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Abstract
The revolutionary rechargeable lithium-ion battery paves the way for environmentallyfriendly applications such as electric vehicles. Nevertheless, further improvements are
required to match or exceed the performance of conventional internal combustion engine
vehicles, such as higher energy density, faster charging speed, longer lifetime, better safety
and lower cost. Lithium layered nickel cobalt manganese oxides (NCM) are a popular choice
of cathode material, but they still suffer from problems such as cation mixing, volume
changes, microcracking, surface side reactions, high temperature performance issues and
structural reconstruction. This thesis compares various NCM materials to figure out what
guidelines should be followed to improve performance. The first section observes the impact
of chemical composition, while the second section explores conventional polycrystalline
versus single crystal morphology for NCM. It is shown that the stability and lifetime of NCM
materials, and therefore battery performance, can be improved by using lower nickel
composition and single crystal morphology.

Keywords
Lithium-ion battery, lithium layered nickel cobalt manganese oxide (NCM or NMC),
cathode/positive electrode, cathode composition comparison, single crystal cathode
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Summary for Lay Audience
The revolutionary rechargeable lithium-ion battery paves the way for environmentallyfriendly applications such as electric vehicles. Nevertheless, further improvements are
required to match or exceed the performance of regular vehicles, such as higher energy
density, faster charging speed, longer lifetime, better safety and lower cost. Lithium layered
nickel cobalt manganese oxides (NCM) are a popular choice of cathode material, but they
still suffer from problems such as cation mixing, volume changes, microcracking, surface
side reactions, high temperature performance issues and structural changes. This thesis
compares various NCM materials to figure out what guidelines can improve battery
performance. The first section observes the impact of chemical composition, while the
second section explores NCM particles made up of multiple crystals versus one single
crystal. It is shown that the stability and lifetime of NCM materials, and therefore battery
performance, can be improved by using lower amounts of nickel and using single crystals.
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1

Introduction to the Thesis

1.1 Thesis Objectives
The cathode is the largest component of a lithium-ion battery (LIB) by both cost and
weight, so improvements to the cathode are sorely needed in order for LIBs in electric
vehicles to reach price and performance parity with regular vehicles. While layered
lithium nickel cobalt manganese oxide (NCM) materials are becoming an increasingly
popular choice of cathodes in LIBs, there are still issues with the material that need to be
explored and resolved, such as the need for higher energy density, capacity retention, and
improved air storage stability of NCM. Therefore, the main objectives of this thesis
addresses different issues and improvement strategies that can be applied to the layered
nickel oxide cathode material, and are as follows:
The first objective is investigating the effect of nickel content on the performance of
NCM materials. One promising strategy to improve the energy density and price of LIBs
is to increase the nickel content in layered nickel oxide materials, however, it usually
comes with reduced capacity retention and material stability. Therefore, two
commercially available

NCM

materials,

LiNi0.83Co0.11Mn0.06O2

(NCM83),

and

LiNi0.94Co0.05Mn0.01O2 (NCM94), with different nickel contents are compared, in order to
understand if the increase in nickel content is worth the tradeoffs in performance.
The second objective is to investigate the effect of morphology on the performance of
layered nickel oxide materials. Single crystal and polycrystalline NCM83 materials of
approximately the same size are compared, in order to understand how the newer single
crystal structure compares to the more conventional polycrystalline structure in terms of
performance and material behavior. The single crystal structure should provide more
mechanical stability and lead to better capacity retention, since it avoids the intergranular
cracking commonly found in the polycrystalline counterpart.
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1.2 Thesis Organization
This thesis contains six chapters organized in an integrated article format: an
introduction, a literature review, a summary of the experimental methods, two articles,
and a concluding chapter. It is organized in accordance to the Thesis Regulation Guide
from the School of Graduate and Postdoctoral Studies at the University of Western
Ontario. The outline of each chapter is as follows:
Chapter 1 introduces the thesis objectives and organization.
Chapter 2 introduces the fundamentals of LIBs, such as their working principles, with a
focus on layered nickel oxide cathode materials. Issues and improvement strategies for
the layered nickel oxide cathodes are discussed in detail.
Chapter 3 provides detailed descriptions of the experimental methods used in the research
for the thesis, including electrode preparation, cell assembly, and all of the
characterization methods that were used.
Chapter 4 compares the performance of a nickel-rich LiNi0.83Co0.11Mn0.06O2 (NCM83)
and an ultrahigh-nickel LiNi0.94Co0.05Mn0.01O2 (NCM94) material from the NCM family.
While increasing nickel content in NCM materials generally lead to higher energy
capacity, there is a tradeoff with material stability and capacity retention. Therefore, it is
important to understand the differences in performance of nickel-rich and ultrahighnickel layered oxide materials before making the shift to higher nickel content materials.
Chapter 5 compares single crystal and polycrystalline NCM83 materials, in order to
explore the impact of different cathode morphologies on their performance in LIBs. The
changes in the cathode structure and their relation to electrochemical performance are
observed and discussed in this chapter.
Chapter 6 discusses the objectives of the thesis and summarizes the results presented in
chapters 4 and 5. The capabilities of layered nickel oxide cathode materials are discussed
and future work based on this thesis is suggested.

2

2

Literature Review

2.1 Introduction to Lithium-ion Batteries
The rechargeable (or secondary) lithium-ion battery (LIB) has revolutionized modern
society since its initial commercialization in the 1990s. It has quickly replaced earlier
battery chemistries, such as nickel metal-hydride and nickel-cadmium batteries1–3.
Compared to its predecessors, the high energy density, high power density, long lifetime,
low self-discharge and relatively low environmental impact of LIBs paved the way for
high quality portable electronic devices such as smartphones and tablets4. In addition,
LIBs are being used in newer applications such as electric vehicles (EVs)3. The amount
of existing EVs have grown exponentially over the last several years, from less than 1
million EVs in 2014 to over 10 million EVs globally in 2020, due to higher demand for
more sustainable transportation options as well as increased governmental and private
sector support5. Nevertheless, LIBs used in EVs still have several issues that need to be
addressed, including the need for higher energy and power density, faster charging speed,
longer lifetime, better safety and cost, in order to match or exceed the performance of the
internal combustion engine used in conventional vehicles3,6.

2.1.1

Fundamentals of Lithium-ion Batteries

LIBs are made up of electrochemical cells consisting of a cathode/positive electrode,
anode/negative electrode, electrolyte, separator, and current collectors. Intercalation
materials are typically used for both electrodes due to high cyclability. In the intercalation
process, lithium ions (guests) are reversibly inserted or removed into the host material
without any significant structural change4. In LIBs, the electrolyte acts as an ion
conductor between the electrodes during charging or discharging. Separators are used in
LIBs to prevent physical contact between the cathode and anode to prevent short
circuiting, while permitting lithium ions to flow freely through their structure. Current
collectors are attached to the electrodes to collect electrons, which then travel through the
external circuit. These components can be combined in various ways to produce different
LIB configurations, as seen in Figure 2.1.
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Figure 2.1: Schematic of different LIB configurations: a) cylindrical, b) coin, c)
prismatic and d) pouch cell. Reproduced with permission from Springer Nature7.
In a battery, current (i) represents the rate of flow of charge carriers through a surface or
volume, measured in amperes A. The current can be calculated with Equation 2.1, where
i is current, dQ is the change in capacity, and dt is the change in time. If the current is at
steady state, then Equation 2.2 can be used, where Q is capacity. The capacity of a
battery (Q) is the amount of electricity generated that is measured in units of amperehours. The capacities of different battery materials can be compared per unit mass, i.e.
with units of mAh g-1. The voltage (V) of a battery is the difference in electric potential
between the two ends of a battery, and has units of volts. Energy (E) is the ability of a
battery to perform useful work, and power (P) is the rate at which energy is delivered.
Power can be defined as the integral of the product of voltage and current with units of
watts, and can be calculated using Equation 2.3 assuming that the system is at steady
state. Energy can be defined as the integral of the product of voltage and capacity, or the
product of power and time, with units of watt-hours and can be calculated using
Equation 2.4 assuming that the system is at steady state. The energy storage ability of
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batteries can be compared via their gravimetric energy density (energy per mass with
units of Wh kg-1) or volumetric energy density (energy per volume with units of Wh l-1).
𝑖=
𝑖=

𝑑𝑄

(2.1)

𝑑𝑡
𝑄

(2.2)

𝑡

𝑃=𝑉𝑥𝑖

(2.3)

𝐸=𝑉𝑥𝑄=𝑃𝑥𝑡

(2.4)

During charging, the cathode is oxidized to extract (delithiate) lithium ions which then
diffuse through the electrolyte and separator, and are inserted into (lithiate) the anode.
The oxidized cathode produces electrons as well, which travel through an external circuit
to the anode for the reduction reaction. Once the cathode is fully oxidized or anode is
fully reduced, then the battery is fully charged. During the discharge process, the LIB is
connected to an external load. The anode is now oxidized to produce electrons that flow
through the external circuit, and lithium ions that diffuse to the cathode to complete the
reaction (Figure 2.2). When using a lithium transition metal oxide for the cathode and
graphite for the anode, the electrochemical reactions can be written as follows:
Cathode half-reaction: Li1-xMO2 + xLi+ + xe- ↔ LiMO2

(2.5)

Anode half-reaction: xLiC6 ↔ xLi+ + xe- + xC6

(2.6)

Full cell reaction: LiMO2 + C6 ↔ Li1-xMO2 + xLiC6

(2.7)
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Figure 2.2: Schematic of LIB. Reproduced with permission from Royal Society of
Chemistry8.
The type of cathode and anode active materials used determine the potential difference of
the cathode half-reaction and anode half-reaction, which in turn determine theoretical
(maximum) voltage. The quantity of electricity obtained in a cell depends on the amount
on active material available, which determines the theoretical capacity. The theoretical
specific capacity can be determined by the following equation, Equation 2.8:
𝑥𝐹

𝑞 = 𝑀𝑊

(2.8)

Where x is the number of electrons involved in the electrochemical reaction, F is
Faraday’s constant, and MW is the molecular weight of the active material. For example,
the theoretical specific capacity of LiNi0.83Co0.11Mn0.06O2 cathode material, assuming that
all of the lithium can be removed from the nickel-rich oxide as in Equation 2.9, can be
calculated as in Equation 2.10:
LiNi0.83Co0.11Mn0.06O2 → Ni0.83Co0.11Mn0.06O2 + Li+ + e6

(2.9)

𝑞=

𝑚𝐴ℎ
𝑚𝑜𝑙
𝑔
97.43
𝑚𝑜𝑙

1𝑥26801

= 275

𝑚𝐴ℎ
𝑔

(2.10)

The practical specific capacity used for the nickel layered oxides in this thesis is 200
mAh g-1 at 1C rate based on the limits of the lithium ion intercalation/deintercalation
mechanism. The C rate is a measure of the rate at which a battery is charged/discharged.
1C rate is defined as the rate in which the battery is fully charged/discharged in an hour.
The C rate can be expressed as:
𝐶 𝑟𝑎𝑡𝑒 =

1
𝑡

𝑖

=𝑄

(2.11)

Where t is the time in hours, i is the charge/discharge current, and Q is the capacity. For
example, if there is a 5 Ah battery with a 1C rating, it can be discharged at 5A for 1 hour
before being fully discharged. That same battery can theoretically be discharged at 0.5C
rate with a current of 2.5A for 2 hours, or at 2C rate with a current of 10A for 30 minutes,
before being fully discharged.
In practice, only a fraction of a battery’s theoretical energy is provided. Energy can be
lost due to activation/charge-transfer polarization (activation energy for electrochemical
reactions to occur at electrode surfaces), concentration polarization (concentration
gradient of reactants and products at electrode surfaces and bulk as a result of mass
transfer), and internal impedance in the cell (which include electrolyte ionic resistance,
electronic resistances of active materials, contact resistances between active materials and
current collectors). These resistances follow Ohm’s law, resulting in higher voltage drop
at higher current densities4. When a cell is connected to an external load R, the voltage V
can be expressed as:
V = iR = V0 – [(ηct)a + ((ηc)a] – [(ηct)c + ((ηc)c] – iRi

(2.12)

Where V0 is the open circuit voltage of the cell, (ηct)a and (ηct)c is the activation
polarization at the anode and cathode respectively, (ηc)a and (ηc)c is the concentration
polarization at the anode and cathode respectively, i is the operating current of the cell,
and Ri is the internal impedance of the cell.
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2.1.2

Summary of Challenges in Lithium-ion Batteries

Battery aging (or ageing) is the gradual loss of energy capacity and increased cell
impedance that occurs as batteries are stored or used over time. Besides the main
reactions inside a battery, there are inevitable side reactions (also known as aging
reactions) that degrades battery energy storage and increases internal resistance as time
passes by. Calendar aging occurs when the battery is at rest, while cycling aging occurs
when the battery is being charged/discharged, though it can be difficult to differentiate
the effects caused by the two. Aging is described by the loss of lithium inventory (LLI,
loss of lithium ions available for cycling between cathode and anode) and loss of active
material

(LAM).

These

losses

can

be

caused

by side

reactions

between

electrode/electrolyte, degradation of active materials upon cycling, and deterioration of
inactive materials (e.g. binders, separators, current collectors). Aging is also greatly
affected by external factors such as operation temperature, operation voltage, current rate,
and depth of discharge9–11. Figure 2.3 summarizes the aging mechanisms.

