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Summary

To meet the energy capacity demands of next generation electric vehicles and other high energy
use devices, significant developments in lithium-ion battery (L1B) cathodes will be required.
Compositions which provide higher specific capacities need to be proven, and battery materials
costs need to be reduced. Moving on from traditional cobalt-rich cathodes and towards nickel-
rich compositions is the clearest and most impactful pathway towards these goals. As such, the
implementation of transition metal layered oxide cathodes with high fractions of nickel is highly
desired with capacities around 200mAh/g and has thus become a particularly popular topic of
research in the past several years. By all expectations, commercial LIBs will be composed of
nickel-rich cathodes within the next decade, provided that the inherent drawbacks and limitations
are addressed. Herein, we choose to focus on LIB layered oxide cathodes with nickel contents of
80% and greater, and pathways towards practical industrial application. In Chapter 1, we
establish the motivation and limitations of Ni-rich NMC cathodes and touch upon previously
demonstrated designs towards resolving these limitations, specifically surrounding the typical

polycrystalline secondary particle structure.

In Chapter 2, we explore effects of extended aqueous processing of NMC cathodes of various
compositions. Aqueous slurry processing is a desirable milestone for battery manufacturers, its
success would eliminate the use of expensive and potentially harmful N-Methyl-2-pyrrolidone
organic solvents. While isolating on the effects of water processing on solely the NMC cathode,
longer processing timescales are utilized which are closer to those used in industry, contrary to
shorter washing steps investigated in other works. We demonstrate that at these timescales,

extensive fracture along grain boundaries occurs, with the severity of fracture positively

Xii



correlated with the nickel fraction in the material. The removal of surface lithium residues and
contact with water resulted in localized delithiation of the NMC surface and subsequent surface
reconstruction along grain boundaries to rock-salt like ordering. It was also determined that the
treated materials are more mechanically compromised, which adds risk for additional particle
pulverization during calendaring processes. Lastly, electrochemical performance severely suffers
from aqueous processing due to the resistive surface reconstruction layer and increased surface
area, exhibiting higher capacity fade and reduced capacity at high charge/discharge rates. This
work demonstrates the importance of surface modifications in order to utilize aqueous slurry

processes at relevant scale.

In Chapter 3, we look to develop a method to address the chemical instability and improve the
performance of LiNiosMno.1C00.102 (NMC811) while solely utilizing a coprecipitation method.
NMC811 is well demonstrated to have reversible capacities ~200mAh/g when cycled to an upper
voltage cutoff of 4.5V vs Li/Li*. However, surface-initiated instabilities caused by high valence
Ni ions result in capacity fade, rendering it impractical for many applications. Based on the well
documented electrochemical stability of Mn-rich oxides, we aimed for the synthesis of a
heterogenous hydroxide precursor with a nickel-rich core and manganese-rich coating layer. Due
to the importance of coprecipitation for high throughput synthesis, it was critical to maintain the
entirety of the precursor synthesis within the coprecipitation reactor, with no post-precipitation
modification steps outside of standard lithiation. This can be achieved through careful tuning of
the reactor feedstocks and pH regulation, taking advantage of the high driving force for
precipitation of transition metal hydroxides and the influence of pH on the coprecipitation

process. After lithiation, the resulting cathode should be composed of an NMC811 core and Mn-
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rich spinel exterior. Commonly utilized electrochemical tests demonstrate a marked
improvement in the electrochemical performance of the resulting cathode when compared to its
uncoated version, especially in capacity retention at elevated temperatures and suppression of

impedance growth.

In Chapter 4, we explore the impact of minor amounts of lithium halides added to the lithium
source during the calcination of NMC811. While extensive investigations have been conducted
into cation doping of Ni-rich cathodes, less work is involved on anion doping. In this work, we
demonstrate that minor additions of LiCl and LiBr result in significant morphology alterations,
resulting in a porous cathode with ~3x more specific surface area than an undoped analogue.
5mol% CI and Br doped samples exhibited significantly improved capacity retention and
capacity under high charge/discharge rates, while F doping had negligible observed impact. The
improvements in performance for Cl and Br doped samples were attributed to the onset of
lithiation at lower temperature and formation of a compact and dense protective CEI layer upon
cycling, which was investigated using surface sensitive techniques and supported by electron
density-of-states calculations. This work demonstrates a new approach to Ni-rich cathode
modifications through use of anion doping and tuning of the lithium source to affect the lithium

melting temperatures.

In Chapter 5, we attempt to synthesize large single-crystalline NMC811 cathode powders. NMC
cathodes and other Ni-rich layered oxides are well documented to go through large anisotropic
volume changes when brought to the highly charged state, with the structural changes occurring

due to the significant level of withdrawal of lithium from the host structure during deep
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lithiation. Most NMC cathodes are typically comprised of micron sized spherical particles, which
themselves are comprised of numerous nanosized primary particles with various orientations.
Such changes in crystal lattice volume can initiate and exacerbate intergranular cracking in these
polycrystalline secondary particles and lead to rapid capacity fade from electrical disconnection
and continued exposure of reactive surfaces to electrolyte penetration. By removing the
polycrystalline feature from the cathode, intergranular fracturing as a degradation mechanism is
virtually eliminated. Single crystal NMC811 powders are synthesized through a facile molten
salt method, utilizing lithium sulfate and sodium sulfate eutectics as a flux for crystal growth.
The resulting powder is composed of micron sized single crystals of octahedral shapes. The
shape and morphology are highly dependent on the initial molten salt content, composition, and
sintering temperature/time. The eutectic salts are easily removed with water due to their high
solubility, and the initial reversible capacity is comparable to typical polycrystalline NMC811
with excellent crystallinity. However, single crystal NMC811 suffers from rapid capacity fade,
and failure mechanisms were investigated to be from intragranular cracking and planar gliding
along the weaker (003) plane, which within the first cycle at high states of charge and exposes
new surfaces to electrolyte-cathode interactions. Along with the growth of a thick CEI layer due
to the more reactive (012) enclosed facets, cells suffer from rapidly increasing polarization at
moderate levels of delithiation, with rapid irreversibility of the H2 to H3 transitions. This work
demonstrates the effectiveness of flux growth for single crystal Ni-rich cathodes, while also
exploring newly developed failure mechanisms and the need for further modifications for Ni-rich

single crystal cathodes.
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In Chapter 6, we discuss recommendations and directions for future work, which includes
preliminary data of doped single crystal cathodes and doped ultrahigh nickel-rich cathodes. In
ultrahigh nickel-rich cathodes nickel content is pushed beyond 90mol% and cobalt content
reduced to ~ 2.5mol%. In commercial considerations, increasing the Ni content and decreasing
the Co content further lowers materials cost while improving reversible capacity. The resulting
cathode of the composition LiNio.ssMno.025C00.02502 demonstrates a reversible capacity
>200mAh/g when cycled to an upper voltage cutoff of 4.3V, which is higher than that of
NMC811. Cyclic voltammograms demonstrate that increasing the nickel content to this extent
results in much more severe transformations not observed in NMC811 or other cathodes with
lower nickel content, with the H2 to H3 transition also occurring at a lower voltage. The much
more reactive ultrahigh nickel-rich material thus exhibits severe capacity fade during
galvanostatic charge/discharge cycling, with rapid fading attributed to a combination of
mechanical vulnerability and surface-initiated degradation mechanisms leading to fast
impedance growth. Usage of dopants is aimed towards improving the capacity retention of the
cathode to acceptable level. Magnesium dopant at ~1mol% is demonstrated to be effective for
suppressing capacity fade, especially when cycling at an elevated temperature of 60°C.
Additional improvements can be obtained through a combined doping and microstructural
modification approach, with minor addition of boron being effective in tuning the primary
particle growth. 1mol% of boron is effective in growing elongated, radially oriented primary
particles from influence of boron atoms on the surface energy of the (003) plane and resulting in

preferential orientations that are more effective in suppressing intergranular cracking.
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Chapter 1. Introduction

1.1 Lithium-ion battery (LIBs)

Lithium-ion batteries are critical in powering many different devices used across the world, from
small portable devices such as cell phones and laptops, to the larger electric vehicles and drones.
Many of these devices are limited by the battery that powers them, whether by weight, cost, or
reversible capacity. This is especially true for electric vehicles, with their range limited mainly
by the battery’s specific capacity. All the while, lithium-ion battery production has increased
significantly over the past few decades, and demand is expected to continue to increase -2,
Therefore, significant improvements to the performance and cost of lithium-ion batteries are

continuously sought.

A typical LIB, as shown in Figure 1, is an electrochemical energy storage device, which
converts chemical energy to electrical energy during discharge, and vice versa during charge.
This is achieved through decoupling of the chemical reaction between the two electrodes,
referred to as the anode and cathode, into ionic and electronic components. When a suitable
electric connection is made, ideally connected to the desired load, the inherent chemical potential
between the two electrodes leads to the transport of lithium ions from the anode into the cathode
via an electrolyte. This is associated with discharging of the battery and reduction and oxidation
(redox) reactions at the cathode and anode, respectively. During charging, the opposite occurs, in
which an applied potential facilitates transport of lithium ions and electrons from the cathode to
the anode. A solid electrically insulating but ion permeable membrane between the two

electrodes prevents shorting of the cell and potential safety hazards such as thermal runaway.



The voltage, or potential, of the battery is based on the inherent electrochemical potential
between the two electrodes. This potential is also referred to as the Nernst potential and is
materials dependent, being associated with the energy difference between the half reactions that
occur at each electrode . The practical performance of a lithium-ion battery under different
electrical loads, such as power, capacity, and high current performance, is highly dependent on

the electrode materials, microstructural characteristics of the electrodes, and electrolyte

o

Electrolyte @

characteristics and design of the battery.
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Figure 1: Schematic of a typical lithium-ion battery, with a graphite anode and LiCoOz2
cathode, taken from Ref. [5]. Lithium is transported between the electrodes during charge
and discharge facilitated by a lithium salt-based electrolyte. The cathode is associated with

the electrode that undergoes reduction during discharge, and the anode being oxidized.



1.1.1 Layered oxide cathodes (LCO)

The modern lithium-ion battery was commercialized in the mid-1990s by Sony, and was based
on the work of John Goodenough, Stanley Whittingham, and Akira Yoshino, to whom the 2019
Nobel Prize in Chemistry was awarded 1. This LIB utilized a cathode that was comprised of a
transition metal layered oxide of the composition LiCoO2 (LCO) and graphite anode ["]. The
cathode was synthesized through a simple solid-state route, utilizing high temperature calcination
of lithium salts and cobalt oxide to form the layered lithiated oxide. This cathode exhibited
significant improvements over the existing battery systems at the time, such as high power due to
relatively fast kinetics with high electronic and ionic conductivity, combined with a high
working voltage of ~3.6V versus Li/Li* ["®l. A high specific capacity could also be achieved due
to use of the small Li" ion, and based on the crystal structure, a theoretical capacity of
~270mAh/g. However only 140mAh/g could be practically achieved based on limitations that
will discussed in a later section. During charge and discharge, the electrochemical reactions and
transport of lithium is accommodated by oxidation or reduction of the transition metal ion. This
can be represented by the following redox reactions at the cathode:
During charge,

LiCoO2 — Li1xC00; + X-Li" + x-€ 1)
and discharge,

Li1-«CoO2 + x-Li* + x-e" — LiCoO2 2
The lithium deficient oxide structure generated in (I) is accommodated by partial oxidation of
Co®* to Co*, fulfilling proper charge balance of the host structure. Lithium is then stored at the
anode, whether by lithium intercalation or formation of solid solutions, until discharge of the cell

by equation (1), where Co** is naturally reduced to Co®* with the intercalation of lithium.



LCO is the basis for many other layered oxide cathodes of the general formula AxMO2, which
take on the R-3m crystal structure. As shown in Figure 2, this is a hexagonal crystal structure
that is well defined by alternating layers of transition metal and lithium cations, with a layer of
oxygen anions in between, when viewed along the (001) plane. As such, this class of cathodes
with a composition based on LiMO> (M being a transition metal) are often referred to as “layered
oxides.” Transition metal ions at the 3b Wyckoff position, with lithium ions residing in the 3b
position. Oxygen anions are coordinated with the metal cations, forming the alternating layers of
LiOs and MOs edge-sharing octahedra %1, This structure is also commonly referred to as O3
structure or by their prototype structure: a-NaFeOz. Within this structure, lithium ions in the “Li
slab” are able to intercalate to and from the host structure through a vacancy hopping mechanism
to adjacent sites. This is proposed to occur through either intermediate tetrahedral site hopping,
or oxygen-dumbbell hopping 121, It is this high fraction of lithium, combined with the close-
packed oxygen framework, that realizes the desirable volumetric and specific capacity for

layered oxide cathodes.
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Figure 2: (a) Representation of the layered R-3m crystal structure of LiCoO2 from Ref.
[10], with red, gray, and green spheres representing oxygen, transition metal, and lithium
ions, respectively. (b) Corresponding powder XRD profile of LiCoOz2, scanned using a Cu
ko X-ray source (. = 1.5406A), taken from Ref. [12], with corresponding planar spacings
identified. (c) Schematic of Li intercalation/diffusion through tetrahedral site (TSH) and

oxygen dumbbell hopping (ODH) routes, taken from Ref. [11].

While LCO has been the predominant choice of cathode for LIBs for the past few decades,
limitations in capacity and costs have begun to render this cathode insufficient for present and
upcoming requirements. As mentioned previously, while having a theoretical capacity of
~270mANh/g, only ~140mAh/g can be practically accessible. This is due to the instability of the
LCO crystal structure when more than 50% of the available Li is extracted, which occurs at an
upper voltage cutoff of ~4.2V vs Li/Li* [**15], The resulting structural instability in the form of
undesirable structural distortions from a hexagonal to monoclinic structure. This is also

accompanied by a release in lattice oxygen, theorized to be due to the overlap between the



Co®** pand and the top of the O% 2p band as shown in Figure 3a, which threatens safety when
considering possible oxidation of the organic solvents in the electrolyte 1581, The observed
result of attempting to extract beyond 0.5 Li per formula unit is severe capacity fade and

premature cell failure. Therefore, practical capacity is limited to 140mAh/g 241,

Aside from performance related limitations, the recent materials costs of cobalt have been
volatile, with the cost per metric ton having fluctuated between ~$20,000 and ~$95,000 just
within the past decade [*°!, with a general overall increase in price (Figure 3b). Part of this has to
do with the current global supply chains mostly located in Central Africa, which are considered
high risk along with posing ethical concerns as a conflict resource 2%, Lastly, cobalt in certain
forms is toxic to humans 211, Considering that LIB cathodes comprise ~40% of the total battery
cost, moving away from cobalt would result in materials costs would lead to significant savings

for manufacturers, more stable supply chains, and safer working environments [20-221,

1.1.2 Layered oxide cathodes (NMC)
In the mid-2000s, work by the Lu, MacNeil, and Dahn at doping the LCO crystal structure with

nickel and manganese led to the development and patent of “NMC” cathodes, which have the
composition LiNi1xyMnxCoyO2 23241 While reducing the total materials cost of the cathode by
cobalt fraction reduction, the desirable layered structure is still maintained and significant
improvements in performance are also demonstrated. LiNiisMn13C01302, also referred to as
NMC111, was found to be an exceptional cathode material, exhibiting good cycle stability while
also improving the practical reversible capacity to 160mAh/g at 4.3V vs Li/Li* compared to

LiCoO; [?°1. The relationship between nickel and manganese on the layered oxide cathode as



summarized in Figure 3c. Nickel generally increases the accessible capacity of the cathode by
allowing for deeper levels of delithation, with around 80% of Li ions accessible for certain
compositions when charged to 4.3V vs Li/Li* 25?71, Part of this is attributed to reduced overlap
between the Ni**** redox and O% p bands (Figure 3a), allowing for further oxidation of Ni** to
Ni** and subsequently deeper delithiation without the onset of detrimental effects related to
lattice oxygen release ['8 281, Manganese was found to improve the chemical stability of the
cathode due to the high Mn®*/Mn** redox energy, resulting in an electrochemically inactive Mn**
valence state when added in moderate amounts, while also being relatively low cost and very
abundant when compared to cobalt 2>, Since the development of NMC cathodes, much work
has revolved around altering the Ni, Mn, and Co fractions to achieve desirable traits and balance

materials costs and performance (Figure 3d).
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taken from Ref. [18]. (b) historical materials cost of cobalt in $/metric ton from 2010 to
present, from Ref. [19]. (c) General relationship and contributions of Ni, Mn, and Co
towards cathode performance characteristics. (d) Reversible capacities and thermal
stabilities of different NMC compositions, taken from Ref. 25.



1.2 Nickel-rich NMC cathodes

Recently traction has gained on the application of nickel-rich NMC cathodes, which is a layered
oxide cathode defined by a nickel fraction of over 60%. Specifically, the composition
LiNio.sMno.1C00.102 (NMCB811), is of significant interest due to a high demonstrated capacity of
~200mAh/g when cycled to an upper voltage cutoff of 4.5V vs Li/Li* 3%, In addition, the
exceptionally low 10% cobalt content allows for an even cheaper materials cost compared to
LCO or NMC111, which is a step towards to DOE targets of $100/kWh 61, More importantly,
successful application and commercialization of NMC811 cathodes would be able to meet the
DOE 2025 target of 235Wh/kg for electric vehicle battery packs B71. Thus, it is expected that
nickel rich NMC cathodes will become important for next generation batteries and is currently

the focus of multiple research efforts.

1.2.1 Limitations from Surface Instability

However, as the nickel content increases for NMC along with reduction in Co and Mn, the
cathode become inherently more unstable, especially in the deeply delithiated state at higher
voltages. In the charged state, high valence Ni** is fairly reactive and demonstrates a level of
reactivity with the organic electrolytes commonly used for LI1Bs 841, This reactivity typically
results Ni reduction and subsequent outgassing via loss of lattice oxygen %41, The release of
oxygen can further oxidize the organic electrolyte, leading to exothermic heat release and posing
a safety issue with thermal runaway hazards %42, It is well demonstrated that NMC cathodes
with higher nickel compositions exhibit thermal runaway at lower onset temperatures, along with

higher peak heat release, when compared to those with lower nickel compositions (Figure 3d).



In addition to the lower thermal stability, irreversible phase transformations can occur associated
with increased cation mixing during prolonged cycling. This occurs due to Ni?* ion mobility
combined with Li site vacancies in the charged state and facilitated by the similar ionic radius of
Ni%* and Li* (0.69A and 0.72A, respectively) [*4*°], Excessive cation mixing, especially at the
surface, drives the undesirable formation of spinel-like phases such as LixNi2O4 (Fd3-m
structure) and to eventually a resistive rocksalt-like NiO (Fm3-m structure) [“5-€], This can be
represented by the following reactions, which demonstrate phase transformations in delithiated

LiNiO2 and the outgassing of lattice oxygen:

3.LixNiO — LixNizOs + NiO + x-Li20 @3)
LixNi2Os — 2-NiO + x/2-Li20 +(4-x)/2-O2 4)
3-LixNiO2 — 3-NiO + 3x/2-Li.O+ (6-3x)/4-O2 (5)

Due to the inherent surface sensitivity of Ni-rich NMCs, most of these phase transformations are
typically observed near the surface of the secondary particle but can also occur in the bulk. In
addition, the Ni?* ions in the lithium sites can still oxidize further to Ni®* and Ni** valence states,
and the smaller ionic radius can facilitate partial structural collapse in this layer, further
mitigating Li* diffusion °l. The increase in cation mixing over time, along with the development
of an NiO-like resistive layer at the surface, is associated with impedance growth, severely
hindering Li ion diffusion, and reducing the overall reversable capacity and cycle life of the

electrochemical cell.

Ni-rich NMC compositions have also been found to be more sensitive to environmental
conditions compared to its Ni-deficient counterparts. Typically, Ni-rich cathodes are prepared

via calcination of hydroxide or carbonate precursors with a stoichiometric excess of lithium salt



in order to counterbalance lithium volatilization and ensure adequately low levels of cation
mixing 18, The remaining active LiO easily reacts with ambient H,O and CO2 to form LiOH
and LiCOs, respectively, and are colloquially referred to as “residual lithium” P53, These salts
naturally act as a form of resistive layer and detrimentally affect electrochemical performance.
Furthermore, these salts can additionally react and hydrolyze the LiPFg electrolyte to form
various compounds such as LizPOs, LiF, MF,, and HF, the latter of which can etch the layered
oxide and exacerbate cathode degradation [**l. Even with negligible amounts of residual lithium,
lattice lithium in Ni-rich cathodes was found to be able to react with ambient species to form
surface residual salts via a Li*/H* exchange mechanism [5-53551, This not only forms the resistive
salt layer, but also exhausts lithium from the lattice and induces NiO formation, which can be
represented via the following reaction:

3:LiMO; + 2x-H20 + x-CO2 — 3-Li1.xHxMO2 + x-LiOH + x:Li2CO3  (6)

1.2.2 Stabilization via coating methods

As most of these degradation mechanisms are surface initiated, a straightforward approach is to
modify the surface of NMC811. A commonly utilized method is by applying a protective coating
around the cathode particles. Whether electrochemically active or inactive, the surface is
somewhat passivated by providing a barrier between the Ni-rich cathode surface and electrolyte
or ambient air, preventing the degradation mechanisms initiated by high valence nickel reactivity
or inherent surface sensitivity. A variety of approaches have been demonstrated, revolving
around surface coatings applied pre- or post-sintering, as well as core-shell and gradient
structures developed during the precursor synthesis. In terms of coatings applied post-cathode

synthesis, a wide range of coating compositions have also been well demonstrated in literature,
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ranging from various oxide-based coatings 6% phosphates 663 and even conducting

polymers [64651,

Coatings applied via rotary evaporation rely on the dissolution of a coating precursor salt,
followed by gradual solvent evaporation along with mechanical agitation. The supersaturation
results in the precipitation of the coating precursor on the surfaces of the NMC precursor or
cathode, ideally with good encapsulation. The Cho and Shen groups have demonstrated several
facile methods centered around rotary evaporation of Mn-based compounds to develop spinel
coated cathodes, as Mn-based materials tend to exhibit excellent chemical stability (56671, After
rotary evaporation processes, the material is subsequently heat treated to form the coating layer,
which in their case is a spinel layer, as lithiated Mn-rich compounds are stable in the spinel
structure. As mentioned before, Mn-rich spinels are electrochemically stable and were

demonstrated to function well as protective coatings for Ni-rich cathodes (Figure 4a) [66-681,

ALD methods have also been utilized to form coatings, such as Liang et al. to deposit Li-Nb-O
based coatings [*°. In each case, the coatings are chosen for their superior electrochemical
stability, and can stabilize the Ni-rich core under high voltage or high temperature cycling by
inhibiting surface reactions. The ALD process allows for uniform and dense nanoscale coatings
along with the ability to coat materials which are difficult to process by other means. In addition,
effective particle encapsulation can be achieved, sometimes assisted through agitation of the

powder during the deposition process.
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Dry mixing the NMC material with the coating material in the form of nanopowders is the lowest
cost method towards coating cathode materials. The process simply involves thoroughly mixing
nanopowders with either the NMC precursor or already lithiated cathode material using planetary
rollers or ball milling equipment, followed by a heat treatment step to coalesce the nanoparticles
into a coating formation to reduce surface energy. While straightforward with low processing
cost, it should be taken into consideration that uniform and dense coatings can sometimes be
difficult to achieve through this method 131, Additionally, the prior production or acquisition of
nano powders as a coating material incurs a non-negligible cost, as well as potential safety and

environmental hazards associated with the handling of nano powders %41,

ALD and rotary evaporation methods, while able to form good coatings at the lab scale, are not
scalable processes, limiting the ability to synthesize modified cathode material on an industrially
relevant scale. The most common high throughput process for developing Ni-rich cathodes is via
coprecipitation. This process is centered around the high driving force of metal hydroxide
precipitation in an alkaline environment. Typically, solutions of transition metal sulfates are
dropped dropwise into a continuously stirring solution of ammonia, with the pH maintained
anywhere between 10-11.3 depending on the desired composition. NaOH is used as a buffer
solution to maintain the pH, as well as provide the necessary precipitating OH" counter ion.
Metal ions react with the hydroxide ions to precipitate out of solution as M(OH)2 compounds,
with the ammonia contributing as a chelating or complexing agent to control the precipitation
rate and form dense spherical secondary particle (Figure 4b) 79 This process is suitable since
intimate elemental mixing can be achieved and reactor setups can either be set for large batch

reactors or continuously flowing reactors. As a result, it is more suitable to utilize coprecipitation
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processes as part of a modification process. The relevant metal-ammonia complexing and metal
hydroxide precipitation reactions during the coprecipitation processes are as followed:

M? + n-NHz — [M(NHz3)n]** (6)

[M(NH3)n]?* + 2:OH — M(OH) + n-NH3 (7
Several attempts have been demonstrated in modifying Ni-rich NMC cathodes utilizing
coprecipitation, specifically by forming core-shell or concentration gradient metal hydroxides ['*-
741, In a core-shell structure, a Ni-rich composition is precipitated for a fixed amount of time.
Afterwards, the metal sulfate feedstock is changed into a composition that is more Ni-deficient,
but still typically containing moderate amounts of nickel. This was well demonstrated by the
Manthiram group in which an Nio.9Co0.1(OH). core was initially precipitated, then coated with
two shells of NMC721 and NMC541 hydroxides, with each shell being at around 1-2pum in
thickness [®]. Sun et al. and Maeng et al. also demonstrated similar methods, using a Ni-rich core

and a shell composed of LiNiosMnosO2 or LiNiysMnzCo1302, respectively (Figure 4c) [/ 721,

However, the presence of thick shells of different compositions can lead to issues related at the
interfaces, as strain can build based on differences in lithium diffusion rates and mechanical
properties %771, As a result, concentration gradient cathodes were developed, where the
composition from core to surface is gradually changed from an Ni-rich composition to a Ni-
deficient composition. This was well demonstrated by the Amine group, where a standard
coprecipitation reaction was modified by slowly pumping in a Ni-deficient metal sulfate solution
into the metal sulfate feedstock that fed directly into the reactor ["®l. The resulting material has a
linearly decreasing nickel concentration from core to surface, and exhibited the high capacity

associated with Ni-rich compositions, while also improving the capacity retention (Figure 1d).
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However, it is worth noting that this method of producing concentration gradient cathodes is
limited to batch reactor systems and is complicated to achieve in a continuously flowing

coprecipitation reactor system.
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Figure 4: (a) Schematic of spinel coating NMC811, taken from Ref. [77]. (b) Schematic of
coprecipitation process. (¢) SEM image of a Core-shell cathode, with an NMC811 core and
LiNiosMnosOz2 shell, partially broken at the interface, taken from Ref. 71]. (d) Schematic
representation of a full concentration gradient cathode, showing linearly decreasing nickel
concentration from core to surface, taken from Ref. [78].

Thus, it is imperative to apply coatings to Ni-rich cathodes while meeting the following
conditions: 1) utilizes a high throughput process, ideally coprecipitation of hydroxide precursors,
2) coating must be thin so as not to cause strain-related issues, 3) must not significantly reduce

the accessible capacity and rate performance.

We propose that such a method can be achieved by focusing on the concepts of coprecipitation to
produce a thin nanoscale coating. It is well demonstrated that pH is the most influential

parameter towards morphological control in the coprecipitation process. At too low of a pH,
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metal hydroxides do not precipitate as readily, and growth is diffusion controlled in the form of
thickening of primary particles %79, Increasing the pH increases the driving energy towards
precipitation of metal hydroxides. By increasing the pH beyond the typically demonstrated
levels, we expect that the increase in the thermodynamic driving force results in the rapid
precipitation of metal hydroxides in the form of nanoparticles. Therefore, after the initial
precipitation of NMC811 hydroxides (and subsequent depletion of Ni species in the reactor), a
nanoscale coating of Mn-rich spinel precursors can be achieved by changing the feedstock
solution to an Mn-rich composition, while also increasing the pH of the reactor to facilitate
nanoparticle formation. Utilizing this process method, a heterogenous precursor composed of a
NMC811 hydroxide core with a uniform coating of Mn-rich nanoparticles can be produced.
Based on the stable state of Mn-rich oxides being the spinel structure, subsequent lithiation and
calcination of the heterogenous precursor should result in a cathode composed of NMC811
coated with a nanolayer of spinel. Based on existing literature, it is expected that this cathode
would exhibit improved electrochemical performance, with the additional advantage being that
this synthesis method remains viable for both batch and continuously flowing reactor setups,

alongside mitigating the risk of handling nanopowders.

1.2.3 Limitations from Bulk Instability

Alongside reactivity of the nickel-rich surface, several studies have pointed to the volume
changes of nickel-rich cathodes upon lithiation/delithiation as a major contribution to capacity
fade and cell failure. More specifically, during delithiation of the cathode, several bulk structural
changes occur [*81, During initial delithiation of NMC811 from 0 < Li < 0.24, the cathode

structure changes from a hexagonal H1 phase to a monoclinic M phase. From 0.24 < Li < 0.60, a
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second phase change occurs from the M phase to another hexagonal H2 phase. Lastly, above Li
> 0.60, a phase change from H2 to another hexagonal H3 phase occurs. These changes can be
observed in cyclic voltammetry or differential capacity experiments, as three distinct redox pairs
are observed during charging/discharging, as shown in Figures 5a, b . These intermediate
phases, as shown in Figure 5c are created due to lithium leaving the structure in preferential
manner based on site activation energy and is also referred to as lithium vacancy ordering 4851,
The subsequent changes in the crystal structure have a significant impact on the specific unit cell

structure and corresponding lattice parameters.

