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Abstract

Lithium-ion batteries (LIBs) are the dominant energy story technology for mobile devices and
plug-in electric vehicles due to their unmatched combination of energy density, power output,
and cycle stability. A coveted goal in their development is the expansieneofly density

which is currently bottlenecked by the charge storage capacity of the cathode material.
Moreover, the rampup and projected growth of LIB production raises concerns over the
availability and cost of raw resources, particularly oa tkliance of cobalt in the cathode
material. To suit these requirementgykered structur&iNixMnyCo,0> (NMC, x +y + z = 1)

class materials are the most commercially relevant, with ongoing efforts to increase the Ni to Co
ratio. Although Nir i ch NMC cat hodes (x O 0. 8) can achi
applicability is limited due to the poor cycle life and safety. Thuss itritical to develop
strategies to address thga®blems In general, the performance of electrode materials can be
modified by 1) altering the particle morphology, 2) applying a surface coating, 3) applying a
transition metal dopant, and #)odifying the electrolyte composition to suppress deleterious
electrodeelectrolyte side reactions, all of which were explored in this work.€eldrochemical
performance of single crystal LiiaVino.oeC00.1102 (SG-NMC811) electrodes was enhanced by
coatings applied with atomic layer depositiGhLD). The performance of various coating
materials (AfOs, alucone, TiQ, and titanicone) was thoroughly compared and their mechanisms
were analyzedAs the coating was applied on the fabricated electradeas observedto be
localized on the electrode surface. Thus, it was concludedthieatALD-applied coatings
primarily act by accelerating the decomposition of liRteating the cathode with fluoride and
phosphate species thadssivatets surface The coatings were most effective at improving cycle

stability at low currents, where capacity degradation is dominated by active material loss from

Vi



HF corrosion. At elevated currents, kinetic factors dictate capacity degradetich, minimized
the impact of the ALBapplied coatings. Preliminary investigatiaras also conducted on the
relationship between coatings and electrolyte additivadsich sharemany mechanismsIn
subsequent work, Zr and @ased coatings wefermedon SCGNMCB811 particledy sintering
Consequently, doping within the particle balknalsooccur. The coating thickness and extent of
doping were optimized in order to delineate the various improvement mechabDigpiisg was
found to improve cycle stability at elevated currents, likely duéstomprovement ofLi*
diffusion kinetics and suppression of lattice volume evolutldowever, he thickness of the
coating shouldbe minimized particularly when cycling at elevated currents, due to the rapid
build-up of surface impedancd-inally, SCNMC811 wascycled with a passivatinghigh
concentration LiFSbased electrolyte, withis cycle stabilityfurther enhancedy incorporating
coating. Under this unconventional electrolyte system, fhessivationmechanism of the

coatings was proposed.
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1. Motivation

The gowing demand for energy globallyecessitates technological advancements in clean
energy storage. Current energy generation relies on fossil fuels, which are inherently finite,
limited in geographic distribution, and release greenhouse gases into the atmosphere during
conversion. Although renewable energpurces(e.g., wind, solar, and geothermalan
supplementthe demand their energy output is intermittent and thus requires energy storage
solutions to generate an uninterrupted power supply system. L#biurbatteries (LIBs) are
currently thedominantenergy storage technology for mobile devices (cell phones, laptops,
wireless earphonestc) and plugin electric vehicles (EVs) due to their unmatched combination

of energy density (15250 Wh kg, normalized by device mass), power density (>300 W) kg

and cycle stability (~2000 cycleSCurrently, @mand for LIB is correlated with the recent and
skyrocketing growth of the EV marketigure 1A). This sales growtis driven by government
incentives, such as subsidies, rebates, tax breaks, and implementation of charging stations. In
addition, expanded EV driving ranges and lower costs due to steady improvements in LIB

technologyand manufacturingre critical factors.

The International Energy Agen¢lEA) estimateghat the number of EV sales globally exceeded

10 million in 2022, and is projected to reach 45 million in 203Mis projection is more
optimistic thanonesconductedoy the IEAIn previous yeard Avicenne Energy estimated that

EVs dominated the energy output of LIBs in 2017, more than doubling the usage from portable
electronics Figure 1C).* This is projected to further increase (+31.6%) by 202t global
expansion of LIB production capacity is projected by Benchmark Mineral Intelligence to balloon

from ~290 GWh in 2018 to ~1700 GWh in 2028.
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Figure 1. A) Global new EV sales to date B) Price (represented in bar size) of valuable metals
used in LIBs in 2018 from the U.S. Geological Survey. Projection of LIB market share based on
C) application and D) cathode composition. Projection assumes that Tesla, Inc. remains the only
major EV manufacture to adopt NCA cells in 20Reprintedwith permission from Wey

2020°

1.1. Sustainability of LIB Production

Naturally, the ramjup and projected growth of LIB production raises concerns over the
availability of raw resources. LIB technology for consumer EVs is currently dominated by two
main cathode compositions, layerddNiixyCoAlyO2, x + y < 0.2 (NCAtype) and
LiNixMnyCo,0z, X + y + z = 1 (NMC-type)! Due to the degree of commercialization and
production of these materials worldwide, it is expected that they will remain the primary cathode
chemistries for LIBs over the next decadeigure 1D). Approximately 56880% of the
production cost of LIBs is associated with materials, with up to 50% of this ascribed to the
cathode active materi&P. As LIB manufacturing costs have substantially decreased due to

economies of scale, transitions toward larger cell formats, and maturity in battery pack

production techniques, the material input cost will become more prevalé@onstraints in the



supply of raw materials cdead to severe price fluctuations and make LIBs unreasonable for

large-scale applicationdringing the momentum and optimism of the EV market to a halt.

Among the raw resources required for LIB production, concerns have been raised over the
supply chais of lithium and cobalt, whiclareclosely linked with battery production. While the
exact quantity of recoverable global lithium reserves is difficult to determine, most projections
concur that they are sufficient to meet lelegm projected demands (up to 2168) However,
concerns exisbver the uneven geographic distribution of the reserves and whether production
can meet high demands for lithium by 2050, whichild lead toprice spikes'> On the other

hand, reports have indicated thiatited cobalt supply could occur as early as 2830.

As seen inFigure 2A and 2B, cobalt is by far the most valuable metal used in LIBs. In 2010,
~25% of all cobalt produced was used in secondary batteries (LIBs and minor quantiyllih Ni
batteries), which grew to 30% in 2017 and is expected to expand to 53% by’ 20@Bover,

cobalt continues to be an important component in catalysts, integrated circuits, semiconductors,
magnetic recording devices, and various Fstiength alloys. However, cobalt is scarce and
expensive to process, as it is mostly derived fromdowcentration byproducts of nickel and
copper mining. Cobalt is considered a critical resource as ~60% of the worldwide mine
production in 2018 originated from coppasbalt ores in the Democratic Republic of the Congo
(DRC), where geopolitical instabilitand unethical working condition®.¢., child labor and
hazardous exposure) are well documentedcandd lead to halting of cobalt exportd!® This

was apparent in 1978 where civil conflict generated a drastic price spike known as the Cobalt
Crisis Figure 2A). Moreover, China has dominance over the cobalt supply chain as the world
largest producer, supplier, and consuntggyre 2C). China has heavily invested and acquired

foreign cobalt mining operations primarily in the DRC since 2000, which has reduced their net



import reliance of raw cobalt from 97% to 68%Considering that China itself may experience

cobalt supply deficits by 2030 unless efficient recycling targets are achfe@d,i naés coba
production will likely be prioritized for domestic battery manufacturers. Continued global
reliance on cobalt may lead to competition for raw materials and ensuing conflicts similar to the

rare earth metals trade dispute in 20T@ese factors have generated interest into developing
cobaltfree energy storage technologfé®isk of a disruption to the cobalt supply chain and the

economic importance of the material have caused it to be included on both the 2017 European
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Figure 2. A) Historical inflationadjusted commodity price of cobalt. B) Commaodity price of
other common metals used in LIBs. C) Trade flow of raw and processed étdgaiinted with
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Additionally, the supplydemand balance of the resource should be considered. As mentioned,
the growth in cobalt demand is dependent on the electrification of the automotive industry but is
anticipated to be betweer1B% per year, bringing the total to around 390,000 tonnes in 2030. A
report from Diaset al® describes a scenario where the demand will outpace the supply by 8000
tonnes in 2020 and upwards of 175,000 tonnes by 2030. This deficit risks disruption of the
supply chain and threatens a rapid increase in the commodity price of raw cobalt. A second
scenario was modeled for the surplus/deficit of cobalt affected by substituéorhge use of

low-Co andCo-free chemistries in LIBs) which still indicated a deficit of 64,000 tonnes by 2030.

LIB metal recycling is another important consideration when examining the supply and demand
balance of cobalt as it can assist wib previously noted constraints surrounding the resource.
However, owing to the continuous expansions in battery produdtignreé 1A), production is
expected to substantially outweigh tmountof endof-life battery materialentering the waste
stream over the foreseeable futukairthermore, LIB recycling activities are concentrated in
China,whereas infrastructure elsewhere consists of select private facilities focused on recovering
high-value cobal2® Although the recycling of endf-life LiCoO. batteries in portable
electronics is highly feasible and profitable, gbare significant technical challenges and
decreased financial motivati@xistin recycling mixeemetal LIBs in EVs that will dominate the
waste stream over the next decati€sirthermore, the dismantling of cells from EV battery
packs is currently not economically feasible. Although the concept of repurposiruf-kfed
battery packs~«80% capacity retained) toward stationary energy storage has been proposed, it is
not well developed® Worldwide realization of LIB recycling will require legislation and
political pressure, likely in the form of economic incentiveg ( refundable deposits with LIB

purchases), public education, landfill disposal regulations, and defined responsibilities on the



collection and disposal of LIBs for consumers, retailers, and EV and battery manufacturers.
Taken together, it is evident that cobfatte cathodes are required for sustainable -tengp

applications of LIBs

1.2.Thesis Organization

This thesis cmprisessevensectionsSectionl discusses the importance of reducing the reliance
of cobalt in LIB manufacturingSection 2 introduces the reader to the geneoglerating
mechanism of LIBs and the currently available cobalt &medlow-cobalt cathode materialksli-

rich layered oxide cathode materials are discussed in detail, particulamyddgradation
mechanismsStrategies to improve the performance ofridh cathodes are then reviewed,
which includes the synthesis of single crystal particles, the application of a surface coating,
doping the lattice with certain transition metals, and developing novel electrolyte compositions.
An emphasis is placenh discussingsurface coatings, which is the central focus of the research.
Section 3 discusses the theomgnd rationale of theharacterizationtesting, and fabrication
techniques used in thisork. Section 4 investigates the improvement in performance of a Ni
rich cathodecoated by atomic layer depositidising conventional additivree LIB electrolyte,

the performance of four different coating materials was thoroughly compared and the
mechanisms are discussethis work reveals that the coatings primarily act by modifying
chemical reactions at the electreelectrolyte interfaceThus, the relationship between coatings
and electrolyte additives is also discuss8dction 5 investigatesthe mechanism&y which

metal oxide coatingsehave during battery operationmore detail in an attempt to delineate the
impact of the surface coating versrensitionmetaldoping mechanise1ZrO, and CeQ coating
materialswere sinteled on Ni-rich cathode particleat differentquantitiesand temperatures to

modify the coating thickness and degree of doping. The effects on performance were thoroughly



compared and analyzeflection6 introduces a higitoncentration electrolyte composition with
excellent compatibility with Nrich cathodes. To further improve performance, the most
promising coatings identified in the prior sections are paired with this electraliyie.
mechanism of the coating the presence dhis electrolyte is propose#inally, the conclusions
outstanding questionand futureresearchdirections with respect to thepeojects are discussed

in Section?.