Figure 2.3: Summary of aging mechanisms. Reproduced with permission from
Elsevier11.
Besides the aging issue, each battery component (separator, current collectors, anode,
electrolyte, cathode) still have many issues that need to be resolved. Requirements for
separators include high electronic resistance, good ionic conductivity, resistance to
puncture by electrodes, non-yielding and non-shrinkage of the material, effective pore
size of <1 μm, high electrolyte wettability, and compatibility and stability when in
contact with electrodes and electrolyte. Microporous polyolefin materials, such as
polyethylene or polypropylene, are commonly used due to their excellent mechanical
8

properties, chemical stability and reasonable cost4. Most commercial polymer separators
provide thermal shutdown capability at various temperatures by fusing into a film at high
temperatures to prevent overheating or short circuit, however, they are ineffective for
preventing hard internal short circuits due to manufacturing defects. Polymer separators
also generally shrink significantly at high temperatures but this shrinking should be
minimized to avoid contact between the electrodes. While composite/ceramic-enhanced
separators offer good electrolyte wettability and are more stable at higher temperatures,
their tradeoffs include lower tensile strength, increased separator weight, questionable
electrochemical stability of ceramic and its binder, and particle shedding due to
insufficient binding to the polymer. Nonwoven mats offer low production cost and good
stability, but their thickness reduces energy density, and their large pore sizes increases
the risk of shorting by lithium dendrites. Potential improvement strategies include the
modification of polyolefin separators, development of alternate polymer membranes, and
fabrication of nonwoven mats using nanosized fibers12.
Current collectors require electrochemical stability against the redox environments during
battery cycling, high electrical conductivity, good mechanical strength, low weight/low
density, low cost and good material sustainability. Aluminum and copper foils are
typically used as the current collectors for the cathode and anode, respectively.
Aluminum has a relatively wide electrochemical stability window of ~0.5-5 V vs Li/Li+,
high electrical conductivity, low density and good mechanical properties, making it a
good choice for the cathode current collector. Copper is stable up to 3.5 V vs Li/Li+ with
excellent electrical conductivity, which makes it a good choice for the anode current
collector, however, it is dense and may suffer from structure degradation during repeated
cycling under bending stress. While thinner current collectors will reduce weight and
increase the energy density of LIBs, there is a tradeoff leading to lower electrical
conductivity, reduced heat transfer and in turn lower power density. Therefore, the design
must balance energy and power density. Current collectors need to adhere to electrodes to
provide mechanical support and collect electrons, but the adhesive strength also
contributes to internal contact resistance in the battery and should be minimized. In
addition, the contact resistance between the current collector and electrode is much
9

higher than internal resistance of the current collector, so much work has focused on
modifying the surface to minimize contact resistance. Various improvement strategies
have been explored, such as mesh and foam current collectors, chemical etching and
coating to alter the surface, and use of other materials such as carbonaceous materials and
stainless steel13.
Anode requirements include a low potential corresponding approximately to lithium
metal, no significant structural change during cycling, reversible reactions with lithium
ions, high lithium ion diffusivity, high density, and storing a large amount of charge per
mass14. Graphite is typically used due to its good reversibility, high conductivity, low
cost, and low dendrite formation. Nevertheless, graphite is chemically sensitive to
electrolytes, has limited energy density since six carbon atoms are required to hold one
lithium atom, and the surface structure is often damaged during cycling which leads to
low first coulombic efficiency (CE) and poor rate capability. Other carbon-based
materials face similar problems too. In addition, carbon-based materials have nearly
reached their theoretical capacity. In order to overcome the energy density bottleneck,
carbon composites as well as other materials have been developed. Silicon and tin-based
materials have high theoretical capacities, but they suffer from huge volume expansion
during cycling, leading to electrode pulverization and poor cyclability. Lithium metal has
high theoretical capacity and the lowest electrochemical potential, however, it suffers
from poor coulombic efficiency after prolonged cycling and lithium dendrite growth that
poses safety risks. Many improvement strategies for anodes are being investigated,
including doping, coating, interface design, microstructure/nanostructure design, and
improvement of synthesis processes15,16.
The requirements for electrolytes include high ionic conductivity, high chemical and
electrochemical stability towards electrodes, wide temperature operation range, high
degree of safety, and low cost14. Ideally, electrolyte salts should dissolve completely in
the solvent, be preferentially water-stable, promote formation of stable and ionically
conducting interfacial layers at electrodes, and anion should be inert and stable against
decomposition at electrodes. Ideal electrolyte solvents should dissolve lithium salts to a
sufficient concentration, have low viscosity to ensure fast Li-ion diffusion, have good
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wettability on electrodes and separator, be stable against cell components, and remain
liquid in a wide temperature range17. A liquid mixture of organic solvents (e.g.
carbonates, esters, ethers) and lithium salts (e.g. LiPF6) is typically used as an electrolyte
in LIBs4, but their volatility, flammability, and limited temperature operation range
(~0°C-60°C) can pose safety and performance issues18. Much research has been done on
improving the performance of electrolytes and resolving existing issues. Electrolyte
additives are a simple, economical way to improve LIB performance, and only a small
amount (usually <5% by weight/volume) is needed to have significant effects on
performance19. New and alternate electrolytes are being investigated as well. Ionic liquid
electrolytes consist of liquid salts at room temperature and have high thermal stability,
but they have high viscosity, poor low temperature performance and can be expensive.
Gel polymer electrolytes consist of a liquid electrolyte in a polymer matrix, and their
properties are a mix of liquid and polymer electrolytes, with relatively good ionic
conductivity, low temperature performance and thermal stability14. While solid state
electrolytes do exist and provide advantages such as an increased degree of safety, wider
temperature tolerance range (-30°C-100°C), and increased energy density, the technology
is still in its early stages and currently has issues such as lower ionic conductivity, high
interfacial resistance, contact issues with electrodes, and poor cycling stability18.
At present, LIBs used in EVs provide gravimetric energy densities of <250 Wh/kg and
volumetric energy densities of <650 Wh/L.20 For EVs to match the performance of ICEs,
the gravimetric and volumetric energy densities must reach at least 350 Wh/kg and 750
Wh/L, respectively6. One of the biggest barriers to reaching the energy density goal in
state-of-the-art LIBs is the cathode, as it is the biggest component by both cost and
weight, as seen in the breakdown of cost and mass for a typical LIB in Figure 2.4. In
order to reach the aforementioned cell-specific energy level of 350 Wh/kg, it is estimated
that at least 800 Wh/kg is needed from the cathode active material, so higher energy
density cathode materials are needed. It is also important for EVs to reach price parity
with ICE vehicles (100 USD kWh-1) to attract more consumers, therefore, cathode
materials need to become cheaper as well20–22. This thesis will be focused on the cathode,
given its importance in the LIB.
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Figure 2.4: Breakdown of production/material costs and mass of a typical LIB cell.
Reproduced with permission from Springer Nature21.
The ideal cathode material should fulfill several requirements: high working potential
versus lithium metal, high lithium-ion diffusivity, good electronic conductivity,
insolubility and stability within the electrolyte, ability to incorporate large amounts of
lithium reversibly without structural change, and cheap to produce. The commonly-used
intercalation-type cathode materials can be classified into layered (e.g. LiCoO2), spinel
(e.g. LiMn2O4) and polyanion cathodes (e.g. LiFePO4). Polyanion cathodes offer better
thermal stability, safety, structural integrity, and cheaper material costs, but they have
low volumetric energy density and poor electronic conductivity. Both spinel and layered
oxides have high energy density and good electronic conductivity, but spinel cathodes
suffer from issues such as lack of stabilization for highly oxidized M 3+/4+ states by
conventional synthesis processes, Mn dissolution and consequent poisoning of graphite
anodes that lead to fast capacity fade23. As a result, layered lithium metal oxides of a
wide variety of compositions dominate the present-day commercial LIB market23,24, and
are discussed in more detail in the next section.
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2.2 Overview of Lithium Nickel Cobalt Manganese Layered
Oxide Cathodes for Lithium-ion Batteries
To further understand the advantages of lithium transition metal layered oxides (LiMO2
where M = transition metals such as Co, Ni, Mn), it would be useful to discuss their
structure in detail. The layered transition metal oxide structure is pictured in Figure 2.5,
and consists of regularly alternating, stacked layers of lithium and transition metal (TM)
oxide slabs, along the [111] direction of a rock salt structure. Transition metal ions
occupy octahedral sites in the lattice oxygen, which share edges and line up together to
form transition metal oxide slabs. In the lithium slabs, lithium ions are surrounded by the
lattice oxygen from the transition metal slabs to form an octahedral structure as well.
Coulomb repulsion between the transition metal oxide layers allow for easy insertion or
removal of lithium ions into the material. Lithium ions diffuse along two-dimensional
planes, allowing for higher ionic conductivity. During the charging or discharging
process, layered lithium transition metal oxides can experience phase transitions which
may or may not be reversible depending on the degree of (de)lithiation14.

Figure 2.5: Structure of layered lithium transition metal oxide. Reproduced with
permission from Wiley14.
Lithium nickel cobalt manganese layered oxides with the formula LiNixCoyMnzO2
(NCM) are a common choice of material in EV batteries. NCM powders are typically
composed of spherical secondary particles, each made up of an agglomerate of primary
13

particles. These materials are commonly synthesized by cheap, facile wet chemical
methods, such as co-precipitation21–23,25,26. Other synthesis routes include solid phase
methods, hydrothermal methods, sol-gel methods, spray methods, and molten salt
methods27. A phase diagram with common compositions can be seen in Error! Reference
ource not found.a26. The elemental composition of the cathode greatly impact material
properties25, so it is important to clarify the role that each element plays.
The transition metal ions in NCM materials all have varying band energies as seen in
Error! Reference source not found.b and varying crystal field stabilization energies
CFSE) as seen in Error! Reference source not found.. Co and Mn contrast with each other
in terms of chemical stability and structural stability. The Mn3+/4+ band lies well above of
the O2- 2p band, therefore it does not suffer from chemical instability involving oxygen
release, as opposed to Co in which the Co3+/4+ band overlaps with the top of the O2- 2p
band. On the other hand, the low octahedral site stabilization energy (OSSE) of Mn 3+
means that it can easily migrate from the octahedral site in the transition metal plane to
octahedral site in the lithium ion plane through a neighboring tetrahedral site. In contrast,
Co has good structural stability with less cation mixing due to a larger OSSE. The
stability properties of Ni lie between Co and Mn. The Ni3+/4+ band barely touches the top
of the O2- 2p band, allowing for charging of Ni3+ to Ni4+ without oxygen release.
Meanwhile, the OSSE value of Ni3+ lies between Co3+ and Mn3+, allowing Ni to offer
reasonably good structural stability20.
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Figure 2.6: a) Phase diagram of NCM with various transition metal oxide ions.
Reprinted with permission from the American Chemical Society38. b) Schematic
band structure depicting various transition metal and oxygen redox energy levels.
Reprinted with permission from the American Chemical Society39.
Table 2.1: Comparison of the crystal field stabilization energies (CFSE) of the
transition metal M3+ in NCM cathodes20
Ion
Mn3+: d4
Ni3+: d7
Co3+: d6

Octahedral CFSE
t23e1: -0.6 Δo
t26e1: -1.88 Δo
t26e0: -2.4 Δo

Tetrahedral CFSE
e2t22: -0.18 Δo
e2t22: -0.18 Δo
e2t22: -0.18 Δo

OSSE
-0.42 Δo
-1.35 Δo
-2.13 Δo

Note that Δo refers to octahedral site splitting and that pairing energies are ignored for
simplicity. The tetrahedral splitting Δt was converted to octahedral splitting by the
relationship Δt = 0.44 Δo. Note that OSSE = octahedral CFSE – tetrahedral CFSE.
Oxygen forms a close-packed array underlying the R3̅m layered oxide structure, while
lithium ions act as charge carriers in LIBs, and are (de)intercalated into the cathode
during charge/discharge28. Cobalt decreases Li+/Ni2+ cation mixing in layered nickel
oxide cathode materials and improves reversible lithium (de)intercalation, therefore
enhancing structural stability and rate capability29,30. Co3+ leads to enhanced electronic
conductivity and reduces surface energy as well31. In addition, the overlap of O 2p
orbitals with Co3+/Co4+ redox pairs (Error! Reference source not found.b) enhances
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lectronic conductivity, and contributes to capacity at higher voltages (e.g. the LiCoO 2
(LCO) average redox potential is 3.9 V vs Li/Li+ compared to 3.7 V for LiNiO2
(LNO))32–35. Despite these advantages, the high price and volatile supply of cobalt has
driven many efforts to reduce or eliminate its use33–36. In addition, pure LCO can only be
delithiated to a limited degree due to phase transformations that lead to large mechanical
strain, decreased Li+ diffusivity and severe capacity fade when Li content falls below
50%. This limits the practical capacity to ~165 mAh g-1 compared to the 274 mAh g-1
theoretical value37.
Mn is important in ensuring the cycling and thermal stability of NCM by suppressing
phase transitions observed in LNO and stabilizing the layered structure during
(de)lihtiation. Mn4+ cannot oxidize further, so it able to increase structural stability in
layered cathode materials by avoiding participation in the charge-discharge process40,41.
Generally, for stabilization purposes, about 20% Mn is required21. Manganese helps
stabilize the structure at high temperatures as well, which improves the thermal
properties. Nevertheless, Mn raises the energy required to intercalate Li+ into the
structure42. Also, the presence of Mn4+ increases the amount of Ni2+ in the NCM material
structure and leads to more cation mixing29. Mn dissolution and surface reconstruction is
also severe after long term cycling43. In summary, Mn in cathode materials offer lower
cost, thermal stability and improved mechanical robustness in NCM material.
For NCM materials, Ni is the main contributor to the capacity, but leads to higher
residual lithium compound formation. Increased nickel content also worsens capacity
retention and material safety25,44. Given that nickel layered oxides are related to LNO, it
would be useful to discuss some characteristics of LNO. State-of-the-art LNO has high
discharge capacity compared to other layered cathode materials like LCO; for example at
a cut-off voltage of 4.3 V vs Li/Li+, the discharge capacities are 250 and 150 mAh g-1,
respectively35. Compared to LCO, LNO can reversibly charge/discharge to a higher
degree without oxygen release from the cathode, as the Ni 3d band has much less overlap
with the O 2p band compared to the Co band in Error! Reference source not found.b39.
evertheless, LNO has some large drawbacks. It is very difficult to properly synthesize
LNO with the R3̅m structure, as it often develops nonstoichiometric phases of Li116

xNi1+xO2,

where x > 0, and a pseudo phase diagram showing LNO phases can be seen in

Figure 2.745.