Of these phase changes, the H2 to H3 phase change is considered the most destructive, as it is
correlated with an abrupt volume change of the unit cell. During delithiation before the H2 to H3
transition, the a and c lattice parameters of the unit cell change in value; as transition metal ions
such as nickel or cobalt get oxidized to higher valence states, the reduction in cation size and
increased covalency (and subsequently decreased bond length distance) with oxygen anions
results in shrinking of the a lattice parameter. Additionally, as lithium ions leave the structure,
reduced shielding effects between the oxygen layers result in increased repulsion and gradual
increase of the c lattice parameter, in particular a widening of the Li slab, is observed (Figure
5b) 82881 Based on work by the Grey group utilizing in-situ XRD of NMC811 samples,
shrinkage of the a lattice parameter and expansion of the c lattice parameter reached a minimum
and maximum of ~2.1%, respectively, compared to the fully discharged state 3. However,
during the H2 to H3 transition, a level of deep delithiation around 80% causes an interlayer
collapse of the Li slab and is realized by a sharp contraction in the c lattice parameter and overall

unit cell volume. This was hypothesized to be caused by depletion of the effective charge of
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oxygen anions and subsequent reduction of repulsion between oxygen planes due to a charge
transfer mechanism between high valence Ni and O leading to higher covalency 71, As a result,
the c lattice parameter has been observed to decrease by around 4-5% within this small
composition/voltage region, shrinking to a value even lower than that of the fully discharged

state (~14.5A to 13.95A reported by the Grey group for NMC811) [,

This phenomenon is consistently observed through use of cyclic voltammetry, differential
capacity profiles, and in-situ XRD analysis of cathode samples at incremental values of state-of-
charge (“SOC”) [7%8386] While this occurs for all NMC compositions, the voltage at which the
H2 to H3 transition occurs tends to decrease with increasing nickel content, as it is mostly
dependent on the % Li removal and Ni-rich cathodes can reach deeper levels of delithiation at
lower voltages %1, For NMC811, this phase change occurs at ~ 4.2V vs Li/Li*, which is well
within the voltage range of typically cycled Li-ion batteries. For contrast, this voltage occurs at
4.4V vs Li/Li* for NMC622 and even higher for NMC111. Detrimental effects related to this
phenomenon include mechanical strain and decreased lithium diffusion coefficients 84, The
former is considered especially detrimental for Ni-rich cathodes in use for long term cycling; it is
suggested that the repeating mechanical strains leads to intergranular cracking between the
randomly oriented primary particles within typical polycrystalline cathode powders, facilitating
electrical disconnection, particle pulverization, and electrolyte infiltration, as shown in Figure
5d. Thus, many works are focused on different ways to address the structural vulnerability of Ni-

rich cathodes.
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Figure 5: (a) Cyclic voltammetry profile of NMC811, representing the phase transitions
between 2.8 and 4.5V. (b) Change in a, c lattice parameters and overall unit cell volume of
Ni-rich cathode at different voltages/state-of-charge, taken from Ref. [83]. (c) Hlustration of
crystal structures of intermediate phase changes during cathode delithiation, with lithium,
transition metal, and oxygen atoms in light green, dark green, and red, respectively, taken
from Ref. [84]. (d) Cross section SEM image of intergranular cracking of NMC811 cathode
after galvanostatic cycling to 4.5V vs Li/Li+, due to repeated volume changes, taken from
Ref. [80]

1.2.4 Pathways towards single crystal synthesis

While dopants can provide some sort of suppression of this phenomenon, a recently popular
solution towards resolving issues related to intergranular fracture and secondary particle
pulverization is via microstructural modification of the cathode powder. More specifically, the
elimination of polycrystalline secondary particles and use of large, single crystalline cathode
particles (Figure 6a) [°*-921, With the absence of grain boundaries and interfaces between primary

particles, issues related to intergranular fracture are effectively eliminated, ideally improving
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long term cyclability while still utilizing levels of deep lithiation. These larger crystals can
successfully accommodate the volume changes associated with the H2 to H3 transition during
typical cycling without cracking, although with some limitations in size; work by Qian et al.
determined that a critical crystal size exists, in which the internal strains caused by coherency
stresses are large enough to initiate intragranular fracture . This was also found to occur if
pushing the level of delithiation even higher, as when single crystalline NMC622 was cycled to
4.8V vs Li/Li*. A secondary benefit when utilizing single crystalline morphology is that typically
a lower surface to volume ratio is achieved compared to polycrystalline counterparts and would
overall suppress the severity of degradation mechanisms related to surface/electrolyte
interactions. This was demonstrated by TGA/DSC experiments on mixtures of electrolyte and
single crystalline NMC in the discharged state; the single crystal morphology significantly

suppressed gas evolution compared to the polycrystalline counterpart 1,

Some of the main challenges towards the development single-crystalline cathode powders
typically revolve around synthesis. Various methods are documented in literature and
represented in Figure 6a, from simple high temperature sintering to multi-step
sintering/lithiation steps 8, to ball milling 71, to flux assisted growth using additives such as
molten salts [?092-94, Higher than typical sintering temperatures are often utilized based on the
relationship between temperature and solid-state diffusion 4. Of these methods, flux assisted
growth via molten salts hold significant promise, as it is a scalable process that doesn’t involve
additional high energy processes such as milling or multiple calcination steps. In addition,
multiple variables can be controlled to modify the singly crystal size and morphology [*8, which

will be discussed in the next section. It should also be noted that in milling steps or other
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processes involving breakage of secondary particles, it is difficult to control the single crystal

size and morphology.

Several works document the successful synthesis of large single crystalline NMC particles, such
as work by Kimjima, where flux growth of single crystal NMC111 was achieved using
molybdate flux or sodium sulfate and carbonate fluxes 2. Kim et al. utilized various molten
salts such as NaCl or KCI combined high sintering temperatures to grow faceted micron-sized
crystals of NMC811 €1, Although electrochemical performance was not reported or subpar in
these works, they demonstrated that dominant facets during crystal growth and final crystal size
can be tuned based on the temperature, sintering environment, and molten salt utilized, thus
demonstrating the effectiveness of molten salts in synthesizing uniform single crystals (Figure

6d).

Crystal growth was proposed to be driven by Ostwald ripening principles related to liquid phase
sintering, with a dissolution/recrystallization process of the oxide material facilitated by the
molten salt flux 2. In particular, these oxides were reported to have higher solubility in fluxes
containing either sulfate anions or large alkali cations due to their effectiveness in solvating O
anions 1% |n addition, facet control was theorized to be a result of capping effects, where
specific anions or cations can preferentially adsorb onto certain surfaces, inhibiting growth along
those directions. In the case of Na-containing flux, Na* ions were suspected to adsorb onto the
{001} surfaces due to a higher adsorption enthalpy compared to Li*, resulting in Li* ions forced
to migrate and precipitate along other surfaces resulting in the aforementioned anisotropic

crystals 9231,
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However, many of these works utilize NMC chemistries with low nickel content or are unable to
demonstrate favorable electrochemical performance, if they report electrochemical performance
at all P21, There has been some documented success in synthesizing single crystalline
NMC622, utilizing a eutectic molten salt of LiOH and Li>SOg, as it was found that sulfate salts
were particularly effective at inhibiting particle agglomeration while growing crystals via the
proposed dissolution/recrystallization process [°°. In addition, LiOH and Li>SO4 are very soluble
in water and excess salts were easily washed away. Significant improvements of traditional
polycrystalline NMC622 were demonstrated, with the single-crystalline cathode exhibiting
similar reversible capacity but with a noticeable improvement in capacity retention. Post-mortem
analysis demonstrated the difference due to intergranular fracturing for the polycrystalline

sample (Figure 6b, c).
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Figure 6: (a) Graphical illustration single crystalline cathode and various synthesis
approaches, taken from Ref. [102]. (b) Cross section SEM images of single crystalline and
polycrystalline NMC622 after 300 cycles and (c) performance comparison with
polycrystalline counterpart during 1C cycling from 2.8-4.3V vs Li/Li+, taken from Ref.
[90]. (d) Different dominant facets of single crystal NMC111 due to different flux
composition (top: KCI, bottom: NaCl), taken from Ref. [98].

Currently there is a lack of study on single-crystalline NMC cathodes with higher nickel content,
particularly in the case of Ni > 80%. In recent years, several works related to large single
crystalline Ni-rich cathodes were reported, such as NMC811 and NCA. Multi-step lithiation and
high temperature sintering steps combined with ball milling successful in synthesizing micron
sized crystals of NCA, with Ni > 80% 5% Although it appears that uniform composition was
achieved with no observed impurity phases, the resulting powders did not exhibit uniform size or

morphology distributions. In addition, performance was unable to match that of their traditional
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polycrystalline cathode counterpart nor provide performance advantages, even with the

utilization of different electrolyte additives %1011,

It is suspected that high temperature sintering is detrimental towards the performance of Ni-rich
cathode materials, as it can facilitate a higher increase in cation mixing and potential formation
of rock-salt structures at the surfaces 1931941 With Ni-rich compositions, increasing the
temperature facilitates lithium deficiencies in the final structure due to the relatively high vapor
pressure of lithium oxide leading to vaporization. In addition, higher temperatures facilities
formation of NiO as the equilibrium phase, which is electrochemically resistive and severely
detrimental towards cathode performance. Therefore, it is recommended to utilize lower
sintering temperatures, typically below 800°C as is the case with most reported studies of Ni-rich
compositions [81:828587.102-105] 'However, as temperature is a significant driver of diffusion-limited
grain growth, it can be difficult to obtain desirable micron sized crystals at lower sintering
temperatures. One such demonstrated solution is through temperature swing synthesis, in which
a short, high temperature sintering step is followed by a longer sintering step at lower
temperature. This was demonstrated recently for NMC622 with some success and relies on the
initial high temperature step of 1000°C lasting 3hrs for most of the grain growth/single crystal
formation, with a secondary longer step at 900°C for 10hrs to facilitate structural ordering of the
bulk material 521, However, this process method has not been proven for higher Ni-rich cathode

chemistries and has not yet been demonstrated beyond this work.

Existing works related to single crystalline NMC cathodes typically utilize a high excess of Li

salts to accommaodate vaporization during sintering, or molten salts as a flux for crystal growth.
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In both cases, these salts are soluble and typically need to be washed away before forming
cathode films, as excess residue can function as a resistive layer and result in undesirable
electrochemical performance [1951%61 Excess LiOH is also known to be an impediment towards
cathode processing, as it can contribute to high slurry alkalinity, which can facilitate corrosion of
the typically used aluminum current collector %71, While a washing process with deionized water
is acceptable and documented in the case of NMC with low nickel contents 1%, washing with
water can be very detrimental towards nickel-rich cathodes. In polycrystalline NMC811 samples,
simple stirring in deionized water led to fracturing of secondary particles and was attributed to
reactivity between the Ni-rich NMC surface and water [29%11% Upon extended immersion, the
surface was found to degrade severely through proposed mechanisms of H*/Li* exchange and
release of lattice oxygen accompanied with Ni reduction. Subsequently, the particle surfaces and
along grain boundaries is converted from the layered structure to rock salt-like structures. These
mechanisms are identical to that of Ni-rich NMC stored in ambient conditions over long period
of time, but in this case, are quickly developed through immersion at the timescale of hours
instead of weeks. The resulting surface degradation increases impedance by suppressing lithium
diffusion, as well as causing internal strains in the case of secondary particles. While
intergranular fracture is not a concern for single crystal cathodes, conversion of the surface/sub-
surface regions to resistive rock-salt phases would result in unattractive electrochemical
performance, especially since single crystal cathodes generally have reduced performance at high
charge/discharge due to inherently lower specific surface compared to their polycrystalline
counterparts. Therefore, while excess Li salts and molten salts are critical for the synthesis of
large single crystals, the washing step must be carefully optimized, which includes the washing

time, choice of solvent, solvent volume, and solvent temperature. In some cases, a
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reheating/annealing step post washing can be beneficial to restore the surface structure back to
the layered phase, with some works reporting that adding additional Li sources can further help

oxidize the surface and replenish any lost lithium [,

We propose the synthesis of single crystalline Ni-rich NMC compounds, mainly NMC811, using
a molten salt eutectic. Like other molten salt methods, crystal growth is facilitated by
dissolution/recrystallization of the oxide and liquid phase diffusion. However, use of a molten
salt eutectic composition can dramatically decrease the required temperature for liquid phase
flux. In comparison to pure NaCl, which has a melting point of ~800°C, Na,SOs-NaCl eutectic
composition has a significantly lower melting point at 620°C, far below that of either component
in their pure phase. This also holds true with various other alkali salts, such as LIOH-Li.SO4 or
Li2SO4-NazS0s4, the latter of which has a melting point 0f~590°C and contains Li*, Na*, and
S04% ions, all of which can significantly affect crystal morphology whether though common ion
effects, capping agents, or facilitating solvation [°>%3%I The molten salt method is a scalable
process with relatively simple steps, and the flux materials are expected to be able to be
recovered and reusable to an extent, through a simple washing and evaporation process.
Demonstrating the synthesis of single crystalline Ni-rich compositions while maintaining
acceptable performance would be a significant step towards improved stability and longevity of

Ni-rich cathodes.
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The prospect of aqueous processing of LiNixMnyCo,0> (NMC) cathodes has significant appeal
to battery manufacturers for the reduction in materials cost, toxicological risk, and environmental
impact compared to conventional NMP based processing. However, the effects of aqueous
processing of NMC powders at industrial timescales are not well studied, with prior studies
mostly focusing on relatively brief water washing processes. In this work, we investigate the
bulk and surface impacts of extended aqueous processing of polycrystalline NMC powders with
different compositions. We demonstrate that at timescales of several hours, polycrystalline NMC

is susceptible to intergranular fracture, with the severity of fracture scaling with the NMC nickel
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content. While bulk crystallinity and composition are unchanged, surface sensitive techniques
such as x-ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM)
indicate that the exposure of water leads to a level of delithiation, nickel reduction, and
reconstruction from the layered to rock-salt structure at the surface of individual grains. Dynamic
single NMC microparticle compression testing suggests that the resulting mechanical stresses
weaken the integrity of the polycrystalline particle and increases susceptibility of intergranular
fracture. The initially degraded surfaces along with the increased surface area leads to faster
capacity fade and impedance growth during electrochemical cycling. From this work, it is
demonstrated that NMC powders require surface or grain boundary modifications in order to
make industrial-scale aqueous cathode processing viable, especially for next generation nickel-

rich NMC chemistries.

2.1 Introduction

Li-ion batteries are widely used across the world as an integral part of life, powering many of our
common electronics. While the market share for Li-ion batteries has continued to steadily grow
for the past several years, projections indicate a sharp rise in Li-ion battery demand and
utilization as new applications, such as electric vehicles, continue to be adopted 2. With the
ever-increasing production needed from battery manufacturers, any reduction in processing or
materials costs can be significant. One significant alternative being considered is the agueous
processing of LiNixMnyCo1.xyO2 (NMC) slurries for cathode fabrication. Due to the insolubility
of conventional polyvinylidene fluoride (PVDF) binder in water, cathode slurry processing
typically involves the use of organic solvents, mainly N-methyl-2-pyrrolidone, which is often

abbreviated as NMP B4l However, NMP is relatively expensive at a price of ~ $1.25 L™ and
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typically requires additional costs for solvent recovery during electrode drying processes 1. In
addition, there are serious toxicological, environmental, and health hazards associated with NMP
[561 Therefore, there are strong incentives surrounding the replacement of NMP with safer and
cheaper water-based solvents. Accordingly, several studies have been performed concerning
water-based binders, such as carboxymethyl cellulose (CMC), among other polymeric

compounds for cathode applications /19,

However, there are concerns surrounding the potentially deleterious effects of water processing
on typical NMC cathode materials. Previous studies have shown that increasing the
stoichiometric proportion of Ni in NMC cathodes can make the material more susceptible to
surface initiated degradation in humid air environments, demonstrating the negative effects of
moisture for NMC materials in which x > 0.5 [1%12], Specifically, it is suggested that H2O and
COs- in air can be adsorbed onto the NMC surface and interact with nickel and lithium ions to
form a surface layer of nickel and lithium carbonates and hydroxides that contributes to high
impedance, reduces average discharge voltage, and causes off gassing and swelling of the cell
from decomposition during electrochemical operation 121, \While NMC compositions with
higher Mn contents are observed to be more resistant to this form of degradation, current cathode
development is trending towards Ni-rich compositions due to the lower materials costs
associated with the increased use of Ni over Co, and the higher specific capacities near 200

mAh/g observed with Ni-rich cathodes 3151,

In addition to the effects of ambient and humid air exposure on NMC, there are several studies

focused on water washing processes on NMC material or aqueous slurry processing at the lab
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scale, where moderate improvements towards capacity retention is observed due to removal of
lithium residual species at the expense of some initial capacity 6211, However, since industrial
slurry mixing and electrode drying processes typically take several hours or even days depending
on the processing equipment 22-2°1 it is important to focus on the effects of NMC immersion in
water at industrial timescales rather than preliminary lab-based conditions in which mixing times
can be on the scale of minutes. One such study demonstrated that stirring NMC532 in distilled
water for an hour led to increased cation mixing in the surface layer and the formation of lithium
compounds from lithium leached from the NMC surface, thus severely impairing
electrochemical performance 21, It has also been demonstrated that NMC-water interactions can
be influenced by the pH of the solution, with ion-exchange mechanisms occurring at high pH,
and dissolution at lower pH %, However, another study concluded that aqueous slurry
processing appears to not have major effects on NMC811 bulk material nor its electrochemical

performance in pouch cells, with only slight changes to the surface 271,

In this work, we further explore the effects of water immersion on polycrystalline NMC powders
of various compositions. Under different conditions for water immersion, the cathode powders
are studied for changes in surface and bulk chemistry, crystallinity, mechanical behavior, and
morphology. By utilizing different surface and bulk characterization techniques, we demonstrate
that at industrial timescales of 6-24 hrs, immersing polycrystalline NMC into deionized water
will degrade the particle surfaces and weaken the integrity of the secondary particles at the grain
boundaries, leading to intergranular fracturing into smaller agglomerates or even individual
primary particles when subjected to mechanical agitation such as stirring. Surface chemistry and

crystallinity is severely compromised by surface Li leaching, reduction of Ni, and the formation
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of a rock-salt layer, leading to decreased reversible capacity and impedance growth during
galvanostatic charge/discharge cycling. This work provides valuable insights into the limitations
of commercial-scale aqueous cathode processing, and demonstrates that in order to achieve
successful agueous processing of Ni-rich NMC, significant modifications to the NMC material
are required in order to prevent fracturing of the secondary particle, preserve surface integrity,

and maintain adequate electrochemical performance.

2.2 Materials and Methods

(@)

Sample NMC Solids Stir speed Exposure soluti
Type Loading (RPM) time (hrs) olution

1 NMC111 N/A N/A 0 N/A

- — = = 2 NMC622 N/A N/A 0 N/A

—

' | B 3 NMC811 N/A N/A 0 N/A

Slurry preparation of active Electrode coating on Al Drving/solvent removal 4 NMC111 10% 500 1 DI wWater
material, binder, conductive foil (multiple steps)

additive, and solvent 5 NMCoe22 10% 500 1 DI Water
6 1 DI Water
7 6 DI Water

-

(b) Ch ¢ " . NMC811 10% 500
aracterize powder via
b
= == XRD, XPS, SEM NMC111 10% 500
- =
-~ 3 NMC622 10% 500
N Prepare slury and coat
electrode using conventional 9 NMC811 10% 500 1] DI Water

DI Water
NMP solvent, carbon black,

Disperse and stiv NMC powder Dry remaining solution in and PVDF materials 10 NMC111 10% 500 24 DI Water
in aqueous solution. Collect air, followed by vacuum "
and filter half of the solution & oven 11 NMC622 10% 500 24 DI Water
analvze solids via ICP

12 NMC811 10% 500 24 DI Water
13 NMC311 10% 0 24 DI Water
14 NMC811 10% 1000 24 DI Water
15 NMC211 50% 500 24 DI Water
16 NMC811 10% 500 24 Ethanol

Figure 7: (a) Schematic of typical industrial cathode fabrication steps. (b) Experimental
design, imitating equivalent steps of an industrial process while isolating the active material
for characterization methods. (¢c) Summary of experiments and parameters.

LiNio.33Mno.33C00.3302 (NMC111), LiNio.6o0Mno.20C00.2002 (NMC622), and LiNio.s0Mno.10C00.1002
(NMC811) powders were obtained from commercial suppliers (BASF, Targray) and are used as
received. Each powder in its pristine state was characterized through inductively coupled plasma

optical emission spectrometry (ICP-OES), scanning electron microscopy (SEM), energy
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dispersive x-ray spectroscopy (EDS), powder x-ray diffraction (XRD), and various
electrochemical methods to establish a baseline for composition, structure, crystallinity, and
electrochemical performance. To test the effects of water on the various NMC powders, a
predetermined amount of powder was dispersed in 10 mL of deionized water within a 50 mL
beaker and stirred at a fixed RPM for a predetermined length of time. The level of solids loading
was typically set to 1 g/10mL to allow for an excess of water to exacerbate the water-NMC
interaction. One sample was tested at a solids loading of 50% to represent a ratio closer to
realistic slurry compositions. The level of stirring/agitation was set to either 0 RPM, 500 RPM,
or 1000 RPM, and the time of agitation was set to Ohrs, 1hrs, 6hrs, or 24hrs, which represent
reasonable times scales for industrial cathode slurry processing ?2-2°l. Due to the clear influence
of Ni content on the results observed in the initial experiments, more focus was placed on
NMC111 and NMC811, as they represented low and high levels of nickel content, with the
behavior of NMC622 exhibiting characteristics in between that of NMC111 and NMC811. The
different parameters and experiments conducted on each of the NMC cathode types considered

are summarized in the table in Figure 7c.

After stirring for a given set of time, the suspension was split into two samples where half of the
suspension was collected and within this half, the solids and solution were separated through
vacuum filtration. The filtered solids were collected and analyzed via ICP-OES to determine the
composition of the NMC solids and the degree of metal ion leaching into solution achieved
based on the given experimental parameters. The other half of the suspension was left to dry in
air at 80°C until the water has evaporated, followed by further drying overnight in a vacuum

oven at 80°C to remove all residual water. This was conducted to allow the solvent present in the
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slurry to dry in contact with the NMC powder, so that any potential precipitates from the solvent
would remain in the slurry or on the NMC surface 231, This would be representative of the NMC
environment processed in a typical slurry coating process (Figure 7a). However, in this work,
aqueous based binders and additives, such as CMC and carbon black, were not included in the
aqueous processing step in order to isolate the explicit NMC-water interaction behaviors. After
drying, the resulting cathode powder was gently ground to remove agglomerates, followed by
XRD, SEM, and electrochemical characterization. Select samples were further analyzed via x-
ray photoelectron spectroscopy (XPS). A schematic of the experimental process is detailed in

Figure 7b.

To test the electrochemical performance, all tested samples were mixed with Super C65 carbon
black and PVDF binder dissolved in NMP (6 wt%). The mass ratio of active material to
conductive carbon and PVDF is 8:1:1, respectively. Conventional solvents and binders were
chosen over their aqueous counterparts to avoid potential corrosion of the current collector due to
slurry alkalinity 2428301 |n addition, water-soluble binders can have different binder coverage
properties than PVDF, which can affect electrochemical performance 4. Therefore, the
selection of NMP and PVDF further focuses on the explicit and direct effects of water on NMC
cathode powder properties. The slurry was cast onto 15 pm Al foil with a 150 um doctor blade
and dried in air at 60 °C for several hours until visibly dry, followed by further drying in a
vacuum oven at 80 °C overnight to remove any residual solvent and possible moisture.
Afterwards the resulting electrode was calendared to a total thickness of approximately 35-40
um, punched into 14 mm discs, and assembled in an argon glovebox into 2032-coin cells with

lithium metal as the anode, 1M LiPFe in EC/EMC 3:7 wt ratio as the electrolyte, and a Celgard
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separator. Active mass loading for the cells tested were calculated to be in the range of 3.5-4.3
mg/cm?. Cells were tested for rate performance and galvanostatic charge/discharge cycling in the
range of 2.8-4.3 V. Cyclic voltammetry profiles and EIS spectra were obtained for cells after

0.05 C formation cycles and post 100 cycles at 0.5 C.

2.3 Characterization Methods

XRD profiles of the NMC precursor and sintered cathode were obtained using a PANalytical
Empyrean X-ray Diffractometer and Cu Ka radiation source, using a step size of 0.017 °/step.
Crystallographic lattice parameters and 1(o3)/l(104) ratios were determined using the Rietveld
refinement technique via FullProf Suite software. Surface and bulk morphology were examined
using SEM and EDS analysis via a JEOL JSM-700F SEM at 10 kV accelerating voltage. High-
resolution transmission electron microscopy (HRTEM), high angle annular dark-field imaging
(HAADF), and EDS mapping were performed with a double correctors Titan cubed Themis 300
operated at 300 kV from the Electron Microscopy Center (EMC), equipped with a Ceta camera,
Gatan Quantum 966 energy filter and an electron monochromator. Quantitative chemical
compositions were determined through ICP-OES,using a Perkin-Elmer Optima ICP-OES 8000
instrument. XPS data was acquired using PHI 5000 VersaProbe Il system (Physical Electronics)
that attached to an argon-atmosphere glovebox to avoid any contamination of moisture and air.
The individual scans at the Li 1s, O 1s, C 1s, Co 2p3, Mn 2p3, and Ni 2p3 peaks were collected
at a pass energy of 23.50eV and electron escape angle of 45° to the sample plane. The high-
resolution spectra were used to examine surface oxidation states of specific elements on the
particles. The spot size for X-ray beam was set to 100 pum. XPS survey scans collected at a pass

energy of 117.4eV were utilized to determine surface atomic composition.
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Electrochemical charge/discharge cycles were conducted on a LANDT CT2001A from 2.8-4.3 V
at a C-Rate of C/2 at room temperature. High C-rate capacity was tested using an Arbin Battery
tester under a voltage range of 2.8-4.3V at0.1C,0.2C,05C,1C,2C,3C,and5C. Cyclic
voltammetry (CV) profiles and electrochemical impedance spectra (EIS) were obtained using a
Bio-logic VMP3 multi-channel Potentiostat maintained at 25 °C + 1 °C. CV and EIS data were
obtained for cells before and after 100 galvanostatic charge/discharge cycles at 0.5 C. CV
profiles were obtained at scan rates of 0.1 mV/s, 0.2 mV/s, 0.5 mV/s, and 1 mV/s from 2.8-4.3
V. EIS was obtained by holding cells to a desired voltage for 2 hours before application of a 10
mV sinusoidal amplitude from a frequency range of 1 Mhz to 20 mHz. Before testing, all coin

cells were subjected to two initial formation cycles at a rate of 0.05 C from 2.8-4.3 V.

Load-compression curves were obtained with a modified dynamic single particle compression
testing protocol originally developed by Nanomechanics, Inc. (Oak Ride, TN, USA) with a
maximum applied load of 50 mN 2 231, The methodology was employed using an iMicro Pro
with an InForce 1000 mN actuator and a 75-um diameter flat-punch diamond nanoindentation tip
from Synton-MDP (Switzerland). To inspect and compare the dynamic mechanical behavior of
pristine and water immersed NMC811 powders, secondary particles of similar diameters were
targeted during single particle compression testing. Prior to compression, the NMC811 powders
were mechanically dispersed upon a flat plate of fused Si glass. Outliers were removed from the

data which occurred when the microscope-to-indenter coordinates were misaligned.
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2.4 Results and Discussion

2.4.1 Bulk Morphology, Structure, and Chemistry

() B ’" S ) Al R br

Figure 8: SEM images of commercially obtained powders of (a-d) NMC111, (e-h) NMC622,
and (h-1) NMC811 after stirring in water at 500rpm at room temperature for 0, 1, 6, and
24hrs. Images correspond to samples 1-12 in the table in Figure 1c. All images were taken
at the same magnification.

SEM images shown in Figure 8 reveal a significant correlation between nickel content and the
time of agitation. In the pristine, as-received state, all powders were observed to be
polycrystalline, consisting mostly of spherical secondary particles ~10 um in diameter, with
some smaller secondary particles ~2 um as well. The secondary particles themselves were
composed of elongated block-like primary particles sub-micron in size. As agitation time
increased from 1 hr to 24 hrs, it was generally observed that the NMC secondary particles

cracked and broke apart into smaller irregular agglomerates or even into individual primary
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particles. For NMC compositions with higher Ni content, the severity of secondary particle
cracking increases; NMC111, shown in Figure 8a-d, displayed very little fracturing at

timescales < 6 hrs. Even at 24 hrs, most of the secondary particles remained intact. NMC811,

however, was already extensively fractured after 6 hrs, with significant amounts of individual
primary particles having separated from the secondary particle structure. This is supported by
particle size analysis in Figures S1b, d, where NMC811 showed significant reduction in the d50
size at the 24 hr mark and significant shift in the particle size distribution. While the d50 for
NMC111 decreased moderately at 24hrs, it is worth noting the existence of a small peak ~2 pm
in the particle size distribution and a sharp decrease in the d5 value (Figures Sla, c). NMC622
displayed a level of fracture in between NMC111 and NMC811, which is expected due to the
intermediate level of nickel content and correlation between nickel content and severity of
fracture. Increasing the agitation rate from 500 rpm to 1000 rpm expectedly led to even higher
levels of fracture, as shown in Figure S2. The increased surface area from fracturing is expected
to exacerbate surface-initiated reactions during storage, electrode drying, and during

electrochemical cycling.

