
particles) and binder phases are shown in Figure 6.6d and 6.6e. These 3D rendered
volumes show that the structure of these components is sufficiently well represented
and can be subsequently used to calculate the volume of the particles and in any further

modeling work aimed at predicting the transport properties of the cathodes.

t The Image processing algorithms were designed and modified by Adam Gully and Jamie M.
Foster from McMaster University.
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Figure 6.6 Schematic diagram of the 3D reconstruction approach: (a) a series of cross-
sectional SEM images collected by FIB; (b) the segmented counterparts of the images
shown in (a); (c) a whole view of the reconstructed 3D NMC cathode structure; (d) and
(e) reconstructed 3D structures of active material (AM) and carbon-doped binder (CB),
respectively.

6.2.4 Neighbor Counting Method

In order to assess the evolution of the relative positioning of the important phases,
we quantified the segmented structure with a “neighbor counting” method. This
approach provides statistical analysis to assess the degree of connectivity between the
surfaces of the active particles and the carbon-doped binder matrix. A “neighbor
counting” algorithm was used to scan along each row of pixels (for a 2D image) or each
row and column of voxels (for the 3D structure) in the directions parallel to the

separator and current collector of the segmented dataset. The number of occurrences of
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a pixel or voxel of the active particles being in direct contact with binder matrix were
counted. More precisely, the technique computes the probability of binder being
adjacent with active material (PBA) as a function of depth into the cathode (i.e., in the
direction perpendicular to the separator and current collector). The algorithm counts
the number of voxels of CB phase being contact with AM phase (defined as No.ga),
and the number of voxels of CB phase being contact with the pore space (defined as

No.sp). The PBA value is then calculated based on the equation

PBA = 084 6.1)
" No.ga+ No.gp (6.

And the “loss in connectivity” is calculated as

PBApristine - PBAcycled
PBApristine

connectivity loss% = X 100% (6.2)

6.3 3D Reconstruction for NMC Cathode

Figure 6.7a shows a top-view SEM image of the NMC cathode before cycling.
The NMC cathode has a relative smooth surface where the active particles were tightly
embedded in the CB matrix. However, some cracks were observed in the large
secondary NMC particles of the pristine sample, as shown in Figure 6.7b. This is
consistent with the expectation that the calendering process could lead to particle
fracture due to the high pressure applied to the cathode.[*®! The presence of these
cracks in the particles could enhance the Li diffusion, and thus improve the cycling
kinetics, but would also generate more exposed surface area for the side reactions with
electrolyte.[?1?]

Figure 6.7c shows a cross-sectional SEM image of the NMC cathode after 20
cycles. We note that large gaps have formed inside the cathode, separating the active
particles and binder, as highlighted with red arrows. This will be discussed below. In
addition, cracks inside the secondary active particles are also observed in the cycled

NMC cathode, and appear similar to those observed in the pristine sample. However,
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itis difficult to ascertain, from visual inspection alone, whether there are more fractured
particles after electrochemical cycling. Figure 6.7d and 6.7e show the 3D
reconstructions of the AM and CB phases of the pristine NMC cathode. Based on the
reconstructed 3D structure, the volume fraction of the three phases in the cathode was
calculated as: (i) 69% active material; (ii) 24% carbon-doped binder; and (iii) 7% pore
spaces. The result shows that the majority of the cathode volume is occupied by the

active material which would be beneficial in achieving a high battery capacity.

Figure 6.7 (a) A top-view SEM image of the pristine NMC cathode. (b), (c) Cross-
sectional SEM images of the NMC cathode of pristine and 20 cycles, respectively. (d),
(e) Reconstructed 3D structures of AM (active material) and CB (carbon-doped binder)
of pristine NMC cathode, respectively.

