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ABSTRACT

Inexpensive and high energy density cathode materials can decrease battery electric vehicle
(BEV) cost and increase driving range, which are barriers to consumer adoption. Current state of
the art BEV cathode is layered nickel manganese cobalt (NMC) oxide, which acts as the Li
source and intercalates Li during discharge. Recently however, Co and Ni prices have
skyrocketed due to supply chain challenges, which has increased material supplier costs and
BEV prices indirectly. Therefore, next generation cathode materials that are cheap, robust, and
long lasting can address cost and energy density limitations faced by NMC.

Direct pathways to reduce NMC cost and increase energy density are to utilize materials
with lower input costs and operate the cathode material at higher voltages (> 4.5 V). However,
when Co or Ni components are substituted for cheap materials (e.g., Mn) their performance can
worsen. Similarly, when NMC are operated at higher voltages, the layered structure framework
destabilizes, and phase transitions occur. This causes particle cracking, which exposes new
surfaces to electrolyte and consumes active material. Clearly, there are tradeofts for NMC
development where low cost leads to low energy density and high voltages lead to poor
longevity.

In the battery field, rather than only modify NMC, there is interest in developing cathode
chemistries that are not restricted by the intrinsic limitations of NMC. To reduce cost,
chemistries that contain high contents of Mn and provide high capacity through anionic redox,
such as lithium rich (LR), are of interest. Unfortunately, practical use of LR is limited by poor
longevity, which has been attributed to voltage fade caused by oxygen release. However, efforts
to prevent oxygen release have not improved performance, which raises the question if oxygen

release is even the root cause of voltage fade. For high voltage stability, single crystal nickel
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manganese cobalt oxide (SC) cathodes consist of single grain morphologies that minimize
particle cracking and electrolyte exposure. In theory, SC should be able to improve longevity at
high voltages, but SC have higher costs due to more complex synthesis. Moreover, reducing Co
content would directly lower SC costs, but few studies have discussed Co free SC performance.
Although LR and SC can resolve tradeoffs between cost and energy density or energy density
and longevity, there are clear knowledge gaps that prevent practical use.

In this dissertation, research has been conducted to resolve these knowledge gaps.
Chapter 2 describes the use of advanced characterization techniques that span multiple length
scales to clarify the origin of oxygen release in LR cathodes and ultimately voltage fade.
Irreversible strain accumulation and release due to different redox activity in composite
structures was found to be the root cause and strategies to address them are proposed. In chapter
3, the effects of Co removal on SC are investigated to better understand tradeoffs between cost
and performance. Interestingly, when Co was removed a LR nano domain formed in SC, which
induced particle strain and reduced longevity at high voltages. This also contrasts with NMC
where performance at high voltages improved after Co removal.

Moreover, these insights from LR and SC have inspired the design of a multi structure
NMC (MS-NMC) cathode as described in chapter 4. MS-NMC, integrates cathodes that are
redox active, structurally coherent with NMC, and intrinsically stable at high voltages, such as
LR or disordered rock salt (DRX), with NMC into one particle. NMC, LR, and DRX are also
spatially controlled to reside in the bulk, interlayer, and surface respectively, to optimize their
performance contribution. This work is among the first to describe controlled synthesis of multi
structure cathodes and serves to inspire pathways to develop other cathode material types.

Finally, chapter 5 summarizes the collected results and outlooks for future work are described.
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Chapter 1
Introduction

Battery technologies play a critical role in enabling renewable energy technologies that can help
alleviate challenges with climate and sustainability. The growing interest in grid scale energy
storage, the fast proliferation of electric mobility, and the adoption of battery electric vehicles
(BEV) are a few key efforts.! However, the demand for these technologies is growing
exponentially and the current battery supply chain may not be able to handle the capacity (Figure
1.1a).? For BEV, lithium-ion batteries (LIB) account for nearly 40% of the cost due to materials
expenses and are the main the source of energy to power the vehicle.® This makes them critical in
determining the market competitiveness of BEV with cheaper combustion vehicles, performance,
and material supply chain.* As a result, several governmental policies have been enacted recently
to accelerate BEV development, especially efforts focused on growing supply chain and

manufacturing.’

Within these LIBs, the major components include negative (anode) and positive (cathode)
electrodes, electrolytes, separators, as well as the cell casing and battery management systems.®
When LIBs charge and discharge, lithium ions are shuttled between the cathode and anode while
electrons pass through an external circuit to power devices.” The separator is permeable to ion
diffusion and acts as an insulating membrane that prevents an electrical short circuit.® The
electrolyte, typically a lithium salt (e.g., LiPFs and LiClO4) dissolved in a mixture of ethylene
carbonate and either dimethyl carbonate, diethyl carbonate, or ethyl methyl carbonate, conducts Li
ions between the electrodes.” Given the versatility of LIB applications, numerous materials have
been developed with unique chemistries, structures, and properties. However, regardless of the

design, the cathode acts as the lithium source in these batteries and therefore is a key determining



factor on battery energy density.!? As a result, significant research efforts in academia and industry
are focused on improving fundamental material development, mass production, and final

integration of cathode materials into devices such as BEV.!!
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Figure 1.1. Demand forecasts for batteries and intercalation cathodes. (a) Battery production
capacity needed to meet electric vehicle market growth. (b) Amount of Co and Ni that go into 1
GWh of NCA material. (c, d) Co and Ni raw material demand conditions that lead to supply
shortage. (e, f) Historical prices for Co and Ni. Adapted from refs. 2.



Cathode materials typically undergo transition metal (TM) oxidation and reduction to
charge and discharge during battery operation.!? This cationic redox mechanism acts to shuttle Li*
between the cathode and anode while electrons move through an external device.!® Currently, a
variety of chemistries are favored for commercial use, with the most common being LiCoO:
(LCO), LiFePO4 (LFP, theoretical capacity: 169 mAh g!), spinel LiMn,O4 (LMO, theoretical
capacity: 148 mAh g!), LiNixMnyCo,0> (NMC, where x +y + z = 1 capacity: 160-200 mAh g’!
depending on Ni content), and LiNixCoyAl,O> (NCA, where x +y + z = 1, capacity 200 mAh g
N.14 LCO was first commercialized in 1991 but has been limited to portable applications as the
available specific capacity (140 mAh g!) is only half of its theoretical capacity due to overcharge
instability.!> Although LFP exhibits high thermal stability due to its phosphate moieties, excellent
cycle life, flat charge/discharge, and electrochemical stability, its low energy density and nominal
voltage (~3.3V) limits its use to short range BEV.!¢ LMO on the other hand enables 3D solid state
diffusion that achieves high-rate capability but suffers from low practical capacity and cycle life
due to Jahn-Teller distortion induced by Mn**.!” Among these chemistries, state of the art NMC
and NCA are most suitable for use in BEV given their high energy density (150-170 Wh kg! at
pack level), good rate capability, and cyclability with an average price of US $176 kWh™! at pack
level.!® However, to fully compete with combustion vehicles, the U.S. Department of Energy has
estimated that automotive batteries must deliver 235 Wh kg'/500 Wh 1! at $100 kWh! at pack

level (350 Wh kg!/750 Wh 1! at $75 kWh'! at cell level)."”

To achieve these targets, NMC and NCA play a critical role in cost reduction as Co and Ni
prices continue to skyrocket due to supply chain challenges and material sourcing constraints.
With current market trends, the demand will outgrow supply for Co by 2035 and for Ni by 2045

(Figure 1.1c and d).2! Furthermore, the high content of Co and Ni used in commercial NMC and



NCA already account for a large percentage of the battery pack cost in BEV, which presents
significant opportunity to decrease BEV cost.?? For example, 1 GWh of NCA material equates to
131 tons of Co and 695 tons of Ni (Figure 1.1b) and when considering Co and Ni market prices
(Figure 1.1e and f) as well as their exponential growth, it is clear why it is difficult to make cheap
BEV.2! As a result, sophisticated efforts to reduce NMC or NCA cathode cost and increase energy
density can help achieve the price and performance benchmarks needed to accelerate BEV

consumer adoption.

1.1 Overview of NMC and NCA

Prior to developing lower cost and robust NMC and NCA, understanding is needed on the current
state of the art technology. Commercial NMC and NCA typically operate between 4.3 Vto 3.0 V,
provide 160-200 mAh g!, and have spherical morphology where average particle sizes are about
10 um.? Typically, increasing Ni content will increase capacity as be seen for NMCI111 vs
NMC900505 (Figure 1.2a and c), but cathode material longevity will be worsened.?* Structurally,
NMC and NCA cathodes exhibit a-NaFeO-type structure with a hexagonal layered phase (space
group: R-3m) where Li and O atoms are placed on 3a and 6c¢ sites in the crystal structure
respectively.?> Each of the three transition metals in NMC and NCA are distributed throughout 3b
sites randomly and serve a unique purpose.?® Ni provides high specific capacities, while Co and
Mn facilitate layered structures and enhance structural integrity.?’” Due to similar radii sizes and
magnetic frustration, Ni2* (0.69 A) and Li* (0.76 A) atoms tend to exchange positions, a
phenomenon known as Li/Ni mixing that reduces cyclable capacity and rate capability.?® Co and
Al enhance rate capability by reducing Li*/Ni** mixing given their nonmagnetic properties and
smaller radii (Co*" = 0.54 A, AP" = 0.53 A).? The presence of Mn and Al are critical for cycle and

thermal stability as they suppress multi-step two-phase reactions and stabilize the layered structure



during de(lithiation).*° During charge/discharge, the chemical valences of Ni (t2¢%es?), Co (t20°ee?),
and Mn (t2¢’e.’) in NMC are +2, +3, and +4 respectively.’! In the presence of Mn, Ni 3+/4+ redox
shifts to Ni 2+/3+ as electrons in the e; band of Mn*" tend to transfer to the electronic orbit of Ni",
which can promote Ni/Li mixing.>? The valence state of Mn and Al, since it is redox inactive,
remains unchanged during electrochemical cycling, which stabilizes the structure, and Ni 2+/3+,
Ni 3+/4+, and Co 3+/4+ redox occurs.?® Typically, this valence state change will also change TM

bonding lengths which can lead to phase transitions during cycling.
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Figure 1.2. Performance challenges of high Ni and high voltage NMC as evidenced through
various characterization methods. (a) First cycle of NMC111 charged to 4.4 V, (b) charged to 5.0
V, and (c) NMC900505 charged to 4.4 V. Higher voltage and higher Ni content increase
discharge capacity. However, when NMC Ni contents are increased, (d) structure transition-
dQ/dV, (e) lattice evolution-XRD, (f) oxygen release-DEMS, (g) TEM-irreversible phase
transition, (h) residual Li surface byproduct content-Titration, (i) TM dissolution-ICP-MS, and
(j) thermal stability-DSC are all more severe. These figures show how high voltage and high Ni
composition lead to poor longevity. Adapted from refs. 24.



Conventional efforts to improve energy density in NMC and NCA batteries have included
using dopants and coatings to stabilize structure or morphology.** For example, elements that are
larger than AI** and are also stable in the 3+ oxidation state such as Y>* can act similarly to replace
Al.*® The efficacy of these doping and coating modifications are highly dependent on the oxidation
state, steric properties, morphology, and stability of the applied material additives. Moreover, there
are tradeoffs to using excess amounts of these modifications, such as reduced capacity due to
increased contents of non-active sites or worsened kinetics due to inactive coating.*® Conventional
modifications have limits, but in order to truly develop robust cathode materials, understanding is

needed as to what causes NMC or NCA to fail during cycling.

1.2 NMC and NCA Failure Mechanism

Structure and morphology are key factors that determine the stability and performance of NMC
and NCA cathode materials. Structurally, they consist of ordered two dimensional layers of TM
and Li ions that stack and alternate to form a layered crystalline structure in the pristine state.’’
When Li ions are inserted or removed during discharge or charge, the lattice framework will
destabilize, and phase transitions will occur due to layer collapse, lattice gliding, or TM oxidation
state change.*® In particular, the TM oxidation state is a key determinant for structure behavior as
redox activity directly influences local coordinate bonding with oxygen anions and discharge
voltage. Elements with high oxidation state such as Ni** are in higher concentration when batteries
are in a charged state and are highly prone to oxidate solvents when in contact with electrolyte
which can lead to formation of surface by products or transition metal dissolution (Figure 1.2h and
i).3 Eventually, as these reactions propagate gas release and risks for thermal runaway hazards
also increase (Figure 1.2f and j) which deteriorate battery performance and safety.** On the other

hand, when oxidation states are low at the electrolyte interface, TM may have undergone O release



and are in Ni** or Co?" states, which can cause lattice site exchanges.*! After significant
decomposition, a critical content of TM in the 2+ state will develop and irreversible phase
transition from layered to spinel or rock salt is possible (Figure 1.2g). 4> Note that, rock salt phase
takes on similar structure to disordered rock salt (DRX) type cathode materials, but DRX range
across a variety of chemistries and are its own class of cathode.*® Therefore DRX can share certain
properties with rock salt phase but are distinct from each other. NMC or NCA at end of life have
contents of rock salt, which is a structure type where Li and TM disordering are at such an extent
that distinct layers are no longer present, Li diffusion occurs through percolation instead of
intercalation, and anionic redox processes occur.** At this state, the capacity of the material is

irreversibly reduced.
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Figure 1.3. (a, b) Cross-sectional SEM images of single crystal NCM (SC-NCM) 622 electrodes
before cycling and after 300 cycles, respectively. (c, d) Cross-sectional SEM images of
polycrystalline NCM622 before cycling and after 300 cycles, respectively. The SC-NCMC622
particles show no cracking, whereas polycrystalline NCM 622 cracks extensively along grain
boundaries. (e, f, g) are HAADF-STEM images and the associated selected-area FFT analysis for
electrochemically cycled SC-NCM622 particle orientated along the [100] zone axis. (h, i, j) are
structural characterization and analysis for cycled polycrystalline NCM622 grain located close to
the center of the secondary particle. More spinel like phases were formed in the case of the
cycled polycrystalline NMC622 than SC-NMC 622. More transition metal atoms were observed
to occupy interstitial sites originally for Li in the cycled polycrystalline NMC622 particle, as
indicated by the yellow arrows. Reproduced with permission from refs. 45.

As for morphology, NMC and NCA crystallize as polycrystalline, secondary spherical
particles through the random orientation of primary nanoparticles that undergo volume expansions
and intergranular cracking during operation (Figure 1.3¢), which is exacerbated with increases in

Ni composition and oxidation state.*> These randomly oriented primary particles undergo phase



transitions (H1 > M > H2 > H3) and c-axis lattice increases during charge (Figure 1.2d), where the
H2 (a=2.82 A, c=14.40 A) to H3 (a = 2.81 A, ¢ = 13.36 A) transition involves a sudden lattice
contraction (Figure 1.2¢).*® These dynamic structure phase transitions are due to the oxidation state
changes in TM as the battery is cycled. However, sudden lattice contraction at the boundary
between primary particles can occur at uneven rates and produce microstrain that lead to particle
cracking.*’ Cross sections images of NMC622 after 300 cycles show that intergranular cracking
and voids formation was significant (Figure 1.3d).*> When these particles crack, new surfaces are
exposed to electrolyte which undergo structural decomposition to inactive structures as described
previously. Rock salt formation after cycling is clearly present at the surface of NMC622 after
cycling and transitions to a layered or spinel phase in the bulk (Figure 1.3h and i).* Bright TM
spots in the Li layers are also characteristic of significant rock salt formation as they arise from
TM disordering and are visible near the surface (Figure 1.3j). Collectively, these data indicate that
electrolyte exposure may be a root cause of decomposition and structure or morphology

decomposition must be prevented to improve NMC or NCA cathode materials.

Moreover, another metric where these materials fail is cost.> NMC and NCA that are used
commercially utilize large contents of Co and Ni, which are becoming increasingly expensive and
are facing supply chain challenges.?? Co and Ni also account for a significant portion of the total
cost a BEV battery and of the cathode. However, when cheaper elements such as Mn are used
extensively to replace Co or Ni, the performance of the batteries can suffer.*® High contents of Mn
in NMC have been observed to decrease capacity, energy density, and rate capability.*® Therefore,
this presents a clear tradeoff where achieving low cost can lead to low energy density. New cathode

chemistries that are cheap and robust are needed to overcome this intrinsic limitation.



Altogether, the primary challenges facing commercial NMC and NCA today are cost and
energy density which are intrinsically linked to the chemistry, morphology, and structure of the
material. A direct pathway to overcome these challenges are to replace expensive elements with
suitable cheap materials and to modify them to enhance performance. Efforts to replace NMC with
cheaper elements have seen decreases in performance, presenting a tradeoft between cost and
performance. As for energy density, raising the operational voltages to higher voltages (> 4.5 V)
is a straightforward method to increase energy density as more Li ions will be extracted from the
cathode material, as can be seen for NMC111 (Figure 1.2b).'"> However, at high levels of
delithiation the lattice framework is unstable, and structure and morphology deterioration are
compounded. This presents a clear tradeoff between energy density and longevity where high
voltage operation will exacerbate cathode failure (Figure 1.2). Conventional modification methods
are also unable to resolve these performance challenges at high voltages and are only able to delay
decomposition, as they do not intrinsically alter the layered crystal structure that underlie the root
cause of failure. Therefore, in the battery field, instead of continuing to modify NMC or NCA,
there is interest in developing new chemistries or material types that are not limited by the tradeoffs

between cost and energy density or energy density and longevity.

Note however, it is important to discuss some commonalities between different cathode
materials. First, the cost of all cathode materials is intrinsically linked to the elements that they are
made of. Therefore, regardless of if a chemistry is optimized for longevity or for energy density,
if its component elements are replaced by cheap elements than its cost will be reduced. Second,
the energy density of all cathode material types that rely on Li intercalation/deintercalation can be
increased by operating at higher voltages, as energy is a function of voltage and capacity. Though

the failure modes of each cathode type at high voltages may be different. However, when voltages
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are raised over 4.5V, further Li extraction can also occur through anionic redox pathways in oxide-
based cathodes, where instead of TM oxidation state change as through cationic redox, the O*
anions can be oxidized to O".>° This will typically result in TM reduction and oxygen gas release
from surface sites that may cause material decomposition.>! Therefore, although excess capacity
can be obtained at higher voltage charges potentially due to anionic and cationic redox, longevity
may be reduced. When all these factors are considered, insights gained from resolving cost and
high voltage challenges in one cathode type may directly impact the development of other cathode

materials.
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1.3 Next Generation Cathodes to Resolve NMC Challenges
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Figure 1.4. LR properties. (a) Crystal structure of LR composite Lio TMO3 (Li[Li13TM23]02). (b)
XRD showing characteristic LR superlattice peaks between 20-30° at high lithiation levels. (c)
Typical first and second cycle behaviors using Lii 2Nio.13Mno.54C00.1302 as LR example. (d)
STEM along the [010] direction before and after the charge plateau showing decomposition of
the characteristic TM-TM dumbbell ordering in TM layer. (¢) TEM images of LR with colors
that correspond to three monoclinic variants. (f) Electron diffraction patterns showing diffuse
lines that are characteristic LR features due to three monoclinic variants. Adapted from refs. 53,
54, and 55.

Although layered cathode materials can universally benefit from low cost and high voltage
stability, there are several chemistries more suited for resolving cost, longevity, and energy density
tradeoffs. For cost, cathode materials that contain low contents of Ni and Co and high contents of
Mn, such as lithium-rich (LR) cathodes, have developed great interest in recent years. LR cathodes
can provide high capacities (> 270 mAh g!) due to high contents of anionic redox activity

exhibited around 4.5 V, and stoichiometrically contain higher contents of Li than TM.>? The
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transition between cationic and anionic redox, as well as the extra capacity gain from anionic
redox, (Figure 1.4c) is quite clear when looking at a representative LR cathode
(Li12Nip.13Mng 54C00.1302 ) cycled between 2 V to 4.7 V.33 They are also morphologically spherical,
exhibit structural coherence (C2/m) with layered NMC or NCA, and consist of composite layered
LiTMO; and Li-excess Li,TMOs structures (Figure 1.4a).> This composite nature leads to some
characteristic signals that uniquely identify LR, especially for the Li-excess structures. For
example, the C2/m structure arises from Li,TMOs;, as LiTMO; are typically R3m, and causes
characteristic super lattice peaks unique to LR to from in x-ray diffraction (Figure 1.4b).>* Also,
due to high contents of Li and TM disordering, the lattice structure of LR can form into a dumbbell
type arrangements (Figure 1.4d) where bright lattice points (TM ions) are separated by dim spaces
(Li).>® Furthermore, the unit cells of LR have been observed to stabilize into 3 distinct monoclinic
variants, since TM and Li can occupy several lattice site combinations, which are observable along
the (100), (110), and (110) zone axis (Figure 1.4e).>> When viewed the along the (210) zone axis,
characteristic diffuse traces at 1/3 and 2/3 spacing between bright transition metal layers are
present due to these variants (Figure 1.4f).> However, despite their potential to replace NMC and
NCA, LR cathodes undergo significant structural transformation after cycling which leads to poor
reversibility, voltage fade, and excessive gas release that restrict usable energy density to levels
below commercial application.’? For example, this voltage fade is already observable in the second
cycle of Li1 2Nio.13Mno.54C00.1302 (Figure 1.4c and d) and indicates how significant the irreversible
structural transition can be.>* Oxygen release has long been considered the root cause of voltage
fade and irreversibility in LR, however modifications such as doping and coating have been unable

to resolve these challenges thus far.>® This raises the question of whether oxygen release is in fact
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the primary cause for voltage fade and structure decomposition in the first place, but there is a

knowledge gap in the literature leaving this unresolved.
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Figure 1.5. SC properties. (a) SEM of image of SC with NMC622 (SC622) composition. (b)
Rietveld refinement results for SC and inset depicting structure schematic. (¢) SEM (top image)
and STEM showing SC lattice defects after extended cycling. (d) Various rate charge-discharge
profiles of SC622. (e) Cycle performances at 1C with increasing voltage cut-offs of SC622 (4.1,
4.3, 4.7 V). (f) Schematic showing lattice gliding as a form of SC structure evolution during
cycling. Adapted from refs. 57 and 59.