As the only significant difference between the powders was the NMC composition, the degree of
cracking was attributed to the Ni rich compositions having increased surface reactivity; existing
literature has shown that increasing the nickel content in NMC leads to higher surface reactivity
and more susceptibility to degradation in humid environments, such as by delithiation at the
surface of the NMC and subsequent formation of lithium compounds such as LiOH and Li>CO3
on the surface (134381 |t has also been reported that Ni®* at the surface is prone to reduction and

subsequent loss of active lattice oxygen, leading to surface-initiated phase transformations from
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the layered R-3m phase to cubic rock-salt Fd3m phase ' 361, These degradation mechanisms
observed in ambient or humid air are thought to be driven predominantly by NMC-water vapor
interactions rather than NMC-CO interactions [*8l, Compared to ambient air, aqueous processing
intensifies these mechanisms, with the resulting mechanical stresses residing primarily at
surfaces and grain boundaries and weakening the integrity of the secondary particle, with

increasing Ni content further exacerbating this phenomenon.

(d “ —Ethanol
‘ —No Agitation
| 50wt% Solids

| T M i W y

10 20 30 40 20 60 70 80 90
Figure 9: SEM images of NMC811 (a) dispersed for 24 hours in ethanol with agitation of
500rpm, (b) immersed in DI water without agitation, and (c) dispersed in DI water with

agitation at 500rpm at a solids loading of 50wt%b. (d) XRD profiles of the corresponding
powders shown in the SEM images (obtained via Cu Ka X-ray source).

Figure 9 represents experiments 14,17, and 18 in the table of Figure 7, focused on isolating the
differences of water exposure, mechanical agitation, and solids content. NMC811 was selected
for these experiments due to its increased sensitivity to aqueous processing as observed in

Figures 8, S1, and S2. NMC811 was either immersed into water without mechanical agitation,
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dispersed into ethanol with agitation, or dispersed into water with agitation at a solids loading
closer to typical slurry compositions. Ethanol is nonreactive towards NMC compounds, having
been demonstrated in prior studies to wash away LiOH & Li.O residue to an extent without
destroying the bulk and surface morphology of NCA particles 71, It was observed that despite
the same duration and level of agitation conducted in Figure 8I, there was no significant
fracturing of the secondary particles in Figure 9a, and the powder appeared identical to that of
pristine NMC811 under SEM imaging and particle size analysis in Figure S3. The nonreactive
solvents such as ethanol or NMP would not cause reduction of surface Ni species, delithiation of
the surface, nor the subsequent surface phase transformations that could weaken the mechanical
integrity of the secondary particle, allowing the secondary particles to remain intact under

mechanical agitation.

Lack of intergranular fracture was also observed in NMC811 when immersed in water for 24 hrs
without agitation, shown in Figure 8b. It appears that the high levels of intergranular fracture of
the secondary particle only occurs from a combination of water immersion and mechanical
agitation. Even with exposure to water, without a certain level of shear stress from agitation, the
depth of degradation remained limited to the surface primary particles and particle size
distributions are not impacted. This is analogous to NMC which degrades from exposure to
ambient air; surface primary particles may degrade based on the aforementioned mechanisms but
are unable to break off and expose new surfaces and grain boundaries to further degradation.
However, it would be difficult to avoid intergranular fracture in a traditional slurry making
process utilizing aqueous solvent as NMC, water, and other additives would typically be placed

on a high-speed mixer or planetary mill on the timescale of several hours. This is represented by
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Figure 8c, where under 50wt% solids loading, aqueous processing for 24 hrs with agitation still
caused severe levels of intergranular fracturing, significantly affecting the particle size
distribution, shown in Figure S3. In practice, nickel-rich powders processed with conventional

industrial slurry mixing methods may appear closer to those in Figure 8j-I.
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Figure 10: XRD profiles of (a) NMC111, (b) NMC622, and (¢) NMC811 in the pristine state
and after 1, 6, and 24hrs of stirring in water (obtained via Cr Ka X-ray source). (d)
FWHMs of the (104) peaks for each condition, along with characteristic l(o03)/1(104) ratio and
refined lattice parameters.

From the XRD profiles shown in Figures 10a-c, no major changes in bulk crystallinity nor the
appearance of secondary phases were observed. All NMC samples stirred in DI water appear
comparable to their pristine counterpart, with similar quality of peak splitting. Utilizing Fullprof
Suite software and the Rietveld Refinement method, we also observed no change in several key
parameters, summarized in the table in Figure 10d. FWHMs taken from the (104) peaks across
all samples are similar, indicating negligible change in the mean coherence length as per

Scherrer’s equation 8%, The mean coherence length is assumed to be on the order of a primary
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particle diameter; therefore, we confirm that fracturing is indeed intergranular rather than
intragranular. lo3)/l(104) ratios, which are usually seen as a gauge on the degree of cation mixing
(40411 also remained above 1.2 for each NMC sample, indicating low levels of cation mixing
regardless of immersion time. For NMC811, the increase in this ratio with exposure time was
attributed to the breaking and packing of the anisotropic primary particles resulting in favored
orientation during XRD sample preparation. Lastly, there was no change or correlation between
immersion time and the lattice parameters, further indicating that water immersion has negligible
impact on the bulk crystallinity regardless of nickel content, and effects are localized to the

surface of the NMC particles.

Table 1: ICP-OES analysis of NMC samples’ stoichiometry, calculated by adjusting the
analyzed molar fractions based on LiMO2, where M =Ni+ Mn + Co =1

Sample # Li Ni Mn Co
NMC111-Ohrs 1.069 0.338 0.342 0.319
NMC111-1hrs 1.017 0.348 0.320 0.332
NMC111-6hrs 1.033 0.345 0.323 0.332
NMC111-24hrs 1.029 0.346 0.323 0.331
NMC622-0hrs 0.997 0.619 0.192 0.190
NMC622-1hrs 0.956 0.613 0.193 0.193
NMC622-6hrs 0.960 0.614 0.197 0.189
NMC622-24hrs 0.943 0.619 0.192 0.189
NMC811-Ohrs 1.064 0.806 0.098 0.095
NMC811-1hrs 0.964 0.810 0.095 0.095
NMC811-6hrs 0.972 0.810 0.094 0.096
NMCB11-24hrs 0.978 0.810 0.095 0.095

ICP-OES analysis of the aqueous processed powders in Table 1 (after solvent removal via
filtration) revealed no noticeable correlation between NMC composition and time of water

exposure. However, there was an observed drop in the lithium content from the pristine sample
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to the water-processed samples. This observation is attributed to residual lithium compounds that
remain on the surface of the NMC after traditional lithiation and sintering processes and/or initial
passivation reactions with ambient environment. The presence of lithium compounds is well
documented and are comprised mostly of soluble lithium hydroxides and lithium carbonates
[11.1327] "Under water exposure, these soluble compounds were quickly dissolved in the solvent,
leading to the sudden drop in Li content observed in the ICP data. This is also demonstrated in
previous works that observe an immediate rise in pH value upon dispersion into water, correlated
to the dissolving of lithium compounds [81°271. Although there were no changes to the bulk
composition, chemical changes such as delithiation and small levels of TM dissolution occur at
the surface at levels not discernable through ICP-OES, requiring surface sensitive techniques 24,

described in the next section.

2.4.2 Surface Morphology, Structure, and Chemistry
(@) ///;, 7/, ¥ 4

Figure 11: TEM images of (a) NMCB811 dispersed in ethanol for 24hrs at 500rpm, (b)
NMC811 immersed for 24hrs in DI water without agitation. Line profiles indicate lattice
spacings measured in the corresponding region. Insets represent FFT patterns of the
corresponding HRTEM image, relating to either the layered
“L” or cubic “C” structures.
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The TEM images shown in Figure 11 reveal the significant impact of water immersion on the
surface morphology of NMC. The sample dispersed in ethanol [Figure 11a] maintained its
original crystallinity as expected, with the layered structure intact at the surface and subsurface
of a primary particle. FFT patterns in the inset, along with a measured planar spacing ~4.71 A,
matched well with the (003) zone axis of the R-3m hexagonal structure of NMC811. This was
expected when considering the nonreactivity of ethanol on the NMC material. In addition,
negligible amounts of amorphous lithium residual compounds at the surface were observed,
which are typically seen in NMC samples to some degree. This was attributed to the partial
solubility of lithium hydroxide in ethanol, with the washing process able to remove this layer

with some effectiveness without damaging the underlying structure 71,

In contrast, the samples immersed in water without agitation [Figure 11b] suffered a significant
amount of degradation at the surface and sub-surface of a primary particle in the form of
localized surface reconstruction. The HRTEM image revealed several nano-sized domains within
the same primary particle, exhibiting multiple lattice spacings and directions in contrast to the
overall layered phase that the NMC sample originally displayed. Line 2 in Figure 10b has a
lattice spacing ~4.71 A, matching well with the original R-3m hexagonal structure of NMC811
at the (003) zone axis. However, line 3 reveals a much tighter planar packing of 1.46 A in one of
the nano-sized domains observed throughout the primary particle. This lattice spacing closely
matches the planar spacing of the cubic rick-salt NiO phase when viewed from the (220) zone
axis, and the FFT patten in the inset shows the existence of multiple phases. This surface
reconstruction is proposed to be caused by the reactivity of surface nickel, which has been

demonstrated to undergo reduction from Ni®* to Ni?* in environments containing carbon dioxide
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and/or water 2421, This consequently can facilitate the leaching of lithium into the aqueous
solution, subsequent loss of lattice oxygen, and migration of surface nickel from the TM layer
into the lithium layer due to the created lithium deficiency 451, The result is the formation of
cubic NiO at the surface/subsurface regions, with the overall suggested surface reaction for

NMC811 represented by the following equation:

LiNio.sMng.1C00.102 ¢s) + x/2-H20 ) —

Lil-xNiO,8-anO_1COO_102-2x (s) + XNIO (s) + XLIOH (aq) + X/4'02 ) (8)

Due to the high pH of the solution during processing, it is also proposed that surface
reconstruction can alternatively occur via an H*/Li* ion exchange mechanism at exposed NMC
surfaces, which is documented in literature for various lithiated transition metal oxides %, This
mechanism does not involve any dissolution of transition metals, and also results in the
contraction of the layered structure in the (001) direction due to the presence of the smaller H*
ion in the lithium layer 2%, This would also introduce a degree of mechanical strain at grain
boundaries. Subsequent drying processes could initiate the loss of hydrogen and lattice oxygen as
water vapor while initiating surface reconstruction to the cubic rocksalt phase. This degradation
pathway is demonstrated by the following proposed equations for H*/Li* exchange and thermal

decomposition, respectively:

LiNio8Mno.1C00.102 s) + x-H20 () — Li1-xHxNio8Mno.1C00.102 s) + x-LiOH (aq) (9)
Liz-xHxNiosMno.1C00.102 sy —

Liz-xNio.s-xMno.1C00.102-2x (s) + x'NiO + x/2-H20 (g) + x/4-02 (g) (10)
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While it is not confirmed which degradation mechanism dominates during the aqueous

processing, the degradation observed appears to be only limited to the surface regions of the

primary particles, as we have shown that bulk composition and crystallinity remains unchanged.

These surface reconstructions induce a level of mechanical stress between primary particles at

the grain boundaries, jeopardizing mechanical integrity and facilitating intergranular fracture

when under shear stresses as observed in the SEM images in Figure 8.

Table 2: Surface composition of the NMC powders, calculated from the XPS survey scan.

C sme | i | ci | o1 | | o | ma

Pristine NMC811 25.22%  39.65% 32.94% 0.96% 0.07% 1.15%
24hr, Dl water 14.43% 47.66%  27.79% 2.64% 1.27% 6.20%
24hr, Ethanol 17.68%  38.96%  35.44% 2.50% 1.33% 3.47%

24hr, No Agitation 8.74% 29.21%  44.41% 4.76% 0.99% 11.89%
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Figure 12: XPS spectra and fitted peaks of (a-d) oxygen 1s binding energies and (e-h) nickel
2psrz and 2p12 binding energies of (a, e) pristine NMC811, (b, f) NMCB811 after dispersion
for 24hrs in DI water, (c, g) NMCB811 are dispersion for 24hrs in ethanol, and (d, h)
NMC811 immersed in DI water without agitation. Peak labels for the oxygen 1s spectra
and Ni 2p spectra are listed in (a) and (h), respectively. While the metal carbonate related
peak at 531.5eV is prominent, this binding energy overlaps with several other chemical

states.

XPS analysis of the oxygen 1s spectrum shown in Figure 12a-d reveals significant differences in

the level of surface residue of pristine NMC811 and those treated by ethanol or DI water. In

Figure 12a, pristine NMC811 has a weak peak ~530 eV, which is related to the metal oxide

chemical state. The low relative intensity of this signal compared to the carbonate peak at

~531.5eV is attributed to the presence of a surface layer of LiOH and Li,COs that typically forms

after NMC lithiation and exposure to ambient air [*44471. Ethanol or water treated NMC811 in

Figures 12b-d exhibited a much more prominent contribution of the metal oxide chemical state

relative to the carbonate peak, indicative of the removal of the lithium residual layer to a degree.

This is also supported by XPS spectra of the carbon peak (Figure S4) and the surface atomic
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compositions determined by a survey scan, shown in Table 2, where the lithium content at the
surface was the highest for pristine NMC811, and the transition metal content highest for the
solution processed samples. It is notable that the sample immersed in DI water without agitation
exhibited a lower amount of lithium compared to the sample stirred in DI water. This can be
explained by the intergranular fracturing observed in agitated samples; fracturing allowed for
delithiation to occur from newly exposed and fully lithiated surfaces, while under only
immersion, lithium continued to leach out of mostly primary particles at the surface of the
secondary particle. As a result, the sample immersed in DI water without agitation suffered
greater surface delithiation and contained less overall lithium in the surface/subsurface compared
to the sample stirred in DI water. It is also notable that the metal oxide signal increased, despite
allowing the aqueous or ethanol solvents to dry within the same beaker. We attribute this to a
level of segregation during solvent evaporation, where a portion of lithium salts precipitated on
the beaker walls or segregated pieces rather than a uniform layer on the particle surfaces. In an
industrial slurry coating process, this precipitate could cause issues with slurry alkalinity and

corrosion of the aluminum current collector [28-3%,

The nickel 2p spectra are shown in Figures 12e-h. For the pristine NMC811, the nickel peak
intensity is relatively low, which is again correlated to the lithium residual layer reducing the
signal intensity of the underlying NMC material. Although signal intensity is low, peak fitting
indicates mostly Ni®* character, which is expected for pristine NMC811 and evidenced by the
dominant orange 2ps;. peak at ~855.6 eV 648l In contrast, NMC811 samples exposed to DI
water whether under agitation or only immersion (Figure 12f, h), exhibited approximately 57%

and 59% of Ni2* character, respectively, by analyzing the integrated area contribution of the blue
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2p312 peak at ~853.9 eV 3461 The portion of reduced nickel due to water exposure is attributed
to the formation of nickel carbonate species and rock-salt NiO from delithiation of the surface
regions [*Y1. The NMC811 sample washed with ethanol shown in Figure 2g also displayed a
portion of ~18% Ni?* character- not nearly as high as those exposed to water. This is attributed to
the formation of nickel carbonate species resulting from the washing away of the passivating
lithium salt layer and exposure of fresh NMC811 surfaces to ambient air during drying

processes, as observed in prior studies 24,

2.4.3 Electrochemical Performance
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Figure 13: (a) First cycle charge and discharge curve of NMC111 and NMC811 in the
initially pristine condition and after stirring in DI water for 24hrs. CV profiles of (b)
NMC111 and (c) NMC811 in the initially pristine condition and after stirring in DI water,
after 100 cycles. (d) Galvanostatic charge/discharge cycling from 2.8-4.3V at C/2 of
NMC111 and NMC811 in the initially pristine condition and after stirring in DI water. EIS
profiles of () NMC111 and (f) NMC811 in the initially pristine condition and after stirring
in DI water, taken at 4.3V after 100 cycles.
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Figure 13 summarizes the electrochemical performances of NMC111 and NMC811 in the
pristine state and after 24hrs of water exposure with agitation. This represents two different
extremes of water exposure and nickel content, with the expectation that NMC622 would exhibit
performance characteristics in between NMC111 and NMC811. In the voltage-capacity curves
for the first formation cycle in Figure 13a, initial charge and discharge capacities for NMC111
and NMC811 were similar between their pristine and water treated counterparts. In addition, the
voltage curves do not appear to have any significant changes due to the water treatment. This is
in line with other analysis, as we have shown that bulk composition and crystallinity were
unaffected by the aqueous processing. As such, formation cycle charge/discharge curves would

be expected to remain nearly identical.

However, under galvanostatic cycling in Figure 13d, water exposed samples suffered from
lower initial cycling capacity and significantly enhanced capacity fade during cycling at a rate of
0.5 C. As expected, the degradation rate was much more severe for NMC811, with the water
treated sample retaining only 66% of its original capacity after 100 cycles, compared to 92% for
the pristine sample. NMC111 retained 69% and 92% of its original capacity for the water treated
sample and pristine sample, respectively. The sharp capacity fade for water treated NMC811 is
attributed to a combination of both the initially degraded surface and significantly increased
surface area due to intergranular fracture, which exacerbated the well-known undesirable side
reactions of Ni-rich NMC during electrochemical cycling [“°-54. The increased capacity fade for
water treated NMC111 must also be attributed to surface level degradation, impacting the

kinetics of lithium diffusion, and causing impedance growth over prolonged cycling.
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In order to verify this, cyclic voltammetry profiles and impedance spectra were taken after 100
cycles at 0.5 C. CV profiles in Figures 13b, c reveal that the water treatment process led to a
significant broadening and flattening of the main oxidation/reduction peaks for both NMC111
and NMCB811. This likely indicates loss of active material as well as the growth of a resistive
layer 61 and is supported by the impedance spectra in Figures 13e, f, which show a much larger
second semicircle for the water treated samples. This second semicircle is usually attributed to
charge-transfer resistance and can increase due to surface/subsurface reconstruction from the
layered phase to the rock-salt cubic phase, which was observed in TEM and XPS analysis in pre-
cycled NMC811, and may exhibit continued thickening during prolonged cycling 7581, In
addition, the larger surface areas of water-treated samples typically hasten any surface-initiated
degradation mechanisms. This indicates that the observed capacity fade for water treated samples
under prolonged cycling was due to the presence of a resistive rock-salt layer from surface
delithiation during water treatment, which grows in thickness during cycling and leads to large
impedance growth. Although NMC111 did not suffer the same degree of cracking as NMC811,
it is believed that the NMC111 also became susceptible to surface reconstruction due to water

exposure.

Electrochemical performances of NMCB811 treated in ethanol, in water without agitation, and in
water at 50 wt% solids loading, are shown in Figure S5. Both NMC811 samples exposed to
water performed worse than those treated with ethanol. It is notably observed that NMC811
immersed in water without agitation exhibited the worst capacity fade of the three different
processes, evidenced by an exceptionally higher charge transfer resistance and flattened cyclic

voltammetry curve. We attribute this to a thicker surface reconstruction layer due to the deeper
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initial level of delithiation of surface primary particles, as discussed by the XPS analysis from
Table 2 and Figure 12. Ethanol treated NMC811 is also found to perform worse than pristine
NMC811. Based on the XPS Ni2p and C1s spectra revealing a degree of Ni?* and carbonate

character, respectively, this could be explained by the formation of new lithium and transition
metal hydroxides and/or carbonates on the newly exposed surfaces during the drying process,

which would contribute to the higher initial impedance and continued impedance growth 14,

2.4.4 Mechanical Behavior of Secondary Particles

Single particle compression was employed to evaluate and compare the mechanical integrity of

pristine NMC811 powder with NMC811 powder immersed in DI water for 24 hours without

agitation. NMC811 was chosen due to the increased sensitivity to agueous processing compared

to compositions with lower nickel fractions, as apparent in Figures 8, S1, and S2. The resulting

load-compression curves obtained are shown in Figure 14. Ethanol treated samples were not

tested, due to the focus of this work on aqueous processed NMC powders.
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Figure 14: Load-compression curves obtained from dynamic single particle compression
testing of secondary particles of pristine NMC811 secondary particles (orange) and DI
water immersed NMC811 without agitation (blue). The average critical failure loads,

critical failure strain and critical failure particle compression values are embedded within
the figure.

It is demonstrated that critical failure of pristine NMC811 secondary particles occurred at an
average compressive load of 44.317 mN, more than two times that of the same NMC811 powder
processed via 24 hours of DI water immersion without agitation. Given the fact that particles
were of similar diameters as shown in Figure S3 or comparing Figures 8h and 9b, critical
failure strains and critical failure compression measurements were comparable across the two
NMC811 conditions. It is also shown that although the pristine NMC811 critically failed at a
greater applied compressive force than DI water immersed NMC811, pristine NMC811 exhibited
a lower critical failure strain and particle compression than DI water immersed NMC811. This is
consistent with DI water immersed sample being more susceptible to plastic deformation, with
reduced overall mechanical strength. Prior to performing single particle compression testing,
NMCB811 powder particles in the pristine state and immersed in DI water without agitation

exhibited highly similar particle shape and size irrespective of their processed condition.
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The surface degradation and subsurface reconstruction of primary particles in DI water immersed
NMC811 demonstrated from HRTEM and XPS data in Figures 11 and 12 are consistent with
the reduced critical failure load measured in Figure 14. The level of surface delithiation of the
DI water immersed samples [Table 2] may also impact the compressive strength of the
secondary particles, with the Li concentration gradient from the bulk to the surface contributing
to mismatch strain and generating stresses [°8-6%, The weakened surface facilitates crack
propagation into the “pristine” interior of the secondary particle by reducing the energy needed
to initiate intergranular crack propagation within the brittle NMC particle. Similar mechanisms
have been observed in NMC cathode in the deeply delithiated state within working
electrochemical cells 5%, Overall, the data supports the hypothesis that surface-initiated reactions
from NMC-water interactions induced deleterious mechanical stress formation between primary
particles (i.e., grain boundaries), which compromised the mechanical integrity of the secondary

particle and enabling intergranular failure at significantly lower loads than pristine NMC811.

2.5 Conclusion

Aqueous based processing of lithium-ion battery cathodes has garnered a fair share of interest,
due to the potential for eliminating the use of toxic and costly NMP. However, as cathode
chemistries strongly trend towards the utilization of Ni-rich NMC compositions, agueous
processing can be exceptionally harmful towards battery performance. In the work, it is shown
that NMC exposure to water and agitation can lead severe levels of intergranular fracture, which
scaled with the level of nickel in the NMC. At timescales similar to industrial slurry making
techniques, this resulted in a significant increase in surface area, which upon exposure to water,

further exacerbates surface-initiated reactions. These reactions include the removal of surface
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lithium species such as lithium hydroxides, carbonates, and lattice lithium near the surface via
leaching into the aqueous solvent. In addition, localized surface reconstruction is observed at the
surface and subsurface, with nanosized domains of different structures such as cubic rock-salt
phases within the layered host structure. These surface phase transformations combined with
mechanical agitation are theorized to induce mechanical stress at the grain boundaries,
compromising the mechanical integrity of the secondary particle. In addition, surface
reconstruction negatively impacted electrochemical performance, as the resulting cathodes
displayed fast capacity fade from enhanced impedance growth and polarization, presumably
from the thickening of the surface rock-salt phase. Without agitation, Ni-rich NMC still suffered
from deep levels of surface delithiation and reconstruction during water immersion, which also
severely impacted electrochemical performance. Ethanol-based processing, while found to be
nonreactive to the NMC compounds, can also negatively impact the NMC material due to the
prolonged exposure of fresh NMC surfaces in ambient air during the drying timescales in typical

industrial cathode processing.

To realize the potential of aqueous based NMC processing, it is vital to stabilize the NMC
particle from surface-initiated degradation mechanisms and/or enhance the mechanical stability
of the secondary particle. This can be achieved in a variety of ways, such as coatings, dopants,
and/or grain boundary engineering. There have already been several approaches demonstrating
that dopants such as aluminum can improve the mechanical integrity of secondary particles 61,
There have also been successful methods utilizing ALD and heat treatment processes to deposit
lithium phosphate at grain boundaries 621, although in both cases, the resulting materials

resistance to intergranular fracture was not explored in detail. Coatings, core shell structures, and
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full gradient compositions may also be beneficial in mitigating water-related degradation by
utilizing chemically stable outer surfaces such as Mn-rich NMC compositions or other metal
oxides [53-81, Additives within the slurry may also be of interest for further studies, as certain
acid additives have been previously demonstrated to address current collector corrosion due to
slurry alkalinity 81, If this limitation can be remedied in a practical manner, aqueous based
NMC slurry processing at the industrial level becomes one step closer to realization, opening

new pathways towards cheaper and safer cathode manufacturing processes.

2.6 Supporting information

Particle size analysis for NMC samples after different levels of aqueous processing and other

processing conditions, SEM image of NMC811 sample under higher stirring speeds, XPS survey

scans, XPS C1s spectra, and electrochemical performance for NMC811 samples in the pristine

condition, ethanol processed, water immersed without agitation, and at 50% solids loading.
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Ni-rich LiNio.sMno.1C00.102 (NMC811) cathode materials, with a higher energy density
compared to current commercial cathodes, are looked upon as the next improvement in lithium-
ion batteries. However, modifications are needed to address issues of capacity fade due to a
variety of degradation mechanisms, most of which initiate at the cathode/electrolyte interface. In
this work, this issue is addressed by modifying a typical co-precipitation method to develop a
heterogenous precursor composed of transition-metal hydroxides coated with nanoparticles of
composition Mn..7C00.304. Reactor conditions and feedstocks are altered to induce nanoparticle

formation directly after NMC811 hydroxide secondary particle formation, with pH, feedstock
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solution, and reaction time being significant factors. The lithiated and sintered cathode maintains
a high initial capacity of ~ 215mAh/g due to the Ni-rich base material, and an improvement of
capacity retention of over 40% at both 25°C and 55°C temperatures due to a conformal
nanoscale coating of LiMn18Co00.204 spinel material. Electrochemical analysis combined with
TEM indicates that improvements are attributed to suppression of impedance growth by reducing
undesirable reactions between the Ni-rich cathode and electrolyte in the highly discharged state.
This work demonstrates a practical method for synthesizing spinel-coated NMC during initial
precursor synthesis as a step towards high throughput commercialization of Ni-rich NMC

cathodes.

3.1 Introduction

Driven by the rapid interest and development in electric vehicles, drones, and personal
electronics, industry must meet the demands for longer lasting and cheaper lithium-ion batteries.
One of the way manufacturers look to fulfill this growing demand is by implementing nickel rich
LiNixMn1.xyCoyO2 as a cathode materials. LiNio.sMno.1C00.102, commonly referred to as
“NMC811” is a composition of significant interest as the next generation cathode due to its
exceptionally high nickel content resulting in a high capacity of 200mAh/g and average
discharge potential of 3.8V vs Li/Li* [***1. In addition, the low cobalt content reduces the
materials cost and mitigates supply chain concerns, as prices have fluctuated wildly over the past
decade, with a large fraction of world supply sourced from ethically questionable sources &1,
However, several obstacles must be overcome to achieve successful commercialization; Ni-rich
cathode materials are inherently unstable during electrochemical cycling, especially at upper

voltage cutoffs > 4.3V vs Li/Li*. These instabilities are due to a combination of increasing cation
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mixing between Ni?* and Li* with cycling, reactivity of high valence Ni** with conventional
electrolytes, release of lattice oxygen in the highly charged state, structural changes from layered
R-3m to spinel and rock-salt phases, onset of thermal runaway, and intergranular cracking due to
anisotropic volume changes during cycling 5819, These mechanisms lead to severe capacity
fading and can jeopardize operational safety, barriers which must be overcome to enable broad-

scale implementation of Ni-rich NMC cathodes for lithium-ion batteries in commercial use.