2. Background

2.1.LIB Operating Mechanism

Figure 3 below depicts the major components and operating mechanism of a conventional LIB
cell. The negative and positive electrode correspond to the anode and cathode respectively during
discharge and areonventionallydesignated this wayl'he separator typically comprises porous
poly(ethylene)/poly(propylenejnembrang which is an electrically insulating material that
prevents an electrical sherircuit due to electronicontact between the electrodes, but is porous
to allowLi* transport The electrolyte is typically lithium hexafluorophosphate (ls)Rfssolved

in a mixture of ethylene carbonate and either dimethyl carbonate, diethyl carbonate, or ethyl
methyl carbonate. This organic solvent is chosen due tooitgoatibility with grapite-based
anode materials ankigh electrochemical stability, allowing the battery to operate at a higher
voltage range. The operating principle relies on the intercalation aimtedealation ofLi*
between the electrodes, wheié can be reversibly inserted and removed from the host network.
During charge the positive electrode serves assaurcé of lithium ions. A power source is
applied to the battery in order to oxidize the transition metal oxide, resulting in the reléase of
into the electrolie (.e., deintercalation or delithiation) and simultaneously releasingn
equimolar number otlectronsinto the external circuit. The electron combines with.ia
intercalatedinserted at the graphitdbased negative electrode. During discharge, the reverse
reaction occurs spontaneously, whetectronsand Li* are simultaneously released from the
negative electrode, and the elecsogleased can be used to power a load. A varietiftefrent
cathode materialare commercially available, with the most common being lithium cobalt oxide
(LiCo0Oy), lithium iron phosphate (LiFeR{ lithium manganese oxide (LiM@i), NMC
(LiNixMnyCo0,02), and NCA (LiNkCo,Al;O2). The varioud IBs are referenced according to the
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cathodecomposition, as theathodedictates the battery capacity and energy density, while the
anodes always a graphitbased materialiCoO2 was the first cathode material commercialized
in LIBs by Sony in 1991Due to the high cost of Co as establishedséaction 1 the other
cathode materials amirrentlymore prominent Different materialshave advantages and trade

offs with respect to energy density, power capabilities, cost, toxicity, safety, and stability.
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Figure 3. Components and operating mechanism of a lithiom battery. Reprinted with
permission from Wiley, 2020,
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2.2.CommercializedCobalt-Free Cathodes
The following sections discuss tkhebaltfree cathode materials that are currectiynmercially
produced in LIBsIn brief, they have inherent limitations with respect to energy density and/or
stability.

2.2.1.LiIFePOg4
The olivine LiFePQ@ cathodehas generated significant interest due tociteap and abundant
composition, and high thermal stability and safety associated with streRgOFbBonds. This
restricts the evolution of £at high temperatures and limits thermal runaway. However, the main
bottleneck toward application in EVs is the high cost relative to its energy d&€naitiough
LiFePOris known to have high electrochemical stability over a ~100% depth of discharge and a
flat charge/discharge profile, thus allowing the practical capacity to approach the theoretical one,
the low energy density is attributed to the low nominal voltage (3v3 §faphite anode) and
poor packing/tapped density (g érof LiFePQ particles? The poor packing density is because
LiFePQ: must be synthesized as carbmated nanoparticleé8:3° Synthesizing this morphology
is necessary as LiFeR@lisplays poor intrinsic electronic and ionic conductivity. The poor
electronic conductivity is due to the localized positions &f Bad Fé* (LiFePQJ/FePQ). Li*
can only diffuse in 1D along thHeaxis formed by edgehared Li@ octahedra. The nanoparticle
morphology improves electrical conductivity by improving interparticle contact and also
reducing the electron transport path and tunneling barrier between the particle surface and core.
Meanwhile, the conductive carbon coating (permeablefpodrsures electrical percolation. The

nanoparticle morphology also reduces the sstiade diffusion path for Li

The lower energy density of LiFeR@ompared toother cathodematerialslimits the driving

range of EVs, and thus it has achieved limited penetration in Western markets. Furthermore,

10



although the material composition of LiFePi® cheapcostsassociated with the complexity of

the synthesis procedutends to be highThe electrochemical performancelafFePQ; is highly
sensitive to the preparation method, requiring rigorous control of morphology, particle size
distribution, coating homogeneity, and reagent purity while ensuring thaisAgot oxidized to

Fe* for performanceconsistencied'®? Lowered costs ofLiFePQ; through maturity and

economies of scalill expand its applicability.

Recently, interest in LiFeP@ven for EV applicationbas resurgediue to its cobakind nickel

free composition and potentially low costin China, it has beenadopted by major EV
manufacturers, such as the BYD Company and the Wanxiang Group Corporation. Most electric
buses (~99% of the global stock concentrated in China) utilize LFP batfeFiesia Motors also
announced in 2021 that it will implement LiFePfor EVs with a lower driving rangelhus,
LiFePQ will likely be prevalent in applications where casdfety and stability is more critical

than the energy densit§.

2.2.2.LiMn 204
Spinel LiMnO4, comprising a 1:1 mixture of Miand Mrf* (denoted M%), is known for its
high rate performance due to the 3D sdiidte diffusion pathways for Lilts high average
voltage (~4 Vvs Li/Li*) also enables high power outpltt.is worth mentioning that layered

LiMnO: is unstable after electrochemical cycling and transforms into the spinel structure.

Although the highpower outpuf LiMn2O4 makes it ideal for application such as power tools,
its main setback is the low practical capacity and cycle stability. This is caused by the presence
of Mn®*, which due to its electronic configurationgttes!) can induce Jahfieller distortion®®

The JahrrTeller distortion of MA* can cause lattice changes from the cubic to tetragonal phase,

11



which increases the resistance for ldiffusion. The distortion is more pronounced when
discharging at high rates as’lis more concentrated at the surface of the Li®inparticles,

which leads to more pronounced distortion and causes particle cracking and discorfiection.
Moreover, Mii* is unstable and generates soluble’?Myased on the disproportionation reaction:
2Mn*(solid) A Mn**(solid) + Mrf*(solution). Suppression of Jaffieller distortion has
commonly been addressed by partially substituting Mn with other cations to reduce the amount
Mn3* 3739 while various coatingand particle morphologigsave been explored to suppress the

dissolution of M Ultimately, the poor reliability of LMO limits it toward niche applications.

2.3.Ni-Rich Layered Oxide Cathodes

In contrast to the previously discussed materialgeredoxidetype cathodes typically possess

the highest combination @nergy density¢cycle stability and rate performancé&hus, they are

the mostpromising to reach the high energy and lifetime requiremexpectedfor EVs. The
general lattice structure is shown kigure 4, where the oxygen lattice forms a cubic close
packed structure while Li and transition metals (TMs) occupy the octahedral 3b and 3a Wyckoff
sites respectively. At a macroscale, the structure is comprised of alterrtedimgjtion metal

oxide (TMO) and Li slabs/layers. The distance between TMO slabs is known as the interlayer

space.
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from the American Chemical Society, 20*7.

The LiNixMnyCo.0> (NMC-type) cathodes are the most establisaedcommercially relevant
series oflayered oxidecathodesNi-rich layered oxides are typically associated wit® Oln 8 .
this solid blend, Mf{ is electrochemically inactive and assists with thermal and electrochemical
stability, while C3* contributes to the intrinsic electronic conductivity and suppresses cation site
exchange between Niand Li*.*>*3Ni exists as either Ki or Ni¥* in the pristine material, where
capacity primarily comes from the N Ni®* z Ni** redox with some contribution from €o

z Cd* at higher voltages. A higher Ni/Mhratio in LiNixMnyCo,0; increases the average
valence of Nibased orcharge balance, resulting in more reliance on th# &li Ni** redox,
which is more favorableompared to the Kiz Ni®* redox. Thus, a higher capacity and energy
density can be achieved at the same uppepftutoltage as shown inFigure 5. A 4.3 V vs

Li/Li * upper cutoff voltage is most commonly used iesearch studiesnd the reference point

for the discussion belowAt the same time, the amount of cobalt in the material is reduced.
LiNi 1/sMn15Co1302 (NMC111, ~160 mAh @, 20.4 wt% Co)was the first reportecand
commercializedNMC-type materigland is well established for its safety and reliabfift§? In

an effort to increase energy densityiNio.eMno2Co 202 (NMC622, ~180 mAh g, 12.2 wt%
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Co) was developed, and this composition or small deviations from this wadely
commercialized andurrentlyemployed in EVSLiNiosMno.1Co0.102 (NMC811, ~200 mAh g,

6.1 wt% Co)and even higher Ni compositions are under development in both academic and
commercial settings, although their poor cycle stability and safety remain problématic
ol cobaltdé (9.2

Similarly, LiNio.sC00.15Al00502 ( NCA) i s a ow

known to display a similar energy density to NMC811, although with better cycle retention but

poorer thermal stability.
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Figure 5. A) Initial discharge capacity of various NMC compositions cycled betwéend.8 V
vsLi/Li*. B) Cutoff voltage of various NMC compositions required to reach an energy density
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NMC811 demonstrates poor cycle and thermal stability compared to NMC622 and NMC111 due
to its increased moisture sensitivity;"ANi?* cation mixing, electrolyte side reactions, and phase
transitions toward spinel and rosklt structures along with gas evolutiornp,(GO, and CQ) at
elevated temperatures and voltat8. The issue with L¥Ni?* cation mixing occurs in the
synthesis of nicketich cathodes, as the formation of*N{t2s® &) is unfavorable due tthe
unpaired gelectron?” The N?* (0.69 A) which is formed instead has a similar ionic radius to Li
(0.76 A), and thus these two cations can undergo site exchange. The oxidatiéhpoésént in

the Li slab is known to generate poor chadggeharge cycle reversibilitgincethis causes local
contraction of the interlayer distance, impeding diffusion. As Nf* is also generated during
cycling, a high initial amount of Ri in the Li slab is believed to accelerate furthef/Mi?*
mixing and structural degradatiofio suppress Nt formation during synthesis,sdoichiometric
excess of Li precursor is often adddthese residual species aggregate on the particle surface
and react with moisture/GOforming LIOH/Li2COsz species, which can react with the electrolyte

and increase the cell impedance.

