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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

52,59,67-69

performance

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). €) 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 Nature®.

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
24



schematic of CEI). Examples of possible SEI compounds include LiF, ROCO.Lli,
ROCO:M, ROLi, MCOs3, Li2CO3, MF,, LixPOyF;, and polycarbonates (where M =
transition metal). CEIl 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 Ni** 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 well®®’%"2_ In addition, trace water on the surface of nickel layered oxides
react with fluorine-containing compounds (e.g. LiPFe) in the electrolyte to produce HF,
which dissolves TM ions from the cathode, corrodes electrodes and current collectors,

ending in the deterioration of battery performance”.
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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 LiPFe/EC-based electrolyte, sizes not to scale. Used under CC BY

4.0 license °.
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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/calcining®’. While
water washing is able to remove Li>O/LiOH residues from nickel layered oxide surfaces,
it can lead to lithium leaching, negatively impacts capacity and decreases air storage
stability afterwards®®®. Due to the negative effects of water washing on nickel layered
oxides, other solvents have been suggested for the washing process, such as polyaniline®,
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 evolution®8. Surface
treatments that transform residual lithium compounds into different, more stable species

or less basic species have also been reported®’.
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2.2.2.2 Electrolyte Modification

Electrolyte modification, which consists of changing the additives®*®2, salts®*% and/or
solvents®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 CEl formation and its

characteristics, so modification of the electrolyte should be done carefully?®.

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 AP, Mg?*, Ti**, Si**, Zr**, Ta>* %8, Zn?* % and F 1%, In the cathode material, the
dopants can replace the 3a TM site (e.g. AI¥*), 3b Li* site (e.g. Mg?"), or 6¢ oxygen site
(e.g. F). Multiple dopants can be added as well to achieve a synergistic effect (e.g. Ti and
B)!L. 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 capacity’#98101-103

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

104-106 107 and metal

electrochemically inactive materials (e.g. metal oxides , metal fluorides
phosphates®) and lithium/electron conductive materials (e.g. lithium-containing
materials such as LisPO41%* polypyrrole!!?, and carbon!'®). Hybrid!4*® and/or

112

multiple coatings*< 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 Ni** 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 other’4102103.116.117

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 NCM?%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 stability!*8-120,

Concentration gradients can be separated into a core and shell area with an in-between
concentration gradient to reduce lattice mismatch between core and shell*2¥124, Or, a full
gradient can extend throughout the particle, which can substantially improve cycling and
thermal stability*?>27, 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 active!®212,

Generally, commercially available layered nickel oxides consist of randomly oriented
nanosized primary particles packed together to form microsized secondary spherical
particles?’23252  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 B2, AI'% and W, 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 retention%2,
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Figure 2.22: Summary of particle structural design methods. Image licensed under
CC-BY-NC-ND 4.01%2,

2.2.25.1 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 materials'®t. The single
crystal material has high microcracking resistance and better chemical stability due to
limited surface exposure to the electrolyte®™®>1** 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 2.23°7-60131.135
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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 Elsevier!33,

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.'®, a single crystalline LiNios3C0011Mno.0602
(NCM83-PCS) material with particle diameters of 3-6 pum is compared to its
polycrystalline counterpart. While the single crystal and polycrystalline materials
displayed a similar initial discharge capacity of around 200 mAh g* 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 density**L. 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 inter-
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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 well*33134,

Single crystal materials have many advantages, however, potential drawbacks include
lower lithium ion conductivity and control issues over size and morphology!02131136.137,
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 materials!®. 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
NCMB8L11 in Figure 2.24), but no clear mechanism for this slow conductivity has been

found yet™’.
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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
Wiley®?,

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 materials'®. Proposed intragranular crack
formation mechanisms include anisotropic volume changes during cycling (related to the
H2 to H3 phase transition)®’ %3 inhomogeneous structure of single crystal during
cycling due to poor lithium ion diffusion kinetics**!39, oxygen vacancy concentrations in
the {111} plane in oxygen sublattice which degrades structural integrity and promotes

transition metal dissolution*?

, and accumulation of planar gliding steps in the (003)
planes during cycling!*!. 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 yet**8. 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 study®3!,
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