Existing literature has shown that many of these degradation mechanisms typically initiate at the
surface of the NMC particles, where the reactive Ni-rich material is in direct contact with the
electrolyte 51191, Surface-initiated phase transformations from hexagonal layered, to cubic
spinel, then cubic rock-salt phases have been well documented, with a thickening of this layer
with continued charge/discharge cycles and subsequent impedance growth 5181, |n order to
inhibit degradation, much work has been focused on reducing the contact between the Ni-rich
material and electrolyte through a variety of means, typically by having an electrochemically
stable material on the outer surface. It is also desirable to use materials that are non-toxic and
low cost. Some examples of protective materials that have been demonstrated in recent work
includes alumina oxide [*®1, conductive polymers [71 gradient or shell NMC with lower Ni/Mn
ratios [*8-211 and spinel compounds %261, Mn-rich materials are especially favored for their low

toxicity, high chemical stability, and affordable cost [*8-261,

In this work, an “MC91 spinel” nanoscale coating, composed of LiMn1.8C00.204, is applied onto
NMCB811 to stabilize the cathode material and inhibit degradation and capacity fade. Mn-rich

compositions promote thermal and electrochemical stability at high working voltages, with the
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spinel structure allowing for good lithium diffusion characteristics %2261, In addition, partial
cobalt substitution for Mn-rich spinel has been found to further improve charge-transfer kinetics
and structural stability by inhibiting detrimental Jahn-Teller distortions 24261, The coating
precursor, composed of a layer of Mn2.7Coo304 nanoparticles, is synthesized and applied
immediately after formation of the NMC811 hydroxide precursor via a co-precipitation method
within the same single reactor, an industrially viable process that is well established for the
synthesis of high quality spherical and homogeneous NMC precursors 28321, After sintering, the
nanoparticles convert to a conformal nanoscale coating on NMC811. To our knowledge, this is a
new approach of forming a heterogeneous cathode precursor composed of both precursors for
core layered and surface spinel components via nanoparticle deposition at the coprecipitation
step. This contrasts with gradient or core-shell structures, in which only M(OH)2 particles of
different transition metal ion “M” ratios are synthesized 8211, In concentration gradient
precursor synthesis, the resulting cathode(s) from these works are still comprised solely of
layered metal oxides. In addition, concentration gradient precursor is difficult to achieve in
continuously stirred coprecipitation reactor processes, which is a standard industrial method for
producing large quantities of NMC precursor. Core-shell structures can also suffer from issues
concerning the interface between the core and shell. Typically, the shell layer is relatively thick
(> 1um), which poses potential strain at the interface during lithiation/delithiation and can be
jeopardized by debonding [?2. Thus, it is desirable to achieve thinner sub-micron coatings that
are well bonded to the core material. This method also contrasts with other established methods
that utilize spinel coatings, where the coating is applied to cathode powders post
calcination/lithiation, by methods such as ALD or rotary evaporation 23271 which are not

practical for high volume industrial processes. Thus, synthesis of spinel-coated NMC811 using a
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coprecipitation method allows for larger scale production of modified Ni-rich cathode for better

cycle stability.

The Mn-rich coating has a negligible effect on capacity, while also noticeably improving
capacity retention over 100 cycles at both room temperature and an elevated temperature of
55°C, maintaining 92.88% and 91.47% of initial capacity, vs 81.81% and 84.87% for the
uncoated NMC811, respectively. This improvement in performance is attributed to inhibition of
surface-initiated degradation and subsequent suppression of impedance growth. This process can
also easily be adapted to a two-reactor continuous output system, demonstrating a pathway
towards stabilization of Ni-rich NMC can be achieved via nanoscale Mn-rich coating using by
modifying a co-precipitation method without sacrificing significant charge/discharge capacity or

productional output capability.

3.2 Experimental Methods

Transition metal hydroxide precursors are synthesized using a co-precipitation route ina 1L
glass jacketed reactor, utilizing solutions of transition metal sulfates, ammonia, and sodium
hydroxide as reactants. A 3.5M solution of ammonia functions as a chelating agent, complexing
with transition metal ions to control the rate of metal hydroxide precipitation to allow for the
formation of dense spherical secondary particles 2> The initial 1.8M metal sulfate feedstock
solution is composed of NiSO4, MnSO4, and CoSO4 dissolved in deionized water in an 8:1:1
molar ratio. The 1L reactor is initially filled with 500mL of a 2.75M solution of ammonia and
stirred at 650 RPM at 55°C with nitrogen gas continuously bubbled into the reactor to establish

an inert atmosphere. The 3.5M solution of ammonia and 1.8M metal sulfate solution are then
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added dropwise into the reactor at 0.17mL/min and 0.55mL/min, respectively. The pH is
maintained at a constant value of 11.0 £ 0.1 using a pH controller and a 5M solution of sodium
hydroxide to adjust pH accordingly. To produce NMC811 hydroxide precursors, the reaction is
allowed to continue for 6 hours, followed by an aging time of 2 hours in which the pH is kept
constant using the NaOH solution with no further metal sulfate or ammonia additions to the
reactor. Afterwards, the metal hydroxide product, composed of NigsMno.1C0o.1(OH)z, is
collected, washed several times with DI water, dried in a convection oven, and filtered through a

38um sieve.

To synthesize the coated NMC811 (C-NMCB811), a similar procedure is followed. However,
after the 2-hour aging step, the initial feedstock solution of NiopsMng.1C00.1SO4 is changed into a
more dilute 0.5M solution of Mno.9C00.1SOa. The pH setting is adjusted to 12.5 + 0.1 and
maintained using a 10M solution of sodium hydroxide to increase the reaction driving force and
facilitate nanoparticle formation. The new reactant and ammonia are added dropwise for 1 hour
and left to age for several hours before collection. The product is washed several times with DI
water, dried in a convection oven to remove residual water, then filtered through a 38um sieve.
Upon exposure to air, the Mn-rich hydroxides on the surface are observed to quickly oxidize into
Mn2.7C00.304 nanoparticles, visibly turning the powder from a typical light brown in color to a

dark brown.

After drying in air, the transition metal precursor is mixed thoroughly with lithium hydroxide
monohydrate in a 1.00:1.05 molar ratio. A slight excess of lithium is required to account for

partial vaporization of lithium and to minimize cation mixing during initial sintering 531,
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Sintering is conducted in a tube furnace under oxygen flow, with a two-step process of 450°C for
6hrs, followed by 775°C for 15hrs. A schematic of the full process is detailed in Figure 15.
Afterwards the resulting cathode powder is ground gently to remove agglomerates, sieved again
through a 38um sieve, then mixed with Super C65 carbon black and PVDF binder dissolved in
NMP (6wt%). The mass ratio of active material to conductive carbon and PVDF is 8:1:1,
respectively. The slurry is cast onto a 15um thick Al foil using a 150um doctor blade and dried
in air at 60°C for several hours, followed by further drying in a vacuum oven at 80°C overnight
to remove any residual solvent and possible moisture. Afterwards the resulting electrode is
calendared to a total thickness of approximately 35-40um, punched into 14mm discs, and
assembled in an argon glovebox into 2032-coin cells with lithium metal as the anode, 1M LiPFe
in EC/EMC (3:7 weight ratio) as the electrolyte, and a Celgard polyolefin separator. Active mass

loading for the cells tested are calculated to be in the range of 3.5-4.3mg/cm?.

SM 151 10M 1?2 Dilute
NH; NaOH (Nig sMn, ,Co, ;)SO, NH; NaOH (Mn, 4Coy;)SO,

6hr reaction
time + 2hr aging

Intemediate Region

Coating Process Sintering &

Lithiation

Nig sMn,;Co, ,(OH), Mn, ;Co, ;0,4 Nig sMng ;Co, ,(OH), LiMn, 4Co,,0, LiNig sMn,;Coy;0,
Nanoparticles Core Coating Core

Figure 15: Process schematic of the coating process
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3.3 Characterization Methods

X-ray diffraction (XRD) profiles of the NMC hydroxide precursor and sintered cathode powders
were obtained using a PANalytical Empyrean X-ray Diffractometer with a Cu Ka radiation source
(A=1.5406A), using a step size of 0.0167°/step. Crystallographic lattice parameters and intensity
ratios of the (003) and (104) peaks were determined using the Rietveld refinement technique via
FullProf Suite software, using the R-3m space group as the structural reference. Surface
morphology and qualitative chemical information of the hydroxide precursors and sintered cathode
were examined using scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) analysis via a JEOL JSM-7000F SEM at 10kV accelerating voltage. High-
resolution transmission electron microscopy (HRTEM) and EDS mapping are performed with a
double correctors Titan cubed Themis 300 operated at 300 kV, equipped with a Ceta camera, Gatan
Quantum 966 energy filter and an electron monochromator. Quantitative chemical compositions
were determined through inductively coupled plasma optical emission spectrometry (ICP-OES),
using a Perkin-Elmer Optima 8000 ICP-OES instrument and powder samples dissolved prior in a
solution of sulfuric acid and hydrogen peroxide. In-situ XRD was conducted using a D8 Advance
X-ray Diffractometer (Bruker AXS) equipped with an Mo Ko radiation source, while
galvanostatically charging/discharging samples at a rate of C/10 and sampling XRD profiles every
hour. Raman spectra of pristine and coated samples were obtained using a Horiba Xplora system

with a 532nm green laser light, 1800 grating, at 10% attenuation at 100x magnification.

Electrochemical charge/discharge cycles to were conducted on a LANDT CT2001A from 2.8-
4.5V at a C-Rate of C/2 (specific capacity set to 200mAh/qg) at either room temperature or 55°C in

an oven. High C-rate capacity was tested using an Arbin Battery tester and at a voltage range of
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2.8-4.3V with rates of C/10, C/5, C/2, 1C, 2C, 3C, and 5C. A lower upper voltage cutoff was
chosen for rate testing to mitigate cathode degradation from affecting the reversible capacity.
Cyclic voltammetry (CV) profiles and electrochemical impedance spectra (EIS) were obtained
using a Bio-logic SAS VMP3 multi-channel Potentiostat maintained at room temperature (25°C).
CV and EIS data were obtained for cells before and after 100 galvanostatic charge/discharge
cycles. CV profiles were obtained at different scan rates of 0.1mV/s, 0.2mV/s, 0.5mV/s, and ImV/s
from 2.8-4.5V. EIS was obtained using a 10mV sinusoidal amplitude from a frequency range of
1Mhz to 20mHz. Cells were held at the desired SOC/voltage for approximately 2hrs before EIS
analysis. Before all testing, all coin cells were subjected to at least two initial formation cycles at

a rate of C/20 from 2.8-4.5V.

3.4 Results and Discussion

3.4.1 Morphology, Composition, and Structure

Following the previously detailed procedure, the obtained NMC811 hydroxide precursor as
shown in Figure 16a, b displays a narrow size distribution of spherical secondary particles ~6-
8um in diameter. Closer examination reveals thin needle-like primary particles. After sintering
and lithiation, these needle-like primary particles densify into 100nm block like primary particles
[Figure 16c¢, d]. The secondary particle size and shape is maintained after the sintering cycle and

ICP results shown in the table in Table 3 reveals a composition close to the targeted 8:1:1 ratio.

The coated NMC811 precursor in Figure 16e, f, referred to as “C-NMCS811,” displays a similar
underlying base material of spherical secondary particles composed of needle-like primary

particles. However, small disc-like nanoparticles are observed to be uniformly distributed on the
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surfaces of the secondary particles, with a small amount of segregation of nanoparticles and
secondary particles. It is assumed that these nanoparticles are composed of Mng9Coo.1(OH)z2,
which oxidizes into Mn2.7C00.304 upon air exposure. To verify this, a separate experiment was
performed in which the coating process is conducted without the initial NMC811 precursor
formation step. The resulting coating material shown in Figure S1 is composed of small
nanoparticles identical to those found on the C-NMC811 precursor and XRD profiles are well
indexed to the tetragonal Mn304 phase, also known as hausmannite, and a is precursor to
LiMn204 B335-371 After sintering, the coating nanoparticles on the surface are no longer observed
and C-NMC811 looks identical to NMC811 at the sub-micron scale, with occasional areas of
unadhered coating material [Figure 16g, h]. It is assumed that during the sintering process, the
Mn-rich nanoparticles on the surface partially diffuse and coalesce into a thin spinel coating on
the surface of the NMC811 primary particles, with a slightly Mn-rich layered NMC intermediate
region as illustrated in Figure 15. Other pH conditions were also tested, with lower pH
conditions during the coating step leading to the formation of larger, spherical coating particles
with less coverage, which can reduce the effectiveness of the coating process [Figure S2]. Thus,
this also indicates that the coverage uniformity and thickness of the coating can be controlled by
adjusting the coating time and reactor pH during the coating process. Naturally a longer coating
time/higher volume of added coating feedstock will lead to a thicker coating, and a higher pH
facilities nucleation of smaller nanoparticles, which improves the overall uniformity and
coverage of the coating material onto the NMC811 hydroxide secondary particles. At a low pH,
along with the precipitation of larger coating particles, the solubility of metal hydroxides
increases based on Le Chatelier principle, and results in less overall coating material being

precipitated. This is evident in the table in Table S1, where utilizing a pH of 9 results in Mn/(Ni
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+ Mn + Co) of 0.132, compared to 0.150 when using a pH of 12.5. The lack of effective coating
at low pH would naturally result in less overall protection, while too thick of a coating would
result in lower capacity due to the inherently lower specific capacity of the spinel structure. A
thicker coating may also result in generation of the aforementioned strain between the coating

and core interface, which may compromise the overall structure under repeated cycling 22,

Figure 16: Particle shape, size, and surface morphology of hydroxide precursors for (a,b)
NMC811 and (e,f) C-NMC8L11. Particle shape, size, and surface morphology of sintered
cathode powder for (c,d) NMC811 and (g,h) C-NMCS811.

Table 3: Elemental composition of sintered cathode material determined by ICP-OES

Sample Ni Mn Co
NMCS811 0.813 0.093 0.094
C-NMC811 0.746 0.150 0.104

EDS analysis reveals an expected composition of Ni, Mn, and Co at the surface of NMC811,

with a noticeable increase of relative Mn intensity in the case of the C-NMC811, as expected.
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Some areas on the C-NMC811 exhibit thicker patches of the coating material, and EDS analysis
reveals a degree of coating inhomogeneity [Figure S3]. From the ICP results detailed in Table 3,
an expected higher content of Mn is observed, corroborating the EDS analysis, and it is
determined that Mn27C00.304 makes up ~2.10 mol%, or ~5.04 wt% of the total precursor mass.
Assuming complete conversion of Mn2.7C00.304 to LiMn1.8C00.204, and negligible interdiffusion
between the spinel coating and layered base material, this would result in ~3.05 mol%, or ~5.75
wit% of MC91 spinel coating. Using approximate densities of 4.73g/cm?® for LiNio.sMno.1C0010:
and 4.3g/cm?® LiMn1.8C00.204, this would correspond to a coating thickness of around 100-
150nm. However, the presence of such a thick coating cannot be seen from SEM images in
Figure 16, so a degree of interdiffusion between the coating and bulk material likely occurs
during sintering/lithiation, resulting in a thinner coating, as illustrated in the schematic in Figure

15.

TEM/EDS mapping images are shown in Figure 17. Uncoated NMC811 exhibits an expected
homogeneity of Ni and Mn throughout the sample, with no discernable difference between the
particle surface and subsurface areas (Figure 17a-c). In contrast, for C-NMC811, a layer of
approximately 50-100nm from the surface is observed to be richer in Mn and deficient Ni
(Figure 17e-g). The presence of Ni in the surface regions is indicative of interdiffusion between
the Mn-rich coating layer and Ni-rich core during the sintering process. Samples were also
allowed to be exposed to ambient air for several weeks, and a significant difference can be
observed afterwards at the surface and subsurface regions of NMC811 and C-NMC811 powders,
as shown in Figures 17d, h. In uncoated NMC811, the surface appears much more rough and

significant levels degradation can be observed based on the presence of various irregular
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domains with different crystal planes and orientations; areas with different lattice spacings of
~4.76A and ~2.0A can be observed. Along with the FFT pattern in the inset of Figure 17d, this
may correspond to the (003) and (002) reflection planes of layered R-3m and cubic Fm-3m rock-
salt structures, respectively 8. This agrees with prior studies involving exposure of Ni-rich
NMC to ambient conditions, which describe the development of surface impurity layers,
contraction of the c lattice parameter, and rock salt phase formation in subsurface regions due to
various surface-initiated reactions with ambient air and moisture %41, In contrast, the surface of
C-NMC811 appears to maintain good crystallinity, with no irregularities in the sub surface
regions nor surface roughness. Along with the FFT pattern (which is distorted due to being
slightly off zone-axis) in the inset of Figure 17h, interplanar spacings of ~4.76A may correspond
to (111) reflection plane of a cubic LiM2O4 structure % 411, This suggests the presence of a cubic
spinel at the surface of C-NMC811 and that the coating process enhances the durability of the
active material against surface-initiated degradation mechanisms during long term exposure to

air.
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Figure 17: HAADF images and EDS maps of a particle surface cross section for NMC811
(a-c) and C-NMC811 (e-g). HRTEM images of (d) NMC811 and (h) C-NMC811 after
extended exposure to ambient air. Inset of (d, h): FFT patterns of subsurface regions of
NMC811 and C-NMC811, respectively. Line profiles for interplanar spacing values are
shown in Figure S12.

XRD results for both NMC811 and C-NMC811 can be well indexed to the R-3m layered
hexagonal structure, with lattice parameters of expected values [Figure 18a, Table 4]. No
secondary phases are observed in C-NMCB811, possibly due to too small of a signal from the
coating material as well as some peak overlap. Furthermore, both samples exhibit good
crystallinity, as indicated by the well-defined (018) and (110) double peaks and low cation
mixing based on a l(os)/l(104) ratio close to 1.2 [441 |t is observed that the intensity ratio for C-
NMCB811 is slightly lower than that of NMC811. This may be due to incomplete lithiation of the
Ni-rich component of the C-NMC811 hydroxide precursor. It is hypothesized that some lithium
reacts preferentially with the manganese-rich coating to form a portion of lithium-rich Li,MnO3
phase [*°l. This would result in a slight lithium-deficiency in the Ni-rich component, which would

increase the degree of cation mixing during sintering and subsequently reduce the l(oo3)/l(104)
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ratio. This may be evidenced in Figure S4, where NMC811 coated in an exceptionally thick
layer of coating material, via the previously detailed process but with a 4 hour coating step,
exhibits subpar crystallinity, a low lo3)/l104) , and CV peaks characteristic to the activation of

the Li,MnO3 phase [46 471,

XRD data provides bulk structural information and is not particularly suitable in probing
surface/sub-surface regions of the cathode powders. Raman spectroscopy, however, is useful for
probing local structures and transition metal-oxygen bonding characteristics of NMC cathodes
below 800cm™, which may not show up in XRD analysis 8. From the results shown in Figure
18c and d, NMC811 and C-NMC8L11 exhibit significantly different local structures at the
surface. NMC811 displays two main peaks around 557cm™ and 465¢cmt, which correspond to
the respective Ayq stretching and Eq bending modes of Ni-O bonding in the R-3m layered
structure, with overall broadening due to the additional contributions of Mn and Co Raman
bending and stretching modes 1. C-NMC811 displays a noticeable shift towards higher
wavenumber compared to NMC811, which is clearly demonstrated in Figure S13. This
difference is associated with the more Mn-rich surface, as Mn Aig and Eq modes in the R-3m
layered structure is well demonstrated to appear ~611cm™ 859 and would have a larger
contribution to the total Raman spectra. However, a noticeable shoulder peak is observed in a
higher frequency region around 625-640cm™. This peak can be attributed to the presence of an
Mn-rich spinel structure, as the subsequent shorter Mn-O bonding results in higher frequency
Raman modes compared to Mn-O bonding in the layered structure, and is consistent with prior

literature [49:501
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Figure 18: (a) XRD profiles of NMC811 and (b) C-NMCS811 fitted to the R-3m structure.
(c) Raman Spectra of as synthesized NMC811 and (d) C-NMC811. Raman peaks were
deconvoluted into 6 or 8 peaks based on refs 48-50.

Table 4: Refined lattice parameters and characteristic intensity ratio obtained via Rietveld
refinement of powder XRD data

Sample

a(A)

b (A)

c(A)

NMCB811

C-NMC811

2.8703

2.8726

2.8703

2.8726

14.1987

14.2129

\Y (Ag) 2 I(oos)/ I (104)
101.3066  4.46 1.25
101.5689 2.58 1.17

3.4.2 Electrochemical Performance
Under different scan rates from 2.8-4.3V, NMC811 and C-NMC811 display identical reversible

capacities, as shown in Figure 19a. This contrasts with other results, which claim that the three-

dimensional interstitial network for spinel materials would enhance rate performance by means

of enhanced lithium diffusion 4. Our observation may be attributed to the small fraction of

coating material, with the main component of layered material being the limiting factor in

reversible capacity under high charge/discharge rates tested in this work.
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Long term charge/discharge cycling to a high upper voltage cutoff of 4.5V shows that C-
NMC811 has a significant improvement in capacity retention over NMC811 [Figure 19d]. Both
materials show a high initial capacity of ~215mAh/g in the C/20 formation cycles. In the initial
C/2 cycling, the C-NMCB811 has a slightly lower initial capacity of 190mAh/g, compared to
200mAh/g of NMCB811. This difference may be attributed to the mass fraction of spinel coating
material, which has a lower reversible capacity of 120mAh/g compared to the layered NMC811
and does not contribute much capacity beyond 4.3V. After 100 cycles at room temperature, the
C-NMC811 retains 92.88% of its initial capacity, compared with 81.81% of the NMC811. The
fluctuations in capacity seen for both samples are attributed to temperature fluctuations of the
room throughout the day, as these fluctuations are not observed during high temperature cycling,
which took place in a much more controlled environment with constant temperature. It is also
found that the reactor pH significantly influenced the effectiveness of the coating, with reduced
capacity retention observed when using a reactor pH of 9 or 10.3 during the coating process
[Figure S2, S5]. This is attributed to the decreased effectiveness of coverage due to the
formation of larger coating particles under lower pH, as well as the overall lessened amount of
coating material. Thickly coated cathode material also exhibited subpar capacity, although with
exceptional capacity retention [Figure S5]. It is likely that the higher fraction of coating material
with less inherent capacity, combined with the reduced crystallinity and higher fraction of
obstacles in the form of grain boundaries, resulted in significantly lower reversible capacity
during charge/discharge cycling. Therefore, it is clear that the amount of coating deposited and
the effectiveness of coverage is critical to achieve an optimum balance between specific capacity

and capacity fade.
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This improved capacity retention of the C-NMC811 is also observed when cycling at 55°C; C-
NMC8L11 retains 91.47% of its initial capacity, compared to 84.87% for the NMC811 [Figure
19¢]. With the increased temperature, the C-NMC811 displays an improvement in initial cycling
capacity, improving from 190mAh/g at room temperature to ~210mAh/g at 55°C. This is
attributed to enhanced lithium diffusion kinetics in the layered material, as even the uncoated

NMC811 displays an improved initial capacity under this condition.

From the post-formation CV curves, there are three main pairs of oxidation and reduction peaks.
The largest oxidation peak occurs around 3.7V, with the other peaks occurring near 4.0V and
4.2V, as shown in Figures 19b, e, and h. These peaks correspond to phase changes during
delithiation of the host structure, from an initial hexagonal H1 phase to monoclinic M, hexagonal
H2, and eventual hexagonal H3 phase [°% 51, |t is observed that both the NMC811 and C-
NMC8L11 display similar redox peaks before cycling. After 100 cycles at room temperature, it is
observed that the main redox peak for NMC811 has decreased in intensity and broadened
relative to other redox peaks, while those for C-NMC811 remain much closer to its initial post-
formation CV profile. This is indicative of greater active material loss and surface degradation
for NMC811, and the effectiveness of the protective Mn-rich coating in C-NMC811 in inhibiting
such surface degradation 5351, This contrast is much more apparent when examining CV
profiles after 100 cycles at 55°C, with NMC811 displaying even broader and lower intensity
redox peaks compared to C-NMC811 [Figure 19h]. Furthermore, the Randles-Sevcik equation,
which establishes a linear relationship between peak current and the square root of the scan rate,

in which the slope of the line is proportional to the square root of the diffusion coefficient of the
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electrochemically active species, highlights the improved performance of C-NMC811 [¢l: by
examining the peak current vs scan rates of cells after 100 cycles at room temperature in Figure
S6, the slope for C-NMCB811 is larger than that of NMC811, indicating better lithium diffusion
characteristics after prolonged cycling due to less surface phase transformations in the Ni-rich
layered material (547, Based on a theoretical lithium concentration of 0.0488mol/cm?, the slopes
correspond to lithium diffusion coefficients of 1.053x10*%cm?/s and 1.623x10°cm?/s for

NMC811 and C-NMC811, respectively.

EIS data for both NMC811 and coated NMC811 (C-NMC811) show a small semicircle in the
high frequency region, followed by a larger semicircle at medium frequencies, followed by a
linear region. The high frequency semicircle is attributed to the SEI layer and bulk
resistive/capacitive behavior, while the medium frequency semicircle is attributed to charge-
transfer resistance and the double layer capacitance at the electrode surface. The linear, low
frequency region is typically attributed to the diffusion of lithium ions 7581, Using this
understanding, the half-cell is modelled to a circuit with three elements in series: a resistor, two
RC elements, and a Warburg element. In Figure 19c, it is observed that even after the initial
formation cycles, C-NMC811 displays a lower charge transfer resistance than NMC811. The
lower charge-transfer resistance in the highly charged state is evidence that the coating is
protecting the Ni-rich material from degradation mechanisms with the electrolyte 5 %1, This is
even more evident in impedance behavior after 100 charge/discharge cycles at room temperature
and 55°C [Figure 19f, 19i]. The medium frequency semicircle has grown significantly larger for

NMCB811 than for the C-NMC811. This indicates that the applied coating continues to suppress
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impedance growth by shielding the Ni-rich material from undesirable reactions with the

electrolyte.

(a)
o 220
%“200 EEUL‘IU s C/10
g' 180 Iii 1c
£ EIE 2c
= 160
%] {}{ 3C
-
140 i :
H « NMCS811 H =
2120 ) £H
=) * C-NMC811
100
0246 8101214161820222426
vele
@
220
110 gom pmilgpiege 10
-
E200 o 80
100 'w.,% 60
-1 LY #‘v-\
5 W
:130 1!"-%-.::“:&"\ @
170 R T
2 “-"'. 2
2160 20
=
150 0
0 2 40 60 80 100
Cycle #
(g)zzu
w 10
%‘210 R
<
=
T 190 ',
E - g 60
Z180 ""‘\.._
Y e 40
E170
-
2160 20
=
150 0
0 20 80 100

40 60
Cycle #

Figure 19: (a) Rate performance of NMC811 and C-NMC811 from 2.8-4.3V.
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3.5 Conclusion

at 55°C.

In this work, we demonstrate a novel method of synthesizing a heterogenous two-component

precursor. By utilizing a single reactor co-precipitation process and altering feedstock solutions

and reactor pH, we develop a precursor composed of NMC811 hydroxide secondary particles
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uniformly coated with Mn27C00.304 nanoparticles. During subsequent sintering with a Li source,
these Mn-rich particles distribute themselves into a conformal nanoscale LiMn1gCo0.204 coating
on the surface of the NMC811 material. Good crystallinity, particle morphology/uniformity, and
a low degree of cation mixing are obtained. This method is industrially scalable and improves the
capacity retention of the resulting cathode material during electrochemical cycling at a 4.5V
upper voltage cutoff, at both room temperature and 55°C. Furthermore, there is minimal loss in
the initial capacity of the coated sample vs the uncoated sample, especially at higher
temperatures. By examining cyclic voltammetry, electrochemical impedance spectra, and TEM
data, improvements in electrochemical cycling are attributed to the coating suppressing
impedance growth by reducing Ni-rich/electrolyte contact in the highly charged state. The
coating uniformity and thickness can feasibly be controlled by altering the reactor pH and/or
coating feedstock volume. It is also likely that different nanoparticle coating compositions can be
synthesized using this process, as various other metal hydroxides are highly insoluble and readily
precipitate in alkaline solutions. Thus, this works demonstrates a new direction towards NMC
modification. While reactor conditions could likely be optimized further, this work demonstrates
a possible pathway towards the development and commercialization of Ni-rich NMC811 for next

generation lithium-ion batteries.

3.6  Supporting Information

SEM images and XRD spectra of coating precipitates, SEM images and EDS spectra of
precursors under different conditions, XRD spectra and CV profile of 4hr coated cathode.
Cycling performance and chemical composition of cathode coated under different reactor

conditions, Current vs scan rate plots, EIS spectra under different SOC, Equivalent EIS circuit,
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In-situ XRD data and discussion, Additional TEM images and lattice spacing line profiles,

Superimposed Raman spectra of NMC811 and C-NMC811
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Elemental doping is an effective strategy to modify surface and bulk chemistry in NMC cathode
materials. By adding small amounts of lithium halide salts during the calcination process, the Ni-
rich NMC811 cathode is doped with Br, CI, or F halogens. The dopant type has a significant
impact on the lithiation process and heavily influences the final cathode porosity and surface
morphology. Utilizing a variety of electrochemical, surface, and bulk characterization
techniques, it is demonstrated that an initial content of 5mol% LiBr or LiCl in the lithium source
is effective in improving capacity retention while also providing excellent rate performance. The
improvements are attributed to a substantial increase in specific surface area, the formation of a

stable CEI layer, and suppressed surface reconstruction. In addition, the particle microstructure is
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better equipped to handle cyclic volume changes with increased values of critical crack length.
Overall, it is demonstrated that anion doping via addition of lithium halide salts is a facile

approach towards Ni-rich NMC modification for enhanced cathode performance.