In terms of longevity, single-crystal nickel manganese cobalt oxides (SC) form with only
one grain per particle (1-3 pum) that are smaller than NMC or NCA (Figure 1.3a and 1.5a) and have
attracted increasing attention due to their superior longevity during long cycle times, which exceed
those of polycrystalline NMC or NCA.%’ Structurally, SC are analogous to NMC (Figure 1.5b) and
exhibit a strong layered formation as evidenced by the (003) peak.’’ After cycling, SC
morphologies undergo much less particle cracking (Figure 1.3b) than NMC and irreversible

surface transition are also reduced (Figure 1.3e-g).** Morphology, particle size, and specific
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surface area are critical for electrochemical performance, as small particle sizes can significantly
shorten diffusion distances and increase electrode/electrolyte contact, which facilitates fast
lithium-ion transfer.’® These single crystal grain boundaries avoid the intergranular cracking
problems of NMC and provide continuous conductive networks in single-crystal particles.® In
theory, SC should be more stable at high voltages as they resolve particle cracking, have been
postulated to reduce oxygen loss, and improve surface contact with electrolyte.’® However, some
electrochemical studies at higher voltages have shown that SC622 longevity decreases severely as
voltage is raised from 4.1 V to 4.7 V (Figure 1.5d and €).°” Other studies have correlated these
performance decreases to intragranular cracking and structure transition caused by strains from
heterogenous lithiation (Figure 1.5¢ and f).>® Additionally, the synthesis process to grow the single
grains of SC is more complex than NMC and requires more calcination steps, holding time, as well
as higher temperatures.®® To a material supplier, this can increase input costs and reduce the
economic incentive to develop SC. As a result, developing lower cost SC would help realize their
practical use. Following the prior discussion, Co removal is also a viable strategy to reduce SC
cost. However, few literatures have discussed the impacts that Co removal will have on SC
regarding performance, structure, and morphology.%! Therefore, a clear knowledge gap exists
whereby understanding is needed on the impact of Co removal in SC. Interestingly, when Co has

been removed from NMC, longevity performances at high voltage operation improved.*

Finally, efforts to increase the energy density of NMC or NCA have also focused on
advanced chemistry designs such as core-shell, concentration gradient, or full-concentration
gradient design types (Figure 1.6a-¢).®%* The key concept behind these materials is to control the
chemical distribution of active materials to improve performance. For example, the contents of Mn

will be increased towards the surface of these particles as it is more stable against electrolyte, while
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the content of Ni will be higher at the bulk of particle since Ni is highly reactive with electrolyte.
Core-shell designs have an abrupt transition between the Ni and Mn portion, concentration
gradient have a smooth transition from Ni to Mn at an interface near the surface, and full
concentration gradient have a continuous transition Ni rich to Mn rich from the bulk to the
surface.>%* Each development led to more homogenous chemical distribution, improved particle
stability, and electrochemical performance, which generally led to improved capacity (Figure 1.6d-
f) and longevity (Figure 1.6g-1) when compared to NMC.%*%* Although the core idea of controlling
element distribution to enable robust performance is inspiring, nevertheless the intrinsic challenges
that face all NMC due to their layered structure, especially at high voltages (e.g., lattice instability,
phase transition), remain unresolved by these advanced designs. Therefore, alternative strategies

that can address the intrinsic structural challenges of these materials are needed.
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Figure 1.6. Schematic and cycle performance of (a, d, g) core-shell, (b, e, h) concentration gradient,
and full (c, f, 1) concentration gradient NMC designs. Provided performance is intended to show
examples of design impact and are not intended to cross compare design methods as they were
tested under different conditions. Adapted from refs. 62, 63, and 64.

Clearly LR cathodes resolve tradeoffs between cost and energy density, SC resolve
tradeoffs between cost and longevity, and advanced NMC gradient designs resolve tradeoffs
between energy density and longevity. However, there are technical challenges to resolve and
knowledge gaps to fill before they can be practically realized. In this dissertation, much work has
been done to resolve the related challenges of each cathode type and advance their development.
Before discussing the collected work, a general understanding of the synthesis process for these

materials and how to characterize them are presented.
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1.4 Cathode Material Development Process

Developing new cathode material types require an iterative process of synthesizing the material
and characterizing them to understand their properties. For LR, SC, and advanced NMC materials,
synthesis begins with the formation of a non lithiated precursor material. Industrial and academic
synthesis typically utilizes co-precipitation in continuous stirred tank reactors (CSTR) to
synthesize these precursors as they produce spherical morphologies that can lead to high levels of
material density.®® This setup (Figure 1.7a) typically includes chemical containers to feed solution,
a continuous stirred tank reactor (CSTR), and programmable logic controller (PLC) to control
process conditions. Although other literature sources can describe this process in more detail, at a
high level co-precipitation produces TM hydroxide or carbonate complexes (e.g., Ni(OH)2) by the
transfer of TM ions from a source material (e.g., NiSO4) to an intermediate chelating agent (e.g.,
ammonia hydroxide) to a precipitating agent (e.g., NaOH).®¢ Co-precipitation relies on the careful
balance of chemical concentration, flow rates, pH, temperature, and stirring speed as these are all
factors that control precursor formation. Manipulating these parameters can tune the nucleation,
growth, and ageing process that cathode precursors undergo and directly affect final cathode
performance.®” Typically, SC precursors, about 3-5 um (Figure 1.7¢), will be synthesized to be
smaller than LR or NMC precursors, about 10 um (Figure 1.7b) to limit particle growth during
calcination, which is the second synthesis step.>” Large size SC can face kinetic performance issues
due to their long diffusion pathways.®® Moreover, adjusting chemical feed concentration during

particle growth is how advanced chemical gradients such as core-shell can be synthesized.5%64
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Chemical Feed

Figure 1.7. Co-precipitation for cathode precursor. (a) Photo of a standard co-precipitation
synthesis setup with pumps to feed chemicals into the CSTR and PLC to monitor process
parameters. (b) SEM images of Nio.sMno.2Coo.2(OH)2 precursor after synthesis. (c) SC precursor
after synthesis. (d) SEM images of NMC622 after calcination at 820 °C for 12 hours. (e) SC after
calcination at 920 °C for 14 hours. Adapted from refs. 66 and 69.

After precursor synthesis, the precursors undergo calcination to lithiate the materials and
form the final oxide products (e.g., NMC).®> When lithiated, the cathode precursors will undergo
phase transitions at specific temperatures that are determined by thermodynamics. Typically, these
processes will occur using solid state methods where Li content, temperature, and gas environment
are key determinants for synthesizing robust cathodes with good performance. Excess Li will
usually be needed to compensate for lithium volatization and evaporation that occurs at high
temperature calcination.® When Li contents are too low, the precursor structure will be improperly
lithiated and structure segregation will occur.”® Temperature and holding time directly influence
cathode material chemical structure and morphology.®> Certain structural phases will only form
after energy barriers are overcome at high temperatures and long holding times enable additional
grain growth and large particle morphologies. For example, even though SC and NMC precursors
are synthesized using similar processes, calcination of SC at 920 °C show single crystalline
morphology, while for NMC at 820 °C polycrystalline morphology is obtained (Figure 1.7d and

e).% This moderate gap in temperature led to drastically different morphology, which highlights
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how sensitive the synthesis process can be for cathode materials. Also, the gas environment will
depend on the material being synthesized, where, for example, chemistries that are more difficult
to oxidize such as Ni rich will require oxidative environments statured in O,.”! When considered
together, precursor synthesis and calcination form the core of cathode material development and

determine much of the intrinsic material behavior present in the material.

Following synthesis, characterization methods are needed to investigate and understand the
phenomena introduced during material synthesis or device operation. Although other literature
discusses in detail specific techniques, methods, or electrochemical phenomena, at a high level the
use of characterization is to understand the physical and chemical properties of a cathode material
that dictate its performance.*? These involve the use of characterization that can detail particle
morphology (e.g., scanning electron microscopy, SEM), structure (e.g., x-ray diffraction, XRD and
transmission electron microscopy, TEM), chemical composition (e.g., energy dispersive x-ray
spectroscopy, EDS) as well as numerous electrochemical methods (e.g., dQ/dV and
electrochemical impedance spectroscopy, EIS).”? These methods can be utilized in static states
(e.g., ex-situ) or in real time (e.g., in-situ), to describe cathode material phenomena at various
stages of operation.” Moreover, the information that is obtained from these methods are largely
determined by their length scale, which can range from atomic, to nano, to micro, to particle, and
even electrode level length scales. It is necessary to achieve diagnostic understanding at a variety
of length scales as small-scale phenomena can be hidden in bulk type tests such as XRD or
electrochemical testing. In fact, a strong understanding of how these materials operate
fundamentally at the atomic or nano scales can directly lead to robust solutions to improve them.
As a result, efforts to utilize advanced synchrotron-based techniques to study LR, SC, or NMC

materials and generate fundamental insights have increased in recent years.”* Advanced
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synchrotron tools can provide information at unprecedented resolution such as structural evolution
or chemical oxidation states in a single particle and correlate them to electrochemical performance
in real time.”> Therefore, the use of these tools are instrumental in developing next generation

cathode materials and have been utilized in this dissertation.

1.5 Outline of the Dissertation

With the understanding of state-of-the-art NMC, next generation cathode materials must resolve
tradeoffs between cost and energy density, between cost and longevity, and between energy density
and longevity. LR, SC, and advanced NMC cathode materials are ideal candidates, to address those
challenges respectively. Moreover, the fundamental working principles for the synthesis and
characterization of these materials may be applicable across these material types and knowledge
gained from developing one material may benefit another. They all fundamentally contain lithium
lattice frameworks that undergo structure evolution due to lithiation content and TM oxidation
state changes that lead to structure transition. Nonetheless, specific challenges unique to each
cathode need to be resolved to realize their practical use and the work discussed in this dissertation

serves to resolve these knowledge gaps.

For LR cathodes, a key limitation is severe voltage fade that occurs during long term
cycling. As discussed previously in literature, oxygen release was thought to be the root cause.
However, methods to alleviate oxygen release such as doping or coating modifications remain
ineffective during long term cycling and voltage fade is still observed. This raises the question
whether oxygen release is indeed the root cause of voltage fade in the first place. In chapter 2,
advanced characterization techniques such as Bragg coherent diffraction imaging (BCDI) and
electron 3D electron diffraction (3D rED) are utilized to diagnose nanoscale material phenomena

that are not visible in bulk characterization methods. The novel use of these methods on LR have
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identified for the first-time the fundamental strain behavior and structure evolution in LR
composite structures with different redox activity (e.g., LiTMO> and Li»MnQO3). This
understanding enables new development strategies and resolves the knowledge gap limiting LR,

which is a step to overcoming tradeoffs between cost and energy density.

For SC, a Co free SC is investigated in chapter 3 utilizing advanced synchrotron x-ray
microscopy and nano diffraction techniques. Co free SC are attractive as they can resolve the
tradeoffs between cost and longevity, as well as enable practical use of SC. However, literature
reports on the impact of Co removal in SC is lacking, while for NMC, studies have even suggested
that Co removal is beneficial to performance at high voltages. By using advanced techniques in
this dissertation, it was found that LR nano domains form in SC after the removal of Co and
electrochemical performances are worsened. The electrochemical performance deterioration was
clearly linked to strain evolution and voltage fade that arose from the formation of the LR nano
domains. As a result, it is possible that cobalt removal from SC is not viable and that there will be
tradeoffs between cathode material cost and longevity. Nonetheless, these insights reveal for the
first time a key challenge facing Co free SC, whereby strategies can now be developed to resolve

it.

In chapter 4, the findings obtained from LR and SC investigation are utilized to develop a
cathode material that can resolve the tradeoff between energy density and longevity. Unlike
previously reported chemical gradient designs, a multi structure nickel manganese cobalt oxide
cathode (MS-NMC) is proposed, synthesized, and characterized using advanced methods. MS-
NMC design emphasizes spatial control of material structure and chemical composition, as
opposed to only chemical composition in chemical gradient designs, to resolve the intrinsic

structural limitations of layered NMC. By integrating layered NMC with other structures that are
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intrinsically more stable at higher voltages, the intrinsic weakness of prior chemical gradient
methods can be overcome. These other structures, namely LR and DRX, contain moderate to high
contents of Li and TM site exchange, which forms pillar structures that improve structure stability
during cycling. However, when Li disordering is severe as in the case of DRX, kinetic
performances are reduced, and achievable energy densities are reduced. Therefore, NMC, LR, and
DRX cathode types contain strengths and weaknesses that balance each other, and a spatially
controlled cathode design would be able to leverage them to achieve robust performance. When
tested, MS-NMC outperformed state of the art NMC and validated the new design concept, which

can also be applied to the development of other cathode chemistries.

Finally in chapter 5, the results of this dissertation are summarized and an outlook on the
development of next generation cathode materials is discussed. Collectively, the development
efforts discussed in this dissertation on LR, SC, and MS-NMC materials detail incremental
progress to the realization of next generation cathode materials that resolve tradeoffs between cost
and energy density, cost and longevity, and energy density and longevity. Resolving these tradeoffs
can enable cheap BEV with long driving range, which accelerates consumer adoption and

promotes the transition to sustainable energy.
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Chapter 2

Origin of Structural Degradation in Li-rich Layered Oxide Cathode®

Abstract

Voltage fade prevents effective use of the excess capacity and represents the most crucial technical
challenge faced by Li- and Mn-rich cathode materials (LMR) in modern batteries. Although
oxygen release has been arguably considered as an initiator for the failure mechanism, its
prerequisite driving force has yet to be fully understood. Herein, relying on the in-situ nanoscale
sensitive coherent X-ray diffraction imaging (BCDI) technique, we are able to track the dynamic
structure evolution of the LMR cathode. The results, surprisingly, reveal that continuous nanostrain
accumulation arose from lattice displacement during cell operation is the original driving force for
detrimental structure degradations together with oxygen loss that triggers the well-known rapid
voltage decay in LMR. By further leveraging primary to multi-particle structure and electrode-
level as well as atomic scale observations, we demonstrate that the heterogeneous nature of the
LMR cathode inevitably causes pernicious phase displacement which cannot be eliminated by the
previous trials. With these fundamental discoveries, we propose the mesostructural design strategy
to mitigate the lattice displacement and inhomogeneous electrochemical/structural evolutions,
thereby achieving stable voltage and capacity profiles. These findings highlight the significance
of lattice displacement in voltage decay mechanism and will inspire a wave of efforts to unlock

the potential of the broad-scale commercialization of LMR cathode material.

e This work was originally reported in Nature 2022, 606, 305-312.
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2.1 Introduction

Li and Mn-rich cathode materials (LMR) that utilize both cation and anion redox are among the
very few options available to yield substantial increases in battery energy density. However,
voltage decay issues cause continuous energy loss and restrains the development of the battery
management system, the Achilles’ Heel of this promising cathode material that impedes its broad-
scale commercialization.”®”” While several prevailing theories have been established for voltage
fade, including transition metal (TM) migration, TM valence state reduction and irreversible phase
transitions, they are eventually attributed to thermodynamic instability of lattice oxygen and to
oxygen release.3%-8* Prior research efforts have also sought diverse solutions to premeditatedly
enhance lattice oxygen stability, however, the effectiveness of these strategies is limited and it
remains unresolved so far.3>®%7 This predicament raises the suspicion of whether thermodynamic
instability is the governing prerequisite for voltage decay in the LMR cathode.

In conventional intercalation cathodes, Li ion (Li") movement in/out of its host framework
will drive dynamic structural evolution, which directly affects structure stability and
electrochemical profiles.*#-90 Unfortunately, uneven Li" (de)intercalation and heterogeneous
electrochemical reactions often occur in these cathodes, leading to nonequilibrium structural
dynamics at both the macroscopic and microscopic level.”!? The former is manifested as the
anisotropic volume variation and bulk mechanic strain that have been broadly viewed as the root
cause of mechanical degradation, such as secondary particle cracking.>®?* The latter contributes to

t,°* while their destructive effects on

nanoscale strain with less detectable lattice displacemen
topical structure stability remain unclear. This is particularly significant for LMR cathode because

its heterogeneous structure is composed of two structurally coherent nano-domains (LiTMO; and

Li;MnOQ3) that are electrochemically activated in separate voltage ranges with different redox
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chemistries.”>?” It is such heterogeneous structural dynamics of nano-domains that determines the
global generation of nanoscale strain that can substantially alter the structure stability and
aggravate oxygen release.

Despite its fundamental importance, lattice displacement and nanoscale strain are probably
the least understood structural properties in battery materials. Due to technical limits faced in the
past, characterization tools could not penetrate into nanoscale regimes, preventing the observation
of lattice displacement and the analysis of nanoscale strain.”* This is even more challenging to
monitor the spatial strain evolution under operando conditions.”>?%% Clearly, building a
mechanistic link between nanoscale structure dynamic and electrochemical property requires
systematic investigations spanning multiple length scales, which benefits to unity the prior
electrochemical degradation mechanism of LMR and guide effective approaches to mitigating
voltage fade.

Herein, we conduct a comprehensive investigation of nanoscale lattice evolution in LMR
cathode, revealing that lattice displacement and the resulting nano-strain are the root cause of
oxygen release prior to thermodynamic destabilization. By leveraging the combination of in-situ
nanoscale sensitive coherent X-ray diffraction, 3D rotation electron diffraction, and multi length
scale X-ray diffraction techniques, we identify the heterogeneous nature of LMR as the
prerequisite for severe lattice displacement and the resulting nano-strain upon Li* (de)insertion.
Subsequently, continuous strain accumulation in nanoscale domains serves as the original driving
force triggering oxygen loss and detrimental structure degradation, which eventually results in
rapid voltage fade. Our results affirm that lattice displacement and nano-strain, which represent
commonly occurred but less detectable dynamic structure evolutions, play an undeniable role in

structure decomposition and voltage fade. Benefitting from these fundamental discoveries, we
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propose to mitigate the voltage degradation of LMR with O2 phase-based cathode or a whole-
voltage-range oxygen redox cathode that can effectively eliminate inhomogeneous reactions and
suppress strain generation. These findings provide more effective structural strategies for

preventing oxygen release and solving the long-standing voltage fade issue.

2.2 Results and Discussion
2.2.1 Initial Structure and Electrochemical Properties

A representative LMR cathode with Li;2Nio.13Mno.54C00.1302 was synthesized by a classical sol-
gel method.”” Its morphology and composition details are described in the Method section and
Figure A.2.1-2.4. The X-ray powder diffraction (XRD) measurement (Figure 2.1a) shows identical
result as reported in the literature.”® °7 Characteristic super-reflections present in the 20 region of
1.4 to 2° correspond to Li/Mn ordering in the TM slabs (LixMnOs-like phase). The detailed
structure information can be found in Table A2.1.

Aberration-corrected scanning transmission electron microscope (AC-STEM) is applied to
directly visualize the spatial distribution of LiTMO; and Li2MnO3 domains. Figure 2.1c¢ illustrate
a typical layered structure with two types of bright spot arrangement. Those with regular “bright-
bright-dark™ arrangements are identified as LixMnO3 domains, which are characterized by the
well-known honeycomb Li-Mn ordering. The others with no distinguished dark spots in the bright
spot columns are identified as LiTMO; domains. It is clear that LiTMO; domains are three-
dimensionally incorporated into the LixMnOs lattice without obvious interphase boundaries,

indicating that these two phases are randomly mixed and share the coherent lattice structure.
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Figure 2.1. Electrochemical profile and initial structure of the LMR cathodes. (a) The XRD pattern
and Rietveld refinement results of LMR. (b) Charge / discharge curves of the LMR within a voltage
range of 2.0-4.8V at 0.1C rate current. (c) High resolution TEM image showing the atomic
arrangements of LMR. (d) Enlarged figure of the selected area of Figure 2.1c. (¢) Schematic
structure of LiTMO> domains and LixMnO3 domains

The electrochemical profile of the LMR shows a high discharge capacity of 273 mAh g!
(Figure 2.1b), which is very competitive against the current commercial cathode materials with
high Ni content.?*!%° Notably, two distinct electrochemical stages at different voltage ranges were
observed from the first charge profile (Figure A.2.5 and Figure A.2.6). Stage 1 is attributed to the
activation of LiTMO; domains associated with the oxidation of Ni and Co ions.!°! Stage 2 at a
plateau voltage over 4.47 V corresponds to the activation of LiMnO; domains, where lattice
oxygen is oxidized with accompany of oxygen release usually.!">!9 The electrochemical profile
confirms the differential electrochemical activities of these two structurally coherent domains.
Galvanostatic Intermittent Titration Technique (GITT, Figure A.2.7) demonstrates that Li ion

diffusion coefficient keeps stable in stage 1 but dramatically decreases after the activation of
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Li;MnO3; domains (stage 2), indicating that reaction kinetics involved in TM redox and oxygen
redox are also significantly different. Despite its attractive capacity, the LMR cathode typically
suffers from rapid voltage fade and capacity loss concurrently during cycles, which causes a
substantial loss of energy density and the invalidation of the battery management system.