In order to quantify the structural observations, particle size distribution analysis
was performed on the segmented 3D dataset, and is shown in Figure 6.8a. The particle
size was specified based on volume rather than diameter due to the irregular non-
spherical shapes of NMC secondary particles. Because the sample contains both small
fractured particles and large secondary ones, the particle size variation is large. Thus,

the particle size distribution of active particles was calculated with different volume
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ranges, that is, the number of particles belonging to a given volume “bin” was counted.
This should provide a general idea of the proportion of particles belonging to different
size ranges. As shown in Figure 6.8a, the majority of NMC particles have sizes below
10 um? and there are fewer large secondary particles with sizes above 100 pm?®. It is
reasonable to expect few large particles due to the limited sampling volume. Compared
with pristine NMC cathode, the cycled NMC cathode shows a small increase in the
number of particles with smaller sizes (typically less than 1um?), indicating that there
might be large particles fractured into small ones. It has been reported that the internal
cracks may promote the particle fracture 12121, so the cracks being observed from the
pristine sample may contribute to the particle size change. However, local variations in
the distribution of the AM phase cannot be ignored for the assessment of particle sizes,
and the slight increase being observed in this comparison could be due to a combination

factors, including the electrochemical cycling and sample inhomogeneity 221,
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Figure 6.8 (a) Comparison of particle size distribution of pristine and 20 cycles NMC
cathodes from 3D reconstruction. (b) Comparison of PBA of pristine, 20-cycle and 50-
cycle NMC cathodes from 3D reconstruction.

From the comparison of pristine and cycled NMC cathodes, large gaps between
active particles and binder are clearly visible from 2D cross-sectional images of the
electrode after 20 cycles. To evaluate the connectivity between the CB phase and active
particles, we performed an analysis based on the “neighbor counting” method to the

segmented 3D dataset of the NMC cathodes at different cyclic numbers in order to
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extract the probability of carbon-doped binder being adjacent to the active particles
(PBA) as a function of depth into the cathode. Comparing the pristine and cycled NMC
cathodes, there is an obvious decrease in PBA of the whole sample with the increase
number of cycles, as shown in Figure 6.8b. Each data point represents the probability
of CB being in contact with active particle surface of each slice perpendicular to the
depth of the 3D structure. The x-axis is the distance of each slice from the sample
surface (close to the separator) in units of pixels, each pixel corresponding to the slice
thickness (35 nm), as shown in the schematic diagram in Figure 6.8b. From the
“neighbor counting” analysis, the average PBA of the pristine sample is around 0.54
and decreases to 0.48 after 20 cycles, thus an 11% loss in connectivity between AM
and CB in the NMC cathode is observed after 20 cycles. We note that the value of the
average PBA, e.g. 0.54, means 54% of the AM surface is in contact with the CB phase
within the 3D volume. Moreover, the average PBA shows a further decrease to 0.43
when the cathode was subjected to additional cycling (50 cycles), the sample thus
exhibits a 20% loss of AM/CB connection after 50 cycles. The results therefore indicate
that the connectivity between AM and CB decreases with the increase number of cycles,
where a cycling-induced detachment between the two phases was observed. However,
local variations needs to be considered in order to assess the PBA changes.

To evaluate the influence of local microstructural variations and to validate the
data obtained from 3D volumes, large cross-sectional images of the pristine and cycled
NMC cathodes, with the depth covering the full cathode thickness and width of around
1 mm, were prepared using ion beam cross-section polishing. Three different locations
were selected from each of the two samples, and a series of SEM images were collected
at each location along the depth of the cathode.

Figure 6.9a and 6.9b are the large 2D cross-section images taken at one location
within the pristine and 20-cycle NMC cathodes. As shown in Figure 6.9c and 6.9d, the
PBA of the pristine NMC cathode has a relatively uniform distribution along the depth
of the cathode indicating there is good contact between the AM and CB phases.

Compared with the pristine sample, the contact area of the active particle and binder of
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the cycled NMC cathode decreased at some localized positions after electrochemical
cycling where the PBA almost reached zero, and the average PBA dropped from 0.57
in the pristine state to 0.47 in the cathode after 20 cycles. The detachment of the CB
phase from the active particle surface was revealed from the segmented 2D slice of the
NMC cathode after 20 cycles, where a 17.5% decrease in PBA is detected, and this is
consistent with the measurements in other locations of the cathode, as shown in Table
6.1. Based on the 3D and 2D “neighbor counting” results, the detachment between CB
and AM appears to be prevalent in the NMC cathode after electrochemical cycling. We
suggest that the origins of the binder detachment could be: (i) the volume expansion
and contraction of the active particles induced stresses 2211, and (ii) the local volume
change of the anode which could influence indirectly the cathode structure especially

the porous binder matrix.
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Figure 6.9 (a, b) Integrated 2D images of pristine and 20-cycle NMC cathodes within
whole depth, respectively. (c, d) PBA of pristine and 20-cycle NMC cathodes,
respectively.