Figure 2.7: Pseudo phase diagram of the Li2O-NiO-½O2 system. The corners
represent typical LNO precursors, black circles indicate important compounds. The
color scale denotes the Ni oxidation state. Arrows represent irreversible reactions,
while double arrows represent reversible ones. Lines I–IV are discussed in the text.
Along lines I and II, diamonds identify compounds with a rock salt structure and
triangles layered ones. The gray circle indicates a typical off-stoichiometric Li1xNi1+xO2

with x=0.03. Reproduced with permission from Wiley45.

Ni3+ can be spontaneously reduced to Ni2+ at high temperature synthesis, and even under
highly controlled temperature and pressure conditions, up to 1-2% Ni2+ are found in the
Li layer. The Ni2+ in Li layer is referred to as cation mixing, which causes lattice
distortion and hinders lithium diffusion45–48. Li1-xNiO2 undergoes the following phase
transitions during charging: hexagonal H1 to monoclinic M, M to hexagonal H2, and H2
to hexagonal H3. These phases and their relationships to each other are depicted in
Figure 2.8. The H2 to H3 phase transition causes rapid anisotropic contraction of the
lattice c-axis and volume change, leading to buildup of stress in the lattice that causes
intergranular and/or intragranular cracking after cycling for a long time49. During cycling,
LNO experiences surface reconstruction, transforming from the layered structure to
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spinel or rock salt-like phases, accompanied by oxygen evolution. The surface
reconstruction and gas evolution in LNO is worse at higher temperatures, leading to poor
thermal stability50. LNO is also prone to forming surface residual lithium compounds
such as Li2CO3 and LiOH due to the synthesis process and/or air exposure45,51. Many
problems found in LNO apply to NCM materials with a higher nickel content too, and are
discussed further in the next section.

Figure 2.8: Illustration of crystal structures relevant to NCM materials. a-d) Views
parallel to the layer direction to highlight different stacking regimes, which are
labelled with Delmas’ notation and the crystallographic family they belong to (in
brackets). Oxygen planes are labelled to indicate their stacking sequences. e) View
perpendicular to layer direction highlighting the relationship between the hexagonal
and monoclinic unit cells; if there is no monoclinic distortion amon / bmon = √3̅ .
Relationships between the c-axis of (a-d) are given. Unit cells are shown in black
(hexagonal) or blue (monoclinic), and Li, TM, and O atoms are light green, dark
green and red, respectively. Reproduced with permission from Wiley49.

18

2.2.1

Issues with Lithium Nickel Cobalt Manganese Layered Oxide
Materials

While nickel-containing layered cathodes have many advantages, such as relatively high
energy density, many issues still need to be addressed to improve electrochemical
performance, safety and stability. Some of the issues include cation mixing, volume
changes, microcracking, transition metal dissolution, and surface side reactions (see
Figure 2.9 for a schematic of a summary). These issues are intertwined together, and
often cannot be treated separately from each other10.

Figure 2.9: Overview of cathode issues. Reproduced with permission from
Elsevier10.

2.2.1.1

Cation Mixing

One of the issues that occur in both LNO and nickel-containing layered oxides is cation
mixing (see Figure 2.10a for schematic). In a study by Xiao et al30, it was found that
magnetic frustration in the TM layer exists when three Ni2+ ions are placed in a triangular
formation, causing two opposing magnetic moments in the area. The magnetic frustration
encourages cation mixing, when nonmagnetic Li+ ions move into the TM layer to
alleviate magnetic frustration. The Li/Ni exchange ratio increases with higher amounts of
magnetic ions, i.e. Ni2+, Ni3+, Mn4+. On the other hand, the addition of Co3+ or other
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nonmagnetic ions (ions without unpaired electrons, see Figure 2.10b for electron
pairings of various TM ions) relieves magnetic frustration in the TM layer and prevent
cation mixing (Figure 2.10c)35. Other driving forces contribute to cation mixing, such as
the low migration energy barrier of Ni2+ from 3a site to 3b site in lithium layer, and the
loss of lithium (during delithiation) and oxygen in the layered lattice which introduce
extra migration pathways. Cation mixing adversely affects Li+ diffusion, hinders Li+
extraction, increases internal resistance, and destabilizes the material, leading to
structural collapse and damage. Nevertheless, a proper amount of disorder can benefit the
thermal and cycling stability of nickel layered oxides52.

Figure 2.10: a) Schematic drawing of cation mixing. b) Schematic diagram of crystal
field splitting of various TM ions. c) Illustration of Li/Ni mixing and arrangement of
magnetic moments in TM layer of triangular lattice, with three different ways to
relieve magnetic frustration. Reproduced with permission from Elsevier30.

2.2.1.2

Anisotropic Volume Change and Phase Transition During
Cycling

Similar to LNO, NCM materials experience volume change in the primary particles
during cycling. While features associated with phase transitions in LNO are much weaker
but noticeable in the differential capacity plots of LiNi0.8Co0.1Mn0.1O2 (NCM811) in
Figure 2.11d, the operando synchrotron XRD patterns show continuous shifting and no
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peak splitting in Figure 2.11c compared to the LNO pattern in Figure 2.11a-b.
Therefore, the NCM materials maintain one R3m phase during cycling. In the delithiation
process of nickel-containing layered oxides, the crystal lattice a-axis continuously
decreases, while the c-axis increases initially but later decreases in a continuous fashion,
leading to an overall decrease in unit cell volume at the end as in Figure 2.11e40,49,53–56.
These large anisotropic volume changes lead to microcracks in the cathode powders,
which can contribute to mechanical failure of the material. In addition, microcracking can
lead to formation of new surfaces inside and outside of the particles, where electrolyte
decomposition and TM dissolution can take place57–60.
It should be noted that even though NCM materials follow solid-solution mechanisms
rather than undergo phase transitions similar to LNO, multiple apparent two-phase
reactions are observed during the initial cycle and after extensive aging. At the beginning
of the first charge, NCM cathodes may show “two-phase” reactions due to kinetically
induced phase gaps that originate from a layer of surface contamination, and slow Li+
diffusion kinetics when the cathode is near full lithiation. Prolonged cycling can also
produce phase segregation, possibly as a result of intergranular cracking, kinetic
limitations, and/or lattice mismatch between the layered bulk structure and rock salt
surface layer at high state-of-charge (SoC)40,49,53–56.
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Figure 2.11: a-b) Operando XRD and corresponding voltage profile of LNO during
galvanostatic cycling. c) Operando XRD and corresponding voltage profile of
NCM811 during galvanostatic cycling. d) Comparison of LNO and NCM811 dQ dV1

profiles. Inset represents magnified data and arrows indicate dQ dV-1 peaks which

correspond to H1 → M, M → H2 and H2 → H3 transitions in LNO, respectively. e)
Comparison of lattice parameters and voltage profiles of LNO and NCM811.
Reproduced with permission from Wiley49.

2.2.1.3

Air and Moisture Sensitivity

The surface of nickel layered oxide cathodes can become contaminated by residual
lithium compounds consisting of lithium carbonates and hydroxides (e.g. Li2CO3, LiOH),
due to the excess LiOH supply during material synthesis to compensate for Li2O loss61
and/or air exposure62–66. Residual lithium compound formation is triggered when nickel
layered oxides are exposed to moisture, as can be seen in Figure 2.12, where exposure to
water vapor triggers formation of LiOH but exposure to other gases alone do not in the
HRTEM images. The surface reacts with water to form a layer of lithium hydroxide,
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which then reacts with CO2 in the air to form islands of lithium carbonates on the surface.
The formation of lithium carbonate islands exposes gaps of unreacted material to the air
and allows the cathode-air reactions to continue occuring62. These contaminants can lead
to loss of active Li, non-uniform reaction kinetics, faster capacity fading and increase cell
impedance, side reaction products and gassing behavior49,62–66.

Figure 2.12: NCM811 surface exposure to a) N2, b) O2, c) CO2, and d) H2O at gas
pressure of 5x10-2 Torr and room temperature for 30 minutes. The top row shows
HRTEM images and the bottom row illustrates the Li+ movement in layered
structure under each gas. Used under CC BY 4.0 license62.

2.2.1.4

Surface Reconstruction

The surface of nickel layered oxide cathodes undergo gradual reconstruction from a
layered oxide phase to denser spinel or rock-salt nickel oxide phase, starting from first
contact with electrolyte with continued growth during cycling. Using annular dark-field
scanning transmission electron microscopy (ADF-STEM) imaging, the rock salt-like
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Fm3m phase can already be seen on the surface of NCM particles that exposed to
electrolyte (Figure 2.13a) and after 1 cycle (Figure 2.13b-f). Cation mixing also
contributes to the surface reconstruction. This reconstruction leads to the loss of cathode
active material, impedes lithium and electron transport and worsens electrochemical
performance52,59,67–69.

Figure 2.13: ADF-STEM of NCM particles a) 30 minutes of electrolyte exposure, b)
after 1 cycle (2.0-4.7V). FFT results showing c) surface reconstruction layer (Fm3m
[110] zone axis) and d) NCM layered structure (R3m [100] zone axis). e) Variation
of surface reconstruction layer thickness on NCM particle after 1 cycle. f) Loose
atomic layers on NCM particle after 1 cycle. All image scale bars are 2 nm.
Reproduced with permission from Springer Nature68.

2.2.1.5

Cathode-Electrolyte Reactions

In LIBs, nickel layered oxide cathodes react with electrolyte to form a solid electrolyte
interphase (SEI), more commonly known as the cathode electrolyte interphase (CEI)
when referring to the SEI at the cathode/electrolyte interface (see Figure 2.14a for
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schematic of CEI). Examples of possible SEI compounds include LiF, ROCO2Li,
ROCO2M, ROLi, MCO3, Li2CO3, MF2, LixPOyFz, and polycarbonates (where M =
transition metal). CEI formation depends on many factors, such as electrolyte
composition, cathode active material-carbon additive interaction, cathode-anode
interaction, and storage and cycling environment. On one hand, the CEI layer can act as a
passivation layer against TM ion dissolution and structural reconstruction, but on the
other hand, it can have an unstable growth and hinder cathode performance (see
schematic of CEI evolution in Figure 2.14b). At high potentials, the highly delithiated
cathode with large amounts of Ni4+ can oxidize the electrolyte solvent and salt to create
unwanted decomposition side products and cause cathode surface degradation. Aging of
LIBs with nickel layered oxide cathodes can lead to increased electrolyte degradation
products as well60,70–72. In addition, trace water on the surface of nickel layered oxides
react with fluorine-containing compounds (e.g. LiPF6) in the electrolyte to produce HF,
which dissolves TM ions from the cathode, corrodes electrodes and current collectors,
ending in the deterioration of battery performance73.

Figure 2.14: a) Schematic diagram of microstructure and chemical composition of
NCM surface degradation products; size of regions not to scale. b) Illustration of
surface chemistry evolution on cathode active material particle and conductive
carbon in simple LiPF6/EC-based electrolyte, sizes not to scale. Used under CC BY
4.0 license 70.
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2.2.1.6

Gas Evolution

Another important issue is gas evolution in LIBs. Surface contaminants on nickelcontaining layered oxides can hydrolyze ethylene carbonate (EC) in liquid electrolytes to
produce large amounts of CO266. Materials with higher nickel content release more
lithium than lower Ni-containing materials under the same operation voltage, resulting in
an increase in Ni4+, a strong oxidant that can further oxidize the electrolyte to produce
oxygen gas (Figure 2.15a)74,75. The surface reconstruction process is accompanied by
lattice oxygen release as well. As more oxygen is produced from the cathode, chemical
oxidation of the electrolyte increases, leading to more CO2 and CO production at lower
potentials (<5.0V). It should be noted that chemical oxidation typically dominates
electrolyte oxidation, rather than electro-oxidation of the electrolyte (>5.0V needed at
room temperature)76,77. A schematic of chemical versus electro-oxidation can be seen in
Figure 2.15b. Gas evolution not only degrades the cathode, diminishes cyclability,
displaces electrolyte and increases cell impedance, it also poses safety hazards. These
hazards include thermal runaway, where oxygen reacts with flammable electrolytes
which causes out-of-control heat generation, and mechanical failure of pouch cells due to
gas buildup and electrode separation78.
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Figure 2.15: a) Gas evolution of various NCM compounds in LP57 electrolyte
recorded by online electrochemical mass spectrometry. Gas evolution is normalized
to total surface area (top) and active surface area (bottom). b) Proposed gassing
mechanisms for electrochemical and chemical oxidation of electrolyte. Reprinted
with permission from the American Chemical Society76.

2.2.1.7

High Temperature Operation

The operation of LIBs containing layered nickel oxide cathodes at high temperatures
carries several issues. The optimal operating temperature range for LIBs is around 1535°C, although the generally accepted operating range is around -20-60°C. Nevertheless,
high temperature effects can occur in a variety of environments, given that the operation
of LIBs generates heat that can cause high internal temperature, especially when charged
and discharged at high current or voltage rates79. High temperature cycling leads to lower
internal resistance, higher discharge voltage and faster reaction kinetics, resulting in
higher discharge capacity but poorer capacity retention. Figure 2.16 shows the general
effect of temperature on the battery capacity, with temperatures increasing from T1 to T4.
Problems that the layered nickel oxide cathode experiences at high temperatures include
increased amounts of electrolyte decomposition, impedance growth, microcrack growth,
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surface reconstruction, transition metal dissolution, oxygen loss, gas generation, and
possible self-discharge4,80–82.

Figure 2.16: Effect of temperature on battery capacity, with temperatures
increasing from T1 to T4. Reprinted with permission from McGraw-Hill4.
High temperature operation also increases the risk of thermal runaway (TR)79. TR is one
of the most catastrophic failure modes of LIBs and should be avoided at all costs. TR
occurs when chain reactions that generates enormous amounts of heat are triggered by
various types of abuse, as shown in Figure 2.17. These reactions leads to the
decomposition of cell components and can cause safety hazards such as smoke, fire, and
explosions. TR abuse can be divided into mechanical, electrical, and thermal abuse.
Mechanical abuse occurs when the battery pack is crushed or penetrated by applied
forces, such as during a vehicle collision, which can then trigger a short circuit that leads
to TR. Electrical abuse can be caused by external short circuits, overcharging, and/or
overdischarging of the battery. Mechanical and electrical abuse can initiate thermal
abuse, which is often triggered by internal short circuit (direct contact between cathode
and anode) that leads to the out-of-control chain reactions and heat generation83. TR can
also be triggered by other factors, such as chemical crosstalk between the cathode and
anode, where oxygen released by layered nickel oxides reacts with the lithiated carbon
anode to generate tremendous amounts of heat84. Therefore, it is important to consider the
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thermal stability of the cathode material and its interaction with other cell components
when designing LIBs.