It is argued that the electrochemical degradation mechanism is closely related to the
synergy of structure decomposition and oxygen release.'”! However, the prerequisite driving force
of these detrimental reactions remain ambiguous. Previous studies also argued that oxygen-related
gas stems from the activation of thermodynamically unstable Li>MnOs; domains.!0!:104
Paradoxically, recent density functional theory (DFT) calculation results demonstrate that oxygen
release is thermodynamically unfavorable in the initial delithiation of the pure LixMn0Q3.19>:1% To
clarify the uncertainty shrouding oxygen release, we carefully measure the gas evolution of
Li;MnO3 upon the first charge under operando condition. The synthesis and morphology details
can be found in Figure A.2.8-2.10. The differential electrochemical mass spectrometry (DEMS)
result shows that oxygen-related gas is absent at the initial activation of LiMnO; around 4.5 V
(less than 20% delithiation) and started to be detected over 20% delithiation of LioMnQOs. This
result provides direct evidence that the activation of pure LiMnOj; material is not the root cause
of oxygen release. Consequently, oxygen release mechanism of LMR cathode cannot be solely
attributed to the activation of LiMnO3 domains and its thermodynamic instability. This also
explained why the previous effort to improve oxygen stability of LMR cathodes fails to solve the
voltage fading issue. The interaction between LizMnO3 and LiTMO: is critical for oxygen release
but it seems to be overlooked previously. In light of the fact that the LiTMO; and Li,MnO3 domains

share a coherent lattice at the nanoscale but exhibit differentiated electrochemical activities due to

different redox chemistries, such heterogeneous electrochemical reactions will lead to

29



nonequilibrium structural responses, which may be reflected by lattice displacement and nanoscale
strain in the bulk structure. This is particularly important for the failure mechanism understanding

of the LMR cathode but was rarely investigated due to the characterization limit.

2.2.2 Strain Evolution of the Single LMR Particle through BCDI

The Bragg coherent X-ray diffraction imaging (BCDI) is an indispensable tool to visualize
structural, morphological and lattice strain information in electrode materials under operando
conditions.**107:108 Hence, in-situ BCDI measurements are performed to monitor lattice
displacement and analyze strain evolution of the LMR primary particle during electrochemical
reactions. The experimental setup is illustrated in Method section. These 3D diffraction patterns
of the [003] reflection is analyzed using a combination of the Error Reduction and the Hybrid
Input/Output algorithms to reconstruct the 3D structure and the lattice displacement along the
momentum transfer direction, which is the particle c-axis here. Henceforth in this work, we will
refer to images if this lattice displacement as generic “strain” although it is technically an integral

of strain.”*
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Figure 2.2. Strain evolution of the LMR and its relationship with oxygen release. (a-1) In-situ BCDI
images of the 3D LMR particle in the strain field, measured at 3.2 V (Open circuit voltage, OCV),
3.75V,3.90V,3.99V,4.00V,4.25V, 4.38V, 4.43V, 4.46V, 4.49V and 4.51V, respectively. The strain
evolution in each state is detailed by the spatial location of the slices along the Y axis. (m) In-situ
differential electrochemical mass spectroscopy measurements for LMR. (n) Formation energy of
O vacancies in LioMnOj3 and Li; sMnO3 when tensile strains are applied. (o) Schematic illustration
of the influence of lattice strain on O release.
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In Figure 2.2a, to demonstrate the spatial lattice evolution, the reconstructed LMR primary
particle is displayed as three-dimensional cross-section images, in which the compressive and
tensile strains are expressed by blue and red, respectively. In the pristine stage (Figure 2.2b), we
observed the concurrent appearance of both compressive and tensile strain. We believe these initial
strains are due to local Li aggregation and vacancies caused by high temperature sintering process.
The initial strain gradually disappears with initial delithiation as rearrangement of Li occupancies
in Li layers (Figure 2.2¢). When entering the first voltage slope around 3.9V (Figure 2.2d), a tensile
strain begins to present itself on the particle surface. As discussed above, the initial Li extraction
predominately occurs in the LiTMO: domains and results in local lattice expansion. The lattice
expansion is partly confined by the inactive LizMnOs3, which results in tensile strain at nanoscale.
The tensile strain occurs preferentially near particle surface area which makes sense since Li
extraction starts there. With continuous Li extraction, the tensile strain gradually accumulates and
extends into the interior of the particle (Figure 2.2e-h). At the end of stage 1 (4.43V), where almost
all LiTMO> domains are fully delithiated, the electrostatic repulsion between oxygen layers
reached the maximum, resulting in the global existence of tensile strain in the entire particle
(Figure 2.21). Therefore, undergoing such inhomogeneous Li concentration and accumulated
tensile strain severely affects the structural stability of the composite LMR, which may trigger the
decomposition of Li,MnO3 domains.

Interestingly, the lattice strain evolution reverses once entering stage 2. Figure 2.2j shows
the tensile strain started to decrease at 4.46 V, which is considered as the starting voltage of the
LixMnO3 domains activation and the onset of O release. To verify this, in-situ DEMS is carried
out to measure the gas generation during the first charge. Figure 2.2m shows oxygen-related gas

is not evolved in stage 1. Once entering stage 2, the onsets of O» and CO; signals are
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simultaneously observed, which is exactly consistent with strain changes mentioned above.'” The
overall tensile strain gradually decreases with oxygen release in stage 2, until the particles
disappeared from the detection field at 4.51 V (Figure 2.2k and 1). As a consequence, the
correlation between lattice strain evolution and oxygen release is naturally established. The
inhomogeneous electrochemical kinetics of two domains results in globally existed tensile strain
in coherent lattice and tremendous inhomogeneity of Li* concentration, which will accelerate the
decomposition of Li-MnOs and trigger oxygen release. After oxygen release, the confined lattice
expansion relaxes and in turn leads to the decrease of lattice strain. This argument is further
supported by the results of the DFT calculation. Figure 2.2n and o indicates the energy barriers to
remove lattice oxygen will be significantly reduced when the increased lattice strain is applied to

the Li,MnOs3 domains.

2.2.3 Origin and Relaxation of Tensile Strain in the LMR Cathode

To build the mechanistic link between lattice displacement/nanostrain and electrochemical
reaction, systematic structure characterization spanning multiple length scales were performed to
investigate structure evolution of LMR cathode during the first cycle (Figure 2.3a). Firstly, the in-
situ coherent X-ray multi-crystal diffraction technique (CMCD) is applied to monitor the
minuscule phase evolutions of LMR cathode during operando operation.!® With just tens of
particles giving diffraction signals, CMCD can record semi-statistical information on the structure
transmissions of LMR particles and the response of individual crystals that are typically not visible
in conventional XRD. This technique benefits from a unique vision between the macroscopic and
the microscopic and fills in the capability gap between conventional XRD and BCDI. As can be
seen in Figure 2.3b, the Debye-Scherrer ring of the (003) peak is selected to track the structure

evolution and lattice changes, which is consistent with the reflection of BCDI. The image captured
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at OCV shows a single ring composed of a series of bright diffraction spots (D1) that corresponds
to the c-axis reflection of tens of primary particles. Since the single-phase reaction of LiTMO>
domains is below 4.47 V, there is no obvious change to the diffraction ring. When the battery was
charged to 4.472 V that corresponds to the initial voltage of oxygen release, a bright diffraction
spot appears at a smaller angle (D2), which suggests that part of a particle undergoes lattice
expansion with oxygen release. This reaction should be attributed to the activation of LioMnO3
domains and lead to the relaxation of confined lattice expansion. Further charging to 4.484 V leads
to more diffraction spots moving towards smaller angle. At the later stage of the O-redox plateau,
these diffraction spots integrate to a clear powder ring (D2) at 4.562 V. The powder ring of D>
keeps intensifying along with the charging and its intensity reaches the maximum at 4.8 V.

Meanwhile, the original powder ring (D1) weakens as the new powder ring intensifies.
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Figure 2.3. Multiscale X-ray diffraction techniques used to investigate the structure evolution of
the LMR cathode. (a) Schematic of multiscale X-ray diffraction techniques used in this work. (b)
In-situ CMCD for the (003) peak along with charge and discharge curve of the LMR cathode.
Bright spots in the left figure show initial multi crystal diffraction corresponding to tens of
particles. D1, D> and D3 correspond to three lattice distances. (¢) Ex-situ HEXRD of the LMR
cathode measured at different potentials. The peak marked by * comes from the PTFE binder.
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The CMCD results clearly reflects the inhomogeneous lattice expansion behavior of the
LMR cathode during the first charge. In stage 1 (below 4.472 V), due to the surrounding inactive
LixMnO3 domains, the lattice expansion is partly confined and only presents one diffraction ring.
Such inhomogeneous structure evolution of two domains is the primary cause of the tensile strain
observed in the BCDI images. As tensile strain gradually reaches the limit, the LixMnO; domains
is struggling with the imposed lattice strain and Li" concentration imbalance, which subsequently
triggers the decomposition of LiMnQOs. The confined lattice expansion is released naturally with
the activation of LiuMnOj3; domains, leading to the relaxation of tensile strain. With more LixMnO3
domains decomposing in the following charging process, a growing number of lattices are
liberated and expand along the c axis, which is reflected in the brighter spots appearing in the
second diffraction ring (D). In the end of charge (4.8 V), the intensity of D, reaches the maximum,

suggesting most of LixMnO3 domains are “activated”.

During the discharge process, the reflection in the CMCD images converts back to the
original single diffraction ring (D) via the converse sequence of structure transitions.
Interestingly, in addition to D> and D rings, another weak diffraction ring (D3) is visualized in
even smaller diffraction angle at the very beginning of discharge. This diffraction ring can be
indexed to the (101) crystal plane of LixMn2Oa, which is considered to be the phase formed by the
overlithiation of spinel LixMn2Os. This observation implies that transition metal migration to Li
layers occurs with oxygen release and LixMn2O4 spinel-like phase forms in the first charge. The
diffraction ring of D3 only appeared in the first 10 minutes of discharge (vs. a total of 10 hours
discharge time), which suggests the Li-Mn0Oys is a kinetic-dependent intermediate phase. In this
sense, we infer that those LixMn2Os-like spinel domains are most likely concentrated on the

particle surface that are momentarily over-lithiated to form LixMn;O4 due to the high Li ion
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concentration and poor Li diffusion of the surface at the beginning of discharge. As lithium ions
gradually migrate to the bulk, the over-lithiated Li2Mn2O4 gradually change to LiMn2Os, whose
diffraction ring is very close to D and D,. Thus, the diffraction ring of D3 accordingly disappears

with surface Li" concentration equilibrium.

Concurrently, high-energy in-situ and ex-situ XRD was further conducted to
macroscopically investigate the correlation between structural evolution and electrochemical
properties. As seen in Figure 2.3c and Figure A.2.12-2.13, (003) peak shift towards the lower
diffraction angle before 4.45 V, which is associated with the lattice expansion induced by LiTMO»
domains. When charged to 4.45 V, corresponding to the beginning voltage of oxygen release,
obvious (003) peak broadening started to be visualized, indicating that the confined lattice
expansion is released with the decomposition of LizMnO3 domains. These statistical observations
of structure evolution are consistent with the appearance of the second diffraction ring (D) in the
CMCD images. At the same time, the disappearance of the superlattice peak over 4.5 V (Figure
A.2.12) suggests that TM migration must occur with oxygen release and the TM ordering is
broken. This argument is further supported by the ex-sifu extended X-ray absorption fine structure
(EXAFS) and the fitting results. Figure A.2.14 and Table A.2.2 show that the coordination number
of Mn-O evidently decreases but that of Mn-TM increases accordingly. This again confirms that
lattice strain accumulation will trigger TM migration and oxygen release. More importantly, the
broadening and weakening of a series of peaks are found to be mainly related to ¢ axis, such as
(003), (104), (107) and (108) peaks (Figure 2.3c and Figure A.2.12). The oriented peak broadening
is due to more inhomogeneous lattice changes mainly occurring along the c-axis during
charge/discharge, which further confirmed that strain evolution stems from the heterogeneous

nature of LMR cathode.
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2.2.4 Atomic Observation of Lattice Displacement and Chemical State Evolution

To visually investigate the lattice displacement and nanostructure evolution, transmission electron
microscope (TEM), 3D rotation electron diffraction (3D-rED) and electron energy loss
spectroscopy (EELS) are performed on the delithiated samples. As mentioned above, the
inhomogeneous electrochemical activities and structure evolution of two domains result in
nanoscale strain. In the microscopic vision, strain is manifested as lattice displacement, which can
be captured by a high resolution TEM. Figure 2.4a-c and Figure A.2.15 show that although layered
structure is maintained at 4.47 V, obvious lattice displacement presents on the surface and the bulk
as well. For example, the lattices in the marked areas are deformed significantly. Likewise, more
obvious displacement occurs on the surface with constant lattice twist (Figure 2.4c), which should

be attributed to the concentrated strain on the surface.
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Figure 2.4. Visible observation from atomic-level TEM, 3D electron diffraction and chemical state
analysis from EELS. (a) Low magnification TEM image of the LMR cathode charged to 4.47 V.
(b) Enlarged image of the selected area of Figure 2.4a. (c) High resolution TEM image of the LMR
surface. (d) Schematic of the data collection process of 3D-rED. (e) Reciprocal lattice along the
b* axis of LMR. (f) Enlarged figure of the selected area of Figure 2.4e. (g) SAED image of
delithiated sample (4.5V) at a certain angle of rotation. (h) Low magnification TEM image of the
LMR cathode charged to 4.8 V. (i and j) EELS line-scan of O K-edge and Mn L, ; edge of the LMR
cathode charged to 4.8 V. (k) 2D EELS mapping of Mn K-L3/L.. The high value and low value
colored by red and navy blue corresponds lower and higher valance state of Mn, respectively.

When entering stage 2, a continuous delithiation is accompanied by oxygen release
together with the activation of LixMnO; domains. The same observation is conducted to track the

lattice changes after LixMnOs activation. Figure A.2.16-2.17 demonstrates that beside lattice

38



displacement, a phase transition from layered structure to spinel phase occurs in this stage (4.5V).
The lattice evolution in a larger scale were further investigated by 3D-rED in reciprocal space that
recently was applied to study battery materials (Figure 2.4d and Figure A.2.18-2.19).!'! The
experimental details can be found in the Method section. Figure 2.4e-f and Figure A.2.20 illustrate
that obviously twisted reflections along the ¢ axis is observed in the reconstructed discrete
reciprocal lattice. These twisted diffraction points could be attributed to the lattice displacement
observed in the high resolution TEM. Structure identifications are analyzed using the selected area
electron diffraction (SAED). As shown in Figure 2.4g and Figure A.2.21, in addition to typical
layered structure and weak LixMnOj3 reflection, we also observed the reflection that corresponds
to spinel lattice. This further confirmed the severe lattice strain will trigger transition metal
migration and structure transition from layered phase to spinel phase. These observations are in

good agreement with the structure evolution captured by CMCD.

TEM combining EELS is used to precisely probe the structural and chemical variation of
the fully delithiated sample (4.8 V). As shown in Figure 2.4h and Figure A.2.22, TEM again
confirms the occurrence of structure transition, especially on the surface of the particle. A clear
reconstruction surface layer with spinel and rock-salt phase is the direct evidence of transition
metal migration and irreversible phase transition after oxygen release. EELS line profiles of O-K
edge and Mn-L, 3 were stacked in Figure 2.4, j and Figure A.2.23 along the bulk to the surface.
The intensity of O-K edge prepeaks substantially reduces from the interior to the exterior and
almost disappears near the surface. Likewise, the O-K line-scan parallel to the surface (Figure
A.2.24) further confirms that the oxygen release uniformly occurs in the entire particle surface as
the O prepeak disappears. It is worth noting that the oxygen release predominately occurs near the

surface, where the strain evolves most drastically during the first charge, verifying that strain
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accumulation is the root cause of oxygen release. Concurrently, Mn L edge shows left shift near
the surface (Figure 2.4j). 2D EELS mapping further reverts the chemical state change of Mn in the
whole particle (Figure 2.4k). It is evident that the surface reconstruction layer shows a relatively
lower Mn valance than the bulk, which suggests that Mn oxidation state decreases occur with its
migration and oxygen release near the surface. Based on the above observation, the oxygen release
and transition metal migration occur preferentially in regions where the structure suffers from
severe lattice strain, suggesting that these destructive reactions are primarily rooted in lattice

displacement.

2.2.5 A Prospect for the Future Development of Li- and Mn-rich Cathode Materials

The prevailing theories established for the voltage fade are thermodynamic instability of structure
with the tendency to oxygen release and progressive structural rearrangement involving TM
migration and irreversible phase transitions.®® ! However, there are significant confusions over
these aspects. First, the presumption that thermodynamic instability triggers oxygen release is not
supported by DFT calculation results.!%1% Although the fact that oxygen release or oxygen
vacancies extensively generate in the bulk and dominate the rapid structural/electrochemical
degradation has been recognized recently, the original driving force of oxygen release of the LMR
cathodes remains unclear.!!'>!!* In addition, TM migration and irreversible phase transition is
limited near surface area from TEM observation and invisible in the macroscopic
characterizations.!!*!16 This calls into question whether such local structural degradation can
undermine the overall electrochemical behaviors. In this work, we dig into the dynamic
nanostructure evolution and the local interaction of the domain structures, which are not accessible
previously. Combining the multiscale characterizations and DFT calculation, we revealed that

lattice displacement induced by nonequilibrium structural dynamics is the root driving force of
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voltage fade. More importantly, nanoscale strain evolution provides a plausible explanation for the
origin of oxygen release and TM migration, unifying previously proposed theories for voltage

fade.
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Figure 2.5. Schematic of the correlation of strain generation and O release as well as transition
metal migration. The LiTMO> and LixMnO3 domains share a coherent lattice at the nanoscale but
exhibit differentiated electrochemical activities due to different redox chemistries. The initial Li
extraction predominately occurs in the LiITMO; domains and results in local lattice expansion. The
lattice expansion is partly confined by the inactive LixMnO3, which results in tensile strain at
nanoscale. The accumulated tensile strain severely affects the structural stability of the composite
LMR, which may trigger the decomposition of LizMnO3 domains, oxygen release and transition
metal migration. The activation of LioMnOj3 and oxygen release in turn release the lattice strain at
high voltages.

A strain-induced structure degradation mechanism is detailed in the schematic image
(Figure 2.5). In general, the different electrochemically reactivities but coherent lattice structure
of two domains constitutes a prerequisite for lattice strain. The activation of LiTMO; increases
local electrostatic repulsion with a tendency of lattice expansion. Due to the inactive O redox of
the LixMnO3; domains at low potentials, their lattice expansion is partly confined, resulting in
severe nanoscale strain with lattice displacement. Lattice strain initiates from the particle surface,
gradually extends into the bulk of particle with continuous delithiation and reaches the maximum
when the LiTMO: domains are almost fully delithiated. The extreme strain imposed on the

particles substantially decreases the structural stability, triggering the decomposition of LixMnO3
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and oxygen release. As the LixMnO3 domains are activated, the imposed lattice expansion is
naturally released and tensile strain relaxes synchronously. Likewise, oxygen release significantly
lowers the energy barrier of transition metal migration, resulting in irreversible phase transition.!!”
Such strain evolution would adversely accumulate on long-term cycling, and eventually lead to
structural degradation and fast electrochemical decay.

The above mechanism demonstrates that the lattice strain of the LMR cathode originates
from the heterogeneous composite structures and differential electrochemical activities. Thus,
post-treatments such as surface engineering methods show little effectiveness towards voltage
decay. Resolving this issue must fundamentally consider composition design or local structure
regulation. Following this concept, practical approaches to tackle lattice strain are to solve the
heterogenous structures of two compositions in the LMR cathodes and their differential
electrochemical activities. Since it has been proven challenging to alter the domain mesostructure
of the O3 type-LMR, we attempted to eliminate composite domain structure with homogeneous
atomic arrangement in O2 type-LMR cathode. Figure A.2.25-2.26 show that a O2-type
LixNio.13Mno 54C00.1302 cathode material is characterized by eliminating composite domain
structure with homogeneous atomic arrangement. As a result, the differential electrochemical
activities are effectively suppressed, which is evidenced by a smooth charging behavior with no
apparently differentiated voltage plateaus (Figure A.2.27). Benefitting from the well-integrated
electrochemical activities, the O2 based cathode fundamentally eliminates the prerequisite for
strain generation, thereby inhibiting oxygen release and achieving an enhanced electrochemical
performance with stable voltage profiles. This result in turn proves that the elimination of lattice
strain is essential to solve the long-standing voltage fade issue. Other realistic strategies based on

electrochemical reactivities could also be promising. It will be more ideal if two types of redox
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reactions can be completely blended, achieving a whole-voltage-range cationic/anionic hybrid
redox cathode material. This could not only eliminate the electrochemically inhomogeneous
reactivity of two domains, but also access to higher energy density, which potentially carries

forward the practical application of anionic redox or cationic/anionic hybrid cathode materials.