Since the CB phase contains carbon black additive in order to enhance the
electrical conductivity of the cathode, our results thus suggest that the detachment
between the conductive CB phase and active particles will reduce the efficiency of

electrons transport from the active particle (where Li" intercalation/deintercalation
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happens) to the current collector, in other words, it becomes increasingly difficult for
electrons to connect from the active particles through the conductive CB network to
the current collector. This effect could therefore contribute to the degradation of the
battery performance after cycling (Figure 6.3). As shown in the results above, when the
cell is suffering larger capacity loss from longer term cycling, from 20 cycles to 50
cycles, the cathode also loses AM/CB connectivity as indicated by the decreased
average PBA values from 20 cycles to 50 cycles. The PBA loss as a function of cycle
numbers therefore provides direct experimental evidence that the detachment effect
correlates with the capacity loss. While we cannot exclusively attribute the cause-effect
link between the PBA drop and the capacity loss at this point, the unambiguous drop
of PBA evidenced from our measurements needs to be considered as a possible factor
in the performance degradation, together with other effects such as electrolyte
decomposition 7, and structure distortion of active materials,*¢4°14°1 while such
effects have been observed from our study on NMC and HENMC cathodes that have

been discussed in the previous chapters.

Table 6.1 Comparisons of the average PBA of 0 and 20 cycles NMC cathode at
different locations.

Average PBA

Location 1 Location 2 Location 3
NMC_0 cycles 0.57 0.56 0.58
NMC_20 cycles 0.47 0.48 0.49

6.4 3D Reconstruction for HENMC Cathode

Figure 6.10a shows a top-view SEM image of the single cycle HENMC cathode.
In addition to the very large secondary particles, there are numerous significantly
smaller primary HENMC particles embedded in the binder matrix with diameters in

the order of hundreds of nanometers. Compared with the NMC cathode studied above,
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the HENMC active material has smaller primary particle sizes and these are less
compact. The representative 2D cross-section images of the 1 and 50 cycles HENMC
cathodes are shown in Figure 6.10b and 6.10c. In each 2D SEM cross-sectional image,
the irregular shaped HENMC active particles are clearly visible in light grey intensity,
while the CB phase appears in medium contrast as compared to the pores, which are
seen as the darkest features. While the HENMC secondary particles have much smaller
grains and pores, compared to the cracks existing in the NMC secondary particles, the
pores distributed inside the HENMC particles appear to be poorly connected to the
surface. This may limit electrolyte penetration within the HENMC secondary particles.
The 3D reconstruction of active particles of the HENMC is shown in Figure 6.10d, the
active material phase is composed of a variety of irregular shapes of small and very

large particles. The corresponding carbon-doped binder phase is shown in Figure 6.10e.

Figure 6.10 (a) A top-view SEM image of 1-cycle HENMC cathode. (b), (c) Cross-
section SEM images of the HENMC cathode after 1 and 50 cycles, respectively. (d), (e)
Reconstructed 3D structures of active material (AM) and carbon-doped binder (CB) of
1-cycle HENMC cathode, respectively.

As observed from the cross-sectional images, the size distribution of the HENMC
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active particles is broad, from submicron primary particles to large secondary ones.
Figure 6.11a shows the comparison of the particle size distributions of HENMC
samples at 1 and 50 cycles. The majority of particles are below 1 um?® and about 40%
of the particles are hundreds of nanometers in diameter. Only a few large secondary
particles are found contributing to less than 10% of the total distribution. The existence
of a large fraction of small particles in the electrode-- has important implications on its
performance. The specific surface area of the active material will be dramatically
increased, thus facilitating electrode/electrolyte side reactions which adversely impact
the battery capacity and lifetime (the cycling performance of the HENMC cathode is
shown in Figure 6.4). After 50 cycles, there is an increase in the fraction of small
particles (volume < 0.5um?®). The medium sized particles thus appear to have fractured
into small ones. However, yet again, local variation of the AM phase distribution has
to be taken into account for the observed particle size changes.
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Figure 6.11 (a) Comparison of the particle size distribution of 1-cycle and 50-cycle
HENMC cathodes from 3D reconstruction. (b) Comparison of PBA of 1-cycle and 50-
cycle HENMC cathodes from 3D reconstruction.