4.1 Introduction

Over the past several decades, lithium-ion batteries (LIBs) have become essential in powering
electronics, from portable devices to electric vehicles. As new technologies become more widely
accepted and implemented, the demand for LIB production is expected to scale exponentially
[121, The resulting demand is expected to strain manufacturers to provide an adequate supply at a
low cost while improving performance, especially when considering the concerns around cobalt,
a critical component in currently utilized LIB cathodes. The mining and production of cobalt has
considerable supply chain vulnerabilities and historically demonstrated price volatility 341,
Manufacturers can resolve these issues by improving the specific capacity and reducing materials
costs for next-generation LIBs, mainly through design and modification of the cathode
chemistry. Most LIB cathodes utilized today are composed of transition metal layered oxides of
the LiMO> form, with M representing transition metal(s) and typically comprising Ni, Mn, or Co.
This stoichiometry commonly forms the layered R-3m structure, defined by alternating TM-O
and Li-O octahedra layers with 2D Li* diffusion channels 561, and demonstrates a class of
materials exhibiting among the highest practical specific energies of all cathode chemistries due
to a high operating voltage >3.5 V vs Li/Li* and specific capacities ranging from 140-200
mANh/g, depending on the chemistry. One such class of materials is referred to as "NMC,"
defined by the composition LiNixMnyCo,0,. Significant efforts have been made to develop

NMC compositions that reduce the costly cobalt fraction and increase the nickel content, which
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typically increases the reversible capacity of the overall material by allowing for deeper levels of

delithiation at similar cutoff voltages while also being a cheaper ore to mine 24671,

While strides have been made towards shifting from NMC111 to NMC532 and NMC622, shifts
to even higher nickel fractions > 80% have been met with much difficulty 8%, For example,
NMCB811 (LiNio.sMno.1C00.102), with a demonstrated reversible capacity of 200 mAh/g, is
challenging to use in practical applications due to its fast capacity fade. Furthermore, as the
nickel content in NMC increases, the material becomes more inherently unstable and prone to
degradation as it is put through repeated charge and discharge, which results in premature cell
failure and safety concerns. These degradation mechanisms have been a subject of extensive
investigation and are due to a variety of factors such as reactivity of high valence Ni** with the
electrolyte at the electrode surface 1% the release of lattice oxygen 1231 nickel reduction to
Ni%* with subsequent migration to the Li layer [!4*°] surface reconstruction from the R-3m
layered structure to resistive spinel and subsequent Fd-3m rock-salt phases (1214161 and
intergranular fracture from sharp anisotropic volume changes [*”-*°1. There are many challenges
concerning Ni-rich cathode materials, and these obstacles must be overcome to enable

implementation for commercial use.

The addition of dopants added in concentrations < 10 mol% is a standard modification route
toward addressing the limitations of NMC811 by modifying chemical and physical properties,
and extensive work has been conducted and studied on doped Ni-rich cathodes [6:91420-241 For
example, Al substituting on the TM site was found to improve the chemical stability of the

cathode due to stronger Al-O bonding preventing structural disorder 223, B and Ta dopants
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facilitated crystal growth of thin, radially aligned primary particles to inhibit microcracking
25261 'Other dopants, such as Mg, Zr, Ti, Zn, and Nb, have also been demonstrated for NMC-
type cathodes, with various degrees of impact on the cathode properties [142927:28] However,
while cation doping has been extensively studied, anion doping of NMC cathodes is surprisingly
not as well explored. Anion doping has inherent advantages in it avoids the substitution of Li or
transition metal sites, which is an attribute of cationic doping that can lower the practical energy
density by either reducing the content of redox active species or act as obstacles for Li diffusion
[14] In the past several years, some works have demonstrated various types of anion doping on
layered oxide cathodes such as F-doping of Li-rich oxides with anionic redox activity to stabilize
lattice oxygen 222, Other studies focused on NMC compositions have mostly been limited to
NMC111 and other chemical analogues with lower Ni content %2, In addition, several
computational studies have been conducted on the incorporation of F, S, and Cl dopants on the
LiNiO2 system, showing conflicting roles of anion dopants towards the cathode properties such
as cation mixing, lithium mobility, and redox potential, but have not been corroborated with

experimental results nor consider the dopant source %1,

In this work, NMC811 is partially doped with Br, Cl, or F halogen ions through the addition of
LiX (X = Br, Cl, F) during initial lithiation and calcination, with a doping level of 5 mol%
initially targeted. It is demonstrated that the addition of halide salts has significant impacts on the
cathode microstructure and surface chemistry, which in turn impacts the electrochemical
performance. Lithium chloride and bromide are notably found to improve capacity retention
while also increasing the accessible specific capacity by 10% compared to its undoped

counterpart. Lithium fluoride did not noticeably improve the capacity fade nor accessible
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capacity within the doping ranges tested and in contrast, negatively affected the reversible
capacity under increasing charge/discharge rates. Improvements in the case of Cl and Br were
attributed to a lower lithiation temperature due to the partial formation of low melting eutectic
salt and increased electrochemically active surface area. During extended cycling, disorder and
surface reconstruction at the particle surface/subsurface was suppressed due to the formation of a
stable and passivating cathode electrolyte interface (CEI). This work demonstrates the viability
of anion doping and potential for microstructural modification through the simple addition of

lithium halide salts.

4.2 Experimental Methods

4.2.1 Synthesis of the NMC precursor

NMC811 hydroxide precursors were synthesized via a co-precipitation route described in a
previous study B4, Summarily, a solution of transition metal sulfates in the desired stoichiometric
ratio is added dropwise to a glass jacked reactor alongside the addition of an ammonia solution
that functions as a chelating agent. The reactor pH is maintained at 11.0 £ 0.2 using a pH
controller and NaOH buffer solution, which also functions as the precipitating agent. The
reaction is allowed to run for 8 hrs under a constant stirring at 55 °C under nitrogen atmosphere.
Afterward, the metal hydroxide precipitates are filtered from the solution, washed thoroughly
with deionized water, and then dried at 100 °C. The final product consists of spherical transition
metal hydroxide precursors approximately 6-8 pum in diameter and composed of thin, plate-like

primary particles.
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4.2.2 Synthesis of pristine NMC811
Undoped NMCB811, referred to as "pristine NMC811" or "PR," is synthesized by mixing the

hydroxide precursor described in section 2.1 with lithium hydroxide monohydrate using a mortar
and pestle. The molar ratio of transition metal to Li is 1.00:1.05, with the excess lithium needed
to account for partial lithium volatilization during sintering 31, The mixture is sintered in an
alumina crucible under 50 sccm flowing oxygen in a two-step process; the mixture is first
sintered at 450 °C for 5 hrs then reground to homogenize possible irregularities in the lithium
distribution further. Then a second sintering step is performed at 775 °C for 15 hrs to fully

lithiate and densify the secondary particles.

4.2.3 Synthesis of the modified cathode

Modified NMC811 samples are synthesized using a similar route as pristine NMC811. However,
the mixture differs with partial substitution of the LiOH lithium source with LiX (X = Br, ClI, or
F) while maintaining a total 5 mol% excess of Li. The doping content is relative to the number of
moles of transition metals. For example, in the 5 mol% chlorine doped sample, the molar ratios
of transition metal hydroxide precursor to LiOH to LiCl is 1.00:1.00:0.05. While several doping
levels were tested, 5 mol% was the doping concentration chosen for further analysis. Before
mixing, LiCl and LiBr were dried thoroughly in a vacuum oven and stored in a desiccator to
limit measurement errors in the targeted doping concentration due to the inherent hygroscopic
nature of these lithium salts in an ambient environment. The final mixture is sintered according
to the same furnace profile used for pristine NMC811. The samples are labeled as 5Br, 5ClI, and

5F representing 5 mol% doping amounts of bromine, chlorine, and fluorine, respectively.
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4.2.4 Preparation of cathode and coin cells

Electrode films were prepared using traditional slurry casting methods. The active cathode
material was mixed thoroughly with carbon black as a conductive additive and polyvinylidene
fluoride (PVDF) as a binder in a weight ratio of 8:1:1, with n-methyl-2-pyrrolidone (NMP) as a
solvent. The mixture was homogenized using a FlakTek Speedmixer and subsequently cast onto
15 um thick aluminum foil with a doctor blade set to 150 um in height. The electrode is allowed
to dry in air at 60 °C overnight, followed by 12 hrs at 120 °C in a vacuum oven to remove
residual water and solvent thoroughly. The dried electrode is punched into discs 12.5 mm in
diameter, calendared to ~35-38 um in total thickness, and stored in an argon glovebox until
further use. The electrode active mass was maintained between 2.85-3.4 mg/cm?. 2032-type coin
cells were formed using a half cell setup, with lithium metal as the anode and a celgard
polyolefin film as the separator. The electrolyte was composed of 1 M LiPFe in EC/EMC (3:7
weight ratio). The as-prepared coin cells were subjected to a formation procedure consisting of 2

charge/discharge activation cycles between 2.8-4.5 V at C/20.

4.3 Characterization Methods

4.3.1 Physical and Mechanical Properties

The surface morphology of the as-prepared cathode powders was analyzed via scanning electron
microscopy (SEM) analysis using a JEOL JSM-7000F SEM with a 10 kV accelerating voltage.
Cross-sections were obtained by embedding the powders in resin, followed by polishing, which
cleaved the secondary particles to reveal a fractured particle interior. High-resolution
transmission electron microscopy (HRTEM) is performed with a double correctors Titan cubed
Themis 300 operated at 300 kV, equipped with a Ceta camera, Gatan Quantum 966 energy filter,

and an electron monochromator. Dynamic light scattering particle size analysis was conducted
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using a SALD-7101 Nano Particle Size Analyzer to determine the d50 values. Specific surface
area measurements of the cathode powders were determined via Brunauer-Emmet-Teller (BET)
method on a Micromeritics ASAP 2020, with degassing as a pretreatment. TGA/DSC
measurements of the mixed lithium salts and hydroxide precursors were conducted using a
simultaneous TGA and DSC instrument. Mixtures were placed in uncovered alumina crucibles

and heated under dry air flow to an upper temperature of 775°C at a rate of 2°C/min.

X-ray diffraction (XRD) profiles of the loose cathode powders were obtained using a
PANalytical Empyrean X-ray Diffractometer with a Cu Ka radiation source (A = 1.5406 A) and
step size of 0.0167° per step. In addition, crystallographic lattice parameters and degree of cation
mixing were determined through the Rietveld refinement method via FullProf Suite software,
using the R-3m space group as the structural reference and assuming no secondary impurity

phases.

Porosity quantification was achieved via two-dimensional image analysis using ImageJ (National
Institutes of Health, Bethesda, MD) protocols. Since each powder studied maintained a
significant number of particles that were fully dense under SEM, the porosity analysis only
served to quantify the difference in porosity across particles found to contain observable pores.
Accordingly, the porosity was measured for at least ten cross-sectioned particles per sample.
Once cross-sections were examined using a Zeiss Evo Series Benchtop and W-filament SEM.

Secondary emission electron SEM micrographs were obtained between 15-20 kV.
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To obtain high-fidelity SEM micrographs, argon ion beam cross-sectional polishing was applied
to the cast electrodes associated with each sample. Samples were ion-mill polished using a JEOL
IB-19530CP Cross Section Polisher (Tokyo, Japan). Electrodes were first fixed to a sacrificial
backing and then milled using argon gas at 8 kV for 2 h (7200 s). Depending on the sample
under consideration, this procedure was used, or an alternative procedure was applied, wherein
~6.5-7 kV was applied for 1.25 hrs with a 3-to-5 s on-off alternating cycle employed to prevent

binder degradation-induced chamber pressurization.

The fracture strength (af) of the NMC powder particles demonstrating brittle failure under
compressive loading was achieved for as synthesized and charged samples for each doped
sample. oy was obtained using a microparticulate compression testing system (MCT) from
Shimadzu wherein <1 mN/s loading rates were applied to at least 15 particles per condition in
both the as synthesized and charged state. o, measurements were computed as a function of the

breakage load and particulate diameter based upon the standard JIS R 1639-5 [*¢]

4.3.2 Chemical Properties

Chemical compositions were determined through inductively coupled plasma optical emission
spectrometry (ICP-OES), using a Perkin-Elmer Optima 8000 ICP-OES system. Chemical
mapping of selected particles were obtained using the TEM instrumentation's energy-dispersive
X-ray spectroscopy (EDS) functions. X-ray photoelectron spectra (XPS) were collected using a
PHI 5000 VersaProbe Il system (Physical Electronics). Individual scans at the O 1s, C 1s, Co
2p3, Mn 2p3, Ni 2p3, and relevant halogen peaks were collected at a pass energy of 23.50 eV

and electron escape angle of 45° to the sample plane. Ni 2p3 and O 1s spectra were deconvoluted
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and fitted using XPSPeak software to analyze surface element oxidation states from powders in

the as-synthesized state and electrodes taken from disassembled cells after cycling

4.3.3 Electrochemical Measurements

Electrochemical charge/discharge cycles were conducted at ambient room temperature on a
LANDT CT2001A from 2.8-4.5 V (specific capacity set to 200 mAh/g). Extended cycling of
cells was conducted at a charge/discharge rate of 0.5 C for up to 100 cycles. Rate performance
was tested for each sample, using rates of C/10, C/5, C/2, 1C, 2C, and 3C. Cyclic voltammetry
(CV) profiles and electrochemical impedance spectra (EIS) were obtained using a Bio-logic SAS
VMP3 multi-channel Potentiostat maintained at 30 °C. CV and EIS data were obtained for cells
before and after 100 galvanostatic charge/discharge cycles. CV profiles were obtained at a scan
rate of 0.1 mV/s between 2.8-4.5 V vs. Li/Li*. EIS was obtained using a 10 mV sinusoidal
amplitude from 1 MHz to 20 mHz. Galvanostatic intermittent titration technique (GITT) was
utilized to determine lithium diffusion coefficients and was conducted using a C/10 current pulse
for 0.5 hrs, followed by 1.5 hrs of resting time. GITT measurements for each sample were

collected across one full charge cycle.

4.3.4 Computational Methods

Density functional theory calculations were used to evaluate the effect of halogen doping on the
electronic structure of the cathode material, using LiNiO- as a reference model system for
simplicity. All calculations were carried out using Quantum Espresso package B71 and the
generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) is utilized for the

exchange correlation potential. The Hubbard U correction of Uett = 6.37 eV was used for the Ni d
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states %81, The plane wave cut-off energy was set to 450 eV and a k-point of 3 x 3 x 3 grid mesh
for the Brillouin zone sampling. The energy convergence criterion of 10 eV and a value of
0.001 eV/ A for the force convergence criterion were set for the electronic structural
optimization. Doping was realized by constructing a 2 x 2 x 1 supercell from the hexagonal

structure (R-3m space group) of LiNiO2 and substituting one of the O atoms in the supercell with

aF, Cl, or Br atom.

4.4 Results and Discussion

4.4.1 Morphology, Surface Area, Mechanical Properties
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Figure 20: SEM images of the surface morphology and cross sections of (a,e) PR, (b,f) 5Br,
(c,9) 5ClI, and (d,h) 5F, as synthesized. Specific surface area determined through BET
measurement (i) and corresponding d10, d50, and d90 particle sizes (j). Scale bars are set to
1pm.
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As shown in Figure 20a, the secondary particle surface for PR is composed of densely packed,
slightly elongated block-like particles. This is consistent with the morphologies observed in
NMC811 powders synthesized via a coprecipitation route 3. However, an evident change in
morphology is observed after adding Br, CI, or F dopants, as shown in Figures 20b-d, S1. The
addition of LiBr and LiCl results in substantially more porous surface morphology, with
noticeable gaps in between primary particles. In addition, the primary particles for 5Br and 5Cl
are slightly larger than those of PR, a result which was also observed in a similar doping study
for NMC111%21, Whereas in the case of LiF, the particle morphology remains dense with smaller
block-like primary particles compared to PR. Cross-sections of cleaved secondary particles for
each sample were obtained and shown in Figure 20e-h, S2-4, which shows that the porosity
observed at the surface is also observed in the particle's interior. 5CI and 5Br samples exhibited
more pores and cavities within the interior of the secondary particles, whereas PR and 5F
generally exhibited a more uniform, dense packing of primary particles. However, this is a
qualitative observation of the particle interior and exact information on pore size and distribution
could not be determined without the application of porosimetry techniques. The secondary
particles for all samples were consistent, being composed of spherical particles approximately 10
pum in diameter [Figure S1]. Increasing the amount of Br or Cl resulted in more porous
morphologies, while decreasing the amount expectedly results in a morphology closer to that of

PR [Figure S5].

A combination of BET measurements and particle size analysis reveal significant differences in
the specific surface area across the samples [Figure 20i, j]. PR and 5F powders have identical

surface areas of 0.42 m?/g, indicating that fluorine doping has a negligible influence on the
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secondary particle surface area. In contrast, 5Br and 5CI display specific surface areas over two
times higher than PR, at 1.16 and 1.38 m?/g, respectively. This is consistent with the observed
surface morphology and interior porosity from SEM imaging. Particle size distributions shown in
Figure 20j and Table S1 demonstrate that secondary particle size is unaffected across all
samples, which is to be expected and corroborates the SEM imaging results, verifying that the
increase in specific surface area is solely due to changes in the particle morphology/porosity. The
increased surface area of the NMC secondary particles is expected to allow for more thorough
penetration of electrolyte into the secondary particle surface and a subsequently increase in

electrochemically active surface area.

The increase in surface area is hypothesized to be due to a combination of the dopant effect on
primary particle growth, molten salt-assisted growth, and gas evolution during the initial
calcination. Based on the binary phase diagrams for LiOH-LiBr and LiOH-LiCl, a low eutectic
melting point exists at ~260 °C and 270 °C respectively, significantly lower than either
component in its pure state [“°41 Therefore, even with the small addition of LiBr or LiCl in the
binary system as demonstrated, a partial melt is predicted to form at or below 300 °C. On the
contrary, LiF-LiOH compositions exhibit a eutectic temperature around 425 °C, which is only
moderately lower than pure LiOH (460 °C). With the initial Li-salt composition composed of
95.2 mol% LiOH and 4.8 mol% L.iX, the partial melt would form near 300 °C in the case of LiBr

and 270 °C in the case of LiCl.
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Figure 21: DSC curves of precursor and lithium salt mixtures during initial lithiation (a)
and corresponding TGA/weight loss curves (b). The constant increase in the DSC curves is
associated with instrument drift.

DSC curves of the initial hydroxide precursor/Li mixtures are shown in Figure 21a. A notable
difference in the curves can be observed between 150-300 °C. PR and 5F display firm
endothermic peaks at ~260 °C, which can be attributed to the decomposition of transition metal
hydroxides to oxides and subsequent generation of H2O vapor (2431, This conversion typically
precedes lithiation, which occurs at or after the melting point of the lithium source (460 °C for
pure LiOH), although some reports suggested that a solid-state lithiation of the oxide can occur
at temperatures below the melting point [, In the case of 5Br and 5CI samples, the endothermic
peak intensity is mostly suppressed, which suggests that simultaneous exothermic reaction(s) are
occurring within this temperature range. While the partial formation of low-temperature melt is
expected to form around this temperature, a more intense endothermic peak should have been
observed. Thus, the observation of an exothermic reaction can be attributed to the lithiation
reaction of the NMC precursor in this temperature range 14, This is also corroborated with the
DSC curves between 400-500 °C, where melting of LiOH and lithiation would occur [Figure

S6]; the intensity of the endothermic peak for 5Br and 5Cl is relatively reduced than that of PR
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and 5F, indicating that a higher fraction of the Li salts has already been consumed in a lithiation

reaction at a lower temperature.

Due to the formation of melt and onset of lithiation occurring at a lower temperature
simultaneous with precursor decomposition for 5Br and 5CI, primary particle growth is enhanced
by a molten salt assisted route and longer coarsening time, resulting in the larger primary
particles and the formation of gaps and pores in the secondary particle due to the increased
coalescence of primary particles. The addition of more LiBr or LiCl naturally furthers this
phenomenon by increasing the fraction of melt present, and the formation of faceted primary
particles and more intergranular gaps are observed as a product of increased molten salt-assisted

growth #5461 35 shown in Figure S5d, e.

TGA analysis of precursor/Li-salt mixtures in Figure 21b reveals that near the end of the
calcination cycle above 650 °C, 5Br and 5CI samples exhibit a faster change in weight loss
compared to PR and 5F. It is suspected that this weight loss observed for 5Br and 5CI may stem
from partial volatilization of remaining LiBr or LiCl, resulting in partial gas evolution rather than
doping into the structure, although this is not exactly confirmed. Generation of gasses during
primary particle growth could also facilitate the formation of the porous secondary particles
observed. In contrast, 5F samples exhibit similar weight loss behavior as PR, implying no gas
evolution from the halide salt during the lithiation/calcination of the precursor, which would also
correlate with the dense secondary particles observed. It is also worth noting that the onset of

weight loss between 150-300 °C for 5Br and 5C1 occurs at a lower temperature and the initial
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loss is much smoother than that of PR and 5F, further indicating the earlier onset of lithiation

during the metal hydroxide to oxide transition formation.
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Figure 22: (a) Powder X-Ray diffraction profiles revealing no noticeable impurity phases
and (b) corresponding refined lattice parameters and calculated interlayer mixing
concentrations. (c-e) XPS spectra of the relevant halogen binding energy for each anion
doped sample

Powder XRD profiles of the as-synthesized powders are shown in Figure 22a, and all samples
are well indexed to the R-3m layered structure. No impurity phases are detected across all
samples, with excellent crystallinity as evidenced by well defined (006)/(102) and (018)/(110)
peak separation. However, the doped samples all exhibit slightly reduced ordering quality as
evidenced by the lower c/a ratio. Rietveld refinement of the XRD profiles indicate that the doped
samples have slightly larger lattice parameters than PR. The a lattice parameter is slightly
increased for 5Br and 5CI, which is expected due to a combination of the larger atomic radius of

these halogens compared to oxygen and increased partial reduction of transition metal ions for
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charge compensation. This is supported by the observed increase in NiLi shown in the table in
Figure 22b. 5F, while having a smaller ionic radius than oxygen, was observed to have
significantly increased a and c lattice parameters and can be attributed to the larger degree of
cation mixing of 6.49%, compared to 2.99% for PR, and is consistent with previous studies on
fluorine doping 3347481, Since a similar halogen doping level should ideally result in similar
levels of cation mixing due to charge compensation considerations %1, the noticeably lower
degree of cation mixing for 5Br and 5CI samples compared to 5F may be further evidence of the
occurrence of partial volatilization of LiCl or LiBr inferred from TGA/DSC results, which would

result in an actual doping level less than the 5 mol% target.

4.4.2 Composition, Surface Chemistry

ICP-OES verifies the chemical compositions of all samples to be close to the targeted NMC811
stoichiometry [Table S2]. In addition, the Li/TM ratio is between 1.021-1.054 across all
samples, indicating no issues concerning lithium deficiency due to volatilization despite the
partial substitution of lithium halide salts. A combination of XPS spectra and EDS mapping
shown in Figures 22c-e and Figure S7 verifies the presence of each respective halide dopant,
which is distributed uniformly across the entire particle. EDS signals for Br and CI elements are
notably weaker than that of F, which supports the TGA results and further suggests a degree of
volatilization of these halogens and a doping content less than the 5 mol% target. The
distribution of Ni, Mn, and Co elements are also uniformly distributed across the primary
particles in the expected stoichiometry, and no segregated particles of halide-rich materials were

observed in the images taken.
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Figure 23: Deconvoluted and fitted XPS peaks of the (a-d) Nickel 2p3/2 and (e-h) Oxygen
1s spectra for the as-synthesized powders

XPS analysis of the nickel and oxygen binding energies is shown in Figure 23 and is utilized in
characterizing the transition metal valence state and oxygen chemical structure. The main nickel
2p°2 peak is observed at ~855 eV, with a satellite peak observed at a higher binding energy of
~862 eV. Prior literature has shown that the Ni 2p®? peak and its satellite peak can be
deconvoluted and fitted as a combination of Ni?* and Ni®*, centered around binding energies at
854.6 eV and 855.76 eV, respectively, for the main XPS peaks 54, Satellite peaks can be fitted
at 861 eV and 862.5eV %51, By comparing the integrated intensity for each contribution, the
average valence state analysis can be determined. As shown for the 5Br and 5Cl in Figure 23a-
d, Ni®* contributes to ~60% of the Ni 2p%? peak, but only 52.4% for PR and even lower for 5F at
34.4%. The low oxidation state for 5F is consistent with previous studies, which demonstrated
increased nickel reduction at the surface of F-doped NMC samples *11. The higher average nickel
valence state for 5Br and 5CI relative to PR is indicative of moderately better crystallinity and
ordering at the surface for the doped samples, as nickel ideally remains in the 3+ oxidation state
in a nickel rich LiMO2 stoichiometry. Furthermore, the presence of Ni?* in the XPS spectra is
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often associated with cation mixing or surface reconstruction, which is a degradation mechanism
that has been observed to occur for Ni-rich NMC cathodes when exposed to ambient conditions
and has detrimental effects on the electrochemical performance 5253, Based on the results
shown, it can be expected that the doped samples would have better initial electrochemical

performance due to the superior surface quality.

Two distinct peaks can be observed in the O 1s XPS spectra, illustrated in Figure 23e-h, and can
be identified as the lattice-bonded oxygen and active oxygen at ~529 eV and 531.5 eV,
respectively B, The active oxygen stems from oxygen defects present near the
surface/subsurface structure and is also thought to be the origin of harmful residual lithium
compounds often present at the surface of NMC cathodes 2*54; these residues form after

calcination by reacting with carbon dioxide or water vapor via the following reactions.

Oz_active + HZO, CO2 — 2OH_, CO32_ (11)

2Li" + 20H", CO3% — 2LiOH, Li,CO3 (12)

PR contains a high fraction of active oxygen, with ~65% of the total signal correlating to active
oxygen. 5F exhibits a similar ratio of active oxygen to lattice oxygen. In contrast, 5CI exhibits a
higher fraction of lattice oxygen, at 46.3%, indicating that a reduced amount of lithium residual
compounds would be present compared to PR and 5F. In contrast, 5Br shows the lowest fraction
of lattice oxygen and thus the highest fraction of oxygen defects, with only 13.2% of the signal

being attributed to the lower energy peak.
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Figure 24: (a) First charge and discharge cycle. (b) Rate performance of samples cycled
between 2.8-4.5V. (¢) Galvanostatic charge-discharge cycling of half-cells at C/2 rate
between 2.8-4.5V and corresponding specific discharge capacity. (d) Mean charge and
discharge potential of half-cells over cycling. (e) Lithium diffusion coefficient determined
from GITT measurements. Diffusion coefficients at high SOC (x > 0.8) are overestimated
due to the rest potential not being fully relaxed before the next current pulse. (f) Potential
drop vs SOC, obtained at beginning of current pulse

5CI and 5Br samples exhibit noticeably increased reversible capacity, with initial discharge
capacities of 225 mAh/g and 220 mAh/g at 0.05 C, respectively [Figure 24a]. In contrast, PR
exhibited a capacity of 200 mAh/g under the same conditions, demonstrating a 10%
improvement in accessible capacity through Br and Cl doping. In contrast, no improvement in
accessible capacity is observed for 5F, with a slightly lower reversible capacity likely due to the
increased fraction of electrochemically inactive Ni?*. The capacity improvement for Br and Cl is
also observed in lower and higher doping concentrations, shown in Figure S8. However, a
significant drop in capacity is observed with increased F concentration, which is consistent with
other observations and attributed to a further increase in cation mixing [“°1. 5Cl and 5Br also

exhibit superior capacity under high charge/discharge rates, with nearly 175 mAh/g at 2C,
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compared to 154 mAh/g for PR. In contrast, 5F exhibited lower capacity under increasing

charge/discharge rates [Figure 24b].

The improvements in reversible capacity for 5Br and 5CI are attributed to the increased specific
surface area, allowing for electrolyte penetration and thus higher electrochemically active sites.
Whereas for 5F, the reduced capacity is a result from the significantly increased cation mixing
and formation of Ni/Li antisite defects [¥34%1, Improvement in rate performance across all
modified samples is seen at a doping concentration of 2 mol%. However, there is an optimum
upper limit to doping concentration; when increasing the doping content to 8 mol%, the
performance of 8Br is similar to that of PR, while 8F has an even lower reversible capacity. 8Cl,
in contrast, still maintains an improved rate capacity compared to PR. An optimum concentration
clearly exists for each halogen doping regarding rate performance, and such dopant

concentration optimization is beyond this work's scope.