2.3 Conclusion

With an innovative combination of in-situ BCDI and 3D rED techniques, we thoroughly
investigated spatial and temporal strain evolution of the LMR cathode during in-operando
conditions. A convincing mechanism that lattice displacement and strain accumulation trigger
oxygen loss and detrimental structure degradations is naturally established by leveraging gas
investigation and DFT calculation. The multiscale structure characterizations from CMCD and
macroscopic XRD further indicate that the inhomogeneous structure evolution in the coherent
lattice dominates the formation of lattice displacement and nano-strain accumulation. To
fundamentally resolve this issue, we propose that eliminating the electrochemically
inhomogeneous reactivity of two domains is crucial for suppressing lattice strain and subsequent
electrochemical degradation. Structure design based on O2 phase and whole-voltage-range oxygen
redox cathode are considered as realistic strategies for resolving voltage fade. These findings
highlight the importance of the lattice strain in the voltage decay mechanism and will serve as the

guideline for seeking new solutions to eliminate this issue.
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2.4 Materials and Methods
2.4.1 Materials Synthesis

The primary particle cathode materials of Lii 2Nio.13Mno.54C00.1302 was synthesized using a sol-
gel method. In a typical synthesis, LiCH3;COO-2H>O (Aladdin, 99%), Ni(CH3COO),-4H>O
(Aladdin, 99%), Co(CH3COO),-4H20 (Aladdin, 99.5%), Mn(CH3COO),-4H,0 (Aladdin, 99%)
and Polyvinylpyrrolidone (Aladdin, K30) were mixed in a molar ratio of 9:1:1:4:30 and then
dissolved in 100 mL of deionized water. The resulting solution was dried at 90 °C overnight under
continuous stirring and then calcinated at 500 °C for 3 hours. The obtained powder was thoroughly

ground and mixed in a mortar and then calcinated at 900 °C for 12 hours to obtain the final product.

2.4.2 Electrochemistry Tests

For electrode preparation, active materials were mixed with carbon black (C45 Conductive Carbon
Black, TIMCAL) and polyvinylidene fluoride (PVDF, 8%wt Solvay® 5130 PVDF binder
dissolved in n-methyl-2-pyrrolidone (NMP)) at 80:10:10 wt. % ratios and then followed by
grinding the mixture in a mortar at 2000 rpm for 9 min (3 min per time, a total of 3 times) in air
atmosphere. The slurry was coated onto 10 pm-thick Al foil and then punched into round pieces
with a diameter of 14 mm. The electrodes were dried at 80 °C under vacuum for 12 h to remove
all traces of solvent. The 2032 type coin cells were used to prepare lithium metal cells. Celgard
2325 separators (25 um), 1.2 M LiPF¢ in EC / EMC (3:7) electrolyte (GEN II with a water content
below 20 ppm, 40 pul) and Li metal foil (MTI, 16mm x 0.6mm (diameter x thickness), high purity
0f 99.9%) were used. The half cells were then cycled between 2.0 and 4.8 V vs Li*/Li, using small

amounts of powder (~5.2 mg/cm?) as positive electrodes.
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2.4.3 Materials Characterization

Bragg coherent X-ray diffraction imaging and coherent multiple crystal diffraction: Bragg
coherent diffraction data were collected at the 34-ID-C beamline of the Advanced Photon Source
(APS). For the coherent diffraction analysis shown in this manuscript, we used 11.2 and 9 keV
monochromatic beams in two independent experiments. The coherent X-ray beam was focused
using a pair of Kirkpatrick—Baez (KB) mirrors to ~1 x 1 um? illuminating the LMR nanocrystals.
The measurement was done on a 10 um thick LMR electrode in transmission geometry. We used
the same in situ coin-cell setup, which was implemented in the previous experiments with a
window opening of 1 mm.!” The coin cell was mounted on a coin cell holder vertically with the
LMR electrode located downstream to minimize the absorption of the diffracted X-rays. The
particle morphology of the LMR particles was examined with SEM, indicating 200—600 nm sized
LMR particles (Figure A.2.1-2.3). From the fringe spacing in the diffraction patterns, we estimated

that the measured LMR nanoparticle size is approximately 600 nm.

Coherent X-ray multi-crystal diffraction (CMCD) patterns were acquired using a Timepix photon-
counting detector mounted D = 1950 mm away from the sample. We obtained full rocking curves
around the (003) Bragg reflection and collected 2D CMCD patterns using a 2D detector at two-
theta angles of 18.6° (A8 = +0.15°), respectively. Although the full sensor of the detector has 512
x 512 pixels with 55 % 55 m pixel size, the coherent diffraction patterns were collected utilizing
just the first quadrant sensor, which has fewer bad pixels. Automatic background subtraction is
implemented within the detector.!®” We collected 22 sets of CMCD patterns and each set includes
302 CMCD patterns by rocking the sample in 0.0025° steps around the Bragg peak while we were
cycling the coin cell at the C/10 current rate (the C/10 rate is the current value discharge a battery

in 20 h). Between consecutive scans, we optimized the sample position on a piezo scanning stage,
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to maintain the Bragg condition and avoid sample misalignment. The coin cell was cycled using

an 8-channel MACCOR battery cycler while the series of measurements progressed.

Synchrotron X-ray diffraction, X-ray absorption spectroscopy measurement: Powder diffraction
data of the cathode materials was collected using high-energy X-ray diffraction (HEXRD) located
at sector 11-ID-C of the Advanced Photon Source at Argonne National Laboratory. A high-energy
X-ray with a beam size of 0.2 mmx0.2 mm and wavelength of 0.1173 A was used to obtain two-
dimensional (2D) diffraction patterns in the transmission geometry. X-ray patterns were recorded
with a Perkin-Elmer large-area detector placed at 1800 mm from the samples. Rietveld refinement
of the collected HEXRD patterns was carried out using GSAS package. Ex-situ HEXRD
measurements were performed at the same beamline. The electrodes were dissembled from the
coin-cells charged or discharged to different potentials. With high penetration and low absorption,
synchrotron HEXRD precisely reflects bulk sample structure properties, which is beneficial when
observing tiny phase changes that usually are invisible from lab scale XRD due to poor background
noise. To avoid peak interference from Al current collector, a freestanding LMR electrode was

prepared from a mixture of LMR powder, carbon black and PTFE at 80:10:10 wt. % ratios.

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) for Mn K-edge were performed at the APS on the bending-magnet beamline 9-BM-B.
X-ray photon energy was monochromatized by an Si (111) double-crystal monochromator. Higher-
order harmonic contaminations were eliminated by detuning the monochromator to reduce the
incident X-ray intensity by approximately 30%. All spectra were collected at room temperature in

the transmission mode.
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Density Functional Theory (DFT) calculation: All calculations were performed based on density
functional theory (DFT) using the plane-wave projector-augmented wave method as implemented
in the Vienna ab initio simulation package (VASP). The Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional was used and the Hubbard U corrections (PBE+U) was taken into
account, with the effective U of Mn (4.2 eV) adopted from previous studies. A kinetic energy cutoff
of 520 eV and a k-point mesh of 11 % 11 x 11 were employed. Spin-polarization was considered
for all calculations. Structures were relaxed until a force tolerance of 0.01 eV/A was reached. The
formation energy of oxygen vacancy was obtained using the following formula:

ETVo] = Eww[Vo] — E ww[P] + 1o (2.1
where Eiwai[ Vo] and Erwa[P] are the total energies of the supercells with and without an oxygen
vacancy, respectively. uo is the chemical potential of oxygen, for which we used the gas-phase 02
molecule as the reference. An energy correction of 0.68 eV/atom was applied to compensate the

overbinding of O2 in DFT calculations.

Gas evolution analysis: Differential electrochemical mass spectrometry (DEMS) was applied to
detect and identify gas evolution of different cathode materials during first charge/discharge. The
differential electrochemical mass spectrometry (DEMS) was built based on a purchased mass
spectrometer (HPR-40, Hiden Analytical). A homemade cell with glass fiber separators and 1.2 M
LiPFs in EC / EMC (3:7) electrolyte (GEN II) was used for in-situ measurements. To increase the
gas detection accuracy, we adopt the method of intermittent gas intake and use a certain degree of
vacuum to ensure that the generated gas is completely ingested. The generated gas was collected
in the cell for 60 minutes before being ingested into the mass spectrometer. In addition, to prevent

02 from reacting with Li metal, we assembled full cells using graphite as the anode electrode in
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our DEMS experiments. The cells were then cycled at a current rate of C/10 between 2.0 and 4.8

V vs Li*/Li, using small amounts of powders (~8 mg) as positive electrodes.

Transmission electron microscopy measurement: TEM and HRTEM were conducted using the
Argonne Chromatic Aberration-corrected TEM (ACAT) (a FEI Titan 80-300 ST with an image
aberration corrector to compensate for both spherical and chromatic aberrations) at an accelerating
voltage of 200 kV. The 3D-rotation electron diffraction (3D-rED) datasets were acquired by
stepwise tilting sample with a collection angle of -40° to 40°. The tilt step is 2°. The reciprocal

lattice pattern was then reconstructed and analyzed by a handwritten script.
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Chapter 3

Parasitic Structure Defect Blights Cobalt-Free Single Crystal Cathodes

Abstract

In the pursuit of reducing battery costs and improving sustainability, substantial efforts have been
dedicated to eliminate cobalt (Co) use in cathode materials. Recent Co-free designs have
demonstrated notable success in polycrystalline cathodes, exhibiting competitive electrochemical
performance and structural stability. Logically, single-crystallization potentially further advances
Co-free cathodes, as they enhance mechanical/structural properties and minimize side reactions
compared to polycrystalline cathodes. However, given the significant alterations in structural
properties, the efficacy of Co removal in single-crystalline (SC) cathodes becomes less
understood. Here, we unveiled that removing Co from SC cathodes is structurally and
electrochemically unfavorable, leading to an unusual voltage fade issue that was rarely observed
in Ni-rich cathode materials. Combining multiscale diffraction and imaging techniques, it is
found that an atomic structure defect, lithium-rich nanodomains (LRNDs) as a heterogeneous
phase, universally exists in lattice structure of Co-free SC cathodes. The heterogeneous LRNDs
acting as tipping point, induce significant chemo-mechanical lattice strain and irreversible
structural degradation, resulting in fast voltage and capacity degradation. These findings
highlight the considerable challenges associated with realizing Co-free single-crystalline
cathodes compared to the polycrystalline system, emphasizing the need for new strategies to

balance the interplay between cost, sustainability, and performance.
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3.1 Introduction

The rapid adoption of electric vehicles (EVs) offers a promising way to reduce carbon emissions
into the environment and contribute to the long-term goal of carbon neutrality.5!!8-119
Nevertheless, the excessive utilization of cobalt (Co) in battery raw materials raises concerns
about the sustainability of EVs over time, owing to the scarcity of Co, its elevated costs, and
volatile supply chains.”:!2? In response, developing Co-free cathode materials has gained
momentum, aiming to reduce Co dependency, ensure robust capacity, and enhance battery
sustainability.!?! Nowadays, polycrystalline Co-free cathodes have demonstrated competitive
electrochemical performance compared to conventional Co-contained cathode materials, which
raises the question of whether Co use is even necessary.!>* However, regardless of whether Co
is used, there have been inherent limitations that persist within the long-standing design of
polycrystalline spherical particle morphology.®>%122 These micron-sized secondary particles,
comprising multiple primary nanoparticles, permit electrolyte penetration into the bulk through
interstitial gaps among crystal grains to initiate severe interfacial side reactions.!?*!24 Moreover,
the random crystallographic orientation of primary particles will exacerbate mechanical
degradation due to anisotropic volume evolution during electrochemical cycles.!'?’

Single crystal (SC) LiNixMnyCo,0, (NMC) holds the potential to extend the lifespan of
lithium-ion batteries (LIBs) by mitigating challenges such as mechanical degradation and surface
side reactions found in polycrystalline NMC. Similarly, there is motivation to reduce Co
content in SC and realize Co-free SC cathodes to reduce cost challenges, as well as resolve
sustainability issues related to material sourcing.*® While the success of Co-free cathode in
polycrystalline is indeed inspiring, the thorough understanding for the impact of Co-free designs

on SC has yet to be detailed.!?¢-1?° Fundamentally, the removal of Co and its impact on dynamic
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structure evaluation in both the synthesis and electrochemical operation is unclear. Co plays a
pivotal role in facilitating Li* diffusion within the lattice, a particularly critical attribute for SC
cathodes, given their elongated diffusion pathways whereby heterogeneous Li diffusion can
occur and lead to strain evolution.**!*! In addition, the fabrication of single crystal morphology
using high-temperature conditions intrinsically introduces substantial structure defects.>
Addressing such defects has historically relied on Co, which, by virtue of its tendency to oxidize
preferentially and unique electronic configuration, promotes structural ordering and suppresses
the formation of Ni/Li mixing.!*!!32 Therefore, notwithstanding the inherent cost benefits, the
merits of Co-free designs in SC remain a mystery, necessitating a more profound and
comprehensive understanding.

In this work, we systematically investigate Co-free high-Ni single-crystal cathode
materials to understand the impact that removing Co will have. It was found that removing Co is
electrochemically and structurally unfavorable for single crystal cathodes and significantly
affects electrochemical properties and structure integrity. Leveraging multiscale structural
characterizations, we revealed that the removal of Co and the high-temperature calcination to
form single crystal morphology would introduce an unexpected atomic lithium-rich domain that
is randomly distributed in the bulk lattice, which was never observed in both Co-contained NMC
cathodes and polycrystalline Co-free cathodes.!3*!3 In addition, given the extended diffusion
pathways of SC, Li diffusion gradients are exacerbated by the presence of lithium-rich domain,
which can lead to significant chemo-mechanical lattice strain that was directly confirmed by X-
ray nanodiffraction. As a result, the Co-free SC cathode displays unsatisfactory initial capacity,
coulometric efficiency, and unusual voltage degradation. This work underscores that the

realization of Co-free single-crystal cathodes is a formidable challenge that requires substantial
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advancements before it can materialize, particularly in the absence of a suitable alternative

element.

3.2 Results and Discussion

3.2.1 Structure and Electrochemical Performance

A series of Co-free Ni-rich cathodes were synthesized using a two-step method involving co-
precipitation synthesis of the precursors and solid-state calcination. The detailed preparation
procedure can be found in the experimental methods section. Here, LiNio.7sMno.2502 (SC75) was
selected as a model sample for the systematic investigations because this optimal composition is
supposed to be more stable than ultrahigh Ni content (>80%) cathode and provide higher energy
density than median Ni-content (50%~60%) cathode while being more cost efficient. The initial
morphology of the SC75 sample after synthesis was first investigated by scanning electron
microscope (SEM). As shown in Figure 3.1a, the SC75 particles present a fairly uniform particle
size in the range of 3-5 um. The particle size is apparently larger than that of the primary particle
of conventional polycrystalline cathode materials, which may cause sluggish Li insertion and the
formation of initial structure defects during the sample synthesis.!3%!37 The phase structure of
SC75 was then investigated by synchrotron based high-energy X-ray diffraction (HEXRD) and
Rietveld refinement analysis. As illustrated in Figure 3.1b, all Bragg diffraction peaks can be
well indexed to a hexagonal a-NaFeO.-type layered structure (R-3m space group) without any
impurity detected. It should be noted, however, that the (003) peak intensity and the ratio of
(003)/(104) peak are relatively low, which together suggests the SC75 has a relatively high
content of Li/Ni disorder or structure defects. This is further confirmed by Rietveld refinement
analysis as shown in Table B.3.1, where the Li/Ni disorder is quantified as 5.44% and higher

than most Co-contained single crystal cathode materials.!> When used, Co’s nonmagnetic
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properties and large steric differences with Li allow for the energetically favorable formation of

well-layered structures, so it is expected that removing Co would result in more Li/Ni

disordering.!8
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Figure 3.1. Structure and electrochemical performance of SC75 cathodes. (a) SEM image of the
prepared SC75 particles. (b) High-energy XRD and Rietveld refinement plot of the SC75 sample.
(c) Charge and discharge curves of SC75 electrode within a cutoff voltage range of 2.8-4.4 V. (d)
Associated dQ/dV profiles for 4.4 V cycling. (e) Charge and discharge curves of SC75 electrode
within a cutoff voltage range of 2.8-4.6 V. (f) Associated dQ/dV profiles for 4.6 V cycling. (g)
Cyclic stability curves of SC75 electrodes at the current rate of 0.5C within the voltage ranges of
2.8-4.4 V and 2.8-4.6 V after three activation cycles. (h) Detailed voltage fade analysis during
the long-term cycling.

The electrochemical performance of SC75 was evaluated by coin-type cells with as-
prepared SC75 and Li metal anode at different voltages. The galvanostatic charge/discharge
curves in Figure 3.1¢ show that the initial capacity was recorded as 185 mAh g at 0.1C within a

voltage window of 2.8-4.4V. It is of note that the coulombic efficiency of the initial cycle was
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only 84%, which is lower than those of typical Co-contained SC cathodes.’*!3%140 The
subsequent cycles operated at 0.5C show a slight capacity degradation during cycling. The
corresponding dQ/dV curves are used to describe the structural reversibility during
electrochemical cycling. As shown in Figure 3.1d and Figure B.3.1, the presented dQ/dV peaks
reflect the phase transitions of the layered structure at different stages with a sequence of HI1-M-
H2-H3 transitions in charging and inverse transitions in discharging. During cycling, the peaks at
4.2 V clearly shift to lower voltage with degraded peak intensity, while the peak at 3.75 V is
relatively stable. This suggests that capacity fade and structure degradation mainly occur during
the H2-H3 phase transition.

Figure 3.1e further shows the electrochemical performance of the SC75 electrode when
the charging voltages are raised and cycling occurs between 2.8-4.6 V. The initial capacity is
recorded as 194 mAh g'!, a bit higher than that of 4.4 V. However, the coulombic efficiency and
rate performance are even worse compared to that at 4.4 V, suggesting an additional reaction
occurred at high voltage. This is further confirmed by the charge/discharge profiles and the
corresponding dQ/dV curves (Figure 3.1f and Figure B.3.1). Besides the fast capacity fading, an
obvious voltage decay can be observed during the prolonged cycles, which is usually absent
from layered NMC cathode materials. Furthermore, the dQ/dV curves shown in Figure 3.1f have
significant peak shifts during charge and discharge as long-term cycling proceeds. For example,
the peaks at both 4.2V and 3.7 V have quickly shifted to lower potential with a weakened
intensity. In addition, new peaks at 3.90 V, 3.77 V, and 3.71 V are present upon discharge after
100 cycles, indicating an irreversible phase transition occurred when cycled at 4.6 V. In general,
the Co-free SC75 electrode exhibits underachieved cycle stability and fast structure degradation

at high operation voltage.
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The capacity and voltage retentions are summarized in Figure 3.1g and h, respectively.
The capacity retention after 100 cycles at 4.4 V is 85%, whereas it is only 75% at 4.6 V. The
exacerbated capacity fade at 4.6 V should be attributed to the irreversible structural
transformations observed in the dQ/dV peak profiles. Moreover, as displayed in Figure 3.1h, the
SC75 electrode cycling at 4.6 V shows an accelerated voltage fade, where the voltage fade is
recorded as -0.9 mV per cycle at 4.4 V but increases to -2.2 mV per cycle at 4.6 V. Note that the
significant voltage fade is not a characteristic feature of the conventional layered NMC cathodes.
Considering unexpected low coulombic efficiencies, poor structural reversibility, and voltage
fade, it is highly suspected that the removal of Co may have led to subtle structural changes in

SC75 that impact electrochemical performance and structure integrity.

3.2.2 Structure and Chemical Stability in Bulk Level

To uncover these abnormal phenomena, in-situ XRD was conducted to monitor the structure
reversibility during the electrochemical process. Figure 3.2a and b depict the two-dimensional
(2D) contour plots for the structural evolutions of the SC75 electrodes during the first charge-
discharge cycle at the different voltage ranges of 2.8-4.4 V and 2.8-4.6 V, respectively. In
general, the in-situ XRD results operated at different voltages show similar phase transition
behavior without additional phase transition detected at high operating voltage. Specifically, the
(003) reflections initially shift to lower 26 values, which indicate increases in c-axis lattice
spacing and correspond to H1-M and M-H2 transitions. After that, the (003) reflections undergo
a sudden right shift, implying rapid decreases in c-axis lattice spacing, which is associated with
the H2-H3 phase transitions at high voltages.'*! During the discharging process, all the peaks
smoothly shift back to the original position following a reverse sequence. Both in-situ XRD

results show that the structure evolution of SC75 seems reversible without obvious structure
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degradation within one cycle. The difference is that the SC75 cathode cycling at 4.6 V exhibits a
slightly larger change in the c-axis lattice parameter than at 4.4 V, which is attributed to more Li

removal with increased cut-off voltage.
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Figure 3.2. Statistical structure and valence evolution of SC75 during charge-discharge process.
(a, b) Two-dimensional contour plots of in situ HEXRD for the structural evolution of SC75 at
the initial cycle within the voltage ranges of 2.8-4.4 V (a) and 2.8-4.6 V (b). (c, d) Ex situ Ni (c)
and Mn (d) K-edge XANES spectra of SC75 at different charge/discharge states.