Figure 2.17: Chain reactions during thermal runaway. Blue lines show the heattemperature-reaction loop that cycles at high temperatures until thermal runaway is
reached. Reprinted with permission from Elsevier83.

2.2.1.8

Issues with Increasing Nickel Content

As mentioned before, increasing nickel content in nickel-containing layered oxide
cathodes leads to an increase in first discharge capacity and energy density, but results in
increased residual lithium content, lower capacity retention, lower mechanical, chemical
and thermal stability, and increased safety risks (see Figure 2.18 for schematic)25,44. As
the nickel content increases, the intrinsic and practical issues found in the cathode
materials resembling those of LNO becomes more apparent. Issues that originate in LNO
and are found in nickel-containing layered oxides include cation mixing, anisotropic
lattice change, surface reconstruction, and residual lithium compound formation35,49.
These issues are much worse in layered oxide cathodes containing large amounts of
nickel, compared to their lower nickel counterparts. In addition, while an increase in
nickel content leads to an approximately linear increase in specific capacity, the capacity
retention deteriorates at an increasingly faster rate25,44,85.
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Figure 2.18: Relationship between discharge capacity, thermal stability and capacity
retention of NCM materials. Reproduced with permission from Elsevier25.
One reason for the retention deterioration in higher-nickel materials is increased larger
anisotropic volume change, where the lattice abruptly shrinks near the end of charging.
The large volume change causes a large amount of lattice strain, which leads to increased
microcracking and subsequent cathode infiltration and chemical attack from the
electrolyte. Freshly exposed surfaces can form new CEI layer and also undergo layered to
rock salt structure transformation, which leads to kinetic limitations that reduce the
capacity after long cycling86. The lattice shrinkage near the end of charging, similar to the
H2 to H3 phase transition found in LNO, is not found in nickel layered oxide cathodes
with nickel content lower than 80% (see schematic in Figure 2.19)25,44,85. Another reason
is lattice mismatch between the bulk and surface at a high SoC (e.g. ~75% in NCM811).
While the lattice in the bulk expands and contracts during cycling, the reconstructed rocksalt surface layer remains unchanged (see schematic in Figure 2.20), which generates a
large amount of lattice mismatch at high SoC due to the rapid shrinkage in the caxis44,49,67.

30

Figure 2.19: Capacity fading scheme of NCM materials with varying Ni content.
Reproduced with permission from the American Chemical Society85.

Figure 2.20: Illustration of structural evolution of active and fatigued (after long
cycling) material during delithiation. Reproduced with permission from Springer
Nature67.
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2.2.2

Improvement Strategies for Lithium Nickel Cobalt
Manganese Layered Oxide Materials

Many improvement strategies can be applied to NCM materials to reduce or eliminate
issues within the material; see summary in Figure 2.21 below.

Figure 2.21: Summary of improvement strategies.

2.2.2.1

Surface Treatments

Surface treatments are used to remove residual lithium compounds in order to improve
cycling performance and reduce side reaction products. The most common surface
treatment in industry is water washing, followed by heat treatment/calcining87. While
water washing is able to remove Li2O/LiOH residues from nickel layered oxide surfaces,
it can lead to lithium leaching, negatively impacts capacity and decreases air storage
stability afterwards88,89. Due to the negative effects of water washing on nickel layered
oxides, other solvents have been suggested for the washing process, such as polyaniline90,
but these can add extra costs to the production process. On the other hand, adding a heat
treatment after the washing process, or even heat treating alone can help remove surface
contaminants, improve capacity retention and reduce gas evolution66,89. Surface
treatments that transform residual lithium compounds into different, more stable species
or less basic species have also been reported87.
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2.2.2.2

Electrolyte Modification

Electrolyte modification, which consists of changing the additives91–93, salts94,95 and/or
solvents96,97 in liquid electrolytes, can improve the performance of the cathode material.
Electrolyte additives can be used to improve CEI formation, and to protect the cathode by
acting as a scavenger for impurities (e.g. water) or to combine dissolved metal ions into a
protective surface layer. In fact, only a small amount (usually less than 5% by
weight/volume) of additive is required to have significant effects on battery performance.
Additionally, the choice of salt and/or solvent affects CEI formation and its
characteristics, so modification of the electrolyte should be done carefully19.

2.2.2.3

Doping

Doping is the addition of a minute amount of elements and/or compounds into a material,
thereby modifying its properties. Doping is one of the most common methods to improve
the capacity and stability of high-nickel layered oxide particles. Doping can reduce cation
mixing, increase Li+ intercalation kinetics, and stabilize the cathode structure by
changing the lattice constant or valence state of TM elements. Examples of dopants
include Al3+, Mg2+, Ti4+, Si4+, Zr4+, Ta5+ 98, Zn2+ 99, and F- 100. In the cathode material, the
dopants can replace the 3a TM site (e.g. Al3+), 3b Li+ site (e.g. Mg2+), or 6c oxygen site
(e.g. F-). Multiple dopants can be added as well to achieve a synergistic effect (e.g. Ti and
B)101. Although doping can improve the electrochemical performance, it often merely
delays the start of cathode degradation. Doping is unable to reduce anisotropic volume
changes that occur from the random orientation of primary particles, so mechanical stress
still builds up at the grain boundaries, causing cracks and capacity loss. Dopants may be
electrochemically inactive and expensive, so the stability from doping must be balanced
against the sacrifice in cost and capacity74,98,101–103.

2.2.2.4

Coating

Coating is another common technique mainly used to protect the cathode active material
against side reactions with the electrolyte. In addition, coatings can increase lithium
ion/electronic conductivity, reduce interface resistance, improve structural stability and
thermal stability of the cathode. In terms of electrochemical performance, coatings can
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improve rate capability and capacity retention. Coatings can be split into
electrochemically inactive materials (e.g. metal oxides104–106, metal fluorides107 and metal
phosphates108) and lithium/electron conductive materials (e.g. lithium-containing
materials such as Li3PO4109–111, polypyrrole112, and carbon113). Hybrid114,115 and/or
multiple coatings112 can also be applied for further protection.
It should be noted that the inherent insulating behavior of electrochemically inactive
coatings can hinder fast discharge/charge rate performance, so conductive coatings can be
chosen instead to improve the surface charge transfer processes. While coating has its
advantages, it is similar to doping in that it can add inactive weight and lower the overall
energy density of the cathode, and may also reduce electronic conductivity. Many coating
methods also have their downsides. Dry coating methods, such as the direct application
of powdered coating material via ball-milling, can result in uneven coatings. While wet
coating methods are often simple, cheap and easy to scale up, they often form thick
(range from nanometer to micrometer), non-uniform coating layers, and also can alter the
nickel layered oxide surface through lithium leaching and reaction with Ni3+ to form
impurities. Other methods such as chemical vapor deposition (CVD) can produce
coatings with desired uniformity and thickness, but are energy intensive and may not be
commercially viable. Similar to doping, the advantages and disadvantages of coating
should be balanced against each other74,102,103,116,117.

2.2.2.5

Particle Structural Design

As mentioned before, NCM powders are typically composed of spherical secondary
particles, each made up of an agglomerate of primary particles, however, the particle
structure can be modified to counter the inherent issues present in NCM22,23,25,26.
Common particle structural design methods include the design of heterostructures,
gradients, microstructure, and single crystal cathodes (Figure 2.22). Heterostructure
cathodes generally consist of two structurally separate core and shell regions. Generally,
the core consists of a layered high-nickel phase, while the shell consists of an ordered
spinel or rock salt phase. While spinel or rock salt phases are usually a detrimental result
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of extensively cycled or damaged NCM materials, tailored versions of these structures on
the cathode exterior can greatly improve their stability118–120.
Concentration gradients can be separated into a core and shell area with an in-between
concentration gradient to reduce lattice mismatch between core and shell121–124. Or, a full
gradient can extend throughout the particle, which can substantially improve cycling and
thermal stability125–127. In the gradient design, the center of a cathode particle has a higher
nickel concentration which has higher capacity but lower stability, while the exterior
consists of lower capacity but more stable Mn-rich material. The Mn-rich surface shields
the Ni-rich core from parasitic reactions with electrolyte at the surface, while still being
electrochemically active102,121.
Generally, commercially available layered nickel oxides consist of randomly oriented
nanosized primary particles packed together to form microsized secondary spherical
particles21–23,25,26, however, the microstructure can be modified by altering the
morphology of the primary particles while maintaining the coherency of the secondary
particle. Modification of the primary particle morphology can be obtained with dopants
such as B128, Al129, and W130, such as thin, directionally elongated primary particles as
observed in the top right image in Figure 2.22. Proper design of the primary particle
morphology can reduce the stress caused by anisotropic volume change, leading to
reduced microcracking and improved capacity retention102.

35

Figure 2.22: Summary of particle structural design methods. Image licensed under
CC-BY-NC-ND 4.0102.

2.2.2.5.1

Single Crystal Cathode

Lastly, one of the most promising and perhaps more radical structural design methods is
the single crystal cathode. The “single crystal” cathode generally refers to microsized
particles composed of a small number of crystals. Unfortunately, there are no studies
showing true “single crystal” morphology yet, as a result of the generally more
complicated synthesis process of large, dispersed single crystal materials131. The single
crystal material has high microcracking resistance and better chemical stability due to
limited surface exposure to the electrolyte132–134, while the random crystallographic
orientations of the primary particles and the anisotropic volume change of these particles
during cycling lead to buildup of stress during cycling and large amounts of
microcracking, in addition to electrolyte penetration through gaps between primary
particles that lead to undesired side reactions and phase transition from layered to rock
salt phase, as seen in Figure 2.2357–60,131,135.
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Figure 2.23: Schematic illustration of morphological evolution of polycrystalline
versus single crystal NCM cathodes during cycling. Reproduced with permission
from Elsevier133.
The lack of intergranular cracking in single crystal material allows for retention of the
cathode structural integrity during prolonged cycling, leading to better capacity retention.
For example, in a study by Fan et al.133, a single crystalline LiNi0.83Co0.11Mn0.06O2
(NCM83-PCS) material with particle diameters of 3-6 μm is compared to its
polycrystalline counterpart. While the single crystal and polycrystalline materials
displayed a similar initial discharge capacity of around 200 mAh g-1 and similar first CE
(88.9% versus 88.6%), the single crystalline material has a much higher capacity
retention of 84.5% after 150 cycles, compared to 68.3% for the polycrystalline material.
In addition, the improved mechanical stability of single crystalline cathodes can facilitate
higher compaction density and energy density131. Single crystals also have higher thermal
stability compared to their polycrystalline counterpart. Polycrystalline cathodes contain
internal gaps between the primary particles resulting in higher resistance during the inter37

particle transport of lithium ions, which leads to higher heat generation during cycling.
As well, these gaps cause increased inhomogeneity during cycling and increased
delithiation in some parts of the materials, which increases structural damage and
possibly lead to early release of lattice oxygen. The oxygen release not only deteriorates
cycling performance, but poses a safety risk as well133,134.
Single crystal materials have many advantages, however, potential drawbacks include
lower lithium ion conductivity and control issues over size and morphology102,131,136,137.
Lower lithium ion conductivity in single crystal materials might be attributed to its
morphology, as lithium ions migrate by bulk diffusion along 2-dimensional paths along
layer planes in single crystal material leading to slower reactions compared to the faster
3-dimensional paths along grain boundaries in polycrystalline materials136. Single crystal
materials also experience sluggish lithium ion conductivity at low SoC although
conductivity rapidly increases as SoC increases (see redox kinetics of single crystal
NCM811 in Figure 2.24), but no clear mechanism for this slow conductivity has been
found yet137.
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Figure 2.24: Redox kinetics in single crystal NCM811. a-b) Voltage profiles and
corresponding in-situ XANES spectra of Ni k-edge taken during charge/discharge at
0.15C. c) Evolution of Ni oxidation states by linear fitting using spectra at pristine
and charged states as reference. d) Apparent Li+ diffusivity and charge-transfer
resistance extracted from in-situ EIS/GITT. Reproduced with permission from
Wiley137.
Even though single crystals do not experience intergranular cracking, they can still
undergo intragranular cracking, which usually occurs during overcharging or high
temperature operation. Intragranular cracks act similarly to intergranular cracks by
increasing surface side reactions with the electrolyte, but the formation of these cracks in
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single crystals differ from polycrystalline materials138. Proposed intragranular crack
formation mechanisms include anisotropic volume changes during cycling (related to the
H2 to H3 phase transition)57–60,131, inhomogeneous structure of single crystal during
cycling due to poor lithium ion diffusion kinetics136,139, oxygen vacancy concentrations in
the {111} plane in oxygen sublattice which degrades structural integrity and promotes
transition metal dissolution140, and accumulation of planar gliding steps in the (003)
planes during cycling141. These mechanisms lead to a buildup of non-uniform stress in the
single crystal and/or structural defects that result in microcracking, but there is not a
consensus on the mechanism yet138. Evidently, single crystalline cathodes are still early in
development and there is limited understanding on their underlying mechanisms, so there
are plenty of areas for further study131.
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3

Experimental and Characterization Methods

The experimental and characterization methods used in the thesis are discussed below.