Galvanostatic charge/discharge at a C/2 rate in Figure 24c demonstrates a significant
improvement in capacity retention for 5Br and 5CI. Whereas PR retains 81.8% of its initial
capacity after 100 cycles, 5CI and 5Br retain 96.1% and 95.3% of their initial capacity after 100
cycles, respectively, while also having a higher initial capacity. The improved capacity retention
of 5Br and 5Cl is significant considering these materials' higher specific surface areas, which
generally should facilitate faster capacity fade due to the more exposed surfaces detrimentally
reacting with electrolyte 5255561 Thys, 5Br and 5CI samples indicate much better inherent
surface stability than PR. 5F also demonstrates slightly improved capacity retention, although not

nearly as significant as 5Br and 5CI. F doping in lower amounts may be more beneficial to
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capacity retention, with 1 mol% reported in other works as being effective "%, Mean
charge/discharge potentials during extended cycling in Figure 24d show that while 5F had an
average discharge potential of around 20 mV higher compared to PR, 5Br decreased the average
discharge potential by 10 mV, and 5CI showed no change. After 100 cycles, 5CI demonstrates
superior voltage retention with only moderate change in both charge and discharge potential,

while the rest of the samples show more severe potential polarization across 100 cycles.

GITT experiments for a single charge cycle were deconvoluted and interpreted to determine the
lithium diffusion coefficients and potential drop vs. SOC. Lithium diffusion coefficients were
determined based on the relationship developed by existing work 5% | with surface area estimated
from the cell active mass and specific surface area determined from BET analysis. From Figure
24e, Dyi+ for PR and 5F are similar, with a value of ~1.0E-12 cm?/s across most of the SOC
range tested, with some fluctuations due to the experimental conditions used. In contrast, D+ for
5Br and 5CI one order of magnitude lower at ~1.0E-13 cm?/s. Despite the lower diffusion
coefficients, 5Cl and 5Br cathodes can maintain higher reversible capacity and improved rate
performance attributed to the increased specific surface area. The exact reasons behind Br, Cl,
and F doping influence on lithium diffusion would be of interest for future study and are beyond

the scope of this work.
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4.4.3 Post-Cycling Analysis
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Figure 25: Cyclic voltammetry curves after initial formation cycles (black) and after 100
cycles (red) for pristine and doped samples (a-d). (e) Nyquist plots of samples after (e)
initial formation cycles and (f) 100 cycles.

Cyclic voltammetry curves between 2.8-4.5 V exhibit three redox pairs at ~3.7 V, 4.0 V, and 4.2
V vs. Li/Li*, with multiple reports associating these peaks with the HI—M, M—H2, and
H2—H3 structural transitions ], Here, Figure 25a-d represents the initial state of each sample
before and after 100 charge/discharge cycles. As can be seen for PR, the cycled cathode develops
a higher polarization evidenced by increased AV between respective anodic and cathodic redox
pairs and peak flattening and broadening due to degraded Li diffusion kinetics . This is
especially evident for the redox peaks in the high voltage region (>4.0 V) associated with the
H2— H3 transition, which is a region of significant degradation due to a combination of sudden

volume changes and high nickel and lattice oxygen reactivity with the electrolyte 71,
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While the CV profile 5Br still exhibits increased polarization and broadening after cycling, the
intensity of the redox peaks at ~4.2 V is much better maintained than PR, indicating better
reversibility of the H2 to H3 transition. The increased polarization for 5Br may also be attributed
to the formation of a thicker layer of decompositions products from residual lithium, which is
supported by the initial higher fraction of active surface oxygen determined from XPS analysis
discussed in a previous section. 5CI shows excellent reversibility, with the CV curve post cycling
being nearly identical to that taken after initial formation, with only a small increase in
polarization compared to the other samples and is consistent with the superior capacity retention
observed. 5F, in contrast, shows similar degradation as PR in the high voltage region with

increased polarization and broader, lower intensity peaks.

Impedance curves are also examined in Figures 25e and f, which show two distinct semicircles,
with the high-frequency semicircle related to surface film resistance and the mid-frequency
semicircle primarily related to charge-transfer resistance #1621, All samples show similar
impedance behavior in the uncycled state, as evidenced by close overlap among all curves.
However, after 100 cycles, 5Br and 5CI exhibit lower impedance mainly by the suppressed
growth of charge transfer resistance. There is a noticeable increase in impedance related to
surface film, implying the formation of thicker CEI formation compared to PR and 5F. The
improved suppression of charge-transfer resistance growth is attributed to the resistance to
surface reconstruction, as evidenced by the better Ni**/Ni?* ratios observed from cycled samples
and a protective CEI, which will be discussed in the next section. In contrast, 5F exhibits similar
impedance behavior to PR, consistent with the observations from galvanostatic charge/discharge

cycling and CV curves.
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Figure 26: XPS spectra of (a-d) Nickel 2p3 and (e-h) Fluorine 1s peaks of discharged
electrodes removed from half-cells after 100 cycles at C/2 from 2.8-4.5 V

XPS spectra taken from disassembled electrodes after cycling demonstrate a stark difference in
surface composition for 5Br and 5CI compared to PR and 5F. From the deconvolution of the Ni
2p3 spectra in Figures 26a-d, all samples exhibit a noticeable peak centered around 858 eV that
can be indexed as NiF» formed by the reactivity of Ni*" at the charged cathode surface and the
organic electrolyte or as a byproduct of HF reactivity with the cathode surface [**%4, While PR
and 5F still maintain strong signals related to the lattice N1 as evidenced by the peak
contributions at 854.6 and 855.76 eV, the contribution from this signal is mostly subdued for 5Br
and 5CI1. NiF> dominates the entire signal, suggesting that a dense, uniform NiF layer has
formed for the Cl and Br-doped samples during cycling. This is also perceivable when examining
the XPS spectra for the F1s binding energies in Figure 26e-h, which reveals a much higher ratio
of metal fluoride signal (~684.5 eV) compared to organic fluoride signals from PVDF binder
(~688 €V)®°. The formation of an insulative NiF, layer would expectedly result in the higher IR
drops observed across the entire SOC range in Figure 24f and the increased surface film
impedance in Figure 25f. The formation of a uniform and dense NiF layer can also explain the
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improved capacity retention by acting as a protective barrier to reduce surface-initiated
degradation mechanisms and inhibit the growth of charge-transfer resistance. This is consistent
with several works on NMC532 involving dense, uniform MF»-based coatings; it was
demonstrated that such coatings can suppress interfacial resistance growth and HF attack [63:64:66],
In addition, 5Br and 5CI samples still maintain better Ni®* /Ni?* ratios than PR and SF, which

indicates that the doped samples effectively suppressed surface reconstruction and further nickel

reduction [Table S4].

Figure 27: (a-d) HRTEM images of a particle taken from a disassembled electrode after
100 charge/discharge cycles. (e-f) Indexed FFT patterns of the corresponding HRTEM
images, with hexagonal layered structure and cubic rock-salt structures labelled as “L”
and “C” and associated lattice fringes. (i-k) HAADF images of the anion doped samples
and corresponding EDS maps for the relevant halogen. Scale bars are set to 5um.
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HRTEM images of particle edges taken from a cycled electrodes reveal that PR and S5F samples
suffer from areas of surface reconstruction, with noticeable changes in lattice spacing in the
surface and sub-surface regions [Figure 27a,d]. Fast Fourier Transform (FFT) patterns of the
TEM images effectively demonstrate that PR and 5F samples develop a significant fraction of
cubic rock-salt like phases. While a clear pattern associated with [110] lattice fringes of the
layered structure is seen and circled in black, the appearance of a transposed weaker intensity
pattern is evident and can be indexed to the [111] lattice fringes of the cubic rock-salt structure
[Figure 27e and 8h]. In contrast, the selected areas of 5CI and 5Br samples and their associated
FFT patterns reveal only the layered structure, with no noticeable secondary structures evident in
the FFT patterns. It should be noted, however, that areas of cation mixing are observed for all
samples near the particle edge, and the differences in the FFT patterns are an indication of the
severity of cation mixing in the subsurface region. These differences observed further indicate
the superior resistance to surface reconstruction in Cl and Br doped samples, which is in line

with the observed enhanced capacity retention and XPS spectra.
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4.4.4 Mechanical Properties

Before compression

After compression

Spacimen Breakage D:;::‘::zm Secondary Particle | Fracture Strength | Avg. F.rac!ure Est. Critical Crack
Force [mN] (um] Diameter [um] [mPa] Strain [%] Length [um]

PR 19.94%4.01 0.676+0.427 20.038+3.424 40.487 £ 9.666 3.37 4.638
PR-4.5V 9.04£3.41 1.491£0.893 14.567+1.382 33.363%11.681 10.24 5.319

SF 25.76+7.25 1.27610.857 16.881+1.112 70.537+13.917 7.56 1.528
SF-4.5V 7.75%2.62 0.525£0.151 14.726+ 1.548 28.133£7.721 3.57 7.478

scl 9.92%3.24 0.4641 0.377 14.322+3.113 39.875% 12.256 3.24 4.781
5Cl-4.5v 6.85%3.21 1.7841+1.191 14.741+3.35 23.719% 2.352 12.10 10.521

5Br 12.62%+5.92 1.080% 0.836 18.412+3.498 34.59%11.296 5.87 6.354
5Br-4.5V 10.07£ 3.67 1.549%0.733 18.416+ 2.286 23.035%£6.434 8.41 11.155

— Similar PR and 5F pristine-to-charged property evolution
Red — Similar property evolution for 5Cl and 5Br as-is and charged

Figure 28: Mechanical characterization through microparticulate compression testing of
the doped NMC powders in the as-synthesized condition and charged to 4.5V vs Li/Li+.

While many improvements surrounding cathode material structural stability have been made to
date via efforts dedicated to investigating transition metal dissolution or interfacial surface film
formation, research dedicated to the study of structural disorder as well as crack formation and
growth— and how mechanical properties correlate with functional performance — remains
incomplete and insufficiently studied in the pursuit of dependable Li-based ion batteries 7,
Overwhelming evidence has been invoked to demonstrate that crack or fracture nucleation within
cathode materials triggers parasitic reaction, electrochemical disconnection, and jeopardizes
structural longevity of cells®71. As Li* ions are inserted and removed within the crystal structure
during cycling, the random direction of primary particle volume changes introduces stress-
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induced breakage of cathode particles at grain boundaries over a period of charging and
discharging events. Utilizing an MCT-based method, an analysis of the fracture strength and
other mechanical properties of the doped cathode powders in the fully discharged state and

charged to 4.5V is shown in Figure 28.

Assuming a constant value for K. for all specimens studied pre- and post-charging conditions —
K['¢ = 0.102 £ 0.03 MPa.m"? and K}"’:"“ ~ 0.9(K["*), when only cycled once — linear-elastic

fracture mechanics and Griffith’s criterion for brittle fracture 8! of the critical half penny-shape
crack along the midpoint of the microparticles tested can be expressed and approximated as

followed [%9 ;

Chp = (0.6::/%@)2 (13)

(0.66)~/m holds for reasonably finite cracks relative to the size of the microparticles tested, K;.’s

was assumed based upon prior work surrounding as-synthesized NMC811 secondary particles
701 Accordingly, cy,, values were estimated as a function of the o values obtained, as noted in
Figure 28, and subsequently tabulated alongside the measurements obtained via microparticulate
compression testing of brittle materials with breakage points in general. While the values
themselves may have inaccuracies due to the assumptions and estimations utilized, and ceramic
samples can exhibit larger standard deviations, a qualitative comparison can be used to interpret
the results. For example, the estimated critical crack lengths at 4.5V for 5CI and 5Br are notably
higher than that of PR and 5F, which alludes to higher resistance to particle cracking in the
delithiated state. This is especially notable since the delithiated cathode at high SOC is more

susceptible to intergranular fracture due to the occurrence of the H2 — H3 transition and
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associated volume contraction. SEM observations of cycled electrodes in Figure S10 supports
the MCT results, as the greater cracking was generally observed in the case of the PR and 5F
samples. In contrast, cracking was less frequently observed in 5CI and 5Br samples. The
improvement of secondary particle integrity in the delithiated state should be a focus for future
study, as it is difficult to elucidate whether the improvement is due to the dopant or simply the

porous nature of the secondary particle.
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Figure 29: DOS for (a) pure LNO and contributions from Ni and O, and (b) total DOS of
LNO and halogen doped LNO

To further understand the effect of anion doping on the electronic structure and performance
characteristics of the Ni-rich cathode, the electronic density of states (DOS) for undoped LNO
and doped LNO are presented Figure 29. LNO was chosen as a representative system to simplify
DFT calculations. The near closure of the band gap of LNO in Figure 29a reveals the metallic
character of Ni-rich cathodes. Previous experiments have also demonstrated significant electrical
conductivity from increasing nickel content in the cathode "Y1, The DOS plot for F-doped LNO
[Figure 29b] reveals further closure of the band gap and an upward shift of the Fermi energy.

These suggest improved electronic conductivity in the F doped LiNO>, which is consistent with
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the previous theoretical prediction [?, By contrast, Cl and Br doping results in a downward shift
of the Fermi level. As a result, the Fermi energy approaches closer to the highest occupied
molecular orbital (HOMO) of the electrolyte, with the change in electronic energy possibly
facilitating the formation of continuous surface passivation films in Br or ClI -doped Ni rich
cathode [®1, This is consistent with the other experimental analysis, where downshifting of the
fermi energy in Al-doped cathode surfaces resulted in the formation of a protective CEI %], As
such, the computational results corroborate the experimental observations where formation of a

stable CEI for enhanced cycling stability is better achieved through CI or Br doping.

4.5 Conclusion

The addition of small amounts of lithium halide salts as dopants during the lithiation and
calcination of NMCB811 led to significant differences in physical and chemical properties
depending on the halide salt. 5 mol% LiF appeared to have negligible to detrimental influence on
the NMCB811 properties, with higher severity of cation mixing and reduced rate performance.
The addition of LiCl and LiBr facilitates lithiation at lower temperatures due to the formation of
partial eutectic melt, with a resulting porous secondary particle with nearly 3x higher specific
surface area than NMC811 prepared without LiCl or LiBr. As such, 5Br and 5CI doped samples
exhibit enhanced rate performance due to higher electrochemically active area, though it should
be noted that the actual doping content is likely lower than the intended concentration due to
likely partial volatilization. Capacity retention was also notably improved and attributed to the
formation of a uniform CEI protective layer suppressing charge-transfer impedance growth and
surface reconstruction, which was confirmed through XPS, TEM, and EIS techniques. These

findings suggest that NMC811 properties can be beneficially tuned by adjusting the lithium
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source(s) and provides guidance towards future studies to understand further the effects of

lithium halide additions on NMC811 synthesis and resulting cathode properties.
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Layered oxide LiNixMnyCo,02 (NMC) cathodes are often synthesized as polycrystalline
secondary particles, composed of primary particles 50-200nm in size. Due to intergranular
fracture stemming from volume changes of randomly oriented primary particles during
charge/discharge, the synthesis of larger single-crystalline cathodes is of high interest. In this
work, molten salt assisted growth of micron-sized Ni-rich crystals is achieved, with excellent
crystallinity, low cation mixing, and negligible impurities. However, electrochemical
performance is compromised by high surface reactivity resulting in decomposition of electrolyte

and subsequent formation of a thick CEI layer. While intergranular fracture is eliminated, planar
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gliding and severe intragranular fracture along the (003) plane occurs in the high voltage region
within the first few formation cycles and is associated primarily with the H2 to H3 structural
transitions. In addition, H2 to H3 transitions are highly irreversible with cyclic voltammograms
revealing polarization growth within 5 cycles. As a result, the single-crystalline material
exhibited markedly reduced available capacity and enhanced capacity fade from sharp
impedance growth compared to its polycrystalline counterpart. This work furthers a fundamental
understanding into the limitations of single-crystalline Ni-rich cathodes, and the obstacles
required to be overcome in order to benefit from the advantages offered by the single-crystalline

morphology.

5.1 Introduction

Layered oxide nickel-rich NMC cathodes composed of the composition LiNixMn1x.yCoyOz, with
x > 0.6, are expected to be implemented for next generation commercial lithium-ion batteries.
Specifically, “NMC811”, with the composition of LiNio.sMno.1C00.10>, is of significant interest;
with a high practical specific capacity of 200mAh/g, low cost due to decreased cobalt content,
and high discharge potential of 3.8 V (vs Li/Li"), and it has the potential to meet the rising
energy requirements for electric vehicles, drones, and personal electronics of the near futurel-41,
However, increasing the nickel content of NMC cathodes to this extent poses significant
obstacles that need to be addressed, specifically regarding calendar life and safety. Ni-rich
cathode materials can suffer from capacity loss from transition metal (TM) migration to lithium
sites during cycling[* 7], gas evolution from Ni** reactivity with conventional electrolytes in the
highly charged state!®, surface reconstruction from the layered R-3m to spinel and highly

resistive rock-salt phasest®!%, transition metal dissolution and electrode cross-talk[***2 and
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intergranular cracking from large anisotropic volume changes during high levels of
delithiation!*®!. Most of these issues are exacerbated when using higher cutoff voltages above
4.3V due to the high valence state of Ni** and occurrence of the H2 to H3 transition around this

region[3l,

Of the various degradation mechanisms listed above, intergranular cracking has been highlighted
as a major issue that should be addressed[*#-61. Intergranular cracking, also known as
“electrochemical shock,” typically occurs during high voltage cycling and is attributed to large
and sudden anisotropic volume changes in the c lattice parameter associated with the H2 to H3
transitionl*”], In-situ XRD data in other studies involving Ni-rich NMC have well documented an
expansion in the c lattice parameter during delithiation until 4.3V, after which a sudden
contraction and shrinkage of the crystal lattice along the (003) direction occurst*®l. This
mechanism is due to the gradual electronic repulsion of the oxygen slabs and decreased shielding
from Li* ions during initial delithiation, followed by collapse of the layer under higher state of
charge from increased Ni-O covalency and loss of Li pillaring™®*€l. Subsequent intergranular
fracture can lead to the development of microcracks, which can expose the interior of the particle
to electrolyte penetration, leading to increased levels of surface-initiated degradation
mechanisms, subsequent increase in impedance, and electrical disconnection in severe cases.
This degradation mechanism is especially prevalent in NMC powders synthesized through
conventional high-throughput coprecipitation methods, where the final products are secondary
particles 8-16 um in diameter and composed of many randomly oriented individual primary

particles 100-200nm in sizel'®l. In these polycrystalline materials, intergranular fracture is well
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documented and exacerbated when increasing the nickel content or upper cutoff

voltagel!7:182021]

To mitigate or completely remove the impact of intergranular fracture, an increasingly popular
method is to synthesize powders composed of large single crystals of NMC instead of
polycrystalline secondary particles. To achieve this, previous studies have utilized a variety of
different synthesis methods, ranging from molten salt flux growth!??24l high energy ball
milling®?®271 chemical etching of secondary particles?® | and high temperature sintering?®! .
Different particle sizes and morphologies can be obtained based on a variety of experimental
parameters such as sintering temperature, flux, oxygen and lithium chemical activity, and
timel®%. Successful growth of single crystalline NMC622 was demonstrated using a combination
of molten salt and high temperature synthesis?>2°l, Dahn et al. have also demonstrated a variety
of single crystal NMC532 and NMC622 cathodes using high temperature calcination combined
with grinding and sieving, although electrochemical performance was subpar compared to their
polycrystalline analoguest®31%21, To date, single crystal NMC has been shown to have superior
cycling performance due to the absence of cracking(?? as well as reduced electrode crosstalk
from higher surface to volume ratio®®. In addition, Zhao et al. demonstrated that single crystal
NMC622 pouch cells exhibited significantly reduced transition metal dissolution and gas
evolution compared to polycrystalline counterparts®l. However, it is even more challenging to
synthesize Ni-rich single crystal cathodes such as NMC811 due to a generally lower optimum
calcination temperaturel®®], Increasing the calcination temperature is generally required to
facilitate solid state growth, but also facilitates the formation of undesirable NiO and excessive

cation mixing®®l. While some works have demonstrated successful synthesis of Ni-rich single
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crystal cathodes, they require the use of ball milling or other mechanical pulverization of

agglomerates?’-261,

In this work, we demonstrate synthesis of single-crystalline Ni-rich cathode powders ~1-2um in
size using a combination of high temperature synthesis, excess Li, and molten salt flux. The
resulting cathode powders exhibit excellent crystallinity, with lower levels of cation mixing and
increased Ni**/Ni?* surface compositions. The use of molten salt flux reduces size distribution
inhomogeneity and agglomeration, with the excess molten salt flux easily washed away using
deionized water. Despite the crystallinity and surface quality of the initial material, we
demonstrate that Ni-rich single crystalline cathodes with dominant (012) facets exhibit higher
surface reactivity resulting in the formation of a thicker cathode electrolyte interphase. The H2 to
H3 transition in the high voltage is shown to be much more irreversible compared to the
polycrystalline counterpart, with increasing polarization and intragranular cracking along the
weaker basal plane observed within the first few cycles. Lastly, rapid increases in charge transfer
overpotentials occur beyond moderate levels of delithiation, which is not observed in the
polycrystalline counterpart. Overall, these mechanisms limit the reversible capacity and long-
term stability of the single-crystalline Ni-rich cathode and will require further tuning through

dopants or morphology control to become competitive with traditional polycrystalline cathodes.

5.2 Experimental Methods

5.2.1 Synthesis of polycrystalline NMC811
To prepare polycrystalline NMC811 cathodes (“PC811”), spherical hydroxide precursors are

first synthesized using a coprecipitation procedure based on a prior study®7l. A solution of
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transition metal sulfates in the targeted ratio (Ni:Mn:Co = 8:1:1) is added dropwise into a stirring
glass jacketed reactor under nitrogen atmosphere. Ammonia is added to the reactor to reduce the
coprecipitation reaction rate as a chelating agent. The pH is maintained at 11+0.1 using a
solution of sodium hydroxide, which also functions as the precipitating agent/counter anion.
After a fixed reaction time, the hydroxide product is collected, rinsed with deionized water, and
dried thoroughly to remove excess water. The obtained powder is then mixed thoroughly with
lithium hydroxide in a 1:1.05 molar ratio to account for lithium volatilization and calcined at
450° C. The powder is then removed and gently ground again to homogenize possible lithium
concentration irregularities, followed by a subsequent calcination at 775°C under flowing

oxygen.

5.2.2 Synthesis of single-crystalline NMC811
Single crystalline NMCS811 (“SC811”) is synthesized via a molten-salt method using the same

hydroxide precursors described in the previous section. The hydroxide powder is mixed with
50mol% excess lithium hydroxide and a eutectic mixture of lithium sulfate and sodium sulfate
(0.62-0.38). The eutectic composition has a melting point of approximately 580°C, and sulfate-
based fluxes are effective for the dissolution of oxides compared to other potential salt
systemst®-41. |n a previous study on the molten salt growth of lead magnesium niobates, the
oxide solubility using a LioSO4-Na,SO4 mixture was nearly one order of magnitude higher than
that of chloride flux*. It is understood that growth occurs via a dissolution-recrystallization
mechanism which dissolves smaller oxide particles to facilitate the growth of larger particles

through Ostwald ripening processes, with the molten flux allowing for faster mass transport than
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simple solid-state growth®!]. The presence of the larger alkali Na* ions in the flux composition is

also critical in molten salt growth by being more effective solvating O anions than Li* 3,

The mixture is calcined using a two-step high temperature/low temperature profile similar to a
previous study®l: the sample is subject to a shorter calcination at 900°C for 2 hours, followed by
a longer 13-hour soak time at 775°C to ensure good crystallinity. The collected sample is
typically in the form of a “brick,” which is then ground gently, followed by ultrasonic washing in
deionized water to remove the water-soluble salts. The resulting powder is then dried at 100°C in
a vacuum oven for several hours, followed by an annealing step at 650°C for 5hrs under flowing
oxygen, which is necessary to recover surface damage from the washing process and improve

electrochemical performancel??-24421,

5.2.3 Electrode/Half-Cell Fabrication
To form electrodes, PC811 or SC811 powder is mixed with Super C65 carbon black as a

conductive additive and PVDF dissolved in NMP (6wt%) as a binder. The slurry is composed of
80wt% of active material, 10wt% carbon black, and 10wt% PVDF. The resulting slurry is cast
onto a 15um thick Al foil using a 150um doctor blade and dried at 70°C in air for several hours
until the surface appears dry, followed by drying overnight in a vacuum oven at 120°C to remove
residual solvents and possible moisture. Afterwards the electrode is calendered to an
approximate total thickness of 35-40um, punched into 12mm discs, and assembled into 2032-
coin cells in an argon-filled glovebox with lithium metal as the anode, 1.0M LiPFgin EC/EMC
(3:7 weight ratio) as the electrolyte, and a Celgard separator. Active mass loadings are calculated

to be in the range of 3.5-4.3mg/cm?.
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5.3 Characterization Methods

X-ray diffraction (XRD) profiles were obtained using a PANalytical Empyrean X-ray
Diffractometer (Cu Ko, A = 1.5409A radiation source, and step size of 0.0167°/step). Analysis of
the XRD profiles was performed using Rietveld refinement technique via Fullprof Suite to
determine crystallographic lattice parameters, degree of cation mixing, and loo3)/l(104) ratios,
using R-3m space group as the structural reference. Surface morphology, qualitative chemical
information, and elemental distribution of the cathode powders were examined using SEM and
EDS analysis via a JEOL JSM-7000F SEM at 10kV accelerating voltage. Chemical
compositions were determined through ICP-OES via a Perkin-Elmer Optima 8000. High-
resolution transmission electron microscopy (HRTEM) is performed using a Titan cubed Themis
300 at 300 kV, with EDS mapping performed in STEM mode. X-ray photoelectron spectra
(XPS) analysis is performed via a PHI 5000 VersaProbe Il system (Physical Electronics).
Individual scans across the Li 1s, O 1s, C 1s, Co 2p3, Mn 2p3, Ni 2p3, and F 1s binding energies
were collected at a pass energy of 23.50eV and electron escape angle of 45° to the sample plane.
Ar-ion milling for 2 minutes at 4kV was utilized to remove the surface material and probe
subsurface regions less than ~100nm from the surface. Relevant XPS spectra were deconvoluted
and fitted using XPSPeak software to examine the surface oxidation states of the powder in the

as-synthesized state and electrodes taken from disassembled cells after 100 cycles.

Galvanostatic charge/discharge cycling was conducted at ambient room temperature on a
LANDT CT2001A from 2.8-4.5 V at a C/2 rate. Electrochemical performance was also

examined under different current loads of C/10, C/5, C/2, 1C, 2C, 3C, and C/10. Cyclic
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voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were obtained using a
Bio-logic SAS VMP3 multi-channel Potentiostat maintained at 30°C. CV and EIS data were
obtained for cells before and after cycling. CV profiles were obtained using a scan rate of 0.1
mV/s from 2.8-4.5V vs. Li/Li*. EIS was obtained using a 10mV sinusoidal amplitude from
1MHz to 20mHz. Cells were subjected to a constant voltage hold at the desired SOC/voltage for
approximately 2 hrs before EIS analysis to ensure the electrode was at the desired SOC.
Galvanostatic intermittent titration technique (GITT) was utilized to determine SOC dependent
lithium diffusion coefficients and polarization and was conducted using a C/10 current pulse for
0.5hrs, followed by 1.5hrs of resting time. GITT measurements for each sample were collected

across one full charge cycle and discharge cycle.
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5.4 Results and Discussion

5.4.1 Morphology and Crystallinity
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Figure 30: SEM images of as-synthesized PC811 (a,b) and SC811 powders (c,d). SC811
powders are observed to form in octahedral shapes dominated by (001) and (012) surfaces,
although other shapes are occasionally observed. (e) Powder XRD profiles for PC811 and

SC811. (f,g) Selected 20 ranges of the (104) and (108/110) peaks, respectively,
demonstrating the smaller FWHM and well separated Ka doublet peaks of SC811
compared to PC811. (h) Table of relevant crystallographic parameters, obtained from
Rietveld Refinement of XRD profiles

The morphology of PC811 and SC811 are examined with SEM in Figures 30a-d and
demonstrates the contrasting size and shape distribution between the polycrystalline and single
crystalline NMCB811. Like previous works, PC811 is composed of spherical secondary particles
~8-10um in diameter and consisting of elongated block-like primary particles ~50-200um in
size*®l, SC811 is composed primarily of 1-2um crystals with well-defined facets. The cathode

crystal shape is observed to be mostly composed of octahedral-shaped crystals which, based on
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DFT calculations for equilibrium shapes of NMC from a study by Zhu et al., is assumed to be
enclosed mostly by (012) facetst®l. Such shapes are expected to form when sintering under high
oxygen and lithium activity, which was achieved through use of excess Li and flowing oxygen
conditions®%. High temperature and excess Li were found to be necessary to synthesize single
crystalline NMCB811, as reducing the upper temperature to 825°C was found to still retain the

highly polycrystalline morphology [Figure Sle]

The use of 10 mol% Li>SO4-Na>S04 flux was sufficient in producing well separated single
crystals with consistent size and shape, due to the solubility of oxides in sulfate molten salts(],
Although SC811 samples synthesized without the use of molten salt flux still resulted in large
crystal sizes, the resulting powder exhibited severe agglomeration and wider particle size
distribution due to the lack of molten salt flux [Figure Sla-d]. This is also indicated from
Figure S2, where the d50 and specific surface area of single crystal samples prepared without
sulfate flux is noticeably higher than that with 10 mol% sulfate flux, indicative of increased
agglomeration and wider particle size distributions. It also is worth noting that increasing the
excess LiOH is effective in reducing agglomeration and breaking apart secondary particles, as
LiOH in excess will also function as a molten salt flux [Figure S3]. An increase in the sulfate
flux content to 50 mol% expectedly retains the well separated and narrower size distribution,
demonstrated in Figure S1f. However, the average size is noticeably reduced due to the
increased diffusion length and oxide solvation. Therefore, by controlling the different variables
of high temperature synthesis, excess Li, and molten salt flux type and concentration, 1-2um
sized octahedral single crystals of NMC811 with narrow size distribution and less agglomeration

could be obtained.
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Both PC811 and SC811 exhibit no noticeable impurity phases, shown in the selected XRD
profiles in Figure 30e-g. Both XRD patterns display the typical characteristic peaks of the
hexagonal a-NaFeO- layered structure of R-3m space group, with excellent crystallinity as made
evident by the clear splitting of the (006)/(102) and (108)/(110) peaks!?®l. SC811 exhibits
superior long-range ordering due to the larger single-crystalline nature; the full-width half
maximum (FWHM) of selected peaks are noticeable smaller, consistent with Scherrer
relationship between crystallite size and peak width**l. Moreover, doublet peaks can be observed
due to reflections from both Cu Koz and Kaz wavelengths, while such resolution cannot be
observed in PC811 due to peak broadening. Both samples retain the expected composition based

on ICP data in Table S1, with no lithium deficiency.