X-ray absorption spectroscopy (XAS) was further conducted to investigate the chemical
state changes for Ni and Mn in SC75 during the electrochemical process. Figure 3.2c and d
depict the X-ray absorption near edge spectroscopy (XANES) of Ni and Mn K-edges at different
charged and discharged states. It is clear that the peak position of the Ni K-edge shows a positive
shift toward high absorption energy upon charging, reflecting an increase in the oxidation state

(Figure 3.2¢). Accordingly, an opposite change occurred in the discharge process. When
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discharged to 2.8 V, the profile of the Ni K-edge basically returns to the initial state, indicating
the chemical reversibility in an electrochemical cycle. However, the XANES of the Mn K-edge
does not show apparent shifts in the electrochemical process, which illustrates that the Mn
valence state remains stable and electrochemical inactive (Figure 3.2d). The shape deformation
of the curve at 4.4 V can be related to the change in local coordination environment. Overall,
with these macroscale characterizations, it is found that the structural and chemical evolution of
SC75 is reversible and not much different from conventional layered NMC materials. However,
the apparent structural instability and unusual electrochemical phenomena at high voltage remain
unexplained, which suggests that macroscopic characterizations may not be sufficient to identify
the structural changes associated with the removal of Co. Therefore, microscopic structural

characterizations at the nano or atomic scales are essential to understanding the SC75 sample.

3.2.3 3D Rotation Electron Diffraction and Atomic Imaging Observation

To thoroughly investigate the microstructure of SC75, 3D continuous rotation electron
diffraction (3D-CRED) was utilized to analyze the lattice structure and distortion. Unlike
conventional selected area electron diffraction (SAED) and polycrystalline XRD, where only the
diffraction information of two-dimensional cross-sections can be obtained, 3D-CRED collects a
tilt series of diffraction patterns by continuously single-tilting the sample to reconstruct the 3D
reciprocal lattice, as shown in Figure 3.3a. Hence, the structural information can be resolved in
arbitrary directions instead of a specific direction.!*? Furthermore, compared to the statistical
XRD technique, 3D-CRED technique allows the data to be acquired on much smaller sample
volumes and collected within minutes. Therefore, this method is especially suitable for the

structure analysis of single-crystal cathode materials.
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The transmission electron microscope (TEM) image in Figure B.3.2a shows the selected
SC75 single particle used for the 3D-CRED measurement. At this moment, the sample is at the
eccentric height under the irradiation of a parallel electron beam. Figure 3.3b and ¢ and Figure
B.3.2b are the corresponding results of the 3D-CRED measurement after data processing. Figure
B.3.2b exhibits the reconstructed 3D-reciprocal lattice projection along the ¢ * direction. The
regular arrangement of diffraction spots implies an ordered intralayer structure. However, the
blue diffraction spots should not exist in a typical layered LiTMO: structure, indicating the
presence of a superlattice.!*} Figure 3.3b and c are the reconstructed 3D-reciprocal lattice
projections along the a and a* directions, which further reveal the interlayer structure
information. It is clear that multiple diffraction streaks along the ¢* direction are observed. This
kind of diffraction feature reflects the stacking faults in the layered structure.!* Therefore, the
3D-CRED technique enables the observation of new structure defects in SC75 at the single
particle level that is invisible in polycrystalline NMC cathode and is also undetectable with the
bulk characterization techniques. This indicates that the microstructure of SC75 may be more
complex than conventional NMC materials and provides some clues for the unusual
electrochemical phenomena.

Detailed TEM characterization of the SC75 particle was carried out at different zone axes
to investigate the exact microstructure at the nanoscale. Figure B.3.3 shows the low-
magnification TEM images at the zone axis of [110], [210], and [16 8 -1] taken at same location.
The [110] zone axis is a basic orientation of the layered LiTMO; structure.® The corresponding
SAED pattern, shown in Figure 3.3d, manifests a standard diffraction feature of layered LiTMO>
structure without impurity phase. Moreover, the HRTEM image in Figure 3.3g further manifests

the atomic arrangement of the layered structure, where the TM layers can be clearly seen with no

58



obvious intensity difference along this orientation. The slightly enhanced contrast in Li layer

implies a small amount of Li/Ni mixing, consistent with XRD result. The TEM observation at

this zone axis does not show the stacking faults and superlattices that are observed in 3D-CRED.

This also reflects that these structural defects are easily overlooked in conventional

characterization.
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Figure 3.3. 3D-CRED, 2D-SAED, and HRTEM characterization. (a) Schematic diagram of 3D-
CRED. (b, c¢) The reconstructed 3D-reciprocal lattice projections along different directions. (d-f)
2D-SAED patterns and (g-i) corresponding HRTEM images along different orientations, the
insets in HRTEM images are the corresponding line intensity profiles of red boxes.
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When tilting to [210] zone axis, the TM atoms are arranged vertically along the c-axis
between the layers and have smaller in-plane spacing. Hence, higher-resolution imaging is
required to analyze structure details. As shown in Figure 3.3e, the corresponding SAED pattern
at the [210] zone axis shows that an additional diffraction steaks present parallel to (001) at n/3
(1-20) positions, which is a typical diffraction feature of the Li; TMO3 (Li-rich phase),
corresponding to the ordering of excess Li in the TM planes.>* The HRTEM image in Figure 3.3h
further demonstrates the SAED result, and the obvious contrast differences are observed in the
TM planes owing to the occupation of Li. These results indicate the layered structure of SC75 is
mixed with the small amount of Li, TMO3 phase, which is rarely observed from typical NMC
cathode materials. The same structural features are also present in SC80 and SC90 samples,
suggesting that this is a common structure defect of Co-free SC cathodes (Figure B.3.4-3.6).

The above TEM characterization at the interlayer [210] zone axis reveals the presence of
Li/TM ordering in the TM plane. Hence, the intralayer observation at the [001] zone axis is
desirable to reflect the distribution of the impurity phase. However, the angle between these two
directions is 90°, which cannot be achieved in the same particle as the TEM observation. As
shown in Figure 3.3f, the same TEM observation was chosen to be performed at [16 8 -1] zone
axis, which is reached by tilting the sample at [210] zone axis around the (1-20) by 20°. This
zone axis is equivalent to the [001] zone axis in the layered structure because they both belong to
the family of <111> crystal directions in the parent structure of the face-centered cubic lattice.
The SAED pattern in Figure 3.3f displays the typical six-fold diffraction spots but with a weak
superlattice.> In Figure 3.3i, the HRTEM image and selected intensity line profile exhibit the
apparent channeling contrast difference, indicating that the Li-TMOs3 phase is randomly

distributed and remains extremely small in nanometer size. Hence, the heterogeneous LixTMO3
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phase can be seen as numerous Li-rich nanodomains (LRNDs) embedded in the layered
structure. This result agrees with the prior bulk XRD observations where no superlattice peaks
were detected. The unexpected LRNDs in SC75 provide some clues for the voltage fade and fast
capacity decay at high voltage, as voltage fade is a well-known phenomenon in Li-rich cathode

materials.

3.2.4 LRNDS Cause Lattice Strain and Lattice Bending
It has been well acknowledged that LiTMO; and Li2TMOs3 phases are activated at different

voltages, and severe lattice strain is generated owing to the heterogeneous electrochemical
processes, which is highly corrected with electrochemical failure.'?! Here, the presence of
Li2TMOs3 domains in SC75 may also impact the lattice strain evolution, leading to structure and
performance decay. Hence, scanning X-ray diffraction microscopy (SXDM) was performed to
analyze the lattice strain evolution of SC75 particles in the initial cycle and prolonged cycle. To
increase the strain sensitivity, dark field images are created by integrating in the reciprocal space
all the pixels that fall in a certain g-range based on the obtained five-dimensional diffraction
dataset (see Methods). Figure 3.4a, d, and g show the structural mappings of SC75 particles at
different states and cycles, where the color gradient reflects the lattice parameter variation and
the arrow indicates the deformation of the lattice that manifests as lattice bending. Note that
lattice bending here refers to rigid body rotations of the crystal lattice that are independent of the
effect of strain. The direction of the arrows shows the direction of the bending, and the length of
the arrows is indicative of the magnitude of the bending. Figure 3.4a shows that the pristine
particle has a narrow d-spacing distribution with only 0.25% variation and negligible lattice
bending (maximum amplitude of 5 mrad). In the dark field image for the unstrained part (i.e.,

strain ~ 0%, Figure 3.4b), the largely uniform intensity contrast indicates that the pristine particle
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is a high-quality single crystal with no visible defects. A small portion of the surface is strained
by only 0.2% (Figure 3.4c), which may be caused by the slightly off-stoichiometric Li content on
the particle surface.

When the particle was charged for one cycle, the lattice parameter variation and lattice
bending show significant changes. As shown in Figure 3.4d, both the lattice variation (lattice
strain) and lattice bending at this stage are double as compared with the pristine particle. Larger
bending was again found at areas with larger variations of d-spacing and the maximum
magnitude of bending has more than doubled, to 13 mrad. The dark field image on the unstrained
area (Figure 3.4e) shows an inhomogeneous particle. More importantly, a significant amount of
surface area was shown (Figure 3.4f) to have a large compressive strain of 2%, which is ten
times larger than that of the pristine particles. The surface compressive strain is highly related to
the inhomogeneous delithiation caused by the faster reaction rate of the surface and sluggish Li*
diffusion in the bulk. It is noted that the obvious d-spacing differences also exist within the bulk,
which should be due to heterogeneous electrochemical processes between LiTMO> and Li, TMO3
domains. This strain induced by the heterogeneous electrochemical process will continuously
accumulate during the repeated cycles.

The lattice strain and lattice bending analysis were also conducted for the cycled sample.
As shown in Figure 3.4g, compared to the pristine state, the much larger average lattice
parameter of the cycled SC75 suggests that a certain amount of Li could not reinsert into the
lattice. This indicates that the SC75 undergoes severe structural irreversibility during long-term
cycling, which is further corroborated by the d-spacing variation where the inhomogeneous d-
spacing has been expanded into the particle bulk. In addition, large lattice bending was observed

on most parts of the particle, with a maximum amplitude of 30 mrad, which is six times higher
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than the pristine state. Moreover, the top part of the particle is tilted increasingly to the right,
while the bottom part is tilted increasingly to the left, indicating a twisting of the entire particle
around its long axis. An inhomogeneous particle is again observed in the unstrained dark field
image (Figure 3.4h), with some parts compressively strained to 2% (Figure 3.41). Based on the
above understanding, a vivid model was built to reflect the structural change of the SC75 after
cycling. As shown in Figure 3.4j, three types of mechanical change behavior (expansion,
bending, and twisting) can be distinguished, and their combination leads to significant stress

concentrations.
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Figure 3.4. Scanning X-ray nanodiffraction microscopy characterization. (a, d, g) Structural
mapping of SC75 particles at pristine (a), charged (d), and after100-cycles (g) stages based on
5D-diffraction dataset. (b, e, h,) The corresponding integration of unstrained parts. (c, f, 1) The
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Figure 3.4, continued. corresponding integration of strained parts. (j) the comparison of structural
models for SC75 before and after cycling.

The above SXDM experiment reveals the heterogeneous lattice structure changes within
the particles. Furthermore, full-field transmission X-ray microscopy (TXM) coupled with 3D X-
ray absorption near-edge spectra (XANES) was performed to analyze the variation of chemical
states at the particle level. The uniform color distribution on both 3D TXM-XANES mapping
and cross-sectional 2D TXM-XANES mappings (Figure 3.5a-c) demonstrates a well-distributed
Ni-related phase and the homogeneous oxidation state of the Ni element in the pristine SC75.
The statistical analysis of the whiteline peak position shows a symmetric distribution and is
centered at 8349.6 eV (Figure 3.5d). During charging, the observed color in the particles turns
into red, indicating the increase of valence state of Ni with Li removal (Figure 3.5e-g). However,
the uneven color distributions imply the heterogeneous electrochemical process, which can be
attributed to the large particle size and presence of LRNDs. These phenomena are further
reflected in the statistical whiteline peak position curve, which shows a positive shift and
asymmetric distribution (Figure 3.5h). It is noted that the inhomogeneous distribution of
chemical states persists in the long-term cycled sample (Figure 3.5i-k). Especially, the near-
surface region displays the elevated valence of Ni (Figure 3.5k and 1), which confirms that some
of the Li is not reinserted into the lattice. This result is caused by the lattice distortion and phase

transition, in agreement with the SXDM observation.
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Figure 3.5. 3D TXM-XANES for chemical state distribution. (a-d) The 3D TXM-XANES
mapping (a), cross-sectional views (b, c), and statistic distribution (d) based on whiteline peak
position for pristine SC75. (e-h) The 3D TXM-XANES mapping (e), cross-sectional views (f, g),
and statistic distribution (h) based on whiteline peak position for charged SC75. (i-1) The 3D
TXM-XANES mapping (i), cross-sectional views (j, k), and statistic distribution (1) based on
whiteline peak position for cycled SC75.

The morphology and structure changes after cycling were investigated by TEM. Figure
3.6a shows the low-magnification TEM image of the cycled SC75 particle at 4.4 V, and no
obvious morphology damage is presented. Figure 3.6b is the corresponding SAED pattern. It is
clear that the sample, after 100 electrochemical cycles, still maintains the basic layered structure.
However, the LixTMOs phase is significantly reduced with the generation of a new spinal phase.
Furthermore, the elongated diffraction spots, especially at high order, indicate the presence of
microstrain inside the particles after cycling at 4.4 V. The microscopic structural changes after
cycling were further revealed by the HRTEM test. The moire patterns are widely observed in the

layered structure, indicating the localized lattice variations caused by strain concentration (Figure
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3.6¢ and Figure B.3.7). In Figure 3.6d, the atomic-resolution HRTEM image further
demonstrates the existence of spinel structure. In principle, LioTMO3 phase is electrochemically
inactive below 4.5 V. However, the generation of microstrain facilitates oxygen loss from the
lattice, thereby triggering the TM migration and phase transition. Hence, these results clearly
indicate that the LRNDs in SC75 induce structural degradation as well as the accumulation of

microstrain during the electrochemical process at 4.4 V, further confirming the SXDM results.
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Figure 3.6. Microscopic TEM characterization for cycled SC75 and the formation and
degradation mechanism of LRNDs. (a) Low-magnification TEM image of SC75 particle after
100 cycles at 0.5C and 2.8-4.4 V. (b) Corresponding SAED pattern showing the weak Li, TMO3
phase and newly formed spinel diffraction spots. (c) HRTEM image of the marked areas in (a)
that shows structure transition after cycling. (d) Enlarged HRTEM image and corresponding FFT
pattern showing the subsurface phase after cycling. (e) Enlarged HRTEM image and
corresponding FFT pattern showing the surface phase after cycling. (f) Low-Magnification TEM
image of SC75 particle after 100 cycles at 0.5C and 2.8-4.6 V where severe particle cracking and
degradation is visible. (g) Corresponding SAED pattern where newly formed rock-salt structures
are present. (h) HRTEM image showing the structural transition on the crack. (i) EELS line scan
of O K-edge along the marked direction in (h). (j) The formation mechanism of LRNDs and
phase transition route during electrochemical process.

Figure 3.6¢ further exhibits the low-magnification TEM image of the SC75 particle after

cycling at 4.6 V. Unlike cycling at 4.4 V, severe intragranular cracks occur, leading to particle
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damage (Figure B.3.8), which is the result of internal strain release and component loss due to
side reactions. The SAED pattern in Figure 3.6f indicates the complete disappearance of the
Li2TMO:s phase and the substantial increase of the rock salt phase after long-term cycles. As
shown in Figure 3.5g, the HRTEM image further characterizes the microstructure near the crack.
It is clear that the structure at the crack has transformed into a pure rock-salt phase, indicating the
Li layer is completely occupied by the TM atom. The rock salt phase is electrochemically
inactive, thus leading to a significant capacity decrease as observed in the electrochemical tests.
Overall, the root cause of capacity fading is attributed to crack initiation by strain evolution,
which expose fresh surfaces to trigger irreversible phase transitions of rock salt with electrolytes.
According to our previous report, the strain concentration during the electrochemical process is
closely related to the voltage fade and anion charge compensation mechanism of the LixTMOs3
phase. As shown in the line-scan EELS of Figure 3.6h, this is also well evidenced by the
reduction of the pre-peak of O-K edge at the crack. Hence, the TEM results for the cycled SC75
sample indicate that the randomly distributed LRNDs are like structural faults buried in the

LiTMO:; phases, which are completely excited under high voltage to cause structure destruction.

3.2.5 Formation Mechanism of the LRNDs

The formation of the LRNDs, where Li is present in the TM layer, can be reasoned from the
magnetic interactions that occur in the TM layers.* This mechanism was recently recognized as
a new driving force in tuning the structural disordering of the conventional layered cathode
materials. As shown in Figure 3.6j, for the SC75 sample in this work, Ni?* and Mn*" will induce
strongly frustrated magnetic interactions between spins of TM ions in the TM layer, thereby give
rise to lattice instability. In order to form a stable crystal structure, the extra nonmagnetic Li* is

introduced in centers of the hexagons in the TM layer by forming a nonmagnetic center during
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the synthesis of SC75. As a result, the LRNDs were finally formed in the layered structure of
SC75 sample. Compared to the conventional layered cathode materials, the LRNDs in SC75 lead
to the changes of electrochemical performance. The SC75 sample shows the low coulombic
efficiency and substantial voltage decay during cycling, resulting from the heterogeneous
electrochemical behaviors between LiTMO: and Li; TMOj; phases. Furthermore, the anion charge
compensation mechanism of Li;TMO3 phase leads to the fast capacity fade especially at high
operation voltage. The X-ray nanoprobe technique and atomic-scale TEM characterization revels
that the LRNDs will induce the remarkable strain evolution and undesirable phase transition in
bulk. The collective results confirm that the Co-free component design combined with single-
crystal morphology does more harm than good to the electrochemical performance of layered

cathode materials.

3.3 Conclusion

In conclusion, a nanodomain Li;TMO3 phase was discovered to exist and be heterogeneously
distributed in the bulk structure of Co-free single-crystal layered cathode materials. The
formation of the Li;TMO; phase nanodomain alleviates the magnetic frustration within the TM
layer and improves lattice stability, but leads to unsatisfactory electrochemical behavior and
performance. Significant strain evolution and phase degradation in bulk occur during cycling,
resulting from the heterogeneous electrochemical behaviors and anion charge compensation
mechanism of Li;TMO3 phase. These forceful results confirm that removal of Co from single-
crystal layered materials contains subtle structural changes that weaken the performance of the
material in LIBs. Unlike in poly-crystalline cathode where Co-free designs have been found to
improve LIBs performance, direct cobalt removal strategies in single-crystal cathode system are

undesirable. New strategies must subsequently be designed in order to balance the cost,
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sustainability, and performance of single-crystal cathode to realize their promising role in

accelerating vehicle electrification.

3.4 Materials and Methods
3.4.1 Materials Synthesis

Co-precipitation methods were used to synthesize precursors for single crystal NMC.

Nio.7sMno 25(OH)2 precursors were produced by first adding nickel sulfate (Sigma-Aldrich,
>98%) with manganese sulfate (Sigma-Aldrich, >99%) and then mixing to obtain a uniform
metal ion solution. The solution was then pumped into a reactor at 2.0 mol L! while an
additional 4.0 mol L' NaOH solution (aq.) and 5.0 mol L' NH4OH solution (aq.) were pumped
into the reactor. The NaOH solution acted as precipitating agent while the ammonia solution
acted as a chelating agent. Reactor conditions were kept at ~11.5 pH, ~60°C, and 1000 rpm
stirring rate. The resulting precursor powders were filter, washed, and vacuum dried overnight in
a heated oven. SC75 was prepared by mixing LiOH-H>O contents at a molar ratio of 1.03:1
(Li:[Ni+Mn+Co]) with the precursor and calcining overnight at 900 °C for 12 h under oxygen

atmosphere.

3.4.2 Electrochemistry Tests
Active materials were mixed with carbon black (C45 Conductive Carbon Black, TIMCAL),

polyvinylidene fluoride (PVDEF, 8 wt% Solvay 5130), and n-methyl-2-pyrrolidone (NMP) at
80:10:10 wt% ratios to prepare solutions for electrodes. The mixture was then mixed at 2000 rpm
for 9 min (3 min per cycle) in air atmosphere. After drying at 80 °C under vacuum for 12 h to
remove traces of solvent, 2032 type coin cells were prepared using the electrode material.
Lithium metal foil (99.9% purity, MTI. 16.0 mm x 0.6 mm, diameter x thickness), Celgard 2325

separators (25 um), and 1.2 M LiPF6 in EC/EMC (3:7) electrolyte (GEN II with < 20 ppm water
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content, 40 ul) were used to assemble cells. Cells were then cycled between 2.8 and 4.4 or 4.6 V

vs Lit+/Li in a temperature-controlled chamber at 25 °C + 2 °C.

3.4.3 Materials Characterization

Synchrotron X-ray Diffraction: The 11-ID-C beamline at the Advanced Photon Source at
Argonne National Laboratory was used to perform high-energy X-ray diffraction (HEXRD)
experiments. A 0.2 mm x 0.2 mm X-ray beam with a wavelength of 0.1173 A was used. To
collect diffraction patterns in the Laue diffraction geometry, a Perkin-Elmer detector placed 1800
mm from the samples were used and Rietveld refinements were conducted using GSAS software

packages.

In situ HEXRD was performed at the same beamline. This allowed visualization of small phase
changes that are not noticeable in lab scale XRD. Experimental cells were assembled using
2032-coin cells with a 3 mm opening that allowed X-rays to pass and the opening was sealed
using Kapton tape to prevent air atmosphere exposure. Diffraction patterns were collected every

10 min.