Recent work has demonstrated that most of the degradation mechanisms of N@8ai1
electrochemical cyclingan be ascribed to its high capacity (Li utilizatior@ther thamproblems
associated with N Several phase changes are observed in NMC811 updithid&on: a
hexagonal to monoclinic (H4 M) transition at ~3.8 WsLi/Li *, the MA H2 transition at ~4 V
vsLi/Li*, and the H2A HS3 transition at ~4.2 WsLi/Li *. During the H1IA M and MA H2

phase transitions, theaxis lattice parameter expands due to the loss of clsargening Li,
resulting in increased repulsion between anionic oxygen in neighbouring TMO layers that widen
the interlayer spacdrigure 5D).*° The H2A H3 phase change is relatively uniqueNrich

layered cathodes and responsible for a ~5% contraction afalkes lattice parameter and an
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increased covalency of TH@ bonds. This is likely caused bgss of electron densitgf the
lattice oxygen, which decreases the anionic charge density and relieves the interlayer repulsion.
Throughout ddithiation, the a-axis shrinks Figure 5C), which reflects a shortened FWVM
distance, likely due to the increased oxidation state d R changes in the and a-axis

dimensions behave quite differently, tbmuseshe anisotropy of the lattice volume change.

This resulting volume change can lead to mechanical failure from particle cracking/pulverization

(see Section 24.1). Clearly, Ni-rich NMC cathodes experience more severe lattice volume
changesKigure 5D). It has been hypothesized that a high nickel content is responsible for the

H2 A H3 transition, potentially due to the transfer of electrons from lattice oxygen to nickel
atoms at high voltage$.However, Liet al*® recently demonstrated that this phase transition is
universal for LiNkMnyCo,O. materials and evolution of theaxis parameter is dictated by the

degree of ddithiation (Figure 6B). The H2A H3 phase transition is not typically observed for
NMC111 and NMC622 because they mustvsllle™ charg
respectively, which is impractical due to electrochemical oxidation of the elect(éigere

6A). Thus, the HZA H3 phase transition occurs due to thermodynamic instability of the highly

delithiated lattice structure.

The H2A H3 phase transition is also associated wittg&s evolution, driven by the oxidation

of lattice oxygen atoms at high voltages.rélease is surfae@itiated and is accompanied with

phase changes from the layered (M@ spinel (MsO4) A rock salt (MO) phase on the particle
surface(Figure 6C and 6D. This surfaceeconstructed layer has been shown to grow in
thickness over extensive cycling, resulting in a buijid of cell impedance. Jungt al>!
suggested that oxygen release occurs due to thermodynamic instability of the layered structure at

high degrees of dhithiation, and that oxygen release is surfaugated due to kinetic hindrance
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of oxygen aniortransportthroughout the bulk. This is supported by the fact that bulk oxygen
release and phase changes (toward spinel/rock salt) occur at elevated temperatures and de
lithiated state$? Furthermore, based on thorough gas analysis measurements, they observed that
oxygen evolution closely coincided with the release of CO and ga®, which are oxidation
products of the carbonatmsed electrolyte. Thus, they suggested that the released axggém

a reactive singlet state, whidxidizes the carbonate electrolytand that this mechanism is far

more prevalent than thdirect electrochemicaloxidation of the electrolyte. These findings
indicate that the primary failure mechanisms of nigkeh cathodes are associated with their

high achievable depth of dischargedD, i.e., Li utilization) and ensuing HZ, H3 phase
transition. While this explanation/model is both comprehensive and compelling, it is not
universallyacceptedFor instance, it is also widely believed that at high voltages, ditiectly
oxidizes the electrolyte solvent, which formsNieading to Li/Ni?* mixing andthe formation

of asurface NiO rock salt phase. Oxygen release ensues from this phase transition.

17



A 5.0[ Control: cut-off voltage (4.4 V ) 5.0} Control: extent of delithiation 1B
loading: 20 - 25 mg cm? loading: 20 - 25 mg cm? c
2.88 LiNI, Co, , Mn, .0,
_ 45} ~ 450 Z -O-LiNi, Co, Mn, O,
>: >:' ‘ & o 286 Q)QQ‘QL LiNi, Co, Mn, O,
:’, i . :; P Z - ] % il % LiNi_.Co _Mn, O,
g / — g } 3 28 R ¢
S 35} | LiNi  .Co, Mn O, S a8 [/ |2 et
l LINIQ 7c°0v|5Mn0 1502 2% 00 01 0.2 ?.3 t"l.l 05 06 0.7 08
- 2 xinLi, MO,
' l 25°C C/M0 T 25°Cc cno| 9« :
0 40 80 120 160 200 240 0 40 80 120 160 200 240 <™ N,,,,w"’”m»(
Specific Capacity (mA h g") Specific Capacity (mA h g") e bb
C ‘_E“ 14.0 )_2
© 13.8] . . o
==y D I8} 52 e 11 °
; 00 01 02 03 04 05 06 07 08
xinLi, MO,
e 5.15|
s o 9 ) 5.10)
-y 07 © 9 0 9 ® : %
- I&’ o, o ® o ™ o o o)
@ Lithium lﬂ}‘ o O O S T 500 ﬂ(‘.(d(c 2
. S O [ o o ® o & o 49509 >
Transit B N _ e ¢
o N;:Tasll(;;m l? O. o° °'° @ : ® : S ot Extent of ‘anisotropy’ O'O
o° 0 ol % : Y : ; : 4855 of lattice variation
. Oxygen *k° s . b & - & - » 4805507 02 03 04 05 06 07 08

xinLi, MO,

Figure 6. A) Comparison of various NM&/pe cathodesinder the same voltage range (left) and
specific capacity (right). BEomparison of lattice parameters and volumes of various M€
cathodes normalized by specific capacity (proportional to Li conteefrinted with permission
from the American Chemical Society, Zf C) Comparison of layered (left) and rock salt
(right) structures.Reprinted with permission from Elsevier, 2020D) HR-TEM image
showcasing rock salt surface layer on cycled NMC811 partgerinted with permission from
the American Chemical Society, 20%7.

While stable cycling of NMC811 can be achieved by restricting the uppeffoutltage to ~4 V
vsLi/Li ¥, this severely impacts its energy density for practical applications. Thus, it is critical to

develop strategies to address these failure mechanisms.

2.4.Modification of Ni-Rich Layered Oxide Cathodes

At the material levelthethree generahodification strategie® tailor performance involve 1)
morphology control €.g.,generation of nanocomposites, nanostructures, or polycrystalline vs.
singlecrystalline particles)2) application of a surface coatingnd 3)introduction oflattice

dopants thatimprove the structural stability and/or enhance the conductiVibys section
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reviews the application of these strategies toithi layered oxide materials with an emphasis on

surface coatings.
2.4.1.Single CrystalNi-Rich Cathodes

Ni-rich layeredoxide cathodes are conventionally synthesized ad3 @Qumsize aggregates of

1007 300 nmsizepr i mary particles. This o6polycr-ystall
precipitated mixednetal NkMnyCo,(OH). precursor, whichcan be produceat large scales
(Figure 7A). The large size of the secondary particles enables a high particle tapped density,
which closely correlates with the achievable volumetric energy density of compacted electrodes.
However, a keylegradatiormechanism of polycrystalline particles is interparticle fracture at the
grain boundaries over extended cycling due to anisotropic volume changes of the randomly
oriented aggregated primary nanoparticl@sgure 7C). As discussed previously, this is
primarily inducedby the H2 A H3 phase transon. High current charge/discharge can also
elevate anisotropic volume changes, as this results in a heterogeneous lattice structure with Li
rich and Lipoor phase? Furthermore, factures can form when the electrode is calendared at
excessivelyhigh pressure® These fractures expose fresh surfaces, leadiragiditional side
reactions with the electrolytat high voltagesoxygen release, surface reconstruction, etc. that
generate impedance growth and irreversible consumption®asLdiscussed previously. They

can also lead to particle disintegration from the electrode and rapid performance decay.
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Figure 7. A) Polycrystalline and B) single crystal particle morphology. C) Schematic of particle
cracking in Nirich cathode materials during charge/discharge with depth of discharge (DOD) at
60% and 100%Reprinted with permission from Elsevier, 20%4.

A promising approach to address thpseblemsis to synthesize nickeich cathodes as micren

sized single crystal particlefigure 7B). Compared to polycrystalline particles, single crystal
particles have a uniform crystallographic orientation and the minimal number of grain
boundaries can thus mitigate particle cracking and side reactions with the electrS|yieis
property was observed by lét al®” who showed that single crystal LddMnosCoo202
(NMC532) had superior capacity retention over the polycrystalline variants with similar particle
size when prepared in NMC532/atrtificial graphite full cells with selected electrolytes. Negligible
gas evolution was also observed in the single crystal material after holding at high voltages
( 04 . 4 V) h, showing tBal l&rger grain size and lower specific surface area of the particles

decreased the amount of oxidation of electrolyte species on the particle surface.
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However, the key limitation of single crystal particles is the low tapped density of the cathode
powder, as the overall particle sizes are smallér §2um) and thus generate more interparticle
friction. Powder tapped density directly correlates with the achievable volumetric energy density
of the fabricated electrode. Furthermore, as the primary particle size is large with uniform
crystallographic orientation, thiacreaseghe solidstate diffusion length of Liand diminishes

the ratékinetic performance. It has been demonstrated that-stédig lattice diffusion of LCiis

much slower compared to diffusion across grain bound#ti€Bus, despite their aggregation,

the nanometesized primary particles in polycrystaline samples enables a high rate
performance. The kinetic hindrance of single crystalline particles is reflected by a loss of
discharge capacity in the levoltage region (~3.4 3.6 V vs Li/Li *).>® However it should be

noted thaintragranular cracks can also form within single crystal particles at high BUOIDss
occurs from lattice strain due tbe formation of Lirich and Lipoor domains within a particle,

resulting inmismatched volumes.