From the XRD refinement data in the table in Figure 30h, SC811 exhibits slightly smaller lattice
parameters compared to PC811. In addition, SC811 samples have noticeably lower cation mixing
than PC811, with only 2.39% cation mixing in the Li layer compared to 3.19% for PC811. The
decreased cation mixing implies less Ni?* in the Li layer for SC811, which would also
correspond to the slightly smaller lattice parameters. The low cation mixing is further indicated
by the higher c/a ratio for SC811 and excellent (003)/(104) intensity ratios for both samples.
While the (003)/(104) ratio for SC811 is slightly lower than PC811, despite the lower cation
mixing determined through Rietveld refinement, this difference is attributed to the faceted nature
of SC811 with the preferred orientation during sample packing likely influencing the (003) and
(104) peak intensities. The lower cation mixing can be understood when considering that the

flux-assisted process allows for enhanced transport of the metal cations, along with dissolution
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and recrystallization suppressing the amount of nickel ions settling into lithium sites under a
sufficiently oxidizing atmosphere. Thus, the demonstrated synthesis method can achieve
excellent crystallinity with low cation mixing. The addition of excessive amounts of sulfate flux
results in a decline in crystallinity, as evidenced by the higher degree of cation mixing

determined in Figure S4 for samples prepared with 50 mol% sulfate flux.

5.4.2 Surface Composition and Structure
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Figure 31: Ni 2p3 and O1s binding energies for (a, ¢c) PC811 and (b, d) SC811 as-
synthesized powders, with deconvoluted peaks. A SC811 particle was prepared by FIB to
obtain a cross section for EDS and for obtaining a sufficiently thin particle section (e)
Contribution of deconvoluted peaks to the overall signal. HAADF and HRTEM imaging of
a primary particle edge for (f,g) PC811 and (h,i) SC811. FFT patterns in the inset are both
indexed to the (003) lattice fringes of the layered R-3m structure. FFT points are circled for
clarity

The surface composition and structure are probed using XPS and TEM techniques. Despite using
sulfate fluxes containing sodium, no significant sodium, sulfur, or aluminum impurity can be

detected for SC811 [Figure S5], demonstrating the effectiveness of the water washing and
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annealing procedure to remove the soluble sulfate flux. As shown in Figure 31a and 31b, the Ni
2p3 spectra can be deconvoluted into 4 peaks centered around 855.76, 854.6, 861, and 862.5
eVI5:461 Contributions from Ni?* and Ni®* oxidation states correspond to peaks at 855.76 eV and
854.6 eV, respectively, while others represent satellite peaks. Ni?* exists on the surface of Ni-
rich NMC as the higher energy surface is sensitive to ambient conditions and lattice lithium can
react with moisture and carbon dioxide to form a residual lithium layer along with a
corresponding reduction of nickel at the surface/subsurface region. By comparing the integrated
area for each peak, an estimate of the nickel valence state ~5nm from the surface can be
obtained. A higher fraction of Ni®* is typically associated with better ordering, surface stability,
and less cation mixing, as nickel should exist mostly in the 3+ oxidation state in pristine
NMC8111481 As shown in the table in Figure 31e of the areal contributions of individual peaks
to the total integrated area, PC811 has a significantly higher percentage of Ni%* (42.5%)
compared to SC811 samples (9.5%), indicating a much more pristine surface structure for SC811
with less inherent surface reconstruction. It also suggests that cation mixing is easier to occur in
PC811 samples than SC811 samples, which is consistent with XRD refinement results. For O1s
spectra in Figure 31c and 31d, there are two distinct peaks observed at positions of 531.9 and
529 eV The peak at 531.9 eV represents higher energy active oxygen (Oactive), and the peak at
529.3 eV corresponding to lattice-bonded oxygen (Olatice)*®). According to the table in Figure
31e, the percentage of Oattice in SC811 samples is moderately less than that in PC811 samples,
indicating that there are more defects or broken bonds on the surface of SC811 samples, which
may be a result of the more reactive (012) facets of the octahedral morphology. While the Oactive
is also considered to be present in the form of residual lithium such as Li>CO3z, XPS analysis and

deconvolution of the carbon 1S binding energies indicate similar levels of carbonate content,
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indicating that the difference in Oactive is attributed to the higher energy facets [Figure S6]. This

is also confirmed from the HAADF and HRTEM imaging of a particle edge for as-synthesized

PC811 and SC811 samples in Figures 31f-i, which show similar thicknesses of residuals along

with clear lattice fringes. Cross sectional EDS mapping also verifies that transition metal

distribution is homogenous across the entire particle, with no significant segregation [Figure

s7].

5.4.3 Electrochemical Performance
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Figure 32: Electrochemical analysis of half-cells for PC811 (black) and SC811 (red). (a)
First charge/discharge cycle and first coulombic efficiency, (b) galvanostatic
charge/discharge cycling at 0.5C, (c) rate performance between 2.8-4.5V, (d) median charge
and discharge voltage over cycling, (e) cyclic voltammetry curves before and after cycling,
(F) electrochemical impedance curves before and after cycling. Inset in figure a
demonstrates the higher initial potential drop of SC811 compared to PC811

While both SC811 and PC811 exhibit similar first coulombic efficiencies between 85-88% with

similar voltage profiles and plateaus, SC811 suffers from a noticeably higher potential drop of
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83mV upon first discharge, compared to 40mV for PC811 [Figure 32a]. In addition, the first
discharge capacity is noticeably lower at 199mAh/g vs 211 for PC811. Upon cycling at a C/2
rate, shown in Figure 32b, the reversible capacity of SC811 drops even lower to around

160mAh/g with a capacity fade that is more severe compared to PC811, which was somewhat

unexpected due to the intended improvement in regard to intergranular fracture.

The loss in accessible capacity is also observed at different rates of charge/discharge, with
SC811 typically exhibiting a specific capacity 10-25mAh/g lower than its polycrystalline
counterpart [Figure 32c]. However, this is not the case for 5C, where it is observed that both
samples exhibit the same reversible capacity of ~125mAh/g. When examining the individual
capacity-voltage curves for both the 3C and 5C rate, it becomes evident from the single slope at
5C that both PC811 and SC811 go through only the HI — M and possibly M — H2 transitions
due to the increased mass transfer overpotential and restricted voltage operation range. At 3C
however, a plateau exists near 4V on discharge and 4.3V on charge and are associated with the
H2 — H3 transitions which contribute an additional capacity. In contrast, this plateau is not
observed for SC811 at 3C and the capacity is subsequently lower. These observations indicate
that the performance limitation and low capacity of SC811 relative to PC811 is mostly associated

with the H2 — H3 transition at high voltage and is investigated further in this work.

The increased rate of capacity fade from C/2 long term cycling is associated with a steady
increase in cell polarization, which is demonstrated by the respective increase or decrease in the
median charge or discharge voltage during extended cycling, shown in Figure 32d, e, which also

shows an initially higher voltage difference that develops after the first formation cycles. While
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the cyclic voltammetry curves of PC811 shows a moderate increase in peak-to-peak width and
peak broadening after 100 cycles, the redox pairs associated with the HL - M, M - H2, and
H2 — H3 transitions are still observablel*®l. This is in stark contrast to cycled SC811, where
only the first set of redox peaks are observed with significant peak-to-peak width and
broadening, indicating the loss of electrochemically active phases®®. Electrochemical impedance
spectra (EIS) obtained before and after cycling demonstrates an immense increase in the charge

transfer resistance of SC811 compared to PC811, as evidenced by the larger second semi-circle

at median frequency®l.
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Figure 33: Cyclic voltammograms of the initial charge/discharge and four subsequent
voltammograms for (a) PC811 and (b) SC811, with (c) redox pair polarization plotted vs
cycle number. (d) Lithium diffusion coefficients and (e) overpotential vs SOC determined
through GITT analysis. (f) Electrochemical impedance values of PC811 and SC811 across

different SOC obtained from EIS curve fitting

To probe possible degradation mechanisms, cyclic voltammograms of the first 7 cycles are
shown in Figure 33a and b, using a slow scan rate of 0.1mV/s. For both samples, anodic peaks
can be observed in the first charge cycle at values above 3.8V before settling at a lower voltage

that is generally more reversible. This higher anodic peak under first charge is typically observed
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and is attributed to the oxidation of residual surface impurities, surface reconstruction, and
subsequent formation of a CEI layer®>%l. This can also be considered the “activation” of the
NMC cathode. While PC811 has one clear anodic peak at 3.9V, SC811 takes several cycles with
lower intensity peaks before the main redox peak shifts to the expected reversible value around
3.75-3.8V. Additionally, there is also an increased initial anodic peak for the H2 — H3 redox
pair, which is not observed for PC811, suggesting that the formation of the CEI layer and
electrolyte decomposition is distinctly different than PC811 and may be thicker compared to that
of PC81154%°1, More notably is the difference between the peak-to-peak width of the redox
peaks associated with the H2 — H3 transition, which occurs between ~4.0-4.2V. While PC811
shows exceptional reversibility of the H2 — H3 transition, as evidenced by the well overlapping
CV curves, SC811 shows an initially larger polarization which begins to increase within the first
seven cycles. This is clearly shown in Figure 33c, where the peak-to-peak width of H2—H3
redox pair grows at a significantly faster rate for SC811, demonstrating the rapid irreversibility
of these transitions. By the sixth cycle, it is also observed that the HI — M redox peaks already
begin to increase in polarization, again in significant contrast to the stable peak positions of
PC811 and consistent with the lower capacity and faster capacity fade of SC811 observed from

extended cycling.

GITT measurements shown in Figure 33d demonstrate no noticeable difference in the lithium
diffusion coefficient between PC811 and SC811, indicating that although SC811 naturally has
longer diffusion pathways, it is not considered a significant limiting factor concerning

electrochemical performance. However, by analyzing the overpotential upon the application of

the current pulse, a clear difference can be observed in the high SOC range [Figure 33e, S9].
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While SC811 generally shows overpotential during current application compared to PC811, a
strong increase is observed after 50% delithiation, where the values for SC811 rises from a low
of ~15mV to 90mV at 40% delithiation. In comparison, the overpotential for PC811 stays well
below 20mV across the entire SOC range beyond 20% delithiation. The overpotential associated
with the immediate IR drop upon current pulse is associated with phenomena occurring at fast
time scales, primarily ohmic and charge transfer overpotentials®®®. By examining the EIS curves
at different SOC in Figure 33f, it is evident that while Rst and Ronm for PC811 and SC811 remain
stable across all tested voltages, the same cannot be said for R¢t. While Rt for both samples start
at similar values in the fully discharged state, and decreases upon initial low levels delithiation,
Rct for SC811 begins to increase much more rapidly than PC811 above 4.0V. The EIS results
support the observations from GITT analysis and imply that SC811 is severely limited by high
impedance, particularly in the high voltage region associated with the H2 to H3 transition.
Interestingly, cycling cells only to an upper voltage cutoff of 4.0 V to avoid the severe
impedance rise results in similar capacity and retention between SC811 and PC811 [Figure

s11].
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5.4.4 Surface Composition at high SOC
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Figure 34: Ni 2p3, O 1s, and F 1s XPS spectra from (a-c) PC811 and (d-f) SC811 electrode
surfaces from disassembled half-cells after holding at 4.5V. (g,h) P 2p and Li 1s XPS
spectra the charged electrodes.

In order to further determine mechanisms for the rapid impedance growth of SC811 samples,
XPS analysis of both SC811and PC811 samples at the high voltage of 4.5 V are conducted,
examining both the surface and subsurface region. Both samples were initially subjected to two
formation cycles, before charging to 4.5 V and subsequent disassembly. To analyze the
subsurface components of PC811 and SC811 samples, the surface layers are removed by Ar ion
polishing for 2 minutes at 4 kV. The XPS of Ni 2p3 binding energies for both PC811 and SC811
samples are almost the same as shown in Figure S12a and b. It is worth noting that the Ni%*
contribution has increased for both samples, which is expected due to the formation of a cation
mixing/surface reconstruction layer upon charge/discharge. It is also evident that SC811 forms a
thicker CEI layer; in Figure S12c-f, Mn 2p3 and Co 2p3 peaks can only be detected after ion

polishing for SC811 samples. In contrast, Mn 2p3 and Co 2p3 signals for PC811 can still be
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observed before polishing, indicating that the CEI layer is relatively thinner after the first

formation cycles and under high SOC than for SC811.

To determine the components of the surface layer, XPS spectra of Ni 2p3, O 1s, F 1s, P 2p, and
Li 1s are analyzed. As shown in Figure 34a and 34d, the appearance of a peak at 857.8 eV is
observed and is attributed to the decomposition of electrolyte and subsequent formation of NiF
surface species®’. The XPS of Ni 2p3 binding energies of PC811 are relatively unchanged when
compared to after polishing. However, the XPS of Ni 2p3 for the SC811 surface is dominated by
the NiF peak, suggesting higher severity of electrolyte decomposition, and confirming the
development of a thicker CEI layer just after formation cycles at high charge, with lattice Ni-O
contributions barely observable. The development of higher amounts of metal fluorides is also
shown in the F 1s spectra in Figure 34c and f, with noticeably higher metal fluoride signal
compared to the organic fluoride signal that comes from the PVDF binder. Meanwhile, in Figure
34b and 34e, the Oatiice cannot be detected at the surface of SC811 in the charged state while it is
still observable for PC811, which also indicates the difference of the CEI thickness. There is a
new peak, representing the organic compounds, can be observed in the spectra of O 1s, at the

position of 533 eV and is likely due to some residual electrolytel™e],

Examination of the Li 1s and P 2p, and Li 1s in Figure 34g and h further reveals extensive
formation of CEI surface species. A significantly higher peak in the Li 1s and P 2p spectra
related to LiF and LixPOyF; is observed for SC811 compared to PC811, respectively. These
residual surface species are well documented to be highly ionically resistivel®®, and thus, with

more surface species forming on the surface for SC811, the impedance and polarization growth
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of SC811 samples gradually increase during cycling, consistent with CV and EIS analysis. The
difference in the CEI growth rate must be attributed to the higher surface reactivity of SC811,
due to the known higher energy of the (012) facet compared to other possible facets and

demonstrated by the higher Oactive CONtribution.

Figure 35: SEM images of (a-d) PC811 and (e-h) SC811 electrodes retrieved from
disassembled cells after holding at various upper cutoff voltage. Intragranular cracks in
PCB811 can be observed to being at 4.3V, whereas gliding planes or intergranular cracks

can be clearly seen spanning the entire length of the single crystalline grains. Note that all
cells were subjected to 1 formation cycle between 2.8-4.5V before holding at target voltage.

Besides the thick CEI layer growth, intragranular cracking is also a possible reason for the fast-
increasing impedance of SC811 samples, due to the generation of additional surfaces for
electrolyte penetration and possible electrical disconnection. As shown in Figure 35, cracks in
both PC811 and SC811 samples occur at voltages at 4.3V and higher and are analyzed by SEM.
When the voltage is less than 4.0V, little to no cracks were observed for both samples [Figure
35a, b, e, and f]. Once the voltage reaches 4.3V, obvious cracks can be observed on the PC811

samples in the form of intergranular cracks along grain boundaries, as shown in Figure 35c, with
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most of the cracks being recoverable upon discharge as shown in Figure 35a. For SC811
samples, rather than intergranular cracking, intragranular cracking and planar gliding can be
observed in Figures 35g, 35h and are assumed to be mainly along the weaker (003) basal plane,
which becomes more mechanically compromised at higher levels of delithiation®®61, The
retaining effects of planar gliding was observed for several crystals after lithiation [Figure 35e¢].
Overall, it is demonstrated that at a high voltage state, significant amounts of intergranular in the
case of polycrystalline NMC811, or intragranular cracking in the case of single-crystalline
NMC811, can occur even just after the first formation cycle. No cracking of the individual
primary particles is observed for the polycrystalline samples, as slip planes are held in place due
to the neighboring grain boundary network®1621, The long-term impacts of these contrasting
mechanisms differ from each other; intergranular cracking is limited to only the grain boundaries
and would expectedly crack along the same grain boundaries during cycling, eventually leading
to microcrack propagation. In contrast, intragranular cracking or planar gliding affects the (003)
basal plane, which can occur multiple times in different locations along a single crystal cathode
particle, running parallel to each other. With each cycle, numerous new surfaces are possibly
exposed to electrolyte penetration and surface-initiated reactions. This contrast between
intragranular and intergranular fracture is likely a defining feature that contributes to the rapid

impedance growth and fast capacity fade for SC811.
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rack Formation

Figure 36: TEM images of (a) PC811 and (b-d) SC811 taken from electrodes charged and
held at 4.5V after one formation cycle. Surface reconstruction is observed for both samples
based on the FFT patterns in the inset. The occurrence of intragranular fracture and
planar gliding is evident for SC811

The previously proposed mechanisms of CEI layer growth and intragranular cracking on PC811
and SC811 samples are further confirmed by HRTEM. PC811 and SC811 samples charged to
4.5V after the first formation cycle are examined in Figure 36. From Figure 36a and b, it was
observed that the CEI layer for SC811 samples is noticeably thicker (~5nm) than that of PC811
samples (~1nm), consistent with conclusions drawn from XPS results and would result in the
poorer electrochemical performance of SC811 compared to PC811. Meanwhile, in Figure 36¢
and d, evidence of intragranular cracking and planar gliding is observed. While the severity of
planar gliding observed in Figure 36d is likely exacerbated by TEM sample preparation
techniques (ultrasonic dispersion in NMP and ethanol), it is further indication of the anisotropic

structural instability of Ni-rich single crystal cathodes, which occurs within the first cycle during
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high voltage regions and results in further exposure to electrolyte penetration and expected

detrimental surface reactivity.

55 Conclusion

In summary, a facile molten salt assisted synthesis approach towards single crystalline NMC811
is demonstrated. The addition of excess lithium and high temperature was necessary for crystal
growth, with the use of alkali sulfate minimizing agglomeration. The resulting cathode material
composed of 1-2um crystals with significant octahedral faceting exhibits excellent crystallinity,
surface nickel valence, and minimal impurities. However, the higher reactivity of the surface due
to the dominant (012) facets compared to its polycrystalline counterpart leads to the formation of
a thick CEI layer within the first few formation cycles which dramatically increases the charge
transfer resistance as demonstrated by the large polarization drops during GITT analysis and
probed using CV and EIS techniques. Lithium diffusion was not found to be a significant
limiting factor. In addition, the single crystal cathode is susceptible to intragranular cracking,
especially within the high voltage region above 4.2V associated with the H2 — H3 transition,
exhibiting significant irreversibility and increasing polarization again within just the first few
cycles. The intragranular cracking is preceded by planar gliding of the (003) basal planes, which
can occur across the entire length of the NMC particle and expose new surfaces to electrolyte
with each cycle. The irreversibility and capacity loss mainly associated with the high voltage
region may also be influenced by surface/bulk strain issues limiting proper lithium intercalation
and rendering significant fractions of the material inactive, which has been proposed as a general

limitation of Ni-rich cathodes and would require further study!l,
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In order to develop high performing single-crystalline Ni-rich cathodes, these obstacles must be
overcome, with the use of dopants or coatings as a possible solution, a variety of which is
already demonstrated for polycrystalline morphologiest® ¢, Future work should focus on
coating selection and methodology, and/or dopant selection and concentration with an objective
towards stabilizing the single-crystal cathode surface. Modification approaches must achieve the
formation of a thinner and stable CEI as well as better H2 — H3 reversibility. Recent work by
Fan et al. utilized a coating of a NASICON-type Li14Y4Ti16(PO4)3 onto single crystal Ni-rich
cathode powder to form a both protective and ionic conductive network with moderate Ti-
doping, which is a promising approach®. The utilization of other types of dominant facets
should also be studied, although other works imply that the (012) facet is the most suitable for
high-capacity Ni-rich crystalst®l. This work demonstrates some limitations of single crystalline
morphology of Ni-rich cathodes and provides guidance towards improvement and the

development of Ni-rich cathodes for next generation lithium-ion batteries.
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Chapter 6. Recommendations for Future Work

In this work we have demonstrated different approaches towards improving the electrochemical
performance of Ni-rich cathode materials, utilizing techniques that are commercially viable such
as coprecipitation and doping methods. The underlying limitations of Ni-rich cathode materials
during aqueous slurry processing and in the single crystal morphology have also been explored.
However, the continued improvement and study of Ni-rich cathode materials can be pursued

further.

6.1 Beyond NMCS8L11 to ultra-nickel-rich cathodes

While NMC8L11 is often seen as the next step in next-generation commercial lithium-ion
batteries, there has been an uptick in publications on layered oxide cathodes with nickel content
greater than 80%. Such chemistries are occasionally referred to as “ultra-high nickel rich” and
can effectively be considered doped versions of lithium nickel oxide (LiNiO2, “LNO”), due to
the nickel content approaching values > 95% in some cases [*-°l. These compositions are
advantageous as they further reduce the cobalt content, which makes the cathode material
naturally cheaper in raw materials costs. In addition, these compositions expectedly exhibit high
capacities of over 200mAh/g when charged to an upper cutoff voltage of 4.3V vs Li/Li* due to
the nickel content ™. A secondary advantage which is often not highlighted is that as nickel
content increases, the resulting composition typically requires lower sintering temperatures to
achieve a desirable crystallinity and electrochemical performance than that of chemistries that
contain more manganese or cobalt, as shown in Figure 37a. For example, most studies revolving
around LNO or other ultra-high nickel rich compositions utilize sintering temperatures between
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640-720°C [1-3571 |In comparison, NMC111 and NMC622 are typically sintered at temperatures
over 800°C 19, Thus, this provides an additional economic benefit from an industry
perspective, as the operation of high temperature furnaces is inherently energy intensive.
However, it should be noted that nickel rich compositions are best synthesized in oxygen-rich
atmospheres, which does result in additional operation costs compared to simple sintering in

ambient air 1,

As has been established, as nickel content further increases, the electrochemical and thermal
stability is worsened. In the case of LNO, degradation is far more severe than that of NMC811,
with capacity fade to near end of life occurring several fold faster 1. Previous work attributes
the faster capacity fade to an even more accelerated surface-initiated degradation and phase
transformations to spinel and rock-salt like structures 21, TOF-SIMS analysis of the NiFs™ signal
by the Manthiram group indicated that ultrahigh nickel-rich compositions were more susceptible

to acidic attack based on the following reaction: 214
4HF + LiMO, — MFs + LiF +2H,0 (14)

There are also unique bulk changes that occur with ultra-high nickel rich compositions; Li and
Manthiram utilized in-situ XRD of LiNio.04C00.0602 to observe the structural changes during
charge and discharge, and found that the (003) peak during the H2 to H3 transition exhibited a
two-phase region, with the new (003)Hz peak appearing and coexisting with the gradual
disappearance of the (003)n2 peak 2. The phenomenon was also observed at lower SOC, when
observing the (101) peak during the H1 to H2 transitions. This was in stark contrast to NMC811,
where only a single peak with smooth transition from H1 to H2 and H2 to H3 was observed

(Figure 37D, c). This degree of “smoothness” in structural rearrangement during
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charge/discharge is considered to be a factor in the fast degradation of ultra-nickel-rich cathode,
as the existence of two phase regions would lead to larger lattice mismatch and generated strain
within the cathode particles. This manifests as accelerated secondary particle pulverization and
loss of crystallinity, with electrolyte continuously penetrating into the interior of the secondary
particle. The Manthiram group demonstrated this by physical examination of electrodes after
extended cycling of 1500 cycles, where ultrahigh nickel compositions retained nearly no intact
secondary particles in contrast to NMC811 with moderate cracking (Figure 37d, e) 2. Such
work clearly demonstrates the increased mechanical vulnerability of ultrahigh nickel-rich
cathodes. It should also be noted that pure LNO is typically difficult to synthesize with proper
stoichiometry, as it is vulnerable to moderate levels of cation mixing during initial synthesis
[1415] Therefore, it is imperative to add sufficient excess lithium and ensure a highly oxidizing

atmosphere, and or with dopants to induce proper ordering.
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Figure 37: (a) Relationship between different calcination temperatures and first
charge/discharge capacity for NMC622 (left) and LNO (right), demonstrating higher ideal
temperature for lower Ni content, taken from Ref. [8]. (b) In-situ XRD data of the (003)
peak of LiNio.94C00.0s02 and (c) NMC811 during first charge, revealing a two-phase region
for the former, taken from Ref. [12]. (d) Cross section images and particle size analysis of
LiNio.94C00.0602 and (e) NMCB811 after extended cycling, taken from Ref. [12]

6.1.1 Current work in ultra-nickel rich cathodes and doping

Like NMCB811, current work in ultra-nickel rich cathodes typically utilize coating and/or doping
mechanisms to stabilize the structure. The Manthiram group has demonstrated several cobalt free
cathode compositions, each with nickel contents varying between 89 to 94% [16-18],
Electrochemical performance or stability was improved using a variety of methods such as
composition tuning 71, coating via phosphoric acid treatment or polymers 1, and boron oxide-
based coatings [*°1. Other groups have also utilized compositions with the addition of titanium or

other high valence metal elements such as Al 2%, zr 211 and Ta [22],
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Dopants are especially important due to the bulk structural issues that occur during
lithiation/delithiation, and additional research should be centered around utilizing the optimum
dopants and possible co-dopants. To maintain the high nickel composition, dopants should be
able to have significant effects on the host properties when added in only minor amounts (<
5mol%), to prevent excessive substitution of electrochemically active components. This differs
than that of cobalt and manganese, which have electrochemical activity and are useful in
improving performances when added in larger amounts due to their high solid solubility with
nickel in the R-3m structure 23241, Cationic dopants are often added as solid precursors during
the initial calcination step and can be added either to the lithium site or transition metal site, with

the preferential dopant site typically dependent on the approximate matching of ionic radii.

A variety of cation dopants are well demonstrated for various NMC compounds, such as Al, Zr,
B, Ta, Mg, Fe, Cu, Sn, and more 2321, |n the case of boron and tantalum, dopants were found to
be effective in altering grain growth, with primary particles growing in a thinner, elongated
structure (Figure 38a) 22281, This microstructural modification with preferential orientation was
better suited for alleviating volume changes during cycling and were successful in suppressing
capacity fade for NMCB811. Elements with similar ionic radius to lithium can stabilize the
structure as a “pillar ion,” as is the case with Mg which can dope on either the Ni or Li site
depending on the concentration (0.72A vs 0.76A for Li) . In such a case, these ions are
electrochemically inactive and suppress the large volume contraction observed at high SOC
(Figure 38Db, c). Elements such as Al and other transition elements can also improve
performance by inhibiting Ni?* migration and subsequent phase transformations, improving ionic

conductivity, increasing critical temperature, and reducing heat release, and increasing the
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overall bond dissociation energy in the MOeg octahedra to inhibit oxygen release (Figure 38d)

[2931]
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Figure 38: (a) SEM image of the primary particle microstructure of undoped NMC90 (top
row) and 1mol% Ta-doped NMC90 (bottom row), taken from Ref. [23]. (b) Difference in
contraction severity of the c lattice parameter of NMC811 (top) and LiNio.90C00.07Mgo.0302
(bottom), taken from Ref. [38]. (c) llustration of the pillaring effect of Mg ions on a layered
oxide cathode, taken from Ref. [30]. (d) Improvement in thermal stability of Ni-rich
cathodes by reduction of peak heat flow due to use of different dopants, taken from Ref.
[29].

6.1.2 Mg & B Co-doped NMC95
Co-doping is a relatively recent development for layered oxides and may be beneficial in

improving the desirable properties of LNO. Several works have studied co-doping of Al or Na
cations and F anions on Li-rich layered oxides, demonstrating that such dopants can provide their

individual benefits while mitigating potential negative effects of the other dopant 25271, In the
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mentioned work, co-doping led to improvements in both conductivity and structural stability.
However, for Ni-rich NMC compositions or LNO, co-doping has been mostly focused on dual

cation implementation, rather than combined cation/anion dopants.