X-ray absorption spectroscopy: XANES for Ni K-edge and Mn K-edge were performed at the
APS on the 9-BM-B beamline. A Si(111) double-crystal monochromator was used to
monochromatize X-ray photon energy. In order to reduce X-ray intensity by about 30%, high-
order harmonic contaminations were eliminated by detuning the monochromator. Spectra were

collected in the transmission mode at room temperature.

3D-Continuous Rotation Electron Diffraction: TEM grids were carefully placed and fixed on a
single tilt sample holder and inserted into the TEM sample stage. Sample nanocrystals were

selected in the field of view and a series of 21 TEM images was recorded to track crystal
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positions at 5° intervals across a range of -45° to + 45°. To account for crystal movement during
the rotation of the goniometer, interpolation was used and diffraction patterns were recorded
sequentially. Data acquirement begins with the recording of a diffraction pattern with beam
precession. Then a charge coupled device recorded the next diffraction pattern without beam
precession while the angle is slowly rotated by defined intervals. The step finishes by positioning

the beam using a tracking procedure to the expected crystal position.

Scanning Electron Microscopy and transmission electron microscopy: After electrochemical
cycling, coin cells were disassembled in a glove box with Ar atmosphere. Dimethyl carbonate
was used to wash obtained cathode electrodes and samples were vacuum dried. TEM tests
required thin specimens that were prepared from the electrode foil. Standard focused ion beam
lift-out procedures were used to first thin specimens to 200 nm by a 30 kV Ga ion beam.
Damaged layers were removed by polishing with a 5 kV Ga ion beam. The Argonne Chromatic
Aberration-Corrected TEM (ACAT, FEI Titan 80-300 ST with an image aberration corrector was
used to compensate for spherical and chromatic aberrations. TEM and HRTEM measurements

were conducted at an accelerating voltage of 200 kV.

Synchrotron 3D X-ray Fluorescence and Nanodiffraction: The hard x-ray nanoprobe beamline at
the Advanced Photon Source was used for scanning XRD and x-ray fluorescence experiments
where 10 keV beam was focusing using a 160 pm Fresnel Zone Plate with an outmost zone
width of 30 nm. Samples were placed under high vacuum to prevent oxidation and samples were
placed 1 m from an Eiger 2 X 1M detector to collect diffraction images. To conduct strain
analysis, a 4 x 4 um? area was raster scanned with a focused beam at a spatial resolution of 50

nm. This was repeated at 16 different rocking curve angles at 3° intervals, a process known as k-
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mapping or tilt series. With this method, 2-dimensional diffraction patterns are collected at each
point on the area detector. This is equivalent to obtaining a 3-dimensional reciprocal space map
about the (003) reflection for each point that is scanned in the nanoparticle. Dark field images
result from the scans that are 3 dimensions in reciprocal space and 2 dimensions in real space,
which are then reduced to 5 dimensional datasets. XRF signals were collected using a Vortex
ME-7 detector during the raster scans. Resulting XRF maps were used primarily for aligning the

16 diffraction maps using image registration methods.

Full-field transmission X-ray microscopy (TXM) imaging: Transmission X-ray microscopy
imaging was conducted at 18-ID FXI beamline of NSLS-II of Brookhaven National Laboratory
and generate 3D nano-XANES datasets. At each energy, 3D tomography was reconstructed from
the projection images taken from 0 to 1800. The voxel resolution of X-ray microscopy imaging

was 40 nm.
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Chapter 4

Multi Structure Design for High Voltage Nickel Rich Cathode

Abstract

Efforts to improve energy density of layered cathode materials by raising operational voltages is
limited by intrinsic lattice instability at low lithiation levels. Other cathode types, such as lithium
rich (LR) or disordered rock salt (DRX) have moderate to considerable Li and transition metal
(TM) disordering, where TM in the Li layers can act as pillar to stabilize structures. However,
despite their advantages these materials suffer from reduced energy density and rate capability
when compared to layered cathode types which has limited their commercial applicability. In
efforts to combine the strengths and weaknesses of these cathode types, a multi-structure cathode
(e.g., average composition LiNio.s1Mno.13C00.0602) with structure transition from a bulk layered
structure to LR interlayer, and to DRX surface structure has been synthesized. In addition, the
chemical composition transitions from a Ni rich core to Mn rich surface to stabilize the interface
with electrolyte. When integrated, the multiple structures with chemical gradient led to greatly
improved cycle performance at high voltages when compared to conventional NMC811 cathode
(at 2.7-4.6 V: 215 mAh g!, 89% capacity retention for MS-NMC vs 204 mAh g!, 83% for
NMCS811 capacity retention over 100 cycles at C/2). Advanced characterizations also
demonstrate that morphology, structure, and the multi structure design is maintained after long
term cycling. As a result, these promising findings open new avenues to develop cathode
materials whereby multiple structure types are integrated into one particle and customized for

performance application.
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4.1 Introduction

Layered lithium nickel-rich oxide cathodes, LiNixMnyCo1-x-yO2 (NMC, x > 0.7), are widely used
in lithium-ion batteries (LIBs) for electric vehicle applications as they provide high theoretical
capacity (~280 mAh g!) and working voltage (~4 V vs Li*/Li).%!"®11° These layered NMC
cathodes structures are formed from alternating Li and two-dimensional transition metal TM
oxide layers which operate by Li diffusion to and from the Li layers during discharge and charge
respectively.”> 129 When Li is extracted or inserted, a TM element such as Ni will oxidize or
reduce to maintain electroneutrality.!?! This change in oxidation state will adjust the local
bonding coordination around the TM at the micro scale and collectively result in structural
changes at the macro scale, such as particle cracking.!? Methods to further increase the energy
density for NMC have relied on enabling high voltage operations (> 4.5 V) as more Li are
extracted from the layered cathode structure when voltage is increased.* However, when more
Li are extracted, the layered structural framework will undergo widespread structural change as
more TM are oxidized and Li ions are no longer present in the layer to stabilize the structure,
which leads to severe phase transitions.'?? Much of the other processes that lead to cathode
failure such as particle cracking, reaction with electrolyte, gas release, and transition metal
dissolution are exacerbated by this structure instability.”® Therefore, structure instability in Li
deficient layered cathodes is an intrinsic barrier to realizing high voltage operations and presents
a tradeoff between energy density and cycle stability.®®

Conventional modification methods to help stabilize layered NMC materials have
included utilizing dopants, and coatings to improve particle bulk and surfaces respectively.!*
However, dopants and coatings are often redox inactive which reduces energy density and

provide heterogenous coverage which reduces the efficacy of the method as many particle areas
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remain unprotected.!*® Advanced chemical designs such as core-shell, concentration gradient, or
full concentration designs improved upon conventional methods as they tuned the spatial control
of element distribution to improve performances.®* ® Despite these efforts though, the advanced
chemical designs do not resolve the intrinsic chemo-mechanical degradation that underlies
structure instability in layered cathodes as they do not alter the intrinsic layered structure.
Interestingly, other redox active cathode types such as spinel, disordered rock salt (DRX), or
lithium rich (LR) are structurally coherent with layered cathode structures but are more
inherently stable at higher voltages due to higher amounts of disordering between Li and TM
elements.'*”1%° This disordering reduces phase transitions during cycling as more Li ions can
acts as pillars to intrinsically reinforce structure stability.** Although efforts for other cathode
chemistries such as single crystal cobalt oxides have sought to integrate structures such as spinel
and layered before, the methods used (e.g., coating) led to nonuniform protection and abrupt
transitions between the components.!>® The efficacy of these methods would be further reduced
when used on polycrystalline NMC as polycrystalline morphology could be more challenging to
uniformly coat than a single crystal. Moreover, a controllable method should be able to integrate
more than a single structure to enable robust performances and custom particle designs to suit
application needs.

In this work, a scalable and viable concentration gradient shell method was utilized to
synthesize a multi-structure NMC cathode (MS-NMC, average composition
LiNio.83Mno.12C00.0502) with as designed layered NMC core in the bulk, LR interlayer, and DRX
surface layer. Advanced characterizations show a gradual transition from layered to LR to DRX
structure when moving from the bulk to the surface indicating the synthesis successfully

integrated multiple structures within a single particle. When compared to conventional layered
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NMCS811 cathodes, the presence of LR and DRX structures increased capacity as they are redox
active, reduced particle cracking as they undergo less structure evolution than layered structures,
and reduced capacity loss as they experienced less irreversible structure transitions in particle
surfaces. As a result, electrochemical performances showed significant improvements at high
voltages over conventional NMC811 cathodes (at 2.7-4.6 V: 215 mAh g!, 89% capacity
retention for MS-NMC vs 204 mAh g!, 83% for NMC811 capacity retention over 100 cycles at
C/2). These promising results demonstrate the unique properties of MS-NMC and how robust
cathode performances can be enabled by leveraging different cathode structures, which serves to

inform future design of advanced cathodes.

4.2 Results and Discussion

4.2.1 Multi-Structure Design Parameters

To improve the stability and performance of NMC cathodes, alternative structures that can be
integrated must be redox active and structurally coherent with the layered structure. Of the
available cathode types, LR and DRX are known to operate at higher voltages (e.g., activated
above 4.5 V) due to their unique structures. 215!

LR cathode structures rely on moderate amounts of Li occupation in TM sites to form
stabilized structures that are coherent with layered cathodes.!>? However, due to the high Li
content and reduced transition metal activity, particularly in LR compositions with high Mn
content, redox activity proceeds through anionic pathways that are activated above 4.5 V as
opposed to cationic pathways.!*3 This changes the primary failure mode from chemo-mechanical

degradation due to Li extraction to strain formation that is compensated by O- release at high

voltages, which mitigates volume change during cycling and structure instability when compared
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with layered structures.!>* Some studies have also demonstrated that anionic redox pathways can
cycle reversibly in LR cathodes if the O release is contained in the bulk and the generated gas is
hindered from reaching the surface.>® As a result, integrating the robust structural evolution of
LR at higher voltages with layered cathodes can be realized if its surface dynamics can be
stabilized.

Disordered cathode structures on the other hand contain extreme contents of TM and Li
occupancies that interchange to form cation-disordered cathodes.!>®> These highly disordered
structures exhibit restricted structural movement that reduce dynamic evolution and
fundamentally solve structural instability challenges at high voltages.!*® Disordered frameworks
free the dependence of structural stability on Li content at high delithiation states as the mode of
Li extraction (e.g., percolation) differs from ordered structures.!?* 131157158 However, when both
the bulk and surface structures are disordered, Li-ion transport pathways are obstructed and rate
capabilities, as well as energy densities, are significantly reduced to levels unsuitable for
commercialization.!>® Hence, it is evident that disordered structures can enable stability at high
voltages but come at the cost of energy density. Therefore, when considering the strengths and
weaknesses of each structure type, layered structures can enable high energy density with rate
capability at the cost of structure stability, LR structures experience reduced volume expansion at
the cost of surface gas release, and DRX structures can stabilize surfaces with electrolyte at the
cost of energy density. Though it is clear blending the properties of these structure types can

enable robust cathode materials, no synthesis method has achieved this thus far.

78



4.2.2 Particle Characterization in the Pristine State
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Figure 4.1. Design concept and materials characterization of MS-NMC. (a) Schematic image of
MS-NMC showing bulk to surface composition and phase changes. (b) SEM image of MS-
NMC. The inset shows a lower magnification of particles.(c) HEXRD and Rietveld refinement
result for MS-NMC. (d, e, and f) 3D tomography reconstruction from individual secondary
particles and spatial element distributions of Ni, Mn, and Co detected by fluorescence-yield
scanning probe X-ray microscopy.

To realize the potential for this multi structure design in NMC cathodes (MS-NMC), co-
precipitation was selected to synthesize a cathode with layered core, LR interlayer, and DRX
surface. Here, Mn rich LR and DRX compositions were selected for the interlayer and surface

structures as the chemical state of Mn is also more stable than Ni when in contact with

electrolyte. Therefore, the as designed MS-NMC would benefit from both chemical and
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structural stabilizing elements. The schematic for MS-NMC in Figure 4.1a shows a nickel-rich
NMC phase in the green core that transitions to LR phase forming purple, green blend to a
textured surface DRX layer in purple. The key differentiator in the surface structure is the extent
of Li and TM disordering. In addition, Mn is gradually increased from the core to the outermost
layer to improve cycle life and stabilize electrolyte interfaces, while the core is rich in Ni to
provide high energy density and Ni is reduced towards the surface to improve stability. MS-
NMC was successfully prepared using conventional co-precipitation methods as described in the
Methods section. Figure 4.1b shows scanning electron microscopy (SEM) images of MS-NMC
secondary particles that are spherical, dense, well layered, about 10 um in diameter, and
uniformly distributed. This morphology is ideal for co-precipitated NMC as it can maximize
electrode density and indicates that designing the multi structure composition did not
detrimentally affect secondary particle morphology. Quantitative composition analysis was
conducted using 3D X-ray fluorescence (3D XRF) (Figure C.4.1) where an average composition
of LiNio.81Mnyp.13C00.0602 was obtained, which is close to the designed elemental contents and
indicates successful synthesis. Finally, Figure 4.1c shows a high-energy x-ray diffraction
(HEXRD) curve and Rietveld refinement result for MS-NMC, where characteristic Bragg peaks
for a well crystallized NaFeO; structure with R-3m symmetry are present. Namely, a strong
(003) peak is visible and there is clear peak splitting between the (008)/(110) peaks that signify a
well layered structure. Interestingly, the characteristic superlattice speaks associated with LR
structures in low 2 theta values are not visible, which indicate that their content is not
significantly high.!®® These refinement results indicate that as-prepared samples have uniform
atomic occupancy and a small amount of Li/Ni disorder was detected, further confirming a well-

crystallized structure.
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Spatial variations in chemical composition were also investigated using 3D XRF to
visualize the spatial distribution of TM elements within a secondary particle. Figure 4.1d, e, and
shows the distribution of Ni, Mn, and Co in MS-NMC where the scale bar in red indicates high
chemical content of each TM and blue indicates low element content. Here, it is evident that the
bulk consists of a Ni-rich core and the surface is enriched with Mn. Co is also more concentrated
in the bulk and minimal amounts are present on the surface layer, which is consistent with the
designed composition. These results collectively provide visual evidence at a single particle level
that the multi structure design was successful in varying chemical composition and further
advanced characterization was used to verify changes in structure. However, since these results
are only representative of a single particle, characterizations at a bulk scale are also needed to

verify the chemical distribution.
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Figure 4.2. Morphology and structure in the pristine state. (a) Low magnification TEM image of
MS-NMC. (b) EDS mapping showing Ni, Mn, and Co distribution in secondary particles. (c)
EDS line scan for TM composition changes in a single MS-NMC secondary particle. (d)
HRTEM showing SAD line scan location extending from MS-NMC surface to bulk. (¢) SAED
image of MS-NMC along the [210] direction. (f) Atomic level observations showing LR to
layered phase transition from surface to bulk of MS-NMC. (g) HRTEM image of TM mixing in
surface LR phases of MS-NMC. (h) Line scan signal counts associated with blue and red
highlighted sections in c. (i) EELS scan from surface to bulk of MS-NMC.

Advanced characterizations including transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) were then used to investigate the

structure composition formed on the surface of pristine MS-NMC. Figure 4.2a and b show a low
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magnification TEM of secondary particles and corresponding energy dispersive X-ray
spectroscopy (EDS) mapping of elemental Ni, Mn, and Co. Most secondary particles are of
uniform size and morphology. In the EDS, a distinctly homogenous Mn-rich layer less than 1 um
thick is clearly observable on a secondary particle surface of MS-NMC, while the bulk consists
mostly of Ni and some Co or Mn. This corresponds with the XRF data obtained for a single
particle and shows that even in a larger distribution of particles the distinct Mn enriched surfaces
are successfully synthesized. A line-scan for the EDS of a single particle moving from the
surface to the bulk is shown in Figure 4.2c where the chemical composition of the outer shell
consists mostly of Mn. When moving towards the bulk, the intensity of Mn sharply decreases
and plateaus, while Ni and Co intensities gradually increase. All these findings confirm
successful co-precipitation of a chemical Ni-rich to Mn-rich transition from bulk to the surface
with the as designed MS-NMC composition.

To investigate the atomic structure of this Mn-rich CGS, selected area diffraction (SAD)
line scans were conducted from the surface to bulk along the [210] plane and are shown in
Figure 4.2d, e, and f. In these images, bright points indicate TM elements while dark areas
typically indicate lithium as they are not visible in electron based characterization methods.!?’
Typical TEM of layered cathodes will show distinct rows of bright TM layers that are separated
by dark spaces in between layers containing Li.*® Interestingly, here faint elemental traces are
also present between layers of bright atomic lattice points, which are characteristics of LR phases
where lithium exists in the TM layer.!*¢ In addition, high contrast in the TM layer where some
TM are much brighter than others, as shown in Figure 4.2¢ at the immediate surface, is an

indication of DRX structure formation.!>” This is especially clear near the surface of MS-NMC

as shown in Figure 4.2e. As the scan progresses from the surface to bulk (SAD scans 1-6) in
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Figure 4.2f, these faint elemental traces fade and eventually are no longer visible when a pure
layered phase is reached in the bulk. These findings provide evidence that structural phase
changes exist in MS-NMC and it is not just the chemical composition that changes from surface
to bulk. Also, these results show how bulk characterizations such as XRD shown earlier are
unable to identify more localized phenomena such as the LR and DRX structures. High
magnification HRTEM shown in Figure 4.2g also provide evidence of a LR phase. Surface
regions of interest are enclosed with blue and red outlines where typical bright-bright lattice
point patterns expected of TM layers in NMC are observable in the blue area. On the other hand,
atypical bright-dark lattice point orderings are shown in the red area, which is expected for LR
phase compositions due to Li site occupation in TM layers.!*® These images of the surface lattice
structure corroborate that the phase structure changes when moving from surface to bulk.
Associated signal counts for the blue and red regions are shown in Figure 4.2hwhere it is clear
that the intensity remains consistent in the blue region TM layer, while sudden decreases occur in
the red region. This further confirms the incorporation of LR phase as Li present in the TM layer
of LR will decrease the intensity of the TM layer region.

Moreover, in Figure 4.2g some bright lattice points are observable in the Li layer and
denoted by yellow arrows as antisites. Typically, these lattice points are associated with the
formation of a rock-salt layer where Ni will usually migrate into the Li layer after cycling and

exist in a 2+ oxidation state.!4?

It is unusual that antisite observations are present in the pristine
state of MS-NMC and suggests that a rock-salt phase was also formed during synthesis. To
further investigate the chemical state of this region, electron energy loss spectroscopy (EELS)

was conducted from the surface to bulk and shown in Figure 4.2i. Here, O-K edge and L edges of

Ni, Mn, and Co are shown in their respective energy loss regions. It is evident that O K-edge
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energy levels are higher in the bulk than in the surface, which indicate that O oxidation states are
higher in the bulk. Intensities are also higher in the bulk, which signal differences in the local
oxygen environment from the surface and suggests the presence of oxygen vacancies. In
addition, Ni L-edge energy loss is lower at the surface than the bulk, which indicates that average
Ni oxidation states are lower at the surface. Note, that lower TM valence states are typically a
signature of DRX structures as the high amounts of Li content as well as Li and TM disordering
reduces the valence state of TM to maintain electroneutrality.!*’ These findings correspond with
the real-space imaging of rock salt phases found at the surface of MS-NMC in Figure 4.2f and
provide chemical evidence for their presence. Intensities of Mn L-edges are also higher at the
surface whereas Co L-edges are lower in the surface indicating that Co is also at lower average
oxidation state than Mn. Such results add further evidence that the as-designed chemical
composition of MS-NMC was successfully synthesized, where the surface is enriched with Mn
and multiple structures have formed in the bulk to surface transition. Typically, DRX phases can
form during extended cycling when NMC particle surfaces are passivated by side reactions with
electrolyte.!*! Given the inert nature and low reactivity of NiO rock-salt, the presence of this in
the pristine state of MS-NMC may provide a stable interface with electrolyte before cycling even
occurs. These characterizations however are unable to identify what specific element is present
in the Li layer however prior studies have shown that Ni has a higher tendency to occupy
antisites. Altogether, these structural observations collectively verify the successful formation of
a DRX surface, a LR interlayer, and Ni-rich layered phase in the bulk, thus providing direct
evidence of a composition where both chemical composition and structure are varied gradually

in MS-NMC.
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4.2.3 Electrochemical Performance

a “hn b 45+

C 01C 01¢
°
.2 44 200 '"0.3,2,(:, 11
o 05C °
424 2 00099,5000
0] vages,l0C
92000
) 404 o 99900 20C
38 - e 20000
S S 38 150 90320,
= 364 E
8 &35 = 50C
g8 4, el Fd 22000
s Qa4 X ® %9000
4 g %
32 i 324 * NMC811 O 1004
304 30 +  MS-NMC
28 28
i
6 T 1 26 T T T 50 T T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250 0 5 10 15 20 2 30 35
d Capacity (mAh g Capacity (mAh g") Cycle Number
220
<7200 -
o 4
< 180833 20093 > 299993309999900000 N
=160 - 99399999039 >
2
& 1404
a ]
& 1204
100 T T T T 1
0 20 40 60 80 100
Cycle Number
€ 220
<200
o 20 N
e 9323300, 394 239, 23,
< 180 209 Ll 3 an.
€ 93
160 4
> 9
& i
o 140 4
% 4
O 1204
100 T T T T 1
0 20 40 60 80 100
Cycle Number

Figure 4.3. Electrochemical performance of MS-NMC and NMCS811. (a and b) Initial
charge/discharge profile of MS-NMC and NMCS811 at 0.1C, respectively, between 2.7-4.4 V and
2.7-4.6 V.(c) Rate performance test comparing MS-NMC and NMCS811. (d and e) Cycling
performance of MS-NMC and NMCS811 at 0.5C within 2.7-4.4 V and 2.7 — 4.6 V. Tests were
conducted at 25 °C.