3.1 Fabrication Methods
3.1.1

Electrode Preparation

Each electrode slurry was prepared with three main components: cathode active material
(CAM), conductive additives, and binder. Layered nickel-rich oxides were used as the
CAM, and will be specified for each experimental chapter (Chapters 3, 4, and 5). Super P
C65 and Vapour Grown Carbon Fiber (VGCF) were used as the conductive additives.
Polyvinylidene fluoride (PVDF) HSV900 was used as the binder. The CAM : Super P
C65 : VGCF : PVDF were quickly weighed out with a with a VWR-225 AC scale in a
ratio of 36:1:1:2 (see Figure 3.1a-d), and then speedily transferred to a glovebox to limit
the exposure of CAM to ambient air. The CAM, conductive additives and binder were
dry mixed with a mortar and pestle for 5 minutes to ensure even dispersion of the
materials (Figure 3.1e). The mixed materials were then transferred to a small plastic
container and dissolved into N-methyl-2-pyrrolidone (NMP) solvent. The small plastic
container was sealed with Parafilm, then transferred out of the glovebox to a planetary
mixer. The mixer was operated at the first speed of 2000 rpm for 15 minutes, the second
speed of 400 rpm for 2 minutes, and then repeated twice more.
Once the slurry was thoroughly mixed, it was transferred onto a piece of carbon-coated
aluminum foil substrate, and then casted onto the substrate at a thickness of 15 μm using
an automatic coating machine (see Figure 3.1f). The slurry was then dried at 120°C
under vacuum overnight. After drying, the electrode was compacted to a density of 2.9 g
cm-3 polycrystalline CAM-containing electrodes, or to a density of 3.5 g cm-3 for single
crystal CAM-containing electrodes, using a calendering machine. A circular punch is
used to prepare 10 mm diameter (5 mm radius) disks from the finished electrode, with a
cathode active material loading of ~5 mg cm-2.
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Figure 3.1: Photos of a) CAM, b) Super P C65, c) VGCF, and d) PVDF; e) Dry
mixing of electrode slurry main components; f) Dried electrode slurry on substrate.

3.1.2

Cell Assembly

CR2032 coin cells are assembled in the glovebox in the following order: cathode shell,
10 mm diameter cathode disk, 19 mm diameter Celgard 2400 separator with electrolyte,
14 mm Lithium (Li) foil, spacer, spring, and anode shell (see Figure 3.2 for exploded
view of cell components). The electrolyte used is 1 M LiPF6 dissolved in a 1:1:1 ratio of
ethylene carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl carbonate (EMC).
The cell materials are all carefully centered with plastic tweezers. After, the assembled
cell is placed in a hydraulic crimping machine, and pressed at a pressure of around 1000
PSI to seal it. The cells are rested overnight to ensure that the electrolyte properly wets
the separator and electrodes.
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Figure 3.2: Finished battery cell with exploded view of components.

3.2 Characterization Methods
3.2.1

Galvanostatic Charge-Discharge

The electrochemical performance of the coin cells were checked with galvanostatic
charge-discharge (GCD) testing. In GCD testing, a constant current is applied to the cell,
while the resulting capacity and voltage is measured. A Landt Instruments CT2001A
battery testing system was used for cycling tests (Figure 3.3a), a Neware BTS4000
battery testing system was used for rate capability tests (Figure 3.3b), and a Lanhe
CT2001A battery testing system attached to a Fisher Scientific 60L Gravity Oven
(151030519 model) for high temperature tests (Figure 3.3c).
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Figure 3.3: Photos of a) Landt Instruments CT2001A battery testing system, b)
Neware BTS4000 battery testing system, c) Lanhe CT2001A battery testing system
attached to a Fisher Scientific 60L Gravity Oven.

The cycling and rate capability tests were performed on the cells as in Table 3.1 between
2.8-4.3 V. The cells are left to rest for 5 minutes between each charge and discharge step.
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Table 3.1: Cycling and rate capability test parameters.
Test

Step

C-rate charge

Cycling at
25°C
Cycling at
60°C
Rate
capability at
25°C

1
2
1
2
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8

0.1C rate-CCCV
0.5C rate-CCCV
0.1C rate-CC
0.5C rate-CC
0.1C rate-CCCV
0.2C rate-CCCV
0.5C rate-CCCV
1C rate-CCCV
2C rate-CCCV
5C rate-CCCV
10C rate-CCCV
1C rate-CCCV
0.1C rate-CC
0.2C rate-CC
0.5C rate-CC
1C rate-CC
2C rate-CC
5C rate-CC
10C rate-CC
1C rate-CC

Rate
capability at
60°C

C-rate
discharge
0.1C rate-CC
0.5C rate-CC
0.1C rate-CC
0.5C rate-CC
0.1C rate-CC
0.2C rate-CC
0.5C rate-CC
1C rate-CC
2C rate-CC
5C rate-CC
10C rate-CC
1C rate-CC
0.1C rate-CC
0.2C rate-CC
0.5C rate-CC
1C rate-CC
2C rate-CC
5C rate-CC
10C rate-CC
1C rate-CC

Number of
cycles
3
200
3
200
5
5
5
5
5
5
5
200
5
5
5
5
5
5
5
200

Table 3.2: C rate and corresponding current per gram of CAM.
C rate
0.1
0.2
0.5
1
2
5
10

Corresponding current per gram of CAM (mAh g-1)
20
40
100
200
400
1000
2000

For nickel layered oxide cathodes, the practical 1C rate is defined as 200 mAh g-1. The
current applied during each step can be calculated from the C rate using Equation 2.11
and is shown in Table 3.2. CC refers to constant current, while CCCV refers to constant
current – constant voltage. When the battery reached the cut-off voltage (e.g. 4.3V), the
current decays exponentially to maintain its voltage. The cell cannot achieve the target
state of charge or SoC (depth of discharge for cathode) with CC charging alone due to
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overpotential. Adding a CV charge process after the CC charge process allowed the
current to decay slower, thus minimizing overpotential and allowing the electrodes to
reach the desired state of charge. During the CV charge process, the voltage was held at
the cut-off voltage with the end condition being when the current reached a tenth of the
CC charging current. As an example, if the cathode of a coin cell contained an active
mass of 0.0035 g, for the 1st charging cycle in the cycling test at 25°C, the cell would be
charged at a rate of 0.07 mA per hour during the 0.1C rate CC charging process. Then,
during the CV charging process, the cell would be held at 4.3V until the current reached
0.007 mA per hour. The CV step was not performed at high temperatures (60°C), as it
could lead to excessive parasitic reactions and an excessively long charging duration,
which could cause eventual failure of the cell.
Plots of voltage versus specific capacity (V versus Q), and discharge capacity versus
number of cycles, were generated from the GCD data to understand the electrochemical
performance of the different samples. Information such as capacity, coulombic
efficiency, and capacity retention can be extracted from those graphs. Differential
capacity versus voltage (dQ dV-1 versus V) curves, which plot the change in specific
capacity with respect to voltage, were constructed to understand the potentials at which
different electrochemical reactions (e.g. intercalation/deintercalation) and/or phase
transitions occur. Generally, in the V versus Q curves, flat plateaus signal a two-phase
reaction with a constant chemical potential, while a sloped plateau (i.e. changing
chemical potential) signifies a change in solid solution concentration1, e.g. NCM
materials have been shown to undergo solid solution transformations2. A steep rise or
decline in the voltage of V versus Q curves marks the kinetic limit where the current
being forced into or out of the electrode can no longer be absorbed. These plateaus appear
as peaks in the dQ dV-1 versus V curves, allowing for easy identification1.

3.2.2

Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy

Scanning electron microscopy (SEM) is a widely used imaging technique that can
provide information on surface morphology and composition. In a scanning electron
microscope, an electron gun produces a beam of electrons, which is then condensed and
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focused onto a sample using multiple electromagnetic lenses and coils, as seen in Figure
3.4a. The electrons from the incoming beam interact with the atoms in the sample to
produce a region, called the interaction volume, where signals, such as electromagnetic
radiation and electrons, are emitted. Commonly analyzed signals in the SEM include
secondary electrons (SE) and characteristic x-rays. SE are produced when incoming
electrons transfer energy to electrons originally bound to atoms in the sample, which are
then inelastically scattered and observed by the SE detector3. Incoming electrons can also
excite electrons in a sample atom to a higher orbital, which then release characteristic xrays when returning to their ground state. These x-rays can be analyzed with energy
dispersive x-ray spectroscopy (EDX) using an x-ray semiconductor detector attachment
to the scanning electron microscope. The x-rays are sorted in a spectrum based on their
energy and intensity, and can be interpreted by comparing to reference characteristic
peaks4. A Hitachi S-4800 scanning electron microscope (Figure 3.4b) was used to
perform surface morphology characterization using the SE mode, with an acceleration
voltage of 5.0 kV and a working distance of 5 mm. EDX analysis was performed with the
x-ray detector attachment in the scanning electron microscope, with an acceleration
voltage of 20.0 kV and a working distance of 15 mm.

Figure 3.4: a) Configuration of a typical SEM. Image licensed under CC BY-SA
3.05. b) Photo of the Hitachi S-4800 scanning electron microscope.
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4

Comparison of High-nickel Cathodes in Lithium-ion
Batteries with Different Nickel Content

4.1 Introduction
The popularity of electric vehicles (EVs) have increased exponentially over the past
decade due to increased demand for greener transportation options, support from
governments and private sectors, and advances in battery technology. Unfortunately,
many consumers hesitate to choose EVs, due to their limited driving range compared to
the conventional internal combustion engine (ICE) vehicle1. Currently, lithium-ion
batteries (LIBs) presently used for EVs contain gravimetric energy densities of <250
Wh/kg and volumetric energy densities of <650 Wh/L, respectively2. For EVs to match
the performance of ICEs, the gravimetric and volumetric energy densities must reach at
least 350 Wh/kg and 750 Wh/L, respectively3. One of the biggest barriers to reaching the
energy density goal in state-of-the-art LIBs is the cathode, as it is the biggest component
by both cost and weight. In order to reach the aforementioned cell-specific energy level
of 350 Wh/kg, it is estimated that at least 800 Wh/kg is needed from the cathode active
material, so higher energy density cathode materials are needed1,2,4. It is also important
for EVs to reach price parity with ICE vehicles (100 USD/kWh-1) to attract more
consumers, therefore, cathode materials need to become cheaper as well.
One promising strategy for electric vehicles to match the performance and price of
conventional vehicles is to increase the nickel content in the nickel layered oxide
cathodes that are used in LIBs, as that increases the capacity and lowers the material cost
and material supply volatility by reducing the amount of cobalt used5. Cobalt is one of the
most expensive metals found in EV batteries because it is rare and carries political
instability issues and ethical issues with mining, leading to price volatility and potential
supply chain issues, in contrast with nickel which is more widely available for cheaper
prices5. While nickel-rich cathodes with Ni content around 80%, such as
LiNi0.8Co0.1Mn0.1O2 (NCM811) and LiNi0.8Co0.15Al0.05O2 (NCA) are becoming
increasingly popular in commercial EVs, moving to ultrahigh nickel cathodes with Ni
content ≥ 90% would increase energy density even more, while reducing cobalt content
64

and approaching price parity with ICE vehicles as well6. Nevertheless, increasing nickel
content leads to increased residual lithium content, lower capacity retention, and poorer
mechanical, chemical and thermal stability7,8. Therefore, it is important to understand the
differences in performance for nickel-rich and ultrahigh-nickel layered oxide materials
before making the shift to higher nickel content materials. In this chapter, a comparison is
made between the nickel-rich material LiNi0.83Co0.11Mn0.06O2 (NCM83), and the
ultrahigh nickel material LiNi0.94Co0.05Mn0.01O2 (NCM94).
Similar comparisons have been made for other materials in the NCM family before. Noh
et al.7 compared the structural and electrochemical properties of a wide variety of layered
LiNixCo1-2xMn1-2xO2 where x = 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85 (powders around 10 μm
diameter) synthesized by the commercially popular co-precipitation method, and found
that as the relative fraction of nickel is increased, there is a nearly linear increase in
discharge capacity accompanied by decrease in thermal stability and capacity retention. It
was found that while increasing the nickel content beyond LiNi0.6Co0.2Mn0.2O2 still leads
to increased discharge capacity, the thermal and structural stability deteriorates at a faster
rate (as seen in the change in slope in Figure 2.18), so the increased deterioration of
safety quickly negates the advantage of higher discharge capacity. Another comparison
by Ryu et al.9 looks at LiNixCo1-2xMn1-2xO2 materials as well with higher nickel
concentrations with powders around 10 μm diameter, where x = 0.6, 0.8, 0.9 and 0.95.
Again, it was found that increasing the amount of nickel allowed for higher discharge
capacity: when cycled between 2.7-4.3V at 0.1C, the first specific discharge capacities
were 192.9 mAh g-1, 205.7 mAh g-1, 227.2 mAh g-1, and 235 mAh g-1, for NCM materials
with x = 0.6, 0.8, 0.9 and 0.95 respectively. Nevertheless, the cycling stability was
substantially reduced for x > 0.8, as LiNi0.6Co0.2Mn0.2O2 and LiNi0.8Co0.1Mn0.1O2 had a
capacity retention of more than 95% after 100 cycles, whereas the capacity retention of
the other two materials dropped to 85% during the same period. While it appears that it is
not possible to develop a cathode material with both high capacity and safety just by
altering the composition, the cathode composition can be tailored to the specific
application instead, such as using high nickel materials for high performance EVs.
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4.2 Methods
4.2.1

Cell Preparation

Commercially available small polycrystalline NCM83 and NCM94 cathode powders with
diameters of around 3 μm, which are referred to as NCM83-PCS and NCM94-PCS, were
used. To fabricate the positive electrodes, the cathode powders were mixed with Super P
C65 and VGCF conductive additives and PVDF binder in a weight ratio of 36:1:1:2 in
NMP solvent to form a slurry. This slurry was casted onto carbon-coated aluminum foil,
and dried overnight in a vacuum oven at 120°C. Then, the electrode was calendered to a
density of 2.9 g cm-3 with a CAM loading of ~5 mg cm-2. CR2032 coin half-cells were
assembled with lithium metal as the anode. An electrolyte containing 1 M LiPF6
dissolved in a 1:1:1 ratio of EC:DMC:EMC was used.

4.2.2

Electrochemical Testing

GCD tests were performed at room temperature (25°C) with CCCV charging and CC
discharging, and at high temperature (60°C) with CC charging and discharging, between
2.8-4.3 V. For the cycling performance tests, the cells were cycled at 0.1C rate for the
first 3 cycles, and 0.5C rate for the next 200 cycles. For the rate capability tests, the cells
underwent 5 cycles each at 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, and 10C rate, followed by 1C
rate for the next 200 cycles.