In this work, we utilize a combination of Mg and B dopants in doping LiNio.95Mng.025C00.02502
(NMC95). The undoped cathode material shows excellent initial capacity ~200mAh/g when
cycled from 2.8-4.3V but is demonstrated to have rapid capacity fade. Magnesium is well studied
dopant and is effective in improving the capacity retention of the NMC cathode. However, only
small amounts can be added due to a significant detrimental impact to reversible capacity from
Mg acting as obstacles toward Li diffusion %, The use of boron as a dopant for NMC cathodes
is relatively recent, with most studies having been conducted within the past few years. Small
additions of boron are effective in modifying the primary particle growth into a preferred
orientation by decreasing the energy of the (003) plane [“°l. In addition, the small boron ion
(0.27A vs 0.76 A and 0.56 A for Li* and Ni%*, respectively) resides within the tetrahedral sites of
the TM-O or Li-O octahedra 1. Studies focused on boron doping find that reversible capacity
increases due to expansion of the Li slab layer, along with improved capacity retention from the
radial orientation of primary particles 240421 By combining the two dopants into the NMC95, a
cathode with superior capacity retention while retaining good reversible capacity can be
achieved, with particularly improved performance when cycled at an elevated temperature of

60°C.
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6.1.3 Synthesis of NMC95

NMC95 precursors were synthesized using a hydroxide-based co-precipitation reaction. In short,
a 1.8M solution of transition metal sulfates in the desired ratio (95mol% NiSOa, 2.5mol%
MnSOg, and 2.5mol% CoSO4 was added dropwise into a double jacked reactor stirring at
650RPM and kept at 55°C under a nitrogen atmosphere. The reactor pH was maintained at 11.0
+ 0.2 using a solution of 5M NaOH, which also provides the counter anion for precipitation.
Ammonia is also fed into the reactor as a chelating agent to control the reaction rate for the
formation of dense, secondary particles of good size distribution. The reaction is allowed to run
for a total of 8hrs before being collected and rinsed with deionized water to remove remaining
ammonia, sodium hydroxide, and/or sulfate compounds, before being dried at 100 °C in a
vacuum oven overnight. The final product consists of metal hydroxide spherical particles

approximately 8um in diameter.

To produce the final lithiated cathode, a mixture of LiOH-H2O and the hydroxide precursor are
mixed thoroughly by mortar and pestle in an Li:TM molar ratio of 1.05:1.0. The mixture is
intially sintered at 450°C for 5hrs in air, hollowed by gentle mixing to homogenize any areas of
local Li excess. The powder is then calcined at 725°C for 15hrs under 50sccm of flowing oxygen
to produce the final lithiated cathode powder. The powder is stored in an argon-filled glovebox
to prevent degradation of the material due to moisture and other reactive compounds in the

ambient environment.

6.1.4 Synthesis of Mg, B doped NMC95
1mol% Mg-doped NMC95 (1Mg-NMC95) is synthesized similarly to the undoped precursor.

The initial metal sulfate solution however, is composed of a 1.8M solution with a ratio of
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94.05mol% NiSOs, 2.475mol% MnSO4, 2.475mol% CoSO4, and 1.0mol% MgSOs. The reaction

conditions and calcination conditions are unchanged.

For 1mol% B-doped NMC95 (1B-NMC95), the undoped hydroxide precursor is mixed
thoroughly with LiOH and boric acid. The molar ratio of Li: TM:B was maintained at
1.05:1.00:0.01. To obtain good distribution of boron throughout the powder, ethanol as added to
the mixture, which was stirred constantly until complete evaporation of the ethanol solvent. The
following mixture is sintered using the same process as NMC95 and 1Mg-NMC95. The co-
doped 1Mg-1B-NMC95 sample is prepared using the same process for 1B-NMC95, while using

the precursor synthesized for IMg-NMC95.

6.1.5 Characterization Methods

Surface morphologies were analyzed via scanning electron microscopy (SEM) analysis using a
JEOL JSM-7000F SEM with a 10 kV accelerating voltage. X-ray diffraction (XRD) profiles of
the as-synthesized powders were obtained using a PANalytical Empyrean X-ray Diffractometer
with a Cu Ko radiation source (A = 1.5406 A). Crystallographic lattice parameters and percentage
of cation mixing were determined through the Rietveld refinement method via FullProf Suite
software, using the R-3m space group as the structural reference and assuming only a single phase.
Elemental compositions were determined through inductively coupled plasma optical emission

spectrometry (ICP-OES), via a Perkin-Elmer Optima 8000 ICP-OES system.

Electrochemical charge/discharge cycles were conducted either at ambient room temperature or

at 60°C in a controlled oven on a LANDT CT2001A from 2.8-4.3V (specific capacity set to
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200mAh/qg). Extended cycling of cells was conducted at a charge/discharge rate of 1C for up to
100 cycles. Rate performance was tested using rates of C/10, C/5, C/2, 1C, 2C, and 3C. Cyclic
voltammetry (CV) profiles and electrochemical impedance spectra (EIS) were obtained using a
Bio-logic SAS VMP3 multi-channel Potentiostat maintained at 30°C. CV and EIS data were
obtained for cells before and after cycling. CV profiles were obtained at a scan rate of 0.1mV/s
between 2.8-4.3 V vs. Li/Li*. EIS was obtained using a 5mV sinusoidal amplitude from 1MHz to
20mHz. Galvanostatic intermittent titration technique (GITT) was utilized to determine lithium
diffusion coefficients and was conducted using a C/10 current pulse for 0.5hrs, followed by
1.5hrs of resting time. GITT measurements for each sample were collected across one full charge

cycle.

6.1.6 Results and Discussion
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Figure 39: Surface morphology of (a) NMC95, (b) 1Mg-NMC95, (c) 1B-NMC95, (d) 1Mg-
1B-NMC95 and (e) XRD profiles and (f) calculated crystallographic parameters via
Rietveld Refinement
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The morphology of each sample is shown in Figure 39a-d. From the undoped NMC95, the
primary particles are composed of block-like crystals ~200nm in size. The addition of 1mol% of
Mg does not appear to affect the primary particle shape, as shown in Figure 39b. However, the
addition of 1mol% of B had a clear effect on primary particle growth. As shown in Figure 39c,
d, the addition of boron resulted in thin, elongated primary particles with high anisotropy. Even
for the co-doped sample, the effect of boron is significant and dominates primary particle
formation. Based on past literature, it is understood that growth along the (003) direction is
suppressed due to the reduction of the (003) surface energy [“°l. Cross sections of fractured
particles in Figure 40 also show that boron-doped samples possess the radially oriented surface
primary particles, consistent with previous work 1042, 1Mg-NMC95, however, shows no

noticeable difference in the internal secondary particle structure compared to NMC95.

XRD profiles and determined lattice parameters in Figure 39e, f. Mg was assigned to occupy the
transition metal sites, while B was assigned to occupy tetrahedral interstitial sites. All samples
are well indexed to the R-3m layered structure and exhibit no noticeable secondary impurity
phases. The addition of either Mg and B or the co-doped was found to increase the a/b lattice
parameters by approximately 0.003A compared to the undoped cathode. The c lattice parameter
was also found to increase for both 1Mg-NMC95 and 1B-NMC95 by ~ 0.015A, and 0.020A for
the co-doped 1Mg-1B-NMC95. Increases in the lattice parameter are attributed to the larger
cation in the case of Mg?* (0.72A vs 0.56A for Ni®*), or distortion of the crystal structure in the
case of B, which was previously demonstrated to increase the interslab distance Y. The FWHM
of the (003) peak for both 1B-NMC95 and 1Mg-1B-NMC95 are significantly larger than that of

NMC95 and 1Mg-NMC95, consistent with the smaller crystallite size observed from SEM
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imaging. Cation mixing across all samples are similar, between 3-4% Niy;, with the doped
samples generally increasing the degree of cation mixing. Compared to Mg, the addition of
boron led to larger increases in cation mixing, which can also be attributed to defects and

distortions caused by the insertion of B atoms into the interstitial sites.

1Mg-
1B-
NMC95

1Mg- 1B-
NMC95 NMC95

NMC95

1.030

Ni 0.957 0.957 0.957 0.957

Mn 0.021 0.021 0.021 0.021
Co 0.022 0.022 0.022 0.022
Mg 0.000 0.008 0.00 0.009

B 0.000 0.00 0.017 0.018

Figure 40: Cross sections of (a) NMC95, (b) 1Mg-NMC95, (c) 1B-NMC95, and (d) 1Mg-1B-
NMC95. (e) Chemical composition derived from ICP-OES. B concentrations are higher
than expected but may be higher due to error in the standards for low concentration.

Figure 40 reveals the effects of Mg and B on the internal microstructure of the secondary
particles. For the most part, the addition of Mg has no observable impact on the internal
morphology or microstructure, with Figure 40a and b having an interior of block-like primary
particles with no preferred orientation. However, the addition of boron atoms results in a radially
aligned internal structure, with thinner primary particles. This is consistent with previous
observations on the influence of boron doping on the internal microstructure %42, In addition,
elemental analysis by ICP-OES reveals that the targeted compositions are mostly achieved, with
no lithium deficiencies. The concentration of boron in the samples appears higher than expected

and may be attributed to either the error in the ICP standards and calculated concentrations at
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such low B concentration, or error in measuring the amount of boric acid due to the extremely

low amounts needed per gram of precursor (6.7mg/1g hydroxide precursor for 1mol% doping).
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Figure 41: (a) First charge/discharge cycle at 0.1C. (b) Capacity retention under 1C cycling
from 2.8-4.3V at 25°C. (c) Capacity retention under 1C cycling from 2.8-4.3V at 60°C. (d)
Tabulated results of first cycle and capacity retention

The electrochemical performance in half-cell 2032-type coin cells of the fabricated samples is
shown in Figure 41. The first formation cycle in Figure 41a demonstrates that all doped samples
exhibit reduced reversible capacity; the undoped NMC95 has an initial reversible capacity of
204mAnh/g, while the doped samples range from 180-190mAh/g. The addition of Mg
significantly reduces the availability capacity, which is consistent with previous observations and

due to the presence of some Mg ions in the Li layer acting as pillars and obstacles towards Li
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diffusion 14, 1t is also worth noting that the addition of boron also found to reduce the reversible
capacity, contrary to previous works that reported improved capacity due to an increase of the ¢
lattice parameter (431, It is suspected that the reduction in capacity is due a suboptimal doping

concentration.

The capacity retention of samples at both room temperature and at 60°C are shown in Figures b
and c. While the initial 1C capacity of the doped samples are expectedly reduced compared to
NMC95, the capacity retention is noticeably improved; after 50 cycles, NMC95 retains only 86%
of its original 1C capacity, while the co-doped 1Mg-1B-NMC95 retains 94% of its capacity.
Solely Mg or B doping also improved the capacity retention, but not to the degree of the co-
doped sample. A much more significant difference is observed at high temperature cycling,
where NMC95 degrades dramatically within the first 40 cycles, with rapid capacity fade
followed by abrupt decrease in the coulombic efficiency, suggesting a combination of
uncontrolled SEI growth and intergranular cracking. LMg-NMC95 shows improved capacity
retention, specifically regarding the stability of the coulombic efficiency, but still suffers from
significant capacity fade, with only 68% of its original capacity after 40 cycles. In contrast, both
1B-NMC95 and 1Mg-1B-NMC95 exhibit significantly improved capacity and capacity retention.
Both B-doped samples have an initial 1C capacity of 200mAh/g, with a stabile coulombic
efficiency near %2100. The co-doped 1Mg-1B-NMC95 shows much better capacity fade of

0.23mAh/g-cy vs 0.53mAh/g-cy for 1B-NMC95, suggesting the effectiveness of the co-doping.
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6.1.7 Conclusion

Pushing the Ni-content further to the LNO composition is a clear path towards higher capacity
and lower cost cathodes, so long as the severe degradation mechanisms are addressed. In this
preliminary work, we demonstrate the feasibility of doping NMC95, which contains 95mol% Ni
and only 2.5mol% of Co and Mn. Notable microstructural tuning at both the surface and interior
are achieved using boron dopants, resulting in a microstructure better suited to resist particle
fracture. While capacity was moderately reduced compared to the undoped material during room
temperature operation, the Mg and B co-doped sample exhibited dramatically improved capacity
and capacity retention over the undoped and single element doped counterparts. The
improvement is suggested to be due to the dual dopants, which can suppress volume change and
subsequent cracking and SEI growth. However, further analysis is needed, particularly in the

post-mortem condition, to elucidate the benefits of Mg and B co-doping of NMC95.

6.2 Doping for Ni-rich Single Crystal Cathodes

Due to the inherent bulk instability of Ni-rich single crystal NMC cathodes, the incorporation of
dopants is necessary to suppress planar gliding and intragranular fracture mechanisms. Based on
work related to polycrystalline cathodes, Ti is a suitable dopant that improves the mechanical
integrity of the secondary particle while also providing improved surface stability I,
Preliminary results incorporating Ti into single crystal NMC811 (Ti-SC811) demonstrates that
dopant concentrations as low as 1mol% is effective in improving the reversibility of the H2 to

H3 transition and suppress the high charge transfer resistance in the delithiated state [Figure 42].
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Figure 42: (a-c) SEM images of cathodes taken from disassembled cells, charged to 4.5V vs
Li/Li+. (d-f) Cyclic voltammograms of the first 7 cycles, using a scan rate of 0.1mV/s. (g-i)
Nyquist plots at selected states of charge

Exploration of Ti and optimum concentrations may improve the capacity retention to that or
acceptable levels. The investigation of other dopants may also be suitable for improving Ni-rich

single crystal cathodes and suppressing the degradation mechanisms observed in this work.

6.3 Analysis of Single Crystal Cathodes at the Electrode Level

We also recognize that further research is necessary on the optimization of electrode processing
of single crystal cathodes and determining how preferred shape size, and orientation may affect
the electronic network of the final dried cathode. Processing parameters such as slurry viscosity
and optimum electrode drying processes may in fact differ between spherical polycrystalline

powders and the faceted single crystals. Techniques to study tortuosity and electrode porosity
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such as transmission X-ray tomography and mercury porosimetry would be exceptionally useful

in discerning the differences between polycrystalline and single crystalline electrode processing.

6.4 Nanocoating Selection for Coated Precursors

The effective precipitation of an Mn-based nanoparticle coating layer on Ni-rich hydroxide
precursors was able to improve performance while utilizing an industrially viable method. We
recognize that other nanoparticle coatings can be produced using a similar route and may
potentially offer better performance improvement for the Ni-rich cathode. Transition metal
hydroxides such as Al(OH)z, Mg(OH)., and Cr(OH)z are among several compounds with
relatively low solubility products which should facilitate the feasible precipitation of
nanoparticles, with the corresponding oxides having demonstrated various degrees of cathode
improvement in past works [“>471, Exploration into utilizing the 2-step coprecipitation process
with pH modulation for synthesizing in-situ nanocoatings could be tested. Continued

optimization of this process at scaled-up levels should also be taken into consideration.

6.5 Aqueous Processing of Modified, Coated Ni-rich Cathode

Aqueous processing remains a desirable milestone in battery cathode development, and while not
practical for untreated Ni-rich cathode powders, cathode modifications may inhibit the
pulverization of polycrystalline secondary particles. Besides, surface modifications already
appear to be necessary for practical utilization of Ni-rich cathodes beyond 80% nickel. The
impact of various coatings or dopants on inhibiting water-initiated surface damage and particle
pulverization would be a fruitful area of work. Optimized single crystal morphologies for

aqueous processing may also be an area of interest due to the lack of secondary particle structure.
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6.6 Cobalt-free Ultrahigh Ni-rich Cathodes

While NMC95 is composed of only 2.5mol% cobalt, the next step in further reducing materials
cost while also avoiding potential supply chain issues is to completely remove cobalt from the
cathode composition design. Effectively, this delves into the realm of doped LNO cathodes. The
addition and optimization of highly influential dopants with low solid solubilities is necessary for

the realization and resurging study into the commercial viability of LNO cathodes.
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A. Supplementary Information for Chapter 2
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Figure S1: (a, b) Particle size distributions of NMC111 and NMC811 stirred in water at
500rpm at 10wt% solids loadings, respectively. (c, d) d5/d10/d50/d90 for the corresponding
NMC111 and NMC811 samples.
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Figure S3: (a) Particle size distributions and (b) d5/d10/d50/d90 for NMC811 under
different solution treatment conditions.
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Figure S4: (a-d) XPS spectra of carbon 1s. (e-h) Survey scans of each NMC sample used to
obtain atomic compositions of the surface. Carbon 1s XPS spectra shows significantly
lower carbonate signal for water treated samples. Carbonate signal for water and ethanol
treated samples may be attributed to a mixture of newly formed lithium and nickel
carbonate species
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Figure S5: (a) Rate performance, (b) CV data post formation, (c¢) EIS data post formation,
and (d) Cycling data of NMC811 in DI water for 24hrs with no stirring, NMC811 stirring
for 24hrs in ethanol, and NMC811 stirring for 24hrs at S0wt% solids.
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B. Supplementary Information for Chapter 3
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Figure S1: SEM (a) and XRD profile (b) of co-precipitation of only MC91 feedstock. XRD profile of
precursor powder for (¢) NMC811 and (d) C-NMC811

Figure S2: Coated NMC based on a 1hr coating time, and at different pH of (a) pH=9, (b) pH=10.3,
(c) pH=12.5
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Figure S3: (a) Precursor morphology of C-NMC811, showing patchy areas of thick coating. (b)
EDS of area of less coating and (c) thick coating
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Figure S4: (a) Morphology of NMCB811 precursor and (b, c) sintered cathode coated for 4 hrs. (d)
XRD profile and (e) initial CV of the sintered cathode. XRD shows subpar R-3m crystallinity and
1(003)/1(104) ~ 0.88. CV shows peak ~4.6V, characteristic of activation of LiMn203 phase in
lithium-manganese rich layered oxide
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Cycling 2.8-4.5V,0.5C, Room Temperature
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Figure S5: Cycling data and ICP data for different coated NMC samples
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Figure S6: Plot of Randles-Sevcik relationship between NMC811 and C-NMC811 after 100 cycles at
room temperature. Higher slope of C-MC811 indicates a higher lithium diffusion coefficient.
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Figure S7: EIS of NMC811 and C-NMC811 probed at different state of charge of 3.8V (left) and
4.3V (right) after two initial formation cycles from 2.8-4.3V
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Figure S8: Equivalent circuit model for EIS

It is well documented that Ni-rich NMC suffers from significant volume changes during
high voltage cycling, with the c lattice parameter affected the most. Figure S9 shows that during
delithiation, the c lattice parameter for both NMC811 and C-NMC811 initially increases in
value. This is typically attributed to an increase in repulsion between the oxygen layers as
lithium ions leave the structure, while the slight decrease in the a lattice parameter occurs due to
the oxidation of transition metal ions 2. This behavior occurs until 4.3V, where a sharp
decrease in the c lattice parameter beyond its initial value is observed for both samples, which
has been previously observed and corresponds to a collapse of the lithium layer under the high
degree of delithiation. This is usually attributed to an increase in impedance and reduced lithium
diffusion of Ni-rich NMC in the highly charged state 1. In this case, the coating does not

prevent this collapse, and thus improvements in capacity retention and suppression of impedance
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growth are inferred to derive solely from suppressed reactivity between the Ni-rich material and

electrolyte.
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Figure S9: Selected range of in-situ XRD data of (a) NMC811 and (b) C-NMC811 from 3.6-
4.5V. (¢) Change in a and c lattice constants of NMC811 and C-NMC811 during charge

cycle
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Figure S10: TEM images of (a) NMC811 and (b) C-NMC8L11 after long term exposure to
air, showing buildup of residual compounds on NMC81lI, while the surface of C-NMC811

has no visible residue
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Figure S11: (a) TEM images of C-NMCS811 revealing a surface layer of Mn-rich nano
particles. (b) High magnification of a selected surface particle, with corresponding FFT

pattern in the inset

Figure S12: STEM-HAADF images of (a) NMC811 and (b) C-NMC811 after long term

exposure to ambient air. (c) corresponding interplanar spacing by intensity line profiles
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C. Supplementary Information for Chapter 4

Figure S1: Low magnification image of (a) PR, (b) 5Br, (c) 5Cl, and (d) 5F, demonstrating
spherical secondary particle shapes approximately 10um in diameter. Scale bar is set to

1pm
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Figure S2: Enlarged SEM image of cross sections for PR (left) and 5Br (right)
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Figure S3: Enlarged cross section for 5CI (left) and 5F (right)
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- -

Figure S4: Ar-ion polished cross sections of PR, 5Br, 5CI, and 5F samples. Porosity analysis
was collected on a set of 15 particles. Due to the smaller set of samples, the results may not
as representative as those inferred from combined PSA and BET analysis. Scale bar is set

to 5um
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Figure S5: SEM images of the particle morphology of 2mol% doped Br (a), Cl (b), and F
(c) and 8mol% doped Br (d), Cl (e), and F (f). And increasing fraction of Br or Cl results in
much more porous secondary particles, while F maintains a densified structure. Circled
particles are of faceted primary particles developed from molten salt assisted growth. Scale

bars are set to 1um

201



Heat Flow (W/g)

— —PR (W/g) — —5C1 (W/g)
2 — —5F (W/g) —PR (%)
——5Br (%) —— 5F (%)

— —5Br (Wig)
——5C1 (%)

100

r 95
- 90
g
g
85 =
=
=
3
=
- 80
N
\
\
\
\
70

Temperature (Celsius)
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Net ity (Cousts)

04 200 —
B B @ ¢
B . H - - B
- : ]WW\‘«“W’NW‘MW! ol B m i
— i S ko
10 & z
i -
20 +
035+
AP, zo-w) JIIW\\‘. J"'. A-"M, {:g\»’-""r"‘r‘v‘"l -.,:‘-.«-'v..,f..\,,y.v.,-;:,‘.r"',“Y 10 PO TN st
e M"‘-\_,".\a-\‘A“Vw..\vp".'w»\.v__ N ' v \ PR ‘\'(‘-W»\’ \l/l\"?rv'“\bv'.v"«“v“:' ‘!\“‘L
- 0 ; 2'” ,‘” .\"n .“;} é ° w 00 30 o 50 o L o o8 o 10 12 14
Poron {rm) Posaon (rm) Porton (pm)

Figure S7: EDS mapping and line scans of 5Br, 5ClI, and 5F
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Figure S8: Rate performance of (a) 2mol% doped samples and (b) 8mol% doped samples
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Figure S9: Raw GITT data for pristine and doped samples, collected after two formation

cycles
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Figure S10: SEM images of (a) PR-811, (b) 5Br-811, (c) 5CI-811, and (d) 5F-811 electrode
films collected from disassembled half-cells after 100 cycles between 2.8-4.5V at C/2.

Intergranular cracks observed are circled in yellow. Scale bars are set to 1um
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Table S1: D10, D50, and D90 determined from particle size analysis, from 2 runs,

indicating no significant change in secondary particle size or distribution

Sample Run # D10 D50 D90
o 1 524 | 10.13 | 19.69

2 525 | 10.19 | 19.95

Sl 1 567 | 1122 | 21.76

2 572 | 1112 | 2236

o ] 561 | 1097 | 22.11

2 578 | 11.18 | 21.63

1 6.1 1191 | 23.98

>Br 2 616 | 11.87 | 235

Table S2: Calculated compositions determined from ICP-OES analysis. Halogen content

cannot be determined due to spectral peaks existing outside the range of the detector

Li Ni Mn Co
PR-811 1.054 0.809 0.093 0.098
5Br-811 1.027 0.810  0.092 0.098
5CI-811 1.031 0.812  0.090 0.098
SF-811 1.021  0.810 0.092 0.098
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Table S3: Contribution of deconvoluted XPS peaks to the total signal based on integrated
area under the curve for as-synthesized samples

2+ 3+
Ni Ni 0 Lattice o

Active

PR-811 47.6% 524%  34.5%  65.5%

SBr-811 39.9% 60.1% 132%  86.8%

5Cl-811 39.4% 60.6%  46.3%  53.7%

SF-811 65.6% 34.4%  39.5%  60.5%

Table S4: Contribution of deconvoluted XPS peaks based on integrated area under the
curve for cycled electrodes. The weighted contributions of peaks associated wtih Ni** and

Ni?" are compared with each other and not including the contribution from the NiF: signal

F F Metal

Organic

PR-811 58.1%  41.9%  824% 17.6%

5Br-811 41.8%  582%  492%  50.8%

5CI-811 302%  69.8%  39.8%  60.2%

SF-811 50.5%  49.5%  82.0%  18.0%
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D. Supplementary Information for Chapter 5

NMC811 Hydroxide Precursor Formation

NMC811 precursors were synthesized using a hydroxide-based co-precipitation reaction. In
short, a 1.8M solution of transition metal sulfates in the desired ratio (80mol% NiSO4, 10mol%
MnSOg, and 10mol% CoSO4 was added dropwise into a 1L double jacked reactor stirring at
650RPM and kept at 55°C under a nitrogen atmosphere. The reactor pH was maintained at 11.0
+ 0.2 using a solution of 5M NaOH, which also provides the counter anion for precipitation. A
3.5M solution of ammonia is also fed into the reactor as a chelating agent to control the reaction
rate for the formation of dense, secondary particles of good size distribution. Metal sulfate and
ammonia feeding rates were 0.55mL/min and 0.17mL/min, respectively. The reaction is allowed
to run for a total of 8 hrs before being collected and rinsed with deionized water to remove
remaining ammonia, sodium hydroxide, and/or sulfate compounds, before being dried at 100 °C
in a vacuum oven overnight. The final product consists of metal hydroxide spherical particles

approximately 8um in diameter.
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Figure S1: SC811 samples sintered with 50mol% excess LiIOH and (a,b) without molten salt
flux or (c,d) with 10mol% Li2SO4-Na2SO4 flux. Samples with molten salt flux are less
agglomerated and generally more uniform in shape and size. (e) SC811 sample with
10mol% molten salt flux, with an upper temperature of 825°C. (f) SC811 sample with
50mol% molten salt flux.
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Figure S2: (a) BET surface area analysis and (b) particle size analysis of PC811 and SC811
powders

Figure S3: SC811 samples sintered using only (a) 5 mol%o, (b) 20 mol%, and (c) 50 mol%
excess LiIOH, without the addition of sulfate flux
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Figure S4: Refined XRD profile of SC811 synthesized using 50 mol%o sulfate flux, and
refined lattice parameters
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Figure S5: XPS spectra of potential impurities from molten salt flux and crucible.
Negligible signals are observed. Asterisk in Al 2p XPS spectra is indicative of Ni 3p signal
and not Al 2p. Dashed lines indicate where an expected XPS peak would be observed
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284 282 280 204

Bin

ding Energy (eV)

Binding Energy (eV)
C Carbon- Organic Metal s
Sample Carbon Carbon  Carbonate MCO;:Ni
PCS811 53.7% 17.1% 29.2% 0.152
SCS811 56.1% 14.3% 29.6% 0.127

Figure S6: XPS spectra of the carbon 1s binding energies for (a) PC811 and (b) SC811
powders in the as-synthesized condition. (c) Table of individual peak contribution to the
overall signal, demonstrating no noticeable difference in lithium carbonate or other metal
carbonate content. The ratio of the integrated intensity of the metal carbonate peak to
nickel peaks are similar for both PC811 and SC811, further indicating similar levels of
metal carbonate content
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Figure S7: (a-c) EDS mapping and line scan of SC811 particle. (d-f) EDS mapping and line
scan of PC811 particles. Elemental distribution is uniform across all samples, with no
noticeable elemental segregation
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Figure S8: Capacity-Voltage plots of PC811 and SC811 at 3C and 5C charge/discharge

rates
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Figure S9: Raw GITT data for PC811 (left) and SC811 (right)
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Figure S10: Raw EIS data from PC811 and SC811 taken after formation cycles
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Figure S11: PC811 and SC811 cycled with an upper voltage cutoff of 4.0. Capacity and

retention curves are similar for both samples
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Figure S12: Ni 2p3 XPS profiles from (a) PC811 and (b) SC811 after ion polishing to
remove the surface layer. Mn 2p3 and Co 2p3 XPS spectra before and after ion polishing
for (c,e) PC811 and (d,f) SC811. Differences in XPS intensity confirm the development of a
thicker coating for SC811 compared to PC811. Data collected on electrodes from

disassembled half-cells after holding to 4.5V
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Figure S13: Ex-situ Raman spectroscopy of PC811 and SC811 electrodes held at targeted
voltages before disassembly. The similarity in Raman shift between PC811 and SC811

indicate no change in the bulk structure due to the single crystalline structure

Figure S14: Lower magnification SEM images of PC811 under different SOC.

Intergranular cracking beings to appear at 4.3V
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Figure S15: Lower magnification SEM images of SC811 under different SOC. Damaged

areas related to intragranular fracture/planar gliding are circled

X3500 WD 82mm 1um X3500 WD 9.0mm

Figure S16: Lower magnification images of PC811 (left) and SC811 (right) from
disassembled electrodes after holding at 4.5V. The majority of particles in SC811 display a

series of parallel planar gliding or cracks
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Table S1: ICP-OES Data of PC811 and SC811

Sample Li Ni Mn Co
PC811 1.074 0.809 0.093 0.098
SC811 1.104 0.799 0.096 0.106
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