With clear evidence that a multi structure composition had been synthesized, electrochemical
performances were compared between MS-NMC and NMC811 to quantify performance
improvements. Shown in Figure 4.3a and b are the initial discharge capacities at a current rate of
C/10 (1C =200 mA g') for MS-NMC and NMC811 (2.7-4.4 V: 208 mAh g'and 195 mAh g’!
in, 2.7-4.6V: 215 mAh g'! and 204 mAh g! respectively). Here, MS-NMC exhibits less over-

potential, particularly during discharge, which is attributed to improved electronic conductivity
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and rate capability over NMC811. Figure 4.3d and e shows the cycling performance for the two
cathodes at a current of C/2 within a voltage range of 2.7-4.4 V and 4.6 V for 100 cycles.
Capacity retentions were recorded as 94% and 89% for MS-NMC and 89% and 83% for
NMCS11 at 4.4 V and 4.6 V respectively. These results are also confirmed in full cell tests at the
coin cell level (Figure C.4.2-4.4) Although there was some improvement when cycled to 4.4 'V,
MS-NMC shows especially clear improvements at a high voltage of 4.6 V. Moreover, the rate
capability of MS-NMC also seemed improve over NMC811, which may be due to primary
particle morphology differences as chemical gradients have been observed to cause needle
shaped primary particles that improve diffusion. (Figure 4.3c) Surprisingly, even with the LR
content the voltage fade is quite low (Figure C.4.5). This indicates that the multi structure
composition benefits structural reversibility in MS-NMC and dQ/dV profiles were investigated
to verify. As shown in Figure C.4.6 and C.4.7, it is evident that all dQ/dV peaks of MS-NMC
shift less than NMC811 when cycled to 100 cycles. Such significant shifts seen during cycling
for NMCS811 are indicative of poor structural reversibility that cause severe phase transitions
which lead to capacity loss and less reversible Li-ion diffusion. On the other hand, minimal peak
shifts observed for MS-NMC suggests that structure reversibility is maintained throughout cycles
and that the structure is stable. Since LR and DRX lattice parameter changes are known to be
less than that of NMC during cycling these results are expected.!®! However, characteristic
plateaus above 4.5 V that are associated with anionic redox of LR structures are not visible in the
charge discharge curves indicating that LR content may not be excessive. Based on these
electrochemical tests, MS-NMC demonstrates robust advantages in capacity, cycle stability, and
structure reversibility over NMC811. More importantly, the results provide evidence that the

formed multi structure, where structure phases change from DRX to LR to layered phases,
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improves upon the layered NMC phase. This new design adjusts chemical composition and
structure, as opposed to only composition in the past, which pushes the boundaries of rational

design strategies for Ni-rich cathode materials.

4.3.4 Chemical and Structural Stability During and After Cycling
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Figure 4.4. In situ structure evolution and chemical reversibility. (a) Associated charge discharge
curve for the single cycle. (b and c) Two-dimensional contour plots of in situ XRD D-spacing for
the structural evolution of NMC811 and MS-NMC during the initial cycle. (d, e, and f)
Normalized ex-situ SXAS plots for Ni, Mn, and Co valence state changes at various
charge/discharge voltages.

To investigate real-time structural evolution during cycling in MS-NMC and NMC811, in-situ

high energy x ray diffraction (HEXRD) experiments were performed. Figure 4.4 and a show
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two-dimensional (2D) contour plots for the structure evolutions of MS-NMC and NMCS811
respectively, during the first charge-discharge at a current rate of C/10. Several characteristic
peaks labeled as [003], [018]/[110] pair, and [113] are of interest. As evident in Figure 4.4b and
¢, both cathodes undergo similar structure evolution but the degree lattice parameters change are
different. [003] peaks of both MS-NMC and NMCS811 shift to a lower angle at 4.2 V and shift to
a higher angle afterwards. These shifts to lower angle indicate processes that are associated with
well-known Hi-M and M-H; phase transitions that indicate interlayer spacing have increased
when Li has been extracted from the cathode.’! Shifts back to higher angles are associated with
H>-H; phase transitions where the interlayer spacing decreases due to change in TM oxidation
state and local coordination with O anions. Sudden changes in the lattice parameter generate
lattice strain that induce intragranular and intergranular microcracks that damage particle
morphology. From the experimental results, it is clear that the H2-H3 phase transition is less
pronounced in MS-NMC than in NMC811. This indicates that MS-NMC particles undergo less
severe structure evolution during cycling and are more structurally reversible, which corresponds
well with the improved electrochemical performances over NMCS811.

Furthermore, chemical reversibility of MS-NMC was investigated at various states of
charge using ex-situ soft X-ray absorption spectroscopy (SXAS) as shown in Figure 4.4d,e, and
f. Here, the K-edge x-ray absorption near edge spectroscopy (XANES) spectra for Ni, Mn, and
Co are investigated. Ni K-edges spectra shift to higher energies during charge which corresponds
with increases in Ni oxidation states from Ni?* to Ni**. In contrast, Mn K-edges experience slight
variations but shifts to higher energy values were not as pronounced as Ni. This demonstrates
that Mn remains mostly 4+ during cycling which is consistent with prior findings. Co K-edges

also show changes in edge shape during charge and therefore changes in bond length or
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covalency. However, shifts are also not as pronounced as Ni and thus Co contributes less to
capacity. Upon discharge to 2.8 V, K-edges for all TM’s shift back to nearly overlap the pristine
state. Based on these results, it is clear that the MS-NMC composition is chemically reversible as
well as structurally reversible, which shows that the multi structure design did not affect the
redox activity of TM elements.

In order to better understand the end of life state for NMC811 and MS-NMC after
cycling, ex-situ postmortem focused ion beam-SEM was conducted and (FIB-SEM) images were
taken, as shown in Figure 4.5a and b. Cross sectional images of pristine NMC811, after one
discharge cycle to 2.7 V, and after 50 cycles are shown in Figure 4.5a. Morphologies under the
same conditions for MS-NMC are shown in Figure 4.5b. As can be seen, the pristine NMC811
and MS-NMC secondary particles are densely packed by primary particles with some
microcracks already present. Notably, NMC811 appears to be less dense than MS-NMC as
evidenced by the presence of more microcracks. After an initial discharge cycle to 2.7 V,
microcracks propagate further along NMC811 primary particles whereas MS-NMC particles
undergo minimal cracking. These visual results suggest that primary particles in MS-NMC
experience less volume changes during cycling, which corresponds with in-situ XRD results.
Even after 50 cycles, fewer microcracks are observed in MS-NMC than in NMC811. Particularly
in NMC811, the formation of macrocracks occur in the bulk and intergranular voids are formed.
These cracks expose the particle core to electrolyte and parasitic side reactions will occur in the
primary particles as well as secondary particle surfaces. After electrolyte exposure, rapid
capacity loss and structure degradation will occur, which corresponds with electrochemical and

in-situ XRD results. Clearly MS-NMC maintains structure and morphological stability better
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than NMCS811, which corresponds with the improved electrochemical performances and adds

further evidence for the benefits of the multi structure design.
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Figure 4.5. Morphology and structure after cycling. (a) SEM images of NMC811 morphology
showing severe particle cracking after X cycles. (b) SEM images of MS-NMC morphology
showing minimal particle cracking after X cycles. (¢ and f) HRTEM image of MS-NMC particle
surface after 100 cycles.(d) SAD image of MS-NMC along the [210] direction after cycling. (e)
Atomic level observations showing LR to layered phase transition from surface to bulk of MS-
NMC after cycling. (g) HRTEM image showing change from DRX surface to LR to layered
phases of MS-NMC. (h) EELS scan from surface to bulk of MS-NMC after cycling.

To further investigate MS-NMC particle structure stability, postmortem HRTEM was
conducted after 100 cycles as shown in Figure 4.5¢ and f. Although some slight hairline fractures

are visible in these images from the contrast, the overall structure is largely unchanged from the

91



pristine state. Line scan SAD was also conducted along the [210] plane to investigate atomic
level structure changes extending from the surface to bulk, as shown in Figure 4.5d and e. In
these images, the faint elemental traces present between layers of bright atomic lattice points are
characteristic of LR phases where lithium exists in the TM layer.'®> As the scan progresses from
the surface to bulk (SAD scans 1-6), these faint elemental traces fade and eventually are no
longer visible when a pure layered phase is imaged in the bulk. These results indicate that even
after cycling, the multi structure composition is well maintained in MS-NMC and the
characteristic multi-phase transitions are still present. In addition, higher magnification HRTEM
of particle surfaces shown in Figure 4.5g clearly shows the transition between DRX to LR to
layered phase from the surface to bulk. The DRX phase does not show significant increases in
thickness when compared to the pristine state, which suggests that MS-NMC surfaces were well
protected by the DRX structure and fresh surfaces were not consumed by electrolyte.

Moreover, line scan EELS was conducted from the surface to bulk and results are shown
in Figure 4.5h. Like the pristine state, EELS is useful for probing chemical evolution by
visualizing the spectra of the oxygen K-edge (525-550 eV range) and the Mn L3 and L>-edges
(640-660 eV range) after 100 cycles. The slight increases in O K-edge energy level when moving
from surface to bulk indicate slight increases in oxidation states. Increases in the intensity of the
O pre-edge peak also suggest changes in the local environment of oxygen, whereby weaker
intensities observed at the surface indicate more oxygen vacancies. The energy loss of the Mn L3
peak similarly increases when moving from surface to bulk, which indicates increases in Mn
oxidation state. Lower energy loss at the surface corresponds to charge compensation owning to
the presence of oxygen vacancies. These results indicate that after cycling some structure loss

had occurred at the surface possibly due to oxygen loss, which reduces the average TM valence
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state and can explain irreversible capacity loss observed during extended cycling. Lower TM
valence states at the surface also provide chemical evidence that a DRX phase is present as TM’s
will have a +2 oxidation in that state. These changes in Mn L3 and L, peaks are especially visible
when compared to the pristine EELS shown in Figure 4.21, where broader peaks at the surface
after cycling show that particle degradation has occurred. However, when the line scan after 100
cycles extends into the bulk the increased intensities demonstrate that the LR phase is well
maintained despite some degradation at the surface. When considered together with the HRTEM
images showing structural evolution, these findings demonstrate that the dual-gradient
composition is well maintained even after extended cycling and that the multi structure

composition remains stable at interfaces with electrolyte.

4.3 Conclusion

In conclusion, a multi-structure NMC cathode was successfully synthesized by a controlled
transition from layered core to LR interlayer to DRX surface structure. This combination of
material structures leverages the individual strengths and weaknesses of each structure type to
improve cathode performances at high voltages above 4.5 V. Here, the layered core can provide
energy density and rate capability, while the LR interlayer can maintain redox activity with
reduced volume change, and the DRX surface can enable structure stability. From
electrochemical performance results compared to conventional NMC, surface side reactions,
structure instability, and irreversible phase transitions are reduced. Moreover, this method
successfully integrates a uniform layer of more than one structure type which remains yet to be
achieved by conventional processes such as coating. This novel design opens new avenues for

future cathode material designs and seeks to inform strategies to achieve robust performances.
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4.4 Materials and Methods

4.4.1 Materials Synthesis

The secondary particle precursors of MS-NMC, and NMC811 were all synthesized via the co-
precipitation method. A 4 L batch reactor was employed to synthesize all precursors. Appropriate
amounts of NiSO4-6H>O (Sigma-Aldrich, >98%), CoSO4-7H20 (Sigma-Aldrich, >99%), and
MnSO4-H20 (Sigma-Aldrich, >99%) were used to prepare the 2.0 M starting solutions without
any pre-treatments. For the precursor of NMC811, the starting solution mixture of Ni, Co, and
Mn at 2.0 mol L'! was pumped into the reactor under N> atmosphere. At the same time, 4.0 mol
L' NaOH solution (aq.) and 5.0 mol L' NH4OH solution (aq.), which acted as a chelating agent,
were also pumped into the reactor. pH value of the precursor solution was kept at 11, temperature
kept at 60°C, and stirring speed kept at 1000 rpm/s.

For the MS-NMC precursor, a starting solution mixture of Ni, Mn, and Co with a mol
ratio of 8.9:0.5:0.6 stored in the first container was pumped into the reactor first; then, a solution
of Ni and Mn with a mol ratio of 2.5:7.5 in the second container was pumped into the first
container. At the same time, 4.0 mol L! NaOH solution (aq.) and 5.0 mol L' NH4OH solution
(aq.), which acted as a chelating agent, were also pumped into the reactor. pH value of the
precursor solution was kept at 11, temperature kept at 60°C, and stirring speed kept at 1000
rpm/s.

The precursor powders were obtained by filtering, washing, and vacuum drying in an
oven overnight. MS-NMC and NMC811 were prepared by thoroughly mixing the corresponding
precursors with appropriate contents of LiIOH-H»O. This was then followed by calcination at
optimized conditions and various temperatures for 12 h: 750 °C for MS-NMC and 750 °C for

NMCS811, respectively.
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4.4.2 Electrochemical Performance

For electrode preparation, active materials were mixed with carbon black (C45 Conductive
Carbon Black, TIMCAL) and polyvinylidene fluoride (PVDF, 8%wt Solvay® 5130 PVDF
binder dissolved in n-methyl-2-pyrrolidone (NMP)) at 80:10:10 wt% ratios and then followed by
grinding the mixture in a mortar at 2000 r.p.m. for 9 min (3 min per time, a total of three times)
in air atmosphere. The electrodes were dried at 80 °C under vacuum for 12 h to remove all traces
of solvent. The 2032 type coin cells were used to prepare lithium metal cells. Celgard 2325
separators (25 um), 1.2 M LiPF6 in EC/EMC (3:7) electrolyte (GEN II with a water content
below 20 ppm, 40 pl), and Li metal foil (MTI, 16 mm x 0.6 mm (diameter % thickness), high
purity of 99.9%) were used. The metal cells were then cycled vs Li+/Li and carried out in the
environmental chamber at 30°C or at room temperature, using small amounts of powder (~6 mg)

as positive electrodes.

4.4.3 Materials Characterization
X-ray diffraction measurement: Data of the cathode materials was collected using high-energy
X-ray diffraction (HEXRD) located at sector 11-ID-C of the Advanced Photon Source at
Argonne National Laboratory. A high-energy X-ray with a beam size of 0.2 mmx0.2 mm and
wavelength of 0.1173 A was used to obtain two-dimensional (2D) diffraction patterns in the
transmission geometry. X-ray patterns were recorded with a Perkin-Elmer large-area detector
placed at 1800 mm from the samples. Rietveld refinement of the collected HEXRD patterns were
carried out using GSAS package.

In-situ time-resolved high-energy synchrotron XRD measurements during cycling were

performed at the same beamline. With high penetration and low absorption, synchrotron HEXRD
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precisely reflects bulk sample structure properties in real time and realistic conditions. This is
beneficial when observing tiny phase changes that usually are invisible from lab scale XRD due
to poor background noise and time limited resolutions. The 2032-coin cells exhibited a 3 mm

hole suitable for X-rays to pass through and diffraction patterns were collected every 10 minutes.

X-ray absorption spectroscopy measurement: XANES for Ni K-edge, Mn K-edge, and Co K-
edge were performed at the NSLS-II Brookhaven National Laboratory on the bending-magnet
beamline 7-BM-B. X-ray photon energy was monochromatized by an Si(111) channel-cut crystal
monochromator running in continuous scan mode. Higher-order harmonic contaminations were
eliminated by detuning the monochromator to reduce the incident X-ray intensity by

approximately 30%. All spectra were collected at room temperature in the transmission mode.

Synchrotron 3D fluorescence measurements and data analysis: 3D Nano fluorescence mapping
were performed at the Hard X-ray Nanoprobe Beamline of the National Synchrotron Light
Source II at Brookhaven National Laboratory. The nanoprobe experiment was carried out at 9.6
keV by focusing the coherent monochromatic X-rays down to a 50-nm spot size using a Fresnel
X-ray zone plate. Tomography measurements were performed by collecting a total of 51
projections from -75° to 75°, with 3° intervals. The tomographic reconstruction was carried out
using an iterative algorithm known as the algebraic reconstruction technique. Further
visualization and quantification of the imaging data were carried out using the commercial

software package Avizo.

Ex-situ FIB-SEM and Transmission electron microscopy measurement: The metal cells after
electrochemical cycles were disassembled in an Ar-filled glove box. Subsequently, the cathode

electrodes were washed immediately using dimethyl carbonate and then completely dried under
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vacuum. After that, the cathode electrodes were cut into small pieces and pasted on a sample
stage of FIB-SEM. Lastly, the sample stage is sealed in a jar filled with Ar gas. When
transferring the sample stage into the FIB-SEM instrument, the samples will be exposed to the
air for a few seconds. The cross-sectional SEM observations were conducted by a Zeiss NVision
40 FIB-SEM dual-beam system. For TEM tests, thin-section TEM specimens were prepared
from each electrode foils by standard FIB lift-out procedure. The specimens were first thinned to
200 nm by a 30 kV Ga ion beam, and then further polished with a 5 kV Ga ion beam to remove
damaged layers. TEM and HRTEM characterizations were conducted using the Argonne
Chromatic Aberration-Corrected TEM (ACAT) (a FEI Titan 80-300 ST with an image aberration
corrector to compensate for both spherical and chromatic aberrations) at an accelerating voltage
of 200 kV. The 3D-rED datasets were acquired by stepwise tilting the sample with a collection
angle of -40° to 40°. The tilt step was 2°. The reciprocal lattice pattern was then reconstructed

using a Python script and the RED processing software package developed by Wan et al.
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Chapter 5
Summary and Outlook

5.1 Dissertation Summary

Achieving low cost and high energy density NMC can enable low cost BEV with long driving
range due to the significant impact that cathodes have on cost and performance.! However,
efforts to modify NMC are ineffective as oftentimes tradeoffs between cost and energy density,
cost and longevity, and energy density and longevity arise. Rather than continue modifying
NMC, research efforts in the battery community have turned to developing alternative
chemistries that overcome the intrinsic limitations of NMC. LR hold potential to resolve the
tradeoff between cost and energy density but have been limited by voltage fade that had been
thought to originate from oxygen release.” However, efforts to address oxygen release are
ineffective, which suggests that the origin of voltage fade remain a mystery. SC cathodes on the
other hand can resolve tradeoffs between energy density and longevity but are limited by
increased processing costs.*> Although removing Co from SC can reduce cost, few studies have
discussed Co-free SC performances.®! Therefore, there are clear knowledge gaps that prevent
practical use of LR and SC.

In this dissertation, the discussion in chapter 2 and chapter 3 fills these knowledge gaps
and inform LR and SC development. Data from advanced characterization techniques, such as
BCDI or 3D rED, that span multiple length scales are used in chapter 2 to clarify the origin of
oxygen release in LR cathodes and ultimately voltage fade. During cycling, material strain was
found to accumulate and release due to different redox activity in composite LR structures and
strategies to modify the distinct redox activity through phase modulation are proposed. For SC,

the effects of Co removal are investigated in chapter 3 using nanodiffraction and x-ray
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microscopy to better understand tradeoffs between cost and performance. A newly discovered LR
nano domain was found to form in SC, which induced particle strain and reduced longevity at
high voltages. These findings also contrast with NMC where performance at high voltages
improved after Co removal and suggests that strategies to improve NMC may not directly apply
to SC.#

Moreover, these insights from LR and SC have inspired the design of a multi structure
NMC (MS-NMC) cathode as described in chapter 4. The spatial control of NMC, LR, and DRX
structures in the bulk, inter layer, and surface of MS-NMC led to performances that were
superior to conventional NMC. Even after long term cycling, the multi structure composition
remained stable. This work is among the first to describe controlled synthesis of multi structure

cathodes and serves to inspire pathways to develop other cathode material types.

5.2 Outlook and Future Work

LR, Co free SC, and MS-NMC hold potential to resolve tradeoffs faced by conventional NMC
between cost and energy density, cost and longevity, and energy density and longevity. Realizing
the use of these cathode materials can ultimately achieve BEV that are cheap and have long
driving range. Through the work discussed in this dissertation, the origin of oxygen release and
voltage fade in LR, understanding of Co free SC, and pathways to realize high voltage
performance with MS-NMC have been revealed. However, despite their different intended
purposes these cathode materials also share similarities.

LR, SC, and MS-NMC cathode materials are oxides that rely on Li diffusion to and from
their structures to transfer charge.!>*® In chapter 2, the understanding that strain evolution
between LiTMO; and Li2MnOs structure domains due to different redox activity can lead to

voltage fade and oxygen release is applicable to the work discussed on SC. Since LR nano
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domains were also observed in SC as discussed in chapter 3, it can be reasoned that the voltage
fade and performance degradation present in Co free SC may be attributed to strain evolution of
the LR nano domains. However, this understanding can also be utilized to inform material
development. Although LR nano domains may be detrimental to SC performance, there may be
other materials with structures that can improve performance if those materials can be formed
instead of the LR nano domains. In fact, the O2 structure type proposed in chapter 2 may also be
leveraged in chapter 3. Therefore, efforts to elucidate LR can also inform understanding of Co-
free SC.