4.2.3

SEM and EDX

A Hitachi S-4800 SEM was used to perform surface morphology characterization using
the SE mode, with an acceleration voltage of 5.0 kV and a working distance of 5 mm.
EDX analysis was performed with the x-ray detector attachment in the scanning electron
microscope, with an acceleration voltage of 20.0 kV and a working distance of 15 mm.

4.3 Results and Discussion
Both of the NCM83-PCS and NCM94-PCS cathode powders consist of nanosized
primary particles making up the secondary particles with an average diameter of 3 μm.
They are fairly uniform, with similar morphology and sizing as seen in Figure 4.1,
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allowing for a fair comparison of their performance based on the difference in
composition alone. As expected, the powder chemistry consists of nickel, cobalt,
manganese, and oxygen, shown in the EDX spectrum and elemental mapping of the
pristine powders in Figure 4.2 and Figure 4.3.

Figure 4.1: SEM images of a-b) pristine NCM83-PCS and c-d) NCM94-PCS
cathodes.
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Figure 4.2: EDX image, spectrum, and elemental mapping of pristine NCM83-PCS
powder.
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Figure 4.3: EDX image, spectrum, and elemental mapping of pristine NCM94-PCS
powder.
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From the cycling tests in Figure 4.4a, at room temperature (25°C) it can be seen that the
NCM94-PCS material has a higher initial specific discharge capacity of 231.9 mAh g-1
compared to 213.6 mAh g-1 for the NCM83-PCS material at 0.1C rate. The initial
discharge capacity of the layered nickel oxides generally increases in a linear fashion
with increasing Ni content, because of the higher concentration of active redox Ni ions7–9.
In this case, the increase of nickel content from 83% in NCM83-PCS to 94% in NCM94PCS leads to an increase of 8.6% in the initial specific discharge capacity. Nevertheless,
the capacity retention of NCM94-PCS quickly deteriorates, dropping below the NCM83PCS discharge capacity by the fifth cycle and leading to a retention of only 41.58% after
200 cycles at 0.5C rate, compared to the capacity retention of 72.00% for NCM83-PCS
material. A similar trend can be observed after 200 cycles at 1C rate, where the capacity
retention of the NCM94-PCS and NCM83-PCS materials are 62.25% and 77.83%,
respectively. The lower capacity retention of materials containing higher nickel content is
caused by issues such as increased anisotropic volume change which leads to
microcracking and worsened mechanical stability, as well as increased chemical and
thermal sensitivity7–9. While the discharge capacity of the NCM94-PCS material is higher
at lower C rates (up to 0.5C), the rate capability of this material decreases faster than
NCM83-PCS material at rates above 0.5C, ending with 141.1 mAh g-1 at 10C rate for the
NCM94-PCS material compared to 163.4 mAh g-1 at 10C rate for NCM83-PCS. The
charge-discharge performance of layered nickel oxides at high C rates generally worsens
as the amount of nickel increases, due to increased structural inhomogeneity. Layered
nickel oxide cathodes with higher nickel content experience increased cation mixing,
increased formation of spinel and rock salt-like phases and more unstable structure,
which impedes overall lithium ion diffusivity, especially to the bulk material, and results
in considerable capacity loss at high charge-discharge rates10,11. NCM83-PCS, with its
lower nickel content, has better structural stability that results in increased lithium ion
diffusion to the bulk area at high C rates, which reduces local structural evolution and
capacity loss compared to NCM94-PCS material.
At high temperature (60°C) cycling, lower internal resistance and faster reaction kinetics
compared to room temperature cycling lead to higher initial discharge capacity but poorer
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capacity retention due to increased side reactions and possible self-discharge12,13.
Nonetheless, similar trends hold across room temperature and high temperature cycling.
In Figure 4.4b, the NCM94-PCS material has a higher initial specific discharge capacity
compared to NCM83-PCS as well, with the values being 239.4 mAh g-1 and 222.6 mAh
g-1, respectively. As well, the NCM83-PCS material retains a higher capacity of 88.8
mAh g-1 after 200 cycles at 0.5C rate compared to 54.0 mAh g-1 for the NCM94-PCS
material, although their capacity retentions are fairly close (40.96% versus 44.34%,
respectively). NCM83-PCS also has a higher capacity retention after 200 cycles at 1C
rate, with the capacity retention for NCM83-PCS and NCM94-PCS being 54.65% and
44.06%, respectively. It should be noted that the discharge capacity of the NCM94-PCS
material drops rapidly at the beginning, which may suggest that the material experiences
severe microcracking at the start of the cycling test, until it cannot undergo any more
additional microcracking, allowing the capacity drop to level off after about 50 cycles at
0.5C rate. As seen in Figure 3.2f, the NCM94-PCS rate capability is much worse at high
temperature compared to NCM83-PCS material, with the specific discharge capacity at
10C rate dropping to 63.9 mAh g-1 versus 130.5 mAh g-1, respectively. The NCM94-PCS
material has lower cycling stability than the NCM83-PCS material at both temperatures,
as shown in the increased fluctuation in the CE values of the sample in Figure 4.4a-d.
Even though the NCM94-PCS material has a slightly higher initial discharge capacity
compared to NCM83-PCS, its rapidly decaying cycling performance means that the
NCM83-PCS outperforms NCM94-PCS after a handful of cycles.
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Figure 4.4: Plots of Specific discharge capacity and Coulombic efficiency for cycling
tests of NCM83-PCS and NCM94-PCS at a) 25°C and b) 60°C. Specific discharge
capacity and Coulombic efficiency for rate capability tests of NCM83-PCS and
NCM94-PCS at c,e) 25°C and d,f) 60°C.
Low first cycle CE is observed in all of the samples in Figure 4.4. The first CE values for
the NCM83-PCS RT, NCM94-PCS RT, NCM83-PCS HT and NCM94-PCS HT samples
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are 93.31%, 91.14%, 97.45%, and 97.15%, respectively. The low first cycle CE is
attributed to irreversible first cycle capacity loss, which is observed in the NCM83-PCS
and NCM94-PCS samples in Figure 4.5a,c and Figure 4.6a,c as the difference between
the charge and discharge capacity in the first cycle. The first cycle irreversible capacity
loss is mainly attributed to slow lithium diffusion kinetics during the end of the first
discharge cycle. Other contributions include excessive charge capacity caused by
irreversible reactions with the electrolyte, and irreversible structural changes on the
surface caused by SEI formation. It should be noted that the faster reaction kinetics at
high temperature is able to reduce this irreversible capacity loss compared to room
temperature cycling, although there is still some loss. Given that the lithium content
cannot be recovered to 100% by the end of the first cycle, the charge capacity is lowered
in the second cycle, leading to CE values close to 100% in the subsequent cycles14,15 that
is observed in Figure 4.4.

73

Figure 4.5: Plots of Voltage versus Specific Capacity for room temperature (25°C)
cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C rate for
the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM94-PCS at c) 0.1C rate
for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and
200th cycles.
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Figure 4.6: Plots of Voltage versus Specific Capacity for high temperature (60°C)
cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C rate for
the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM94-PCS at c) 0.1C rate
for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and
200th cycles.
Multiple plateaus are observed in the voltage versus capacity curves in Figure 4.5 and
Figure 4.6, which are associated with the various phase transformations found in LNO
(H1 to M, M to H2, H2 to H3) that lead to changes in the material lattice parameters 16.
These voltage features are more observable in the differential capacity curves of Figure
4.7 and Figure 4.8. In these figures, the area labelled I is associated with the LNO H1
phase, II is associated with the H1 to M transition, III associated with the M phase, IV is
associated with M to H2 transition, V is associated with the H2 phase, VI is associated
with the H2 to H3 transition, and VII is associated with the H3 phase found in LNO9.
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These features indicate that NCM83-PCS and NCM94-PCS may experience the same
phase transitions, however, operando x-ray diffraction results from multiple studies
indicate that high-nickel layered oxides undergo single phase solid substitution during
cycling. Nevertheless, other studies have observed multiple apparent two-phase reactions
during the initial cycle and after extensive aging, caused by kinetically induced phase
gaps originating from surface contamination, slow Li+ diffusion kinetics near full
lithiation, and phase segregation from prolonged cycling16–21. Therefore, the
electrochemical results alone cannot confirm whether NCM83-PCS and NCM94-PCS
undergo phase transformations during cycling, and should be complemented by
diffraction characterization16.
Although it is uncertain whether NCM83-PCS and NCM94-PCS samples undergo phase
transformations or not, it is known that nickel layered oxide materials undergo volume
changes during cycling. In one study of LiNi xCo1-2xMn1-2zO2 by Ryu et al9 where x = 0.6,
0.8, 0.9 and 0.95, during the charging process, the a-axis shrunk up to 2.1% for all nickel
compositions. The c-axis gradually increased during charging, before greatly contracting
at the end, which is associated with the H2 to H3 transition, the last peak in the dQ dV-1
graphs (labelled VI on the graphs). In Ryu et al.’s study, the maximum change in the caxis for x = 0.8 was 3.7%, while the change in c-axis for x = 0.95 was up to 6.9%,
indicating that higher nickel content leads to more severe unit cell volume change7–9,19.
The differential capacity curves in Figure 4.7 and Figure 4.8 show that NCM94-PCS has
more intense peaks compared to the NCM83-PCS sample, which indicates that NCM94PCS experiences more extreme unit cell volume change compared to the lower Ni
NCM83-PCS material, especially given that the very large rightmost peak (marked VI on
the graphs) of the NCM94-PCS material is associated with the steep contraction of the caxis near the end of charging. The microcracking observed in Figure 4.9 and Figure 4.10
supports the observation of volume changes occurring during the cycling of the samples,
and is discussed in more details later.
The leftmost peak (indicated by II in the graphs) for the first cycle at 0.1C is shifted to
the left in the next cycle in Figure 4.7a,c and Figure 4.8a,c, indicating higher
polarization in the first cycle which is attributed to the sluggish kinetics that requires high
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activation energy for bulk lithium ion diffusion and extraction in the beginning cycle. At
room temperature, NCM94-PCS experiences higher polarization in the first cycle with a
larger peak and a shift from 3.68 V to 3.60 V, compared to the smaller shift from 3.63 to
3.60V. The leftmost peak (II on the graphs) for the first cycle is more similar to the
second and third cycles at 0.1C at high temperature compared to the room temperature
peaks, as the kinetics are improved at higher temperatures15.
After prolonged cycling, the differential capacity peaks in both samples decayed, with the
NCM94-PCS experiencing more polarization and more peak shifting than NCM83-PCS.
After 200 cycles at room temperature, the first oxidation peak has decreased in intensity
and shifted to 3.68 V in NCM83-PCS. In NCM94-PCS, the peak height declined even
more and shifted a larger degree to 3.76 V after 200 cycles, indicating an even greater
increase in impedance. In addition, the peak associated with the H2 to H3 phase transition
(VI on the graphs) is greatly reduced by the 200th cycle for the NCM83-PCS material and
has almost disappeared for the NCM94-PCS material, indicating that the latter
experienced more irreversible transformation during cycling. The discharge voltage
decreased at a faster rate for the higher nickel material, which indicates a larger increase
in the internal resistance as well. The differential capacity decay is also worse for high
temperature samples compared to the room temperature samples, due to increased
chemical and structural changes at higher temperatures7,13.
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Figure 4.7: Plots of Differential Capacity versus Voltage for room temperature
(25°C) cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C
rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM94-PCS at c)
0.1C rate for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th,
100th and 200th cycles.
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Figure 4.8: Plots of Differential Capacity versus Voltage for high temperature
(60°C) cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C
rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM94-PCS at c)
0.1C rate for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th,
100th and 200th cycles.
In the SEM images (Figure 4.9 and Figure 4.10) of the electrodes after 200 cycles at
0.5C rate at both room and high temperature, all of the samples experienced
microcracking in the cathode particles. The large anisotropic volume changes that occur
during cycling lead to stress in the material which eventually grow into microcracks in
the cathode powders and contributes to mechanical failure and capacity fading of the
material. In addition, microcracking can lead to formation of new surfaces inside and
outside of the particles, where increased amounts of electrolyte decomposition and
transition metal dissolution can occur22–25. The degree of microcracking for NCM83-PCS
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and NCM94-PCS is more severe at high temperature compared to room temperature
cycling, due to the increased severity in chemical and structural changes at high
temperature13. In fact, in Figure 4.10c,f the high temperature cycled powders appear to
be pulverized with primary particles all separated by microcracks, while in Figure 4.9c,f,
the samples cycled at room temperature have intact secondary particles, albeit with some
cracks running through them. Evidently, the anisotropic volume changes and
microcracking are a major contributor to the capacity deterioration of the high-nickel
layered oxide cathode materials.
While EDX was performed on all of the cycled electrodes as in Figures 4.11-4.14, it is
not able to detect much difference in the chemistry between the different samples at
different temperatures, likely due to the fact that this particular technique is commonly
used for semi-quantitative analysis at most, as in order to capture 95% of the analytical
results the relative error can reach up to ±30%26. In addition, the inhomogeneity and
roughness of the electrodes can lead to increased errors in the measured chemistry of the
samples27. Perhaps more sensitive analytical techniques, such as x-ray photoelectron
spectroscopy (XPS), could be used to discern differences in surface chemistry between
the samples.
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Figure 4.9: SEM images of a-c) NCM83-PCS after cycling test at 25°C, d-f) NCM94PCS after cycling test at room temperature (25°C).