Single crystal particles can be synthesized from the 3dinMnyCo,(OH). precursor used for

polycrystalline particles. 0 Lstate heaction {(7900@ i s c o
C) wi t h Q0 ubder oaidizind. donditions to yield LilWVinyCo,O. The sintering is

often performed under flowing oxygen atmosphere to ensure that Ni is in%hstéde. This is

important as Ni* (0.69 A) has a similar ionic radius to*L{0.76 A), which can cause site

exchange or cation mixingds discussed, adation of N?* in the Li layer causes a local

contraction of the interslab distance, resulting in fisgtle irreversible capacity loss. To avoid

Ni2*/Li* intermixing, it is also important to add a stoichiometric excess (typicallyL® mol%)

of Li precursors for the sintering process. This is because some Li is lost during sintering, and

this deficiency will promote the migration of Ni into the Li layer.
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In general, the single crystal morphology can be generated using higher LI/TM ratios
(stoichiometric excess of Li) and elevated sintering temperditifdse excess Li species can
generate a flutype environment to assist crystal growitne mechanism is related to Ostwald
ripening in molten salts: during sintering, the small crystals dissolve into the liquid flux and
subsequently redeposit on larger crystals, where the flux generates an accelerated shuttle effect
for mass transfer during calcination, forming highly crystalline and dsizge oxide particles at

lower temperatures than typically requiféd! A separate inorganic flux reagemtd., NaCl or

KCIl) can also be added, which can alleviate the elevated temperature and Li/TM ratio

requirement®

2.4.2.Coatings for Ni-Rich Layered Oxide Cathodes

Applying a surface coating is a universal approach to improving the performance of existing

electrode material$n general, coatings are divided into three broad classifications:

1) redoxinactive metal coatings={gure 8A), which include metal oxides, metal phosphates,
metal fluorides, etc. These are relatively wide bandgap materials that are intended to increase
the activation energy of side reactions between the electrode and electrolyte at elevated
voltages and temperatures, and stabilize the solid/cathode electrolyte interphase (SEI/CEI)
layer impedance. Howevesincethey can potentially impede Land electron transport, it is
critical to optimize the choice of material and coating thickness. In addition, they can serve as
a physical barrier to suppress active material dissolution, oxygen evolution, and harmful
reactions with moisture or air. Metal coatings can also help protect the electrode from
mechanical degradation. Polymer coatings that are electronically insulative but ionically

conductive can achieve a similar effect, althoteyler candidatenateriat are available.
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2) conductive carbon coating$igure 8B), which include graphereased structures, carbon
black, and conductive (conjugated) polymeesg(, polypyrrole). These helpgenerate a
percolated electronically conducting network on the surface of the particles. A uniform carbon
coating is more effective at enhancing percolation compared to the conductive carbon additive
in the composite electrode, which can only form point contacts with the active p&ticles.

Thus, the coating can reduce the amount of conductive additive reéfuired.

3) coreshell structuresHigure 8C), where both the core and shell material are rexiive.
Typically, the core materiaxhibitshigh capacity and low stability, while the shell material
has lower capacity while demonstrating improved structural, interfacial, and thermal stability.
The coreshell structure can produce an intermediate in performance between the core and
shell material alone. To eliminate the potential mismatch in propeetigsdegree of volume
change) between the core and shell matedahcentratiorgradient coreshell structures
(Figure 8D) have been developed for layered mixadtal oxides. The concentration of the

redox active metal linearly increases from the surface to the center of the particle.
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Figure 8. General classification of coatingReprinted with permission fror8pringer Nature,
2022%

In general, coatings should be stable over the desired voltage range, have sufficient Li

permeability, bind sufficiently to the active particles, and display the required mechanical

robustness to accommodate potential volume changes of the active particles diiring Li

(de)insertion. The most common approaches to apply coatings to electrode active materials

include:

1) mechanical mixing of the pfprepared active material with coating precursors, followed by
heat treatment to generate the coatifRggfre 9A). While this approach is simple and

scalable, the coatings tend to be nonuniform with incomplete surface cot&Tdge.is not
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ideal for coatings intended to protect the active material from-reiggtions with the

electrolyte.

2) solution casting to improve coating conformalityhere the active material powder and
coating precursors are uniformly dispersed in an appropriate solvent, followed by solvent
evaporation and sinteringrigure 9B). This approach can potentially raise sagpeconcerns
due to the large consumption of solvent. For active materials and coating precursors that have
poor compatibility in a particular solverdurface modification, surfactant, or polymer grafts
may be used to improve dispersion. Nanoparticles coated by solution casting are often
sterically stabilized in solution with a surfactant or polymer graft due to their tendency to

aggregate.

3) in situ synthesis, where the coating is applied simultaneously during the synthesis of the
active material. For instance, carbon precursors can be added to-tf& aphydrothermal
reaction mixture, and subsequent sintering crystallizes the active material and forms the
conductive carbon coatingrigure 9C). The carbon coating and active material can also be

synthesized through a os&ep solidstate routeKigure 9D).

4) application of ultrathirand conformal coatings via atomic layer deposition (ALD). ALD is a
thin film deposition technique that has garnered interest over the past decade. It involves a
self-controlled binary reaction sequence where two precursors are sequentially pulsed and
react with the surface of a substrad&gy(ire 9E). It can achieve atomiscale thickness control
(~0.1 nm) with high conformality, although the film growth is slow, and the technique has not
been adapted for larggzale applications. With this approach, the coating can be applied
either on the active particles or on the fabricated electrode (including the binder and

conductive additive).
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5) chemical vapor deposition (CVD), which typically involves the pyrolysis of gaseous carbon

precursors over the active particles to form a carbon coating.

—_—
. Mechanical mixing .

and sintering

— @ — { ]
. Solvent evaporation . Sintering ‘

C D . Active particle

. Amorphous
® @ . . . active particle

- Active material

. . _’ . ] precursor
Hydrothermal or ) Sintering ' a” Mechamcal mixing Coating precursor
sol-gel route . ‘ and sintering
. L] . - B Formed coating
\ =
E HQ_ oH | 0 > o (I)
I \ / A|
OH OH OH OH OH ! ! !
/ \

Deposition of trlmethylalumlnum Deposition of water Deposition of trimethylaluminum

Figure 9. Common approaches to apply coatings. A) Mechanical mixing of active particles and
coating precursors, forming a nonuniform coating after sintering. B) Solution casting approach to
deposit coating. Chn-situ application of coating in solution synthesis of active materiallnD)

situ application of coating in solidtate synthesis. E) Mechanism ob®@¢ coating by ALD (1.5
cycles) using trimethylaluminum and water as precursors. Coating can be applied on the active
particles or on the fabricated electroBeprinted with permission from Springer Nature, 2622.

2.4.2.1. RedoxInactive Metal Coatings

Redoxinactive metal coatings (metal oxides, metal phosphates, metal fluaidg¢save been
extensively explored to extend the lifetime of layered TMO structures cycled at higif cut
voltages. The earliest work on metal coatings to stabilize layered TMOs focused on expanding
the cycling voltage window (capacity utilization) of kCoQO, (LCO), which has a stability
window fromx = 07 0.5, where structural transition from the hexagdoaionoclinic phase

occurs at x > 0.5 (4.1 4.2 VvsLi/Li *). Choet al®’ applied an AlO; coating on LCO for the
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first time using a wet chemistry approach, and continued their investigation by comparing the
effects of ZrQ, Al.Os, TiO2, and BOs coatings®® These coatings enhanced the cycle stability
overa wider voltage range (2.754.4 VvsLi/Li *), enabling extended capacity utilization. They
observed that the coating suppressedcthgis lattice expansion upon‘Lextraction, and thus
reasoned that the coating physically constrained thewotihge transition from the hexagonal

to monoclinic phase. The strong performance of-4Ar@er the other materials was ascribed to its
high fracture toughness. However, this explanation was disputed by Chen artdPdhe to

the unlikeliness of a thin coating being able to supply the required stresslddQ@hgarticles to

resist phase transitions, and also found no differencesakis expansion between the pristine
and coated samples. They instead proposed that the coatings mainly suppressed impedance
growth on the surface of LiCeOThe impedance growth was linked with the use of kiPF

electrolyte.

Currently, the established benefits of metal coatings for cathodes involve one or more of the

following effects:

1) They povide a physical barrier to mitigate the dissolution of active material and release of
gaseous species. Active material dissolution is particularly concerning for cathodes reliant on
the Mr#*/Mn** redox for charge compensation, as3lis JahrTeller active and undergoes
disproportionation to form soluble Mh Dissolved MA* can diffuse and deposit onto the
anode or cathode, which further throttles the cycle stability, especially in full£éllgor
other transition metals, dissolution is typically associated with HF corrosion. HF can be
generated when LiRFeacts with (unavoidable) trace quantities of water in the electrolyte

according td&equation 1.
LiPFs + H:O A LiF + POR + 2HF [1]
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Moreover, coatings can improve the stability of active particles under ambient conditions by
suppressing surface oxidation and formation of LIOH an@ Qi species on the surface, which
contribute to interfacial impedance. These residual species also evolve gaseous products during
cycling by electrochemical oxidation and reactions with the electrolyte, which presents safety

concerng®"®

Optimizing the coating conformality and thickness is critical for this application. Sufficient
coating material should be applied to ensure complete surface coverage, but coatings that are too
thick can impede Liand electron transport, resulting in poor electrochemical performance. To
help address thiproblem Li*-conductive coatings have been employed. As discussed above,

ALD can also be used to apply nanometeck coatings with high conformality.

2) On a related note, metal coatings can suppress impedance growth by surface modification of
the active particles. Coatings can reduce electrolyte decomposition by maskingpsiitens
between the nucleophilic oxide groups in the TMO layers and the electrophilic alkyl
carbonates in the electrolyte solvent. This mitigates the continuousupudéithe CEI layer
and also the sideeactions that lead to the release of gaseous profuStgpression of
electrolyte oxidation at the cathode interface is critical for commercial cells with graphite
anode, as the oxidized products can deposit on the anode surface. Excessivp bnitthe
anode surface results in rapid capacity decay by hinderingdrsport, which is known as

6roll over failurebo.

Although the mechanism is unclear, coatings have been shown to mitigate lattice oxygen
release at high cudff voltages and temperatures, which is accompanied with phase changes
(layered A spinel and rock salt structure) at the surfacee.,( surface

reconstruction/degradation) that can propagate through the bulk, subsequently increasing cell
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impedancé/ "® It has been suggested that oxygen release is striifie¢éed due to the poor
kinetics of oxygen/oxide diffusion through the bulk cathode partié&sThus, an applied
coating can potentially mitigate oxygen release by kinetic hindrance. Another explanation is
the occurrence of metal doping (see below) on the particle surface, which can generate a
structurally stable surface lay&These coatings must be electrochemically inactive (stable
valence state), electronically insulating, and insoluble, while also sufficiently ionically
conductive. In this sense, they can be thought of as an artificial CEIl layer. Metal oxide

coatings €.9.,Al20s3) can also serve as a Lewis base and quench HF according to:
Al203 + 6HFA 2AIF3 + 3H0 [2]

This OHF scavengingd ef f dathe stalslity ofdIB sathaddesrdeed hi g
to the reliance on LiRFsalt and subsequent HF generafibriThis effect modifies the
composition and properties of the CEI layer. Té&ctiondepicted inEquation 2 indicateswater
formation andsuggestssubsequent regeneration of HF and attack oAl This has led to
explorations in applying metal fluoride coatings directly, which are resistant tmkésion and

thus may provide improved lortigrm stability3283

The exact relationship between the CEI composition and its stability based on the coating applied
is unclear. CEl composition is often studieddxysitu X-ray photoelectron spectroscopy (XPS)

on cycled electrodes. The deposition of LiF on the electrode surface is generally correlated with
HF generation in the electrolyte, as it is a produdEquation 1. This explains why in many
studies, coated electrodes that can undergo HF scavenging accoréiggatoon 2 appear to

have a lower amount of LiF in theECcompared to uncoated counterp&ft® However, some

studies have shown the opposite tréHt LiF species are inherently insulating and contribute to

29



the impedance of the CEI/SEI lay&rbut they are also known to improve its structural

stability °

Regardless, due to the HF scavenging effect, cycled coated electrodes generally show a higher
amount of fluoride species in the CEI layer, although the exact composition of the species is
uncertairt®87.9992 et al® suggested that AIPGand AbOs coatings promote the formation of

metal fluorides, oxyfluorides, and ®PH), species, which can help produce a stable and
protective CEIl layer that reduces further impedance growth over extended cycling. This appears
similar to the mechanism of fluorinated electrolyte additives that undergo reductive
decomposition at the anode and introduce fluoride species (including LiF) that help produce a
stable and compact solalectrolyte interphase (SEI) film, significantly improving cycle
stability. Although the nature of the CEl layer is less studied, these additives can also be oxidized
at the cathode at sufficiently high eff voltages and modify and stabilize the surface fitm.