Moreover, the discovery of the LR nano domain in chapter 3 indicates that material
composition can greatly influence structure formation, as it was unexpected that simply
removing Co would form a new structure. Also in chapter 2, LiTMO2 and Li,TMO3; domains are
structurally coherent in LR despite the high Mn content. Interestingly, its high Mn content could
lower reactivity with electrolyte as Mn surface stabilization with electrolyte has been
demonstrated by advanced NMC designs.52-%* These insights were utilized in chapter 4 to
synthesize, MS-NMC, where the LR interlayer and DRX surface were synthesized using a Co
free precursor solution that only contained Ni and Mn. MS-NMC was designed to integrate
lattice structure stability with chemical stability using materials with different structures and high
Mn content. Therefore MS-NMC design is distinct from previous advanced chemical gradient
designs where only chemical composition is changed when transitioning from particle bulk to
surface.®2%* Although the exact mechanism behind the structure formation is unclear, chemical
composition and calcination temperature are likely key determinants. As discussed in chapter 3
and chapter 4, magnetic frustration that arises from certain chemical composition can generate

site exchange defects that can change structure ordering. Temperature on the other hand must be

100



controlled so that element gradients are maintained and are sufficiently high enough so that
structure formations can occur.®® Interestingly, this understanding of synthesis also applies to LR
and SC, which opens the possibility whereby multi structure LR or SC may also be synthesized
in future work.

Additionally, much of the characterization work conducted in this dissertation relied on
the use of advanced synchrotron techniques. Undoubtedly, these techniques provide newfound
insights into material phenomena at length scales that have been previously unobserved, as
evident in chapter 2 and chapter 3. BCDI and 3D rED were utilized to resolve the mystery
surrounding voltage fade in LR while nanodiffraction and x-ray microscopy were used to
identify the newly discovered LR domains present in Co free SC. Moreover, advanced in situ
XRD was also applied in chapter 4 to investigate real time structure evolution of MS-NMC
during cycling. Outside of the respective studies shown here, the methods may also be applied to
other cathode material types such as Na ion and provide new insights on strain evolution or
structure. Therefore, further development of next generation cathode materials requires the
development of next generation characterization methods. In fact there are significant efforts
underway to upgrade synchrotron sources and outfit them to study next generation materials.'®3
The collected work in this dissertation have clearly shown how new tools can be leveraged to
generate new insights and inform new development strategies.

Collectively, these three chapters on LR, Co free SC, and MS-NMC deepen the
understanding of cathode materials operating at high voltages and leverage both advanced
synthesis and characterization methods to do so. Material development and material
understanding are undoubtedly linked, where pathways to develop better materials can only be

realized by deeper understanding. In addition, it is also clear from the findings of this dissertation
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how insights gained from the development of one cathode material can be used for another.
Therefore, this dissertation furthers the understanding of material characteristics and material
development of next generation cathode materials, which serves to enable robust cathodes that
enable cheap BEV with long driving range.

As an aside, the commercial applicability of the characterization and synthesis methods
utilized in this thesis to commercial settings are also of question. Battery technologies is a field
where the lines between academic and commercial research interests are continually blurred and
there is growing interest to translate academic ideas into practical applications faster.!® Some
aspects of this thesis, such as single particle observations described in chapter 2 and 3, would not
be able to be conducted at a commercial site and the efficacy of the use of these tools would also
be questionable. This is because academic work is typically conducted on gram or microgram
scales even while commercial manufacturers operate at thousands of kilograms. Given this, even
with the same chemistry, cathode materials in different batches can often behave differently as
their synthesis conditions will not be uniform across such large quantities of material. As a result,
the applicability of insights gained from advanced characterization such as BCDI or rED of one
single particle to the large quantities seen at a commercial scale is unclear. Instead of relying on
time consuming methods to investigate single particles, commercial settings require quick
processes that can provide insights into large quantities of materials to investigate batch to batch
consistency. Therefore, despite the scientific value and novel insights developed by the tools
used in chapters 2 and 3, their use may be restricted to academic settings.

Similarly, the multi structure design concept described in chapter 4 would be challenging
to realize in a commercial setting. This is because to integrate multiple structures the chemical

concentration environment in the reactors would have to be continuously varied. This introduces
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process control challenges and if the environments cannot be properly controlled between
batches the performance consistency would vary widely. In addition, design targets such as
structure layer thicknesses would be difficult to control as there is no straightforward method to
check at mass production scales and ensure consistency across batches. Given the current
landscape, this shows that the proposed multi-structure synthesis in this thesis to enable
advanced cathode designs may be limited to specialty use cases where smaller batches of
materials are customized for specific applications. Until the challenges with batch to batch
consistency are addressed and efficient characterization methods are developed to verify
consistency, the multi structure design concept may also be limited to academic use.
Nonetheless, despite the limitations on commercial applicability with the work collected
in this thesis, the gathered work has undoubtedly deepened scientific understanding of cathode
materials and elucidated ways to resolve tradeoffs between cost and energy density, cost and

longevity, or energy density and longevity faced by conventional NMC.
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Appendix

Appendix A: Supporting Information for Chapter 2

Flgure A. 2 1. The SEM i 1mage of the LMR powder The partlcl size rangs from 200-600 nm,
which is ideal for the BCDI measurement.

Li1.2Nio.13Mno.54C00.1302 used in this paper is one of the most representative compositions for Li-
and Mn-rich layered oxides and has been frequently used as a model material for mechanism
understanding in many previous works.!-1

Synthesis of primary particle, rather than secondary particles, was purposefully controlled
for minimizing interference from morphological factors. Figure A.2.1 shows a single-particle
morphology with sizes ranging from 200 to 600 nm, which is an ideal size for the Bragg coherent
diffraction imaging (BCDI) measurements. Data in Figure A.2.4 confirms that the composition of
as-prepared sample was close to the designed composition.
The electrochemical behaviors (Figure A.2.1b) including the shape of charge-discharge profiles,

capacity performance and voltage decays all represent the typical behaviors of Li- and Mn-rich

layered oxides.
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Figure A.2.2. The particle size distribution of the as-prepared LMR cathode. The particle size

distribution of as prepared Li;.2Nio.13Mno.54C00.1302 is analyzed using Zetasizer Nano ZS90. The
mean particle size of LMR cathode is around 583 nm.
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Figure A.2.3. Nitrogen physisorption analysis of LMR. (a) The nitrogen adsorption/desorption
isotherm of LMR. (b) The corresponding BET plot of LMR. The specific surface area of the as
prepared LMR cathode is characterized by a nitrogen physisorption analysis experiment and
calculated using the Brunauer-Emmett-Teller (BET) model. The nitrogen adsorption/desorption
isotherm and the corresponding BET plot of the as-prepared LMR cathode indicate that its specific
surface area is calculated to be 2.804 m? g!.
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Figure A.2.4. SEM-EDS results of the pristine LMR cathode. The actual chemical composition
complies well with the design (Mn: Co:Ni=4:1:1).
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Figure A.2.5. The first charge/discharge curve of LMR cathode. The first charge profile exhibits
two distinct electrochemical stages at different voltage ranges. Stage 1 corresponds to the Li*
extraction (de-lithiation) from LiTMO: domains with concomitant oxidation of Ni** and Co*".
Stage 2 corresponds to the activation of LixMnO3 domains, further Li+ extraction and at this stage
oxygen is oxidized (at high potentials) to per-oxo species: (20% <> [02]> + 2¢").
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Figure A.2.6. The corresponding dQ/dV curve of the first charge/discharge curve. The dQ/dV

curve of the first charge exhibits two oxidation peaks at different voltage ranges. The broad peak
at 4.0 V corresponds to the oxidation of Ni and Co in LiTMO; domains. The sharp peak at 4.5 V
corresponds to the activation of Li-MnO3; domains.
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Figure A.2.7. The galvanostatic intermittent titration technique (GITT) test of the first charge. (a)
The voltage profile derived from the GITT test. (b) Li ion diffusion coefficients during the first
charge. The Li-ion diffusion coefficient keeps stable in stage 1 but dramatically decreases after the
activation of Li,MnQO3 domains (stage 2).

The Galvanostatic Intermittent Titration Technique (GITT) measurement was performed by
periodically pulsing and relaxing the battery between 2.0 and 4.8 V using a NEWARE

electrochemical analyzer with a 10 min pulse at 25 mA g-1 followed by 2 h relaxation every step.

The Li+ diffusion coefficient (DLi+) was calculated using Equation (1):

D2 (4 () e

in which t is the pulse time of 600 s and Rs is particle equivalent radius of 200 nm.
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Figure A.2.8. The SEM image of the as-prepared LixMnO3; powder. The as-prepared LixMnOs
exhibits a single-particle morphology with average particle size of 100-200 nm.
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Figure A.2.9. The particle size distribution of the as-prepared LixMnO; powder. The particle size
distribution of Li2MnOj3 is analyzed using Zetasizer Nano ZS90. The particle size distribution is
relatively wide, and its mean intensity locates at 304 nm because of the existence of particle
agglomerates.
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Figure A.2.10. Nitrogen physisorption analysis of the as-prepared LiMnO; powder. (a) The
nitrogen adsorption/desorption isotherm of the as-prepared LixMnOs powder. (b) The
corresponding BET plot of the as-prepared LixMnO3; powder.
The specific surface area of LioMnO; is further characterized by a nitrogen physisorption analysis
experiment and calculated using the Brunauer-Emmett-Teller (BET) model. The nitrogen
adsorption/desorption isotherm and the corresponding BET plot of Li2MnO3 are shown in Figure

A.2.10. The specific surface area of Li,MnOj3 is calculated to be 3.1106 m? g'!. In general, the

morphology and surface area of LixMnQO3 are comparable to that of the LMR cathode.
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Figure A.2.11. In-situ differential electrochemical mass spectroscopy measurements for the first
charge of LizMnOs. The signal of Oz evolution is not detected until 20% delithiation of LizMnOs.
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Figure A.2.12. The ex-situ XRD patterns of the first charge/discharge for the LMR cathode. The

obvious lattice parameter changes can be observed from ex-situ XRD pattern, particularly in the 2
theta range of 3.0-6.0°.
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Figure A.2.13. The in-situ XRD patterns of the as-prepared LMR cathode during the first
charge/discharge in the voltage range of 2.0-4.8 V using a current rate of C/10 (1C =250 mA g™).
The obvious lattice parameter changes can be observed from in situ XRD patterns, particularly in
the 2-theta range of 1.3-1.5. Generally, the structure evolution observed in in-situ XRD is
completely consistent with that in ex-situ XRD (Figure A.2.3c).

In situ HEXRD measurements during cycling were performed at the 11-ID-C beamline of the
Advanced Photon Source at Argonne National Laboratory. The high penetration and low
absorption of HEXRD is beneficial to observe tiny phase changes that are usually invisible from
lab scale XRD. The 2032-coin cells have a 3 mm hole suitable for X-rays to pass through and

diffraction patterns were collected every 10 minutes. Kapton tape was used to seal the holes of the

coin cells, preventing them from air exposure.
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Figure A.2.14. Ex-situ Mn K-edge EXAFS spectra of the samples at pristine, 4.5V and 4.8V and
the corresponding fitting results. Detailed fitting results are shown in Table A2.2.
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Figure A.2.15. Visible lattice displacement observations using TEM of the LMR charged to 4.47
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Figure A.2.16. Visible observations of the LMR charged to 4.5 V. (a) High magnification TEM
image of the LMR charged to 4.5 V. (b) The enlarged image of the selected area in Figure A.2.16a.
(c) The corresponding Fourier pattern of the select area of Figure A.2.16a. (d, e, f and g) The
simulated patterns of standard electron diffractions for Layer [210], spinel [112], and LixMnO3
[100]/[110].
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Figure A.2.17. (a, ¢ and e) TEM images of the LMR cathode charged to 4.5 V. The lattice
displacements are highlighted with yellow marks. (b, d and f) The corresponding FFT images of
Figure A.2.17 (a, c and e). Obvious lattice displacements are observed in the different particles and
the corresponding FFT images confirm the existence of spinel phase at 4.5 V, which is highly
consistent with Figure A.2.4g results.
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SAED images in Figure A.2.19- 20 are used for 3D-rED reconstruction.
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Fure A.2.19. The SAED images captured at different rotation angles from 0 to 38°. These SAED
images in Figure A.2.19-20 are used for 3D-rED reconstruction.
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Figure A.2.20. (a and b) The reciprocal lattice viewed along the a* axis of the LMR cathode at 4.5
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Figure A.2.21. (a) The selected area electron diffraction (SAED) image of the sample charged to
4.5 V. In addition to the typical layered structure and weak Li,MnOs3 reflection, the reflection that
corresponds to the spinel lattice can be also observed. (b, c, d and e) The simulated patterns of
standard electron diffractions for Layer [210], spinel [112], and LixMnOs [100]/[110].
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Figure A.2.22. Visible observations of the LMR charged to 4.8 V. (a) Low magnification TEM
image of the LMR charged to 4.8 V. (b) High magnification TEM image of the LMR charged to
4.8 V. A clear reconstruction surface layer with the spinel phase can be visualized.
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Figure A.2.23. Electron energy-loss spectroscopy line scans of the O K-edge, Mn L-edge, Co & Ni
L-edge for the LMR charged to 4.8 V along the direction from surface to bulk. The intensity of O-
K edge prepeaks substantially reduces from the interior to the exterior and almost disappears near
the surface. Concurrently, Mn L-edge shows left shift near the surface.
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Figure A.2.24. Electron energy-loss spectroscopy line scans of the O K-edge, Mn L-edge, Co & Ni
L-edge for the LMR charged to 4.8 V along the surface fringe. The O-K line-scan parallel to the
surface confirms that the oxygen release uniformly occurs in the entire particle surface as the
disappeared O prepeak.
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Figure A.2.25. The XRD pattern of as-prepared Lii.03Nio.13Mno.54C00.1302. The diffraction peaks
belonging to an O2 phase with P63mc symmetry are indexed by blue marks, while the others
belonging to an O3 phase with R-3m symmetry are indexed by red marks.

The O2 phase based LixNig.13Mno.54C00.1302 was synthesized using a sol-gel method followed by
a low-temperature ion exchange method. NaCH3COO-3H20 (Aladdin, 99%), LiCH;COO-2H>O
(Aladdin, 99%), Ni(CH3;COO);-4H>O (Aladdin, 99%), Mn(CH3COO),-4H>0 (Aladdin, 99%),
Co(CH3C0OO0),-4H>0 (Aladdin, 99%) and Polyvinylpyrrolidone (Aladdin, K30) were mixed in a
molar ratio of 85:20:13:54:13:370 and then dissolved in 50 mL of deionized water. The resulting
solution was dried at 90 °C overnight and then calcinated at 500 °C for 3 hours. The obtained
powder was thoroughly ground and mixed in a mortar and then calcinated at 800 °C for 10 hours
to obtain the sodium containing precursor, Nao.g3Lio.2Nio.13C00.13Mno.5402. Note that 20% Li in this
precursor mainly occupies the TM layers, and 83% Na occupies the Na layers. Finally, the
precursor was subjected to ion exchange in eutectic LiNO3-LiCl at 280 °C for 4 hours to obtain
Lio.83L10.2Nio.13Mno.54C00.1302. To simplify, it can be written as Lii.03Nio.13Mng 54C00.1302.

The XRD pattern of as-prepared Lii.03Nio.13Mno.54C00.1302 is shown in Figure A.2.7. The major
diffraction peaks can be well indexed to an O2 phase with P63mc symmetry, while the other minor

ones can be indexed to an O3 phase with R-3m symmetry. Therefore, Lii 03Nio.13Mno.54C00.1302 is

mainly O2 phase based with minor O3 phase coexisted.
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Figure A.2.26. High resolution TEM image showing the atomic arrangements of O2 phase LMR.
The domain structure is eliminated and replaced by homogeneous atomic arrangement. Since it
has been proven challenging to alter the domain mesostructure of the O3 type-LMR, we attempted
to eliminate composite domain structure with homogeneous atomic arrangement in O2 type-LMR
cathode. As shown in Figure A.2.25, the LixMnO3s-like domain is rarely observed in the O2-type
LMR, which suggests that the structural motifs in the O2 type LMR cathode are dispersed in the
TM layer instead of being aggregated to form a Li»MnO3-like domain.
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Figure A.2.27. (a) The charge/discharge profiles of O2 phase based-LMR cathode. The cells were
activated at C/10 within first 2 cycles and then cycled at C/3. The smooth charging behavior with
no apparently differentiated voltage plateaus indicates effectively suppressed differential
electrochemical activities. (b) The voltage stability of the O2 type-LMR cathode during cycles
presents in the plot of average (mean) voltage profiles vs cycle number.
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Table A.2.1. Lattice parameters obtained by the two-phase structure model refinement of pristine

LMR cathode.
Phases
Phase fraction 0.57(4)
Phase 1 a=b 2.8535(6) (A)
Space group: R3m Lattice parameters c 14.2424(9) (A)
% 100.43(6) (A3)
Phase fraction 0.43(4)
a 4.9488(1) (A)
Phase 2 b 8.5485(4) (A)
Space group: C2/m Lattice parameters c 5.0366(6) (A)
8 109.556(0) (°)
% 200.78(2) (A3)
Agreement factors R%/:)p(;’/;) 2;2

The XRD pattern of the LMR cathode is refined using the two-phase model, which consists of
both rhombohedral R3 m and monoclinic C2/m phases that are present in LMR cathodes.
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Table A.2.2. Structural parameters of the samples obtained by fitting the EXAFS data. There are
the average coordination number (CN), path distance (R), Debye-Waller factor (c?), threshold
energy correction (AE), and the R-Factor of the fitting.

Samples Shells CN R (A) a2 (R?) AE (eV)  R-Factor

Mn-O 6 1.905 0.003

pristine -5.3 0.014
Mn-TM 2.8 2.869 0.003
Mn-O 5.3 1.904 0.003

charged to a7 0.010
4.5V Mn-TM 2.7 2.873 0.003
Mn-O 49 1.890 0.005

charged to 77 0.015
4.8V Mn-TM 3.8 2.875 0.005
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Appendix B: Supporting Information for Chapter 3

Table B.3.1. The refinement results of the HEXRD measurements of SC75, including lattice
parameters, Li/Ni disorder and Ry,.

Samples a=b c Li/Ni disorder R

wp

SC75 2.8710 14.1995 5.44% 0.0746
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Figure B.3.1. The dQ/dV curves for 4.4 V and 4.6 V cycling, respectively.

148

4.6



Figure B.3.2. (a), The TEM image of the selected particle for 3D-CRED. (b) The reconstructed
3D-reciprocal lattice projections along the c* direction.
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Figure B.3.3. (a-c) The low-magnification TEM images of a same SC75 particle along different
zone axises. (d-f) The corresponding fast Fourier transformation (FFT) patterns of the HRTEM
images in the Figure B.3.3g-i.
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Figure B.3.4. (a) The low-magnification TEM image of the SC75 particle along the [210] zone
axis. (b) The corresponding SAED pattern. (c¢) The HRTEM image with red indicators showing
the dim dots.
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Figure B.3.5. The EDS spectrum and structural characterization of the SC80 sample.
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Figure B.3.6. The EDS spectrum and structural characterization of the SC90 sample.
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Figure B.3.7. (a-d) The high-magnification TEM images of the SC75 cathode after 100 cycles at

0.5C and 2.8-4.4 V, showing the moire patterns.
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Figure B.3.8. (a-c) The high-magnification TEM images of the SC75 cathode after 100 cycles at
0.5C and 2.8-4.6 V, showing the moire patterns and cracks.
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Appendix C: Supporting Information for Chapter 4
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Figure C.4.1. Quantitative composition profile obtained from 3D XRF showing average Ni, Mn,
and Co compositions.
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Figure C.4.2. Cycling charge/discharge profiles of MS-NMC full cells using graphite anode with
voltage range of 2.65 — 4.55 V, current rate of 1C, and temperature controlled to 25°C.
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Figure C.4.3. Cycling charge/discharge profiles of NMCS811 full cells using graphite anode with
voltage range of 2.65 — 4.55 V, current rate of 1C, and temperature controlled to 25°C.
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Figure C.4.4. Cycle performance of MS-NMC and NMCS811 full cells using graphite anode with
voltage range of 2.65 — 4.55 V, current rate of 1C, and temperature controlled to 25°C.
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Figure C.4.5. Average voltages for MS-NMC in half cell format and cycled within a voltage
range of 2.7 — 4.6 V, current rate of 0.5C, and at room temperature (22 =+ 0.5°C).
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Figure C.4.6. dQ/dV profiles for MS-NMC in half cell format and cycled within a voltage range
of 2.7 - 4.6 V, current rate of 0.5C, and at room temperature (22 + 0.5°C).

161



1st
. 20th
1000 - —— 50th
1 —— 100th
800
600 -
5 400 4
g _
©
200 -
O r—
-200
-400
T T T T T T T
3.0 35 4.0 45

Voltage

Figure C.4.7. dQ/dV profiles for NMCS811 in half cell format and cycled within a voltage range
of 2.7 — 4.6 V, current rate of 0.5C, and at room temperature (22 + 0.5°C).
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