The “neighbor counting” method was applied to the segmented 3D dataset of
HENMC cathodes with different cycle numbers, and the PBA was calculated through
the depth of the electrode, Figure 6.11b. Similar to the NMC samples, the PBA was
calculated for each slice parallel to the separator and current collector across the depth

of cathode. The averaged PBA of HENMC samples decreased from 0.60 at the first
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cycle to 0.46 after another 49 cycles. The 50-cycle HENMC electrode therefore shows
a 22.5% decrease in AM and CB contact which is consistent with the PBA analysis on
the NMC cathode. We note, however, that the cells were specifically cycled in harsh
conditions over a large voltage window (2.0 V ~ 4.6 V) resulting in a dramatic ~ 45%
loss in capacity (Figure 6.4). The significant PBA decrease is yet again correlated with
the observed capacity fade, although we cannot exclude other factors evolving in
parallel, i.e. undesired structural transformation and CEI layer formation that were
revealed in Chapter 5. The PBA analysis of the HENMC electrode indicates that there
would be a loss of electrical conductivity as a consequence of the detachment between

the conductive binder matrix and active particles.

6.5 Conclusion

The 3D reconstruction of two types of lithium-ion battery cathode microstructures,
NMC and HENMC, after different electrochemical cycling states were achieved using
FIB-SEM combined with a refined segmentation algorithm without any epoxy resin
infiltration. The particle size distribution analysis from the 3D reconstruction shows
that the active particles in the NMC and HENMC cathodes exhibit no significant
changes from the different cycling states. Measurements of the connectivity between
active particles and binder phase of NMC cathode after electrochemical cycling were
also carried out in order to assess the PBA, calculated with a “neighbor counting”
method from 3D dataset. The results show significant decreases in PBA during cycling,
revealing the loss of connectivity between the conductive CB and active particles. We
noted a correlation between the drop in average PBA, indicative of detachment between
the AM and CB phases, and cell capacity loss with increased number of cycles.
Furthermore, detachment between the CB phase and AM is also discovered from the
lab-made HENMC cathode after 50 cycles. These results thus suggest that the cycling-
induced AM/CB detachment is a common trend regardless of the way that electrode is

manufactured. In general, our findings show that the loss of electrical connectivity of
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the cathode, as inferred from the detachment between the phases, is one of the
challenges in achieving and maintaining the high capacity and stable cycling

performance of lithium-ion batteries.
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Chapter 7

Conclusion

The work carried out in this thesis demonstrated the use of different electron
microscopy techniques to investigate the degradation mechanisms of two types of
layered structure cathode materials, aiming to unravel the possible mechanisms at the
origin of performance deterioration of lithium-ion batteries. The structural changes and
chemical evolutions of the layered cathodes were studied from the surface to the bulk
of materials using state-of-the-art aberration-corrected TEM instrument equipped with
a monochromator, therefore, enabling both high spatial resolution and energy
resolution for the measurements. Meanwhile, the FIB-SEM sectioning and imaging
technique provided the reconstruction of the 3D microstructure of lithium-ion battery
cathodes, thus providing a more complete picture of the cathode degradation process.

In addition to demonstrate the charge transfer mechanism of TM cations in the
NMC cathode, the inhomogeneous distribution of the electronic structure of TMs in
NMC cathode material, from the surface to the bulk, were clearly revealed during the
charge-discharge process using spatially-resolved STEM-EELS technique. Although
bulk sensitive NMR indicated that the NMC bulk material maintains the Li-O-TM
ordering, the TEM characterizations showed the formation of a surface reduction layer
at NMC surface, which was associated with TM reduction to lower oxidation states.
The particle surface transformed to a MO-type rock-salt phase (transition from R3m to

Fm3m) accompanied by lithium and oxygen loss during cycling. The results thus
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suggest that the surface degradation is initiated in the first charge process and continues
in the subsequent cycles, which may contribute to the capacity fade and limit the charge
transfer near the cathode surface, adversely influencing the cell performance.