The electronegative fluoride species can enhance network formation and aggregation of organic
salts, which improves the mechanical strength and suppresses the dissolution of SEI/CEI layer

components into the electrolyt&®

Recently, Hallet al®® proposed an additional mechanism fos@d coatings, indicating that they

could react with the RFcounterion as shown Bquation 3:
2Al,03(s) + 3Pk (solv) A 4AIF3(s) + 3PQFx(solv) [3]

PO, is a known electrolyte additive that increases the fluoride content in both the CEIl and SEI
layer and contralimpedance growth, thus extending the cyclef&.These findings indicate

that modification of the CEI/SEI layer composition is a significant mechanism of action for
metal coatings and should be studied in more detail. In generahatieanisms and chemical

pathways responsible for the formation/modification of the SEI/CEI film and their relation to cell
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performance are poorly understood. The discussion above suggests some overlap in mechanisms
with electrolyte additives. For instance, vinylene carbonate is a commonly used electrolyte
additive that is known to reduce electrolyte oxidation at the cathode surface. Preferential

oxidation of this additive results in a radical polymerization that forms a stable film at the CEI.
3) Mechanical protection against electrode cracking, exfoliation, and disintegration.

As discussed previously, anisotropic volume changes fromvuljage phase transitions can
generate interparticle stress in polycrystalline particles, generating cracks between particles. This
opens channels for electrolyte penetration, resulting in increased electrolyte side reactions, and
can also lead to particle disintegration, resulting in rapid capacity f&fiftn general, metal
coatings are known to suppress particle cracking, pulverization, and exfoliation in LIB cathodes,
although the exact mechanism is unclear. For instance, it is unclear whether the coating itself
provides mechanical reinforcement, or if the effect primarily occurs through modification of the

CEI composition and suppressing the side reactions that lead to soifated cracking”’

2.4.2.2. Conductive Carbon Coatings
Conductive carbon coatings are typically applied by mechanical mixing of the active material
with a carbon source followed by pyroly$t¥.High temperature pyrolysis (7409 00 e C) unde
inert atmosphere is often required to limit oxidative decomposition and generate a uniform and
highly conductive coatiné?!°* This condition is optimal for the formation of polyanionic
structures as the transition metals are at a low valence state. However, for layered TMOs that
require an air/oxygen sintering environment for synthesis, as is the case for mostneiaéd
cathodes, pyrolysis under such a reductive environment can alter the desired valence state of
transition metals and also the lattice structdfeln LIB work, some early attempts on
LiNi 1sMn1/2C01202 involved lowtemperature (3006 00 e C) and/ or brief pyr
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with precursors like glucose, sucrose, and critic acid generating amorphous carbon coatings with
shortordered spand sp coordination, which resulted in small improvements in rate capability
and cycle stability®¥ 1% We believe this approadh incompatible with Nirich cathodesgue to

its increasedendency to formNi?*, especially on thearticle surfaceHowever, some select

work demonstrating this for NMC62Bas been reportecChen et all®® formed an Ndoped

carbon coating on NMC622 by ball milling the powder with melamine, followed by calcination

in air. Optimized rate performance was achieved using a 5 wt% melamine coating and
calcination at etab%®coate@ NMC622 with reduced §rapheme oxide (rGO)

by first treating the active powder surface witkarBinopropyltriethoxysilane to improve
adhesion with GO. The treated active powder was then mixed with@epared GO solution,

and following filtration, to &traospBete fové Is. The W u ¢ e d
temperature was chosen to limit potential reduction/degradation of the NMC622 surface. These
strategies led to considerable improvements in capacity retention at elevated currents. Exposing
LiNi0.eMno 2Cn.20- to these reductive environments did not appear to degrade its surface or rate

performance.

Alternative, conductive coatings can be applied by coating the active particles with inherently
conductive polymers or nanomaterials. H¢ al>®® enhanced the rate performance of
LiNi0.6C00.15A10.0802 by coating it with 0.5 wt% graphene quantum dots (GQDs, 5 nm size). The
GQDs were synthesized separately and deposited op.ddbbi15Al 0.0s02 powder using a simple
solution casting approach. Sen al!® coated LiNbsMnoCa 20, with polyphenylenewhich

led to enhanced kineticsand improved electrochemical performance af O C.
LiNio.eMnoC.20. particles were contacted with benzenediazonium tetrafluoroborate

(CeHsN2'BF4), with the intention of reducingCeHsN2"BF4 to form an aryl radical, which
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initiates polymerization. Jet al!'! coated LiNj.eMno2Ca20> with PEDOTblockPEG (0.78
wt%) simply by stirring the cathode powder and polymeriméthyl2-pyrrolidine solvent at 60

C for 4 h, followed by dryi ng anddhe polyrhnerto at i on
adsorb to the active particles and enhdrgé transport, while the PEDOT moiety contribdite
to the electronic conductivity. Recently, Getnal1*? uniformly coated LiNé sMno 1Coo 102 with
polyacrylonitrile (PANI) by first treating the particle surface with PVP. PVP sketveanchor

PANI onto the LiNy.sMno.1Cao.102 surface.

2.4.2.3. Core-Shell Structures
The concept of an electrochemically active eshell structure was introduced and developed by
Y.K. Sun and K. Amine with the aim of stabilizing -Nch LIB cathodes¥!'’ In their
preliminary work, Sun and AmiA¥ deposited a NisMnos(OH). shell (1i 1.5 pm thick) on a
Nio.sMno.1C0o.1(OH)2 core (1213 um) by sequential coprecipitation. Following lithiation, the
synthesized active material displayed two phases and can be represented as
Li[(Ni 0.6C.1Mno.1)0.e-(Nio.sMno.5)0.2/O2. The LiNib.sMnosO2 shell material is known for its high
thermal stability, low structural evolution, and interfacial stability, while the high capacity is
attributed to the Nrich core. The corshell electrode demonstrated an intermediateitial
discharge capacity between the core and shell material along with a substantially improved cycle
stability compared to the core material. To mitigate the mismatch in volume evolution and
electrochemical properties between the core and shell material, which can generate a barrier for
Li* diffusion at the interface, Sun and Amikesubsequently introduced a gradient eshell
structure. The NigMno.1Cm.1(OH), core was coated with a gradient Moh Ni-Mn-Co
coprecipitate. Lithiation and sintering allowed for diffusion of metals between the core and shell,

generating a bulk average composition of bifdC0n.1dMno.1602 with a linear increase in the Mn

33



concentration and a decrease in Ni from the core to the shell. The gradieshelbmmaterial
demonstrated a considerably improved thermal stability compared to conventionally synthesized
LiNi0.8Mno.1C0.102.

2.4.3. Transition Metal Doping of Nickel-Rich Cathodes

In general, doping/substitution strategy can modulate the inherent electronic, ionic, and structural
properties of the active material. For layered cathodes, substitutibrl(2mol%) of redox

active metals with inactive metals has been extensively explored as it can enhance cycle stability
by suppressing higholtage phase transitions. The dopant can also enhance rate performance by
enlarging thead-spacing of the Li layer and by suppressing transitions to kinetically unfavorable
phases. The substitutior @ redoxactive metal with an inactive dopant (RgAI®*, Ti**, Mn**,

Zr**, etc) lowers the initial discharge capacity (IDC) but improves the cycle stability. Redox
active dopants (Co, Fe€*, Ni?*, Ci*, etc) can also improve cycle stability without as much
sacrifice in IDC, although are generally not as effective stabilizers. The typatiatussed
stabilizing mechanism(s) of action of redimactive dopants are as follow3) an inherent
opinning ef feoaahara cemtéred rweh inslodivens have negligible structural
distortion!'81192) greaterTM-O bondstrength for certain dopantsan NiO, which structural
distortion*?° 3) suppression ofiigh-voltage phase transitionse(, H2 A H3) by retaining Li in

the structure at high v o ICertaiydosantosuch bsyRd&72r vi ng
A) with similar ionic radius to Li (0.76 A) can enter the Li slab, aatlhigh SOGserve as stable
6pillar ionsd that suppress A Hxtransitog@anéd4)| at t i c
modulation ofthe average valency of redaxtive metals. Nicketich compoundssuch as

LiNi0.8Mno.1C0.102 can be regarded as doped derivatives of the LilggDent compound. Thus,
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recent efforts have focused on exploring various transitietal blends such as

LiNi 0.89MN0.05C00.05Al0.0102,22 LiNi 0.94C00.04Z10.0202,2% and Lb.ogVgo.oMNio.94C00.0602,?* etc.

Cobalt as a substituent has traditionally been deemed critical to suppresghig* Léation

mixing and the H2A H3 phase transition. In a recent study, dti all?* questioned the
conventional role of cobalt in Nich layered oxides by systematically investigating the thermal
and electrochemical contributions of a wide range of dopants in the - dMNO. (M= Al, Co,

Mg, Mn, x=0.05, 0.1) system. The authors prepared hydroxide precursors by coprecipitation
method that were then mixed with LiOH in a ratio of Li/TM ~1.02. After heat treatment at 485
°C for 3 h, the powders were ground to homogenize any areas of excess LiOH. Finally, the
powders were heated in two stages, first to 483or 2 h followed by 700°C (for x=0.05) or

735°C (for x=0.10) for 20h under oxygen flow. For samples synthesized with this method, it
was found that increasing the Mn substituent content led to a greater number of Ni ions
migratingto the Li layer (Nii~6% for x=0.05, Nii~8% for x=0.10) due to the formation of more

Ni2* compensating for Mt in the structure. HoweveAl-, Mg-, and Cedoped samples all
displayed Ni O 2% f or doping content up to x=0.10,
NCA, indicating that Co is not required to eliminate cation mixing when Mn is not included in
the system. Furthermore, substituent models were built within the formalisherafity
functional theory DFT) to correlate structural changes to electrochemical performance of each
sample. It was found that in LiNiMgxO2 (LNO-Mg), Mg substitution causes Li atoms to
occupy vertexsharing sites within the layer, thereby locking in twaatoms for each Mg atom

in the interlayer. This has the effect of reducing reversible capacity in the cathode as well as
minimizing lattice oxide repulsion that is the cause of unwanted phase transitions.JANO:

(LNO-AI) exhibited preference toward a random distribution of Al within thelaper and
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contributed to the reduction in ordering in the Li layer, again reducing presence of unwanted
phase transitions. This was also indicatedirbgitu XRD on the samples as a function of Li
content, as no variation in ufgell volume change was observed between the doped samples.
Complete removal of Li is known to cause the 1wl contraction due to the formation of the

H3 phase; however, this phase was only observed in the pristine LNO sample. This further
suggests that Co does not provide any noticeable benefit over other metal substituents in the
structural stabilization of LNO during cycling. As anticipated, LLNIQ displayed slightly
reduced initial discharge capacity (~5%) but the highest capacity retention of all samples when
cycled between 3:0.3V at C/5 rate. Initial discharge capacity and cycling performance of LNO

Al was similar to traditional NCA, showing that Co substitution in the system is not required.

This work provides a promising path toward the development of efsbalt.IBs.

2.5. Electrolyte Modification for Ni ckel-Rich Layered Oxide Cathodes

In an operating celthe suppression afeleterious side reactions between the active material and
electrolyte is equally, if not more importattian addressing inherent instabilities of the material.
Often, these issues are closely correlated. For instance, as discuSsetion 2.3, the oxygen
releasd from the lattice of layered Nich layered oxide cathodes as a consequence of its
instability at high SOC is believed to lyea reactive singlet state, which oxidizes the electrolyte.

It is also believed that side reactions with the electrolyte catalyze the release of oxygen. This can
occur from surface Ni directly oxidizing the electrolyte, forming Nj which may induce phase
changes and oxygen releasenother potential mechanism involves tlgect transfer of
electrons from the surface lattice oxygen to the solvent moledtuethermore, as discussed in
Section2.4.2.1, HF generated in the electrolyte is the primary cause of active material loss via

corrosion.

36



Rather than modifying the active material to suppress these side reactions, the electrolyte
composition can be tuned to 1) reduce the likelihood of side reactions and 2) form a CEI/SEI
layer with desirable properties good kinetics and strong electrochemical and mechanical

stability. A passivating CEI/SEI layer behaves in a similar manner to a surface coating. Thus,

coatings are sometimes ref®rred to as O6artifi

Electrolyte modification strategies have historically been focused on stabilizing anode materials
and their interface with the electrolyte. In commercial LIBs, the SEI layer on graphite often
dictates the kinetics and cycle stability of the cell. Thus, battery manufacturers and electrolyte
suppliers have all developed proprietary combinations of electrolyte additives to improve cell
performance. In the literature, significant effort has been devoted to stabilizingdpghity

anode materials, such as Li metal and Si. These materials experience uncontrolled side reactions
when paired with the conventional LIB electrolyte, thus requiring extensive electrolyte
engineering. Fortunately, many of these developed stratagieslso known tdenefit high

capacity and voltage cathodes, includingridh layered oxides.

2.5.1.Electrolyte additives

Electrolyte additivecompounds typically comprise no more than 5 wt% or valfothe
conventionalLIB electrolytei LiPFe in carbonatébased solventThe classical mechanism of
additives involves their sacrificimlecomposition, forming insoluble products that passivate the
cathode and/or anoddectrolyte interfaceCathode passivation agents are expected to have
highest occupied molecular orbital (HOMO) energy level higher than other electrolyte
components, resulting in its preferential oxidation and formation of a passivating CEI layer.
However, some additive compounds expected to have a high oxidative stabdityhighly

fluorinated compoundssulfone compounds, etcaye also known to passivate the CEI |ayér.
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This indicates that the chemical mechanisms of many additives are complicated and not well
understoodSome electrolyte additives are also known to react/scavenge/neutrdliza HF in

the electrolyte,thus reducing the occurrence of active material f3ésDue to the poor
understanding of electrolyte additive mechanisms, identifying promising additive materials and
combinations is typically conducted by trial and eiroboth academic and industrial settings

Results arealsohi ghly dependent on the testing confi
employ Li metal as the countefectrode/anode mayeneratesignificant side reactions between

the Li metal and the additive. Thus, a large amount of additive is required to passivate the
cathode. However, when paired with a graphite anode, an excess amount of additive will

substantially increase cell impedariég.

2.5.2.Solid State Electrolytes

The devel opment of solid state electrolytes
fabricating safe and lonlgsting high energy densitithium-basedbatteries. Ideally, SSEs with

high chemical/electrochemical stability and high shear modulus can stabilize both the anode
(typically Li metal) and cathode (typically Mich layered oxide). However, this goal has not
been realized in the literaturds seen from the discussion belote formation ofsurface
coatingsis also an important strategy to improve the performance of solid state batteries.
Moreover, SSEs are currently plagued with additional challenges incladstgprocessability,

and poor kinetics from both Li transport through the SSE and interfacial charge transfer

barriers!29:130

Sulfide basedSSE (e.g., Li1oGeP:S12) possess competitive ionic conductivities ewshen
compared to the liquid electrolyte batteries; however, they suffer from strong interfacial

reactions between the electrodes and the SSE, inherently limiting their stdbiitien paired
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with a Nkrich layered oxide cathode, oxidative side reactions at the interface occur, forming
inactive phasese(g., Li»S) that increase cell impedanéé Furthermore, a reconstructed rock
salt phase forms on the surface of the cathode, sitoiléiat observed in liquid electrolyté®

As such, gcle stability can be improved by implementing a passivating cathode coatng (

Al 203, LiNbOs, LisPQy, etc.)t33134

On the other hand, other SSEs such aCis exhibit limited side reactions at the cath¢si8E
interface'®® However, the high volume changes exhibited byribh layered oxides during the
H2/H3 phase transition can disrupt the interparticle contacts between the SSE and cathode,
increasing charge transfer resistance and quenching the cycle st&bilitye interparticle
disconnections can be mitigated by applying pressure to the cell stack while cycling (> 10 MPa),
although this approach is impractical. Another approach is to coat the cathode with a fléxible Li
conductive buffer layer tmaintain interparticle contact within the composite cathode, in order to

ensure good cycling performance at practical stack pressures.

2.5.3.High Concentration Electrolytes

Compared to SSEs, developing higincentration electrolytes (HCES) is a more practical
approach to mitigating side reactions at the cathedeetrolyte interface. HCEs employ a near
equivalent molar ratio of salt to solvent, forming a unique solvation structure as depicted in
Figure 10.2% Lithium bis(fluorosulfonyl)imide (LiFSI) is commonly used as the salt due to its
high solubility in dimethyl carbonat§dDMC) or dimethoxyethane (DME). A conventional
electrolyte comprises ~1 M salt in solvent, with strong separation of the cation afkigiore

10A). However, HCEs form contact ion pairs and catmm aggregategFigure 10B).
Consequently, in an electrochemical cell, this shifts the lowest unoccupied molecular orbital

(LUMO) from the solvent to the salfhus, the salt is preferentiallyeduced at the anode,
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forming inorganierich SEI layers. Utilizing LiFSI salt, the CEI/SEI layer is rich with N, S, and
F-species, which substantially improves interfacial passivagspecially for Li metal or Si
anodes?™13% Moreover, theHOMO energy levelof the solvent coordinated to the salt is
decreased, improving its oxidative stabilit€.onsequently,DME solvent, which normally
decomposes > 3.8 Vs Li/Li*, can be cycled at high coff voltages >4.5vs Li/Li * in HCEs.

This is significant as DME has excellent chemical stability against Li metal compared to
carbonatébased solventsAnother positive outcomef the use ofHCEsis that the Al current
collectoris passivatedrom corrosion at high voltages|iminatingthe need for LiP§ This is

possibly because the Al corrosion products have poor solubility in the MEEs.

However, the main drawback of HCEs is their high viscosity, which is not ideal for battery
manufacturing, as it will significantly extend wetting times of the separators and electrodes of
high-capacity cells. Thus, localized HCEs (LHCEs) introduce a diluent (typically a
hydrofluoroethey, which is miscible with the solvent but does not dissodfaecontact ion pairs

and saktsolvent clustersthus preserving the solvation structufgg(re 10C).1%¢ The diluent can

lower the salt concentration from ~5 M to 1.2.5 M Thus, LHCEs can be substantially less
costly than HCEs depending on the diluent chosen. Tuning the ratio of salt, solvent, and diluent
can affect cell performance, although this has not been fully examined. For instance, the ionic
conductivity of the LHCE can be optimized by adjusting the salt concentration and vistbsity.
While the diluent istheoreticallyan inert component, recent work has suggested that it also

decomposes and potentially enhances the stability of the CEI/SE| &ers.
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3. Methods

This section discusses the theory and rationale of the fabrication and characterization techniques

used inSections 4 6.

3.1.Electrode Fabrication

For labscale testing, the battery is fabricated using CR2032 coin cells comprised of the cathode,
anode polypropylene membrane separator, and ki€lEctrolyte dissolved in a carbondtased
electrolyte. Common electrolyte solvent compositions include 1:1:1 ethylene carbonate (EC):
dimethyl carbonate (DMC): diethyl carbonate (DEC) and 3:7 EC: ethyl methyl carbonate (EMC)

by volume'*3EC is required to dissolve LiRFThe addition of DMC lowers the viscosity of the
solvent, resulting in improved kinetic performance of the battery. It is thus desirable for low
temperature battery operation. On the other hand, DEC has a higher viscosity and higher boiling
point, minimizing electrolyte volatilization at elevated temperatures. Thus, a blend of DMC and
DEC is often employed to produce a balance between stability and performance, which can also
be accomplished using EMC.

To assess the performanceceoelf|l & hiescaypiodal lspec
lithium metal serves as both the counter and reference electrodeis configuration, low

capacity (< 2 mAh cn) cathodes are paired with thick Li metal (~500 pum) to ensure minimal
degradatioror influenceof the Li metal. While halfcells can generate highly reproducible data,

they do notaccurately reflect the practical performance in a full dedl,(using graphite as the
anode)}**This is because | ithium met atlfroms ihiunes as
plating and stripping during the charge and discharge gyaspectively. In full cells, which

have a finite source of Lifrom the electrolyte and cathode, irreversible consumptionofile
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to sidereactions at the electrolytdectrolyte interface is a key capacity degradation mechanism.
Furthermore, electrolyte oxidation at the cathetixtrolyte failure can produce degradation
products thatdepositon the anode. Excessive builg of these degradation products on the
anode will result in sudden cell degradation after a certain number of cycles, which is known as
rollover failure!*® On the other hand, in hatkll configuration, electrolyte oxidation typically
results in gradual capacity decline over cell cycling due to impedance-upuiloh the

interface*®

3.2.Battery Fabrication

Electrodes fabricated in both academic and industrial settings involve mixing a slurry comprised
of the active material, conductive carbon additive, and polymeric binder-mnetNy}2-
pyrrolidine (NMP) or aqueous solvent. NMP processing is typically employed for layered
cathodes due to concerns over moisture stability as discuss8dction 23.147 Here, the
conductive additive is either carbon black or carbon nanotubes (CNTs), while the binder is
polyvinylidene fluoride (PVDF). CNTs have more recently generated interest as the conductive
additive, as their high aspect ratio makes them efficiepr@notingelectronic percolatiof'®
However, CNTs tend tagglomeratedue to strong van der Waals interactions and require
additional surfactants to aid dispersion. The slurry is coated on a metal foil current collector,
followed by drying andhe application opressure on the electrodes (calendaring). Optimization
of this process is a major focus in industrial research and developnteet mass loading
(gravimetric and volumetric density) of active materials in the electrode needs to be as high as
possible to maximize the overall energy density of the device. Furthermore, it is important to
minimize processing time and consumption of materials without sacrificing battery

performancé?®
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Electrodes fabricated for academic studies typically comprise 80 wt% active material (dry mass),
10 wt% conductive additive, and 10 wt% binder casted at low active material areal loading
density (< 5 mg cm). This configuration generally ensures that electrode processing does not
hinder the electrochemical performance of the active material. These electrodes can also be
processed under various conditiong.(degree of slurry mixing and subsequent calendaring).
However, industriallyproduced electrodes comprise approximately 96 wt% active material, 2
wt% conductive additive, and 2 wt% binder at > 10 mg2cactive material areal loading

density*>®

However, when fabricating electrodes at high active material loadings, the optimization of the
slurry mixing and electrode calendaring process is critical to the ensuing electrochemical
performance. Optimal slurry mixing is required to prevent the agglomeration of active particles
and the conductive additive, which can severely affect the electronic conductivity of the
electrode*® Mixing is typically conducted by forming hydrodynamic shear stresses or ball
milling. While ball milling is more effective at breaking up agglomerates, this can cause
structural degradation of the active particlesg(, cracking) and conductive additive.§.,
scission of CNTs). Work has also demonstrated that a-stafi mixing processes can improve

the electrode performance. For instancesmpipang the active particles with conductive additive,
prior to adding the binder, can enhance the electromduaivity 1> After the slurry is cast on

the current collector and dried, electrode calendaring is required to improve the contact between
the active particles, conductive additive, and binder. Electrodes with insufficient pressure applied
exhibit poor rate performance and low cycle retention at elevated currents due to particle

disintegration:>> The electrode may also delaminate from the current collector. However,
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excessive pressure applied on the electrode generates insufficient porosity for electrolyte

penetration and can also crack/damage the active particles.

3.3.Physical CharacterizationTechniques

3.3.1.X-Ray Diffraction
X-ray diffraction (XRD) is a fundamental technique to determine the identity of crystal lattices.
The technique relies on the scattering of incidemt Xy photons on the cryst
Most scattered photons disappear through destructive interference. However-spacely
lattice planes (ordered atoms) can induce constructive interference of diffracted photons at
certain angles to produce an intense signal that can be detected. The constructive interference is
characteri zedcXyQe B+ whgrgdis thel irtentayer space between lattice
planes,—is the incident photon angle, amdis an integer. Diffraction peaks correspond to a
lattice plane, which are represented by the Miller indibe%,(). The Miller indices arelerived

based on the three Cartesian coordinate intercepts of a lattice plane in a unit cell.

In battery research, XRD is critical toward assessing the phase purity and success of synthesized
cathodes. For instance, all hexagori®bd space group) layered structures should display
identical diffraction patterns with some variations in peak position. The exact lattice parameters
(a andc) can be determined from the diffraction peak positions by efiitireg, a technique

known as Rietveld refinement. Tloseanda parameters correlate with the-Oi and TMO bond

lengths respectively. The unit cell volume can be calculated basedl ord G i Q%o . In LIB

cathode research, XRD is often used to assess the degree of intermixing betwaahdther
transition metal ions (often 1/Ni?*) in layered cathodes, which can lead to low reversible

capacity. This is done by measuring the intensity ratio ofG88 @nd (L04) diffraction peaks as
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well as thec/a lattice ratio. An intensity ratio of th@(3/(104) peaks of < 1.2 implies a notable
degree of cation mixingn situ XRD is often used to monitor the evolution of the crystal lattice
over electrochemical cyclingfor instance, in layered cathodes, downshift of(0G8) peak can

be observed which is associated with interlayer spdicexpansion along the-axis upon Li
extraction. After extended higloltage cycling, conversion from théod phase to théOdoh

cubic rocksalt phase could be observed due to oxygen evolution.

XRD is also typically used to demonstraedenceof metal doping introducing a largesize
dopant can expand tlweaxis lattice parameter compared to the pristine material. However, XRD
does not provide detailed information on atomic arrangement and local environments, as it only

reveals the average atomic ordering.

3.3.2.Scanning Electron Microscopyand Energy-Dispersive X-Ray
Spectroscopy

Scanning electron microscopy (SEM) relies on the interaction between a focused beam of
electrons bombarded on a sample surface, which can generatesofjition images due to the

small wavelength of the illumination source. Emissions from the saetgdéron interactions are
detected, with the most important involving secondary electrons, backscattered electrons, and
characteristic Xrays. Secondary electrons are produced when the electron bombardment causes
ionization of looselybound electrons (B 5 eV) on the sample surfaée’ This signal is primarily

utilized to generate an image of the sample morpholdgg. detection ofecondary electrons

can provide an image of surface topol@gyelectrons obstructed from reaching the detector will
appear as a darker spot on the image. Backscattered electrons originate from the incident electron
beam that collides with atomic nuclei on the sample and scatter at high energies (> 50 eV). Thus,

larger atoms will generate more scattering and a higher signal intensity. Images produced using
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backscattered electrons can produce excellent contrast between different elements. Finally,
incident electrons can collide and eject inner shell electrons of the sample, resulting in relaxation
of outer shell electrons to fill the hole. The relaxation energy loss is balanced by the emission of
an X-ray photon of equivalent energy. As different elements produce characteristig X

emissions, this can be used to identify and quantify the relative ratio of certain elements. This

microanalytical technique is known as enedigpersive Xray spectroscopy (EDX).
3.3.3.X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is closely related to EDX that was discuSsstiom
3.3.2.The technique relies on the complete transfer of energy fromray ghoton (penetration

depth of ~100 nm) to an inner shell electron, resulting in ionization. The kinetic energy (and
guantity) of electrons is measured by a detector, and thus the electron binding energy can be
calculated based on the fundamental equation for the photoelectric effect. XPS can be used to
determine the valence state and bonding hybridization of atoms, as these events influence the
electron energy levels. In general, the binding energy increases wih invalence state and

bond ionicity. A notable exception is the binding energy of the Gg @bital, which displays

binding energies of Co(778.2 eV) < C& (779.6 eV) < C& (780.5). This is caused by
electronic rearrangement (final state) effects after the ejection of photoelectrons to minimize its

energy, such as the coupling of unpaired valence electrons with thesireleinole.

In this work, XPSis used to detect the presence of an applied coating layer on the active
material. Potential interactions with the active matesied also examinedror instance, the
application of a sintered metal coating can also generate siefadeloping/substitution effects

with the active material. XP& also used to determine the composition of the CEI layer of
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coated electrodes aftealectrochemicalcycling. For instance, coatings that can quench HF

typically demonstrate an elevated quantity of fluomgataining specie®;87:9092

3.4.Electrochemical Characterization

3.4.1.Battery Performance Testing
The standard battery testing protocol involves charging and discharging the battery at a constant
current (galvanostatic cycling) with specified -oit voltages. This reflects the practical
operation of a battery. The voltage response is recorded as a function of charge/discharge time,
which is directly proportional to the specific capacity (mAY.g=nergy and capacity values are
normalized relative to the mass of the electrode active mateealefcluding the binder and
conductive additive). The key parameters that dictate the battery performance (specific capacity
and cycle retention) are the upper and lower voltagefisitand the charge/discharge current
(rate). The current is often reported as a specific value (fLogdefined by the @ate. By
definition, a rate of 1 Ghdicatesthat it takes one hour to charge/discharge the battery at a rated
capacity while 2 C indicatethat 0.5 h is requiredPractically, the @ate is often defined based
on a material 6s t he oovertacecainl voltage raré farciristancen | cap
NMC811 typically demonstrates a capacity of 200 mAhwdnen cycled between24.3 V vs

Li/Li *, whichcorresponds t@800 mA g* at1 C and 400 mAgat2 C.

At higher charge/discharge rates, the specific capacity retained decreases due to resistances
within a cell, which will polarize the voltage output. In a rate performance test, the cell is
progressively cycled at higher currents to determine the capacity retention. A favorable rate
performance is generally an indication of good electronic and ionic conductivity of the cathode.
For a cycle stability test, the cell is galvanostatically cycled at a constant current. In general, the

cycle stability may improvet higher currents, as the depth of discharge is lowered due to
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voltage polarization. The cell is also subjected to less time at high voltages, limiting electrolyte
decomposition. However, for cathodes that experience high volume changes,dsgharge
currents will concentrate Liat the cathodelectrolyte interface, producing anisotropic volume

changes that could lead to particle cracking and disconnection.

3.4.2.Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a fundamental technique to delineate
resistances within an electrochemical cell. The simplest equivalent circuit model of an
electrochemical cell is based on the Randles ci(¢ugure 11A). Rs refers to the bulk series
resistance of the cell, which is primarily dictated by the electrolyte resistance along with other
Ohmic contacts. & refers to the electrical double layer at the elect@detrolyte interface,
which can be modelled by a capacitor or constant phase element (CPE). The most critical
parameter is the chargensfer resistance (R which describes the interfacial reaction between
Li* and the electrodes. Three are three sequential steps to the intercalation df) Li
solvation/desolvation of Lj 2) diffusion of Li" through the SEI/CEI layer and potential surface
coatings, and 3) Faradic charge transfer upon intercalation. The first two processes are typically
rate limiting and define the bulk ofcRThus, the R is often used in battery testing to monitor
the stability and builduip of the SEI/CEI layer over various cycles. The third step is notable
when lattice phase changes suppresinetics, and thus increases ia R sometimes used to
imply phase changes, especially whitie battery is operatedt high voltages. After these
processes, Lidiffuses within the electrode lattice, which is associated with the Warburg element

(Zw).

Potentiostaticimpedance measurements work by applying an AC poteovat a range of

frequencies and measuring the current response. This can delineate circuit elements due to their
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relationship with impedancé for instance, the impedance of a capacitor is inversely
proportional to the AC frequency while the impedance of a resistor is independent of frequency.
Thus, at high frequencies thes Rlement can be isolated. Analysis is conducted using the
Nyquist plot output the xintercept at high frequency issRhe width of the complete semicircle

istheR, and the sl ope of the 45e¢ Ww(kigueillBeThat | ow
exact values are determined using a nonlinear least squares curve fitting program. In typical
circumstances, two overlapped semicircles or one asymmetric semicircle is observed. In this
scenario, the higfrequency semicircle is denotedeRand associated with Ldiffusion through

the SEI layer and other surface film, while the +fiejuency semicircle is denoted:Rnd is

generally proportional to the solgtate diffusivity of Li in the electrodesZy typically

corresponds to bulk Lidiffusion in the electrode, which occurs over a larger time scale.
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Figure 11 EIS analysiof a LIB cell. A) Randles circuit model for an electrochemical dg)l.
Nyquist plot based on Randles circu@) Typical equivalent circuit modefor LIB cells.
Reprintedwith permission from Elsevier, 2002

In this work, the impedance of the coin ceisneasured using a twalectrode setup (cathode

and lithium foil). While this setup is simple, the impedance measured also accounts for the
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reaction at the lithium metal counter electrode, which can generate some variability between
cells as the lithium metal can have an unstable SEI flowever, for Nirich layered oxide
cathodes, the CEI film tends to dictate cell impedance. Neverthelesspra precise
measurement involves a threlectrode setup, where a separate lithium metal reference electrode

is used that does not participate in the reaction.
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4. Analysis of ALD-Applied Coatings on NiRich Cathodes for Lithium-lon
Batteries

4.1.Introduction

Increasingthe energy density of lithiuson batteries (LIBS) is a central focus in both academic

and commercial research. TheSUDepartment of Energy has segoal of developing 500 Wh

kgl LIBs by 2030, which can only be achieved by developing and pairing high energy density
cathode and anode.(.,Li metal, silicon, anodéree configuration, etc.) material®. Among

the candidates of cathode materials;ridh layered transition metal oxide cathodes (typically

LiNi xMnyCo1.xyO2 Or LiNixCoAl1xyO2, x O 0. 8) have gained subst
promising combination of energy density, cycle stability, and kinetic performance. Compared to
established loweNi cathode compositionse(g., LiNio.eMno2Ca.202), Ni-rich cathodes can

achieve higher capacities or‘léxtraction/insertion when using the same uppeiotiutoltage.
Furthermore, they reduce or eliminate the reliance on cobalt, which is expensive, has a

monopolistic supply chain, and is extracted by unethical mining procetfirés.

However, the higher achievable depth of discharge (DOD) of these materials leads to a
diminished cycle stability, due to the increased expansion/contraction of the lattice resulting in
inter and intrgparticle fractures, increased reactivity with the electrolyte, poor thermal stability,
and the formation of a resistive spinel or rock salt surface phase, which is accompanied with
oxygen evolution. Thus, cell impedance grows rapidly over extended cycling. Although these
issues have been well documented, thact mechanisms remain unclear. For instance, the
enhanced reactivity of Nich cathodes with the electrolyte can be ascribed to lattice instability
at low lithiation states, resulting in the release of reactive singlet oxygen which oxidizes the

electrolyte solvent! This oxygen evolution is surfagaitiated as the diffusion of lattice oxygen
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is kinetically unfavorable, and a spinel or rock salt surface phase forms in accordance with the
TM to O ratio. Another common explanation is that*Nformed at high statef-charge (SOC)
directly oxidizes the electrolyte and is reduced t3*Nwhich is accompaniety surface

reconstruction and oxygen release.

Nevertheless, it is critical to develop strategies to improve the cycle stabilityrafiNayered
cathodes. In general, modification of active materials to improve performance typically involve
one or more of the following: Imodification ofthe particle morphology, 23pplication ofa
surface coating, and 3) doping/substitution of redotive transition metals with inactive metals
(e.g.,Al®*, Mg?*, zr**, etc.). The first two modification strategies are of interest in this work.
Nickel-rich layered cathodes synthesized dsS.micron size single crystal (SC) particles have
recently demonstrated promise in addressing these failure mech&hisfi®®> Conventional
polycrystalline (PC) particles are typically 1015 pum size secondary particles comprised of
nanometesized primary particle aggregates at random crystallographic orientation. This
morphology allows for optimal rate performance and particle compaction density in the electrode
(i.e., volumetric energy density). However, volume changes from (de)lithiation can generate
fractures and voids within the secondary particle, exposing fresh surfaces that generate more
cycle-degrading side reactions. On the other hand, SC particles do not undergo interparticle
fracture, which can reduce the degree of electrolyte reactivity, transition metal dissolution, and
surface reconstruction. However, their longer (micksnnm) Li* diffusion paths results in

diminished rate performances.

Applying a surface coating on the active particles is one of the most common approaches to
improve cycle stability. In general, stabiignhancing coatings are electronically insulating but

ionically conductive, where their most commonly cited mechanisms include: 1) providing a
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kinetic barrier against electrochemical oxidation of the electrolyge, €lectron transfer), 2)
providing a physical barrier to suppress TM dissolution, oxygen evolution, and/or deleterious
chemical reactions with the electrolyte, and 3) quenching/scavenging corrosive HF generated in
the electrolyte (typically for ceramic coating8)HF is generated in the electrolyte as a by
product of the decomposition of LiPlh the presence of protic specié&’hile it plays an
important role in the passivation of the Al current collector, HF corrosion is known to be the
primary cause of TM dissolutidi:'6%16!Besides quenching the capacity dueathodeactive

material lossthe dissolved TMs can deposit aeact withthe anode surface, which is known as
chemical 6cross tal ko. With graphite anodes,
reservoir. Li dendrites are also known to grow from these localized TM deposits on the anode,

leading to micreshort circuits'®2163

Despite their strong track record in improving performance, the specific mechanisms associated
with cathode coatings remaimclear. Moreover, therkave been limited attempts at comparing

the performance and mechanisms of different coating materials applied by the same!#fiethod.
Thus, in this work, the effect of four coating materials;(4| alucone, TiQ, and titanicone)
applied on SQ.iNi0.83VIno.0sC0.1102 electrodes was systematically compared and characterized.
Atomic/molecular layer deposition (ALD/MLD) was chosen as the coating method as it can be
conducted at low temperature (< 200 °C). In contrast, the conventional method of forming metal
oxide coatings involves mixing the active material with the coating precursor, followed by
sintering. Depending on the conditions, this process can result in doping/substitfutios
coating TM into the active material latticevhich can also generate performance enhancing
effects. Thus, it is difficult to delineate the pact and mechanism of the coating versus TM

doping. On the other hand, performance enhancements from ALD/MLD modification can be
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ascribed to the coating itself. ALD/MLD is also well established in its ability to gentigiky
conformal and ultrathin coatings with thickness control down to ~0.1 nm/cycle, allowing for
consistent comparisons among different coating materials. Finally, preliminary work was
conducted to study the effects of combining the coatings with a stahiliigncing electrolyte

additive (fluoroethylene carbonate).
4.2.Materials and Methods

4.2.1.Electrode and Cell Fabrication

Pristine SC and PC LibgMno.0sC.110> powder was obtained as samples from XTC New
Energy Materials Co., LTD (Xiamen, China) and used for electrode fabrication without further
treatment The powder was stored in an argdled glovebox while electrode fabrication was

conducted in ambient conditioBH ~ 30%)with a maximum exposure of ~3 h.

The electrode was fabricated by mixing a slurry (solid content of 50 wt%) comprised of 90 wt%
active material, 7 wt% poly(vinylidene fluoride) (PVDF,wM- 534,000 Da, Sigmaldrich,
Oakville, Canada), and 3 wt% carbon black (StpeAME Energy Co., Limited, Shenzhen,
China) in Xmethyl2-pyrrolidinone (anhydrous, Sigrddrich). The slurry was mixed with a
planetary mixer (THINKY AR100, Tokyo, Japan) for 20 min., cast on a 2Gthiok aluminum

foil, dried at 120 °C for 1 h in a convection oven, subsequently calendared with a roll press, and
stored under vacuum overnight at 80 °C. Electrode calendaring was conducted at the maximum
pressure equipped by the roll press (Xiamen TMAX Battery Equipments, Fujian, China). The
porosity of the electrode was calculated using inherent densities of 4.98 4.@% g cr¥, and

1.78 g cn for NMC811, SupeP, and PVDFErespectively.
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4.2.2.Electrochemical Characterization

12 mm diameter electrode discs were punched with an active material loadisglofng cr.

The electrochemical performance of the electrodes was assessed by assembling CR2032 coin
cells in an argotiilled glove box using a pure lithium disc (14 ndiameter, 0.45 mm thiglkas

the counter electrode, polyethylengbolypropylene separator (Celgar®25, Charlotte, NC,

USA), and an electrolyte comprised of 1 M LiPHissolved in 1:1 ethylene carbonate:
dimethylcarbonate (Sigmaldrich) by volume. The modified electrolyte contained 5 vol%
fluoroethylene carbonate (FEC, BASF, Germanypnstant current chargischarge studies

were carried out at ambient temperature using a CT2001A LANDt battery testing system
(Wuhan, Chinapetween 2.75 4.4 VvsLi/Li ™ at various Grates The Grate is defined based

on 200 mA ¢ = 1 C.Cycle stability tests were conducted at ambient temperature while rate
performance tests were conducted at 30 Ratentiostatic lectrochemical impedance
spectroscopy (EIS) measurements (Gamry Instruments, Warminster, PA, USA) were conducted

from 1 MHz to 100 mHavith a 10 mV AC amplitude

4.2.3.ALD Coating

The fabricated electrodes were coated in an ALD redd@toermal Gemstar 6XT, Arradiance,

MA, USA) using nitrogen as the purge and venting gas, a manifold temperature of 115 °C, and a
purge time of 21 ms. ADz and TiQ were coated with a reactor temperature of 175 °C using
water as the oxidizer and trimethylaluminum (TMA) and Ti@$ the respective precursors
(Strem Chemicals, MA, USA). Tiklwas preheatedo 70 °C to increase its vapor pressure.
Alucone and titanicone were coated with a reactor temperature of 120 °C using ethylene glycol
as the oxidizer instead. Ethylene glycol vpasheatedo 90 °C. All electrodes were coated with

5 ALD cycles, which was demonstrated in our previous work to be the optimal thi¢RhEks.
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nominal thickness on an unobstructed substrate is < 1 nm. After the coating, the electrodes were

stored under vacuum at 80 °C overnight prior to coin cell fabrication.
4.2.4.Physical Characterization

The phase purity of the active material was assessed using powdsy diffraction
(XRDMiniflex 600, Rigaku, Japan) with Cuakadiation ( = 1.5406 nmusing a scan rate of 1
°/min and step size 0.02Phe morphology of the particles was observed using scanning electron
microscopy (SEM, LEO Zeiss 1550, Switzerland) using a 20 kV acceleration voltage and a
working distance between 8 9 mm. In order to observe the coating, high resolution
transmission electron microscopy (HFEEM, JEOL JEM 2010) was used to image the surface of
cathode particles coated with 50 ALD cyclesray photoelectron spectroscopy (XPS, Thermo
Scientific Theta Probe, Waltham, MA, US®gas conductedsing Al Ka radiation. The binding

energies reported are referenced to graphitic carbon at 284.8 eV.

For exsitu characterization, all cells were cycled five times between24.8 VvsLi/Li " at 0.1

C under constant current constant voltage -@& 0.01 mA current cubff) conditions, and
subsequently charged to 4.4 V. Within two hours (OCV