Figure 4.10: SEM images of a-c) NCM83-PCS after cycling test at 25°C, d-f)
NCM94-PCS after cycling test at high temperature (60°C).
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Figure 4.11: EDX image, spectrum, and elemental mapping of NCM83-PCS RT.
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Figure 4.12: EDX image, spectrum, and elemental mapping of NCM94-PCS RT.
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Figure 4.13: EDX image, spectrum, and elemental mapping of NCM83-PCS HT.
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Figure 4.14: EDX image, spectrum, and elemental mapping of NCM94-PCS HT.
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4.4 Conclusion
This chapter compared nickel-rich NCM83-PCS and an ultrahigh nickel NCM94-PCS
materials to understand how increasing the nickel content affects high-nickel layered
oxide cathode performance. NCM94-PCS has higher initial specific discharge capacity of
231.9 mAh g-1 compared to 213.6 mAh g-1 for NCM83-PCS material at room
temperature. Nevertheless, NCM94-PCS experiences increased cycling deterioration due
to increased amount of anisotropic volume change and microcracking, resulting in the
NCM83-PCS quickly outperforming the NCM94-PCS material after about 5-10 cycles (5
cycles at 25°C, 10 cycles at 60°C) and retaining a higher capacity percentage of 72.00%
compared to 41.58% in NCM94-PCS, after 200 cycles at 0.5C rate. Evidently, the
NCM83-PCS material is a better choice compared to NCM94-PCS if the materials are
used as received, since the slight increase in initial discharge capacity is not worth the
tradeoff of poorer stability and capacity retention, however, applying modifications, such
as coatings to ultrahigh nickel materials may mitigate the microcracking, allowing for
superior performance and the possibility of becoming commercially viable in EVs.
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5

Comparison of Polycrystalline and Single-crystal Nickelrich Cathodes in Lithium-ion Batteries

5.1 Introduction
The popularity of electric vehicles (EVs) have soared over the past decade due to
increased demand for sustainable transportation, support from governments and private
sectors, and advances in battery technology1. Unfortunately, EV batteries still suffer from
problems such as a limited lifetime, low degree of safety, and low volumetric energy
density, especially in the cathode material1–4. One way to improve the cathode
performance in these batteries is by controlling the morphology and microstructure, as
these properties of the nickel-rich layered oxide particles have a large effect on the
electrochemical performance of the materials3. Nickel-rich cathodes with single crystal
morphology are a promising material for EV batteries, given their potential to be
compacted to a high electrode density (possibly >3.6 g cm-3 found in commercial LiCoO2
cathode), long-term cycling stability, and excellent thermal and structural stabilities that
lead to a higher degree of safety in batteries5. Nevertheless, single crystal materials are
still in early development, and therefore need more investigation6.
At present, commercially available nickel-rich layered oxides produced by the standard
co-precipitation route consists of nanosized primary particles packed together to form
microsized secondary spherical particle3,4,7–9. The densely packed secondary particles
minimizes the surface area to volume ratio, reducing the amount of side reactions on the
surface while still maintaining adequate ionic and electronic conductivity. Nevertheless,
gaps between primary particle grains allow electrolyte to penetrate the bulk cathode
material, which leads to undesired side reactions and phase transitions from layered to
insulating rock-salt phase10. In addition, the random crystallographic orientations of the
primary particles and the anisotropic volume change of these particles during cycling lead
to some particles pushing against each other to build up stress, while others are pulled
apart and lose contact. These phenomena can cause both intragranular and intergranular
cracking, leading to microcracking of cathode materials that ultimately results in fast
capacity fade and shortened battery lifetime6,11–14.
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One promising strategy to prevent these issues is to use single-crystal nickel-rich layered
oxide materials, which generally consist of microsized particles composed of a small
number of crystals. Synthesizing large, dispersed single crystal materials can be
complicated, and there are no studies showing true “single crystal” morphology yet6.
Single crystals allow for reduced particle cracking, limited surface reactivity, increased
mechanical stability allowing for higher compaction density and energy density, and
increased thermal and chemical stability, however, drawbacks may include lower initial
discharge capacity and possibly worse lithium ion diffusion compared to polycrystalline
materials15–19. In this chapter, polycrystalline and single-crystal LiNi0.83Co0.11Mn0.06O2
(NCM83) cathodes are compared to each other to understand the influence of particle
morphology on the performance of cathode materials in LIBs.
Comparisons have been made between single crystal and polycrystalline NCM83 with
particle sizes from 3-6 μm in a study by Fan et al.16, and a very similar material
LiNi0.83Co0.10Mn0.07O2 with average particle size of 4 μm in a study by Pang et al.20. In
the first study, both the single crystal and polycrystalline NCM83 provided initial
discharge capacities of around 200 mAh g-1, but the single crystal material has much
better capacity retention of 84.5% versus 68.3% after 150 cycles at 1C rate, at room
temperature between 2.75-4.4V. Both studies compared the single crystal materials to
commercially available polycrystalline powders with diameters around 10-15 μm,
however, it may not be fair to compare single crystals with polycrystalline counterparts
with much large sizing, given that cathode particle size greatly impacts electrochemical
properties21. Therefore, in this chapter, polycrystalline and single-crystal LiNi0.83Co0.11Mn0.06O2

(NCM83) cathodes with similar particle sizes (averages of 3 μm versus

3.5 μm, respectively) are compared to each other to understand the influence of particle
morphology on the performance of cathode materials in LIBs.
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5.2 Methods
5.2.1

Cell Preparation

Commercially available small polycrystalline NCM83 (referred to as NCM83-PCS) with
diameters of around 3 μm and single crystal NCM83 (referred to as NCM83-SC) cathode
powders with diameters of around 3.5 μm were used. To fabricate the positive electrodes,
the cathode powders were mixed with Super P C65 and VGCF conductive additives and
PVDF binder in a weight ratio of 36:1:1:2 in NMP solvent to form a slurry. This slurry
was casted onto carbon-coated aluminum foil, and dried overnight in a vacuum oven at
120°C. Then, the electrode was calendered to a density of 2.9 g cm-3 for the
polycrystalline cathode, or 3.5 g cm-3 for the single crystal cathode, with a CAM loading
of ~5 mg cm-2. CR2032 coin half-cells were assembled with lithium metal as the anode.
An electrolyte containing 1 M LiPF6 dissolved in a 1:1:1 ratio of EC:DMC:EMC was
used.

5.2.2

Electrochemical Testing

GCD tests were performed at room temperature (25°C) with CCCV charging and CC
discharging, and at high temperature (60°C) with CC charging and discharging, between
2.8-4.3 V. For the cycling performance tests, the cells were cycled at 0.1C rate for the
first 3 cycles, and 0.5C rate for the next 200 cycles. For the rate capability tests, the cells
underwent 5 cycles each at 0.1C, 0.2C, 0.5C, 1C, 2C, 5C, and 10C rate, followed by 1C
rate for the next 200 cycles.

5.2.3

SEM and EDX

A Hitachi S-4800 SEM was used to perform surface morphology characterization using
the SE mode, with an acceleration voltage of 5.0 kV and a working distance of 5 mm.
EDX analysis was performed with the x-ray detector attachment in the scanning electron
microscope, with an acceleration voltage of 20.0 kV and a working distance of 15 mm.
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5.3 Results and Discussion
The NCM83-PCS cathode powders consist of nanosized primary particles that form fairly
uniform secondary particles with an average diameter of 3 μm, as seen in Figure 5.1a-b.
The NCM83-SC cathode powders consist of microsized crystals with an average size of
3.5 μm, and a relatively wide particle size distribution (Figure 5.1c-d). The shapes of the
NCM83-SC particles are non-uniform and irregular, with many particles consisting of a
few crystals clumped together. This non-uniformity may lead to variation in performance
within the single crystal material, because the morphology and size distribution of the
single crystal greatly influences the lithium diffusion kinetics22. The chemistry of both
powders consists of nickel, cobalt, manganese, and oxygen is shown in the EDX
spectrum and elemental mapping of the pristine powders in Figure 5.2 and Figure 5.3,
and is as expected.

Figure 5.1: SEM images of a-b) pristine NCM83-PCS and c-d) NCM83-SC cathodes.
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Figure 5.2: EDX image, spectrum, and elemental mapping of pristine NCM83-PCS
powder.
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Figure 5.3: EDX image, spectrum, and elemental mapping of pristine NCM83-SC
powder.
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From the room temperature cycling tests in Figure 5.4a, both the NCM83-PCS and
NCM83-SC materials have almost identical initial specific discharge capacities at 0.1C
rate (213.6 mAh g-1 and 213.7 mAh g-1, respectively), and similar performance at the
beginning. The NCM83-SC material has better capacity retention, with the discharge
capacity overtaking the capacity of NCM83-PCS after about 100 cycles and ending with
a capacity retention of 81.84% versus 72.00% for NCM83-PCS after 200 cycles at 0.5C
rate, and a capacity retention of 85.13% versus 77.83% after 200 cycles at 1C rate. The
increase in capacity retention in single crystal materials can be attributed to better
structural, chemical and thermal stability15–19. On the other hand, NCM83-PCS has better
rate capability compared to NCM83-SC, ending with 163.4 mAh g-1 at 10C rate for the
NCM83-PCS material compared to 138.4 mAh g-1 at 10C rate for NCM83-SC in Figure
5.4e. The lower rate capability of the single crystal material might be attributed to its
morphology, as lithium ions migrate by bulk diffusion along 2-dimensional paths along
layer planes in single crystal material leading to slower reactions compared to the faster
3-dimensional paths along grain boundaries in polycrystalline materials. Sluggish lithium
ion conductivity at low SoC may also explain the poor rate capability behavior. As well,
the penetration of liquid electrolyte into the secondary particles of polycrystalline
materials can improve access to lithium ions and lower the lithium diffusion overpotential
at a high degree of lithiation, therefore boosting NCM83-PCS rate capability6,19,23,24.
High temperature (60°C) cycling leads to lower internal resistance and faster reaction
kinetics compared to room temperature cycling. These factors result in higher initial
discharge capacity but poorer capacity retention due to increased side reactions and
possible self-discharge25,26. Nevertheless, some trends still hold across both room and
high temperatures. As seen in Figure 5.4b, NCM83-PCS delivers a slightly higher initial
specific discharge capacity compared to NCM83-SC, with the values being 222.6 mAh g1