Although the irreversible phase transformation and lithium and oxygen loss near
the cathode surface have been revealed to be some of the reasons for the performance
decay of lithium-ion battery from the study on NMC, the investigation on the HENMC
cathode shows some differences in the degradation process. Unlike NMC cathodes that
are stable in the bulk structure during cycling, the Li-rich HENMC cathodes not only
suffer surface degradation (surface reconstruction and electrolyte decomposition at
cathode-electrolyte interface), but also exhibits complexed changes in the bulk material.
These include: (i) complete Li loss from TM layers accompanied with the bulk phase
transformation (C2/m solid-solution—R3m); (ii) “nano-defect” domains arising from
severe lattice distortions; (iii) and notably, formation of large-scale LiM204 (M=Mn,
Co, Ni) spinel grains, with regions hundreds of nanometers across. The study uncovers
the significant changes in the cathode internal structure, pointing out the main sources
for the rapid capacity fade of Li-rich cathodes.

In addition to the 2D characterization, the 3D microstructural study performed on
both pristine and cycled NMC and HENMC cathodes using FIB-SEM 3D
reconstruction provided the spatial distribution of the three phases including active
material, carbon-doped binder and pore spaces of the whole cathode. The results
unravel the loss of connectivity between the active material and carbon-doped binder
phases after cycling, suggesting a possible mechanism for cell deterioration.

The work carried out in this thesis unravels the initiation and development of
degradation processes of layered cathode materials using complementary diagnostic
tools. The results provide valuable insights into the origins of battery deterioration,

shed light on the future design and modification of high-energy-density cathodes.
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Chapter 8

Future Work

In the former chapters, we have shown the potential of TEM in the study of
lithium-ion battery cathode materials. TEM is a powerful tool that can be used to
analyze the electronic structure, composition, and crystallographic structure of the
studied material. With the established characterization methods, more battery related

materials can be investigated using TEM.

8.1 Study on Lithium-Rich Cathode

8.1.1 Investigation on the Role of Oxygen in Charge Transfer

The redox reaction of cathode materials during charge-discharge is critical to the
capacity of lithium-ion batteries. It has been discussed in Chapter 3 that the lithium-
rich cathode possesses abnormal high capacity, which is attributed to the participation
of oxygen in the charge transfer process. As mentioned in section 3.5.1, DFT
calculation predicted that the reactivity of the oxygen redox reaction relies on the
existence of the Li-O-Li environment (Figure 3.17), whereas, no experimental data was
presented. In order to understand the origins of the high-capacity of lithium-rich
cathode, an in-depth understanding of the anionic redox reaction of oxygen during

delithiaion-lithiation is important. Therefore, experiments can be designed to
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investigate the behavior of oxygen at different cyclic conditions using high-resolution
EELS. To unravel if the Li-O-Li configuration is related with oxygen redox activity, (i)
first, compare the O K-edge between the pristine HENMC and NMC cathode. We have
obtained EELS data on the pristine HENMC and NMC cathode, which however,
exhibit no obvious difference in the peak feature, as shown in Figure 8.1. This is in
contradict with the calculated data reported in Ref 92, as extra oxygen states are
predicted to be present due to the Li-O-Li configuration. (ii) Next, in order to further
examine the proposed Li-O-Li configuration, the O K-edge features can be measured
from the HENMC cathodes at different cyclic states. By comparing the O K-edge from
different sets of charged samples, we can infer if the oxygen redox reaction occurs in

particular environment.
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Figure 8.1 O K-edge spectra from pristine NMC and HENMC cathode materials.

Meanwhile, in order to further analyze the chemical and structural evolution
during delithiation-lithiation and after extended cycling, a quasi in-situ experiment
could be possibly designed as follows:

(i) a TEM sample of the cathode in the form of a thin slice needs to be prepared,

(ii) this small piece of cathode sample can be constructed into a electrochemical
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cell configuration, the cell will then be subjected to electrochemical cycling;

(iii) the cycled cathode sample will then be washed and dried in the glovebox, and
transferred into TEM for further analysis.

From this experiment, the Li distribution within the cathode material during
delithiation can be visualized using STEM-EELS technique. Meanwhile, the structural
evolution can be studied in more details. The studied electrode sample can be either
prepared from pristine state or after electrochemical cycling. This experimental design

can also be applied to other electrode systems.

8.1.2 Study on the Evolution of Li-Rich Cathode during Cycling

As mentioned in Chapter 5, the significant bulk evolutions, in addition to the
surface degradation, have been well recognized from the study on HENMC. With this
knowledge on the degradation process, the structural analysis using aberration-
corrected TEM can be carried on to another Li-rich cathode material. The Li-rich
cathodes that undergo different number of cycles will be characterized, including long-
term cycled cathode. In such case, the degradation process of Li-rich cathode can be
further analyzed following extended numbers of electrochemical cycles. This also
provides another chance to continue the investigation on the layered-to-spinel transition.
Both the chemical evolution and phase transformation of the cycled Li-rich cathodes
will be analyzed using EELS and atomic-resolution HAADF-STEM imaging

techniques.

8.2 Study on the Surface Evolution of LiMn2O4 Cathode

As it has been shown in the study on NMC cathode material, with the usage of
vacuum transfer holder and STEM-EELS technique, the electronic structure of the
cathode material from surface to bulk at different state of charges (SOCs) can be clearly
resolved. Using this established method, we can carry out investigations of the

oxidation state to other types of cathode materials. The spinel LiMn204 (LMO) cathode
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is known to suffer Mn dissolution during cycling, therefore, the surface chemistry of
LMO cathode is important in understanding this process. In this work, LMO cathode
at different charge and discharge states will be analyzed. Using STEM-EELS, changes
in the oxidation state of the Mn cations from the surface to the bulk of the LMO

particles can be resolved and analyzed.

8.3 Study on the SEI Layer Formation

FIB-SEM has the power of synchronized milling and imaging, with this technique,
the SEI layer formation on the electrode surface and the thickness variation of this
surface layer under different cycling conditions can be analyzed. LMO-graphite cells
using different separators exhibit great differences in the interfacial resistances of the
electrodes. The cells with plain (Celgard 2500) separator show a much higher internal
resistances than the cells using multifunctional separator. Therefore, in order to
understand the origin for the increased resistances, the measurement of surface SEI
layer on the electrodes from different cell configurations need to be carried out.

From preliminary SEM characterization of graphite anodes, significant
differences have been observed between the pristine and cycled graphite anodes.
Although the SEM images indicate the existence of the SEI layer on the anode surface,
it is impossible to evaluate the thickness of the SEI layer from these top view images.
Further FIB-SEM cross-sectional analysis is hence necessary in order to compare the

thickness of the SEI layer from the anodes cycled in difference cell configurations.

8.4 Investigation on All-Solid-State Battery

Currently, great attention has been drawn to the development of all-solid-state
lithium-ion batteries. The design of high-voltage and high-capacity cathodes can
improve the energy density of lithium-ion batteries, however, the application of these

high-energy-density cathodes are thwarted by many limiting factors. One of a major
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concern is the narrow operating voltage window of the conventional liquid electrolytes.
The carbonate-based electrolytes become unstable above 4.3V operation voltage and
will decompose and oxidize during electrochemical cycling, these flammable organic
solvents thus generate serious safety concerns. The application of solid-state electrolyte
in lithium-ion battery system can improve the safety of batteries. Meanwhile, the usage
of solid-state electrolyte may prevent the lithium dendrite formation and the undesired
consequences, therefore, leading to the possibility of introducing metallic lithium into
the battery system. However, these all-solid-state batteries suffer major drawbacks of
low ionic conductivity of the solid-state electrolyte and large interfacial resistance
between the electrode and electrolyte.

Therefore, the application of TEM technique into the study of solid-state battery
system would provide valuable insights into the development of all-solid-state lithium-
ion batteries. The in-situ TEM technique can be applied to the direct observation of
lithium transport in the solid-state electrolyte and electrode-electrolyte interface, which
is of great relevance for understanding the charge transfer characteristics of the
developed solid-state electrolyte. The exclusion of liquid electrolyte from in-situ
experiment enables better EELS measurements since the sample thickness can be better
controlled and limited. Thus, the spatial resolution may also be improved because of
the reduced sample thickness. Meanwhile, characterization of the chemical and
structural changes at the electrode-electrolyte interface during charge-discharge using
TEM can provide useful information on the electrode-electrolyte interfacial structure
and contact. There has already been a TEM study that identified the formation of
structurally disordered interfacial layer between the cathode and electrolyte.[?? Hence,
one of the future directions of TEM work in the field of lithium-ion battery materials

could be the investigation of solid-state battery systems.
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Figure 8.2 STEM-EELS characterization of LiCoO2/LiPON/Si thin film battery.
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Appendix |

Multiple Linear Least Square fitting for EELS spectrum

The multiple linear least square method (MLLS) fits the reference spectra and/or
models to a specified energy range of the selected spectrum. A model function
consisting linear combination of the specified reference spectra will be formed and used
to fit the spectrum acquired from the experiment, a general model equation as shown
below:

S(E) =B1 AE™"+ B2S(E)1 +BaS(E)n + &
B1: fitting coefficient for background function with preset AE™
B2: fitting coefficient for reference spectrum 1 (Mn?*, Co?* and Ni?*, respectively)
Ba: fitting coefficient for reference spectrum 2 (Mn**, Co®*, and Ni®***, respectively)
€: the sum of squared residuals.

The fitting coefficient “B” will be adjusted to minimize the squared residuals “€”
between the linear fitted model and the selected spectrum. If correctly performed, the
fit coefficient can be interpreted as the relative contribution of each reference spectrum
or the contribution maps with the same dimensionality of the input spectrum image.

In our case, the reference spectra of Ni, Mn and Co used for the fitting were
directly extracted from the experimental EELS spectrum image (SI). The fit coefficient
maps represent the relative contribution of the two reference spectra (which
representing the two valence states of the TM element) at each pixel from the entire Sl,
therefore reflect the valence distribution in the sample. Thus, fitting coefficient maps

are named as valence maps.
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Appendix 11

Representative Volume Evaluation for 3D Reconstruction

In order to test the effectiveness of the volume size, we compared the volume ratio
of AM to CB phases from the obtained 3D dataset with the area ratio of AM to CB

from 2D large cross-sections along different depth of cathode film.

1. For the commercial NMC cathode, due to the lack of independent knowledge
of the composition, we can only evaluate the sample homogeneity by comparing the
variation between different regions. First, we calculated the volume ratio of AM to CB
from the 3D dataset of pristine NMC cathode and this is equal to 2.88. Then, we took
a large 2D cross-section with a width of 20um and covering ~60um depth of the
cathode (nearly the full depth of the NMC cathode film) and segmented the image into
the three phases. The area ratio AM to CB calculated from the large 2D slice is 2.89,
which is practically identical to what we obtained from the 3D volume. Then the 2D
slice was separated into three sections (the depth of the 3D volume is about 18um,
which is similar with each 2D section) from top to bottom, the AM/CB ratio at different

depth and the corresponding variation from the 3D volume fraction is listed below:

Top: ‘2—1: = 2.71, variation with respect to the 3D volume fraction measurement: -5.9%;

AM

Middle: i 3.01, variation with respect to the 3D volume fraction measurement:
4.2%;
Bottom: 12—1: = 2.97, variation with respect to the 3D volume fraction measurement:
2.8%.

The above comparison indicates that the variation of phase distribution in NMC
cathode is not significant with the evaluated sampling size (< +6%). Therefore, the

3D volume used in this study should be representative of the cathode structure.
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2. For the HENMC, we have used the composition of our lab-scale HENMC
electrode as a validation test. This lab-scale electrode has the weight ratio of 80:10:10
(active material: PVDF: carbon). The density for each component is 4.4 g/cc, 1.78 g/cc,
and 1.98 g/cc, respectively. With this prior knowledge on the material we produced, we
calculated the expected volume fraction for each component and this is 63%, 19% and
18% for the active material, PVDF and carbon respectively. If we combine the carbon
and binder volume, the volume ratio between active material and carbon/binder is

expected to be

AM  63%
CB ~ 37%
The volume ratio of AM to CB calculated from the 3D dataset of single cycled HENMC

AM to CB ratio = 1.71

cathode in this study is 1.81, which shows only about 5.8% variation from the nominal
ratio. To validate the sampling volume, we obtained again a large 2D cross-section
image covering 80pum depth of the cathode (nearly the full depth of the cathode film).
We then compared the area ratio of AM and CB at different depths (the depth of 3D
volume is about 23um) to evaluate the phase distribution along the depth of the cathode.
The ratio and the corresponding variation between the experimental data and calculated

value (expected from the synthesis parameters as calculated above: 1.71) is listed below:

Top: ‘é—l: = 1.75, variation from the calculated value: 2.3%;

Middle: é—r = 1.82, variation from the calculated value: 6.4%;

Bottom: 12—1: = 1.63, variation from the calculated value: -4.7%.

The variation of phase distribution in HE-NMC cathode with the evaluated sampling
size is not significant, all within the range of +7%. Therefore, we believe that the 3D

volume size of HENMC cathode in this study is considered to be sufficient.
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