and 220.7 mAh g-1, respectively. The NCM83-SC material outperforms the NCM83-

PCS material after about 80 cycles and has a much higher retention of 70.25% after 200
cycles at 0.5C, compared to NCM83-PCS, with 40.96% retention, and for 200 cycles at
1C the capacity retentions are 73.61% and 54.65%, respectively. The superior
performance of single crystal materials at higher temperature can be assigned to the
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electrode/electrolyte due to smaller exposed surface area16,18. In Figure 5.4f, the NCM83SC rate capability is still worse at high temperature when compared to NCM83-PCS
material at 0.5C rate and above, with the 10C rate specific discharge capacity at 119.9
mAh g-1 versus 130.5 mAh g-1, respectively. The poorer rate capability performance of
the single crystal material at high temperature is still likely related to the morphology that
determines the available lithium ion diffusion paths discussed earlier6,19,24.
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Figure 5.4: Plots of Specific discharge capacity and Coulombic efficiency for cycling
tests of NCM83-PCS and NCM83-SC at a) 25°C and b) 60°C. Specific discharge
capacity and Coulombic efficiency for rate capability tests of NCM83-PCS and
NCM83-SC at c,e) 25°C and d,f) 60°C.
Low first cycle CE is observed in all of the samples in Figure 4.2. The first CE values for
the room temperature samples are 93.31% for polycrystalline material, and 86.68% for
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single crystal material. The low first cycle CE is attributed to irreversible first cycle
capacity loss (difference between cycle charge and discharge), which is observed in the
NCM83-PCS and NCM83-SC samples in Figure 5.5a,c and Figure 5.6a,c. The first
cycle irreversible capacity loss is mainly attributed to slow lithium diffusion kinetics near
the end of the first discharge. Other contributions to the loss are excessive charge
capacity caused by irreversible reactions with the electrolyte, and irreversible structural
changes on the surface caused by SEI formation. It should be noted that the faster
reaction kinetics at high temperature is able to reduce this irreversible capacity loss
compared to room temperature cycling, leading to the high temperature first cycle CE
being 97.45% for NCM83-PCS and 94.49% for NCM83-SC. Given that the lithium
content cannot be recovered to 100% by the end of the first cycle, the charge capacity is
lowered in the second cycle, leading to CE values close to 100% in the subsequent
cycles27,28 that is observed in Figure 5.4. At both temperatures, the single crystal material
exhibits lower CE compared to the polycrystalline counterpart, especially at room
temperature, which may be explained by poorer lithium ion conductivity at low SoC as
well as limited lithium ion diffusion paths in single crystals compared to polycrystalline
materials6,19,23.
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Figure 5.5: Plots of Voltage versus Specific Capacity for room temperature (25°C)
cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C rate for
the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM83-SC at c) 0.1C rate
for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and
200th cycles.
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Figure 5.6: Plots of Voltage versus Specific Capacity for high temperature (60°C)
cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C rate for
the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM83-SC at c) 0.1C rate
for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and
200th cycles.
Multiple plateaus are observed in the voltage versus capacity curves in Figure 5.5 and
Figure 5.6. These features are associated with the various phase transformations found in
LNO (H1 to M, M to H2, H2 to H3) that lead to changes in the material lattice
parameters29, and are more observable in the differential capacity curves of Figure 5.7
and Figure 5.8. In these figures, the area labelled I is associated with the LNO H1 phase,
II is associated with the H1 to M transition, III associated with the M phase, IV is
associated with M to H2 transition, V is associated with the H2 phase, VI is associated
with the H2 to H3 transition, and VII is associated with the H3 phase found in LNO30.
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These features indicate that both NCM83-PCS and NCM83-SC may experience the same
phase transitions, however, multiple operando x-ray diffraction results indicate that highnickel layered oxides undergo single phase solid substitution during cycling.
Nevertheless, other studies have observed multiple apparent two-phase reactions during
the first cycle and after extensive aging that caused by kinetically induced phase gaps
originating from surface contamination, slow Li+ diffusion kinetics when material is
nearly fully lithiated, and phase segregation during prolonged cycling29,31–35. Therefore,
the electrochemical results alone cannot confirm whether the materials undergo phase
transformations during cycling, but diffraction characterization could be used to confirm
phase transformations or lack thereof29.
Although it is uncertain whether NCM83-PCS and NCM83-SC samples undergo phase
transformations or not, it is known that nickel-rich layered oxide materials undergo
volume changes during cycling. In studies of NCM811, which has a similar composition
to NCM83, during the charging process, the a-axis gradually shrinks, up to around 2% by
the end. On the other hand, during charging, the c-axis gradually increases before greatly
contracting at the end, which is associated with the H2 to H3 transition, the last peak in
the dQ dV-1 graphs (labelled VI on the graphs). The maximum change in the c-axis is
around 4%8,30,33,36. Given that the NCM83-PCS and NCM83-SC differential capacity
curves in Figure 5.7 and Figure 5.8 are similar to NCM811 and these materials are from
the same family, it is reasonable to suggest that the anisotropic volume changes occur in
these materials too. In addition, the presence of microcracks observed in the materials in
Figure 5.9 and Figure 5.10 supports the observation of volume changes occurring during
the cycling of the samples, which is discussed in more detail later on.
For the first cycle at 0.1C at room temperature, the leftmost peak (indicated by II in
Figure 5.7a,c) of the NCM83-SC material is more prominent than the NCM83-PCS
material and shifted further right, at 3.66 V versus 3.62 V respectively, suggesting a
higher initial polarization associated with the H1 to H2 phase transition in LNO and also
showing sluggish kinetics at low SoC23. The leftmost peak for the first cycle is more
similar to the second and third cycles at 0.1C at high temperature and show less
polarization compared to the room temperature peaks, as the kinetics are improved at
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higher temperatures28. The rightmost peak (VI) associated with the H2 to H3 phase
transition is smaller and more suppressed for the polycrystalline material, suggesting a
reduced amount of volume change in the polycrystalline sample compared to the single
crystal counterpart. Perhaps the larger lattice volume change could be caused by the
structural inhomogeneity during cycling of single crystal cathodes, especially close to the
end of charge. The slow lithium ion diffusion kinetics of single crystals can result in a
SoC gradient between the surface and core that grows larger as delithiation proceeds
forward and more lithium ions are extracted from the surface versus the core. At the end
of charge, the lattice c-axis decreases when moving from the core to the surface. This
inhomogeneity produces non-uniform stress throughout the single crystal, which can lead
to structural defects that limit lithium ion diffusion, development of two different phases
in the bulk and surface of a particle, and intragranular cracking, all of which contribute to
capacity fade in single crystal materials19,37.
Nonetheless, other research reported different results with regards to the rightmost peak.
The rightmost peak was either more flattened for the single crystal material instead which
suggests suppression of the more detrimental shrinkage in the c-axis at the end that leads
to worse anisotropic volume change compared to the polycrystalline material, or about
the same position as the polycrystalline material17,18,20. The differential capacity peaks in
both samples decay after prolonged cycling, with the NCM83-PCS generally
experiencing more polarization and more peak shifting than NCM83-SC, which suggests
that the single crystal material has better reversibility and cyclability compared to the
polycrystalline counterpart18,20. The differential capacity decay is also worse for high
temperature samples compared to the room temperature samples, due to increased
chemical and structural changes at higher temperatures8,26.
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Figure 5.7: Plots of Differential Capacity versus Voltage for room temperature
(25°C) cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C
rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM83-SC at c)
0.1C rate for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th,
100th and 200th cycles.
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Figure 5.8 : Plots of Differential Capacity versus Voltage for high temperature
(60°C) cycling tests of NCM83-PCS at a) 0.1C rate for the first 3 cycles and b) 0.5C
rate for the 1st, 2nd, 5th, 10th, 20th, 50th, 100th and 200th cycles, and NCM83-SC at c)
0.1C rate for the first 3 cycles and d) 0.5C rate for the 1st, 2nd, 5th, 10th, 20th, 50th,
100th and 200th cycles.
In the SEM images in Figure 5.9 and Figure 5.10, microcracking can be clearly seen in
the NCM83-PCS samples. In the polycrystalline powders, the large anisotropic volume
changes that occur during cycling in the randomly oriented primary particles lead to
stress in the material which eventually grow into intergranular and intragranular
microcracks, contributing to mechanical failure and capacity fading of the material.
Intergranular microcracking causes the majority of the structural damage and poor
cycling retention of polycrystalline materials6,38. Additionally, microcracking can lead to
formation of new surfaces inside and outside of the particles, where increased amounts of
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electrolyte decomposition, transition metal dissolution, gas evolution and increased
impedance can occur6,11–14. The degree of microcracking for NCM83-PCS is more severe
at high temperature compared to room temperature cycling, due to the increased severity
in chemical and structural changes at high temperature26. In fact, in Figure 5.10c, the
high temperature cycled NCM83-PCS appear to be pulverized with primary particles all
separated by microcracks, while in Figure 5.9c, the sample cycled at room temperature
have intact secondary particles, albeit with some cracks running through them.
Polycrystalline cathodes contain internal gaps between the primary particles that lead to
higher resistance during the transport of lithium ions between particles, leading to more
heat generation during cycling. These internal gaps also cause increased inhomogeneity
during charging and discharging and increased delithiation in some parts of the materials,
which increases structural damage and possibly lead to early release of lattice oxygen.
The oxygen release not only deteriorates cycling performance, but poses a safety risk at
high temperatures as well16,18.
Compared to the NCM83-PCS samples, the NCM83-SC samples show much less
cracking, indicating that single crystals have much better mechanical stability15–19. The
cycled single crystal sample at room temperature show almost no microcracks (Figure
5.9d-f), while the sample at high temperature (Figure 5.10d-f) has a higher but still small
amount of intragranular cracking. Intragranular cracking in single crystal cathodes
generally arise when the material is overcharged or undergoes high temperature
operation. Intragranular cracks act similarly to intergranular cracks by increasing surface
side reactions with the electrolyte, but the formation of these cracks in single crystals
differ from the polycrystalline counterpart38. Microcracks form in many different
directions in the polycrystalline material in Figure 5.9 and Figure 5.10, while more
linear intragranular cracks are formed in single crystals. Different intragranular crack
formation mechanisms have been proposed by researchers, such as anisotropic volume
change (related H2 to H3 phase transition)6,11–14, inhomogeneous structure of single
crystal during cycling due to poor lithium ion diffusion kinetics19,37, oxygen vacancy
concentrations in the {111} plane in oxygen sublattice which degrades structural integrity
and promotes transition metal dissolution39, and accumulation of planar gliding steps in
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the (003) planes during cycling40. These potential mechanisms lead to non-uniform stress
in the single crystal and/or structural defects that result in intragranular cracking, but
there is no agreement on the mechanism yet38. Regardless, anisotropic volume changes
and particle cracking contribute to the capacity deterioration of polycrystalline and single
crystal high-nickel layered oxide materials, as observed in the SEM images.
While EDX was performed on all of the cycled electrodes (Figures 5.11-5.14), not much
difference was detected in the chemistries between the various samples, likely due to the
fact that EDX is not commonly used for quantitative chemical analysis, given that in
order to capture 95% of the analytical results the relative error can reach up to ±30%41. In
addition, the inhomogeneity and roughness of the electrodes can lead to increased errors
in the measured chemistry of the samples42. Therefore, in order to discern differences in
the surface chemistry of the samples, more sensitive analytical techniques such as x-ray
photoelectron spectroscopy (XPS), could be used.

Figure 5.9: SEM images of a-c) NCM83-PCS after cycling test at 25°C, d-f) NCM83SC after cycling test at room temperature (25°C).
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Figure 5.10: SEM images of a-c) NCM83-PCS after cycling test at 25°C, d-f)
NCM83-SC after cycling test at high temperature (60°C).
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Figure 5.11: EDX image, spectrum, and elemental mapping of NCM83-PCS RT.
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Figure 5.12: EDX image, spectrum, and elemental mapping of NCM83-SC RT.
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Figure 5.13: EDX image, spectrum, and elemental mapping of NCM83-PCS HT.
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Figure 5.14: EDX image, spectrum, and elemental mapping of NCM83-SC HT.
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5.4 Conclusion
This chapter compared polycrystalline and single-crystal NCM83 cathodes to understand
the influence of the cathode particle morphology on the performance of LIBs. Both
materials have fairly similar initial specific discharge capacities at room temperature
(213.6 mAh g-1 for NCM83-PCS and 213.7 mAh g-1 for NCM83-SC), however, the
single crystal material has a much better capacity retention of 81.84% compared to
72.00% for NCM83-PCS, after 200 cycles at 0.5C rate, although the rate capability of
single crystal material is worse due to slower lithium diffusion kinetics. Despite having
worse rate capability, the single crystal material has much better structural, thermal and
chemical stability, which is also reflected in the minimal microcracking of the material at
the end of prolonged cycling, while the polycrystalline counterpart experiences much
more microcracks, especially intergranular ones, that lead to severe degradation of the
material. The increased stability and better capacity retention makes single crystal
cathodes a promising choice over the conventional polycrystalline material for long
lasting, durable EV batteries.
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6

Conclusions and Future Work

6.1 Conclusions
In this thesis, two studies revolving around the NCM cathode material were conducted to
explore various aspects of the material, including the composition and morphology, in
order to achieve high performance LIBs through the use of NCM materials as a cathode
material.
The first study compared nickel-rich NCM83-PCS (83% nickel content) and an ultrahigh
nickel NCM94-PCS (94% nickel content) to understand how increasing the nickel
content affects high-nickel layered oxide cathode performance. NCM94-PCS has a higher
initial specific discharge capacity compared to NCM83-PCS (231.9 versus 213.6 mAh g1

) due to the increased amount of electrochemically active nickel in the material.

Nevertheless, NCM94-PCS experiences increased cycling deterioration due to higher
levels of anisotropic volume change and microcracking, resulting in the NCM83-PCS
quickly outperforming the NCM94-PCS material after 5 cycles at 25°C and after 10
cycles at 60°C. NCM83-PCS also retained a higher capacity percentage of 72.00%
compared to 41.58% in NCM94-PCS, after 200 cycles at 0.5C rate. Evidently, the
NCM83-PCS material is a better choice compared to NCM94-PCS if the materials are
used as received, since the slight increase in initial discharge capacity is not worth the
tradeoff of poorer stability and capacity retention. This study is important, as it shows
that unmodified ultrahigh layered oxide cathodes are not stable to compete with their
lower nickel counterparts, even though they have a higher initial discharge capacity.
Nevertheless, the application of modifications such as coatings to ultrahigh nickel
materials may mitigate the microcracking and make the material suitable for use in EVs.
The second study compared polycrystalline and single-crystal NCM83 cathodes to
understand the influence of particle morphology on performance, and showed that single
crystals have better overall performance. Both materials have fairly similar initial specific
discharge capacities at room temperature (213.6 mAh g-1 versus 213.7 mAh g-1 for
polycrystalline and single crystal, respectively), however, the single crystal material has a
much better capacity retention of 81.84% compared to 72.00% for NCM83-PCS, after
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200 cycles at 0.5C rate, although the rate capability of single crystal material is worse due
to slower lithium diffusion kinetics. Despite having worse rate capability, the single
crystal material has much better structural, thermal and chemical stability, which is also
reflected in the minimal microcracking of the material at the end of prolonged cycling,
while the polycrystalline counterpart experiences much more microcracks, especially
intergranular ones, that lead to severe degradation of the material. This study is
important, as it reveals that single crystal NCM materials outperform their polycrystalline
counterpart in LIBs, therefore, the increased stability and better capacity retention makes
single crystal cathodes a promising choice over the conventional polycrystalline material
for long lasting, durable batteries.
It should be noted that testing for the thesis were conducted under controlled, laboratory
conditions using coin half-cells instead of full cells that are found in actual batteries, so
the findings may not be directly applicable to battery packs for real-world use. Repeating
the testing in full cells (e.g. pouch cells) with proper anode materials (e.g. graphite) may
allow for more realistic data to be collected.
Overall, the studies reveal a variety of information about materials in the NCM family, as
well as promising improvement strategies that can be applied to improve their
performance, such as use of the single crystal morphology.

6.2 Recommendations for Future Work
NCM materials of a wide variety of compositions have high energy density, good
electronic conductivity, reasonable cycle life and is fairly easy and cheap to manufacture
(e.g. coprecipitation method), so they are a popular choice for high-performance LIBs in
EVs1,2. Nevertheless, these materials still suffer from inherent issues such as cation
mixing, volume changes, microcracking, transition metal dissolution, and unwanted side
reactions3, which require further investigation in order to improve LIB performance.
Possible future studies based on the work in this thesis are presented below.
One promising direction for future work is to explore cobalt-free layered nickel oxide
materials. Cobalt-free, high-nickel layered oxide materials have higher energy density
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(>800 Wh kg-1) compared to their cobalt-containing counterparts and are much cheaper
as well, making them a promising option for electric vehicles to hit price and
performance parity with conventional vehicles. There are also supply chain and ethical
issues surrounding cobalt, which can be avoided with the cobalt-free materials4–7. Highnickel layered oxide materials are already on the commercial market, e.g. NCM811 and
LiNi0.89Co0.05Mn0.05Al0.01O2

(NCMA89)8,

while

promising

Co-free,

high-nickel

compounds have already been reported. For example, Dahn’s group reported Co-free
high-nickel materials with LiNi0.95M0.05O2 (M = Al, Mn or Mg) that has comparable
performance to NCA material9. Improvement strategies applied to NCM materials can
also be applied to cobalt-free high-nickel materials, such as single crystal morphology,
doping, and coating.
Further work can be done on exploring the performance of single crystal cathodes at low
temperatures. There does not seem to be many works that study the performance of single
crystal cathodes at low temperatures yet. In addition, single crystal cathodes already
suffer from sluggish kinetics at low SoC during cycling at room temperature10,11, which
may become an even bigger issue at low temperatures and lead to worse performance.
Given that LIBs in EVs are expected to operate at low temperatures (e.g. < 0°C) in areas
of cold climates, it is important to understand if the single crystal cathode can operate as
well as their polycrystalline counterparts at low temperatures. In addition, the work can
be extended from coin cells to the full pouch cells that are usually found in actual EV
batteries.
While the increased use of NCM cathodes in EVs have made them a popular topic to
study, with many researchers already contributing to this area of research, there are still
many avenues of research to explore to optimize the NCM cathode material, from tuning
the composition to controlling the morphology of the material. In addition, layered nickel
oxide cathode materials are being applied to new battery chemistries, such as sodium-ion
batteries12, so this material will still be an important research focus for many years to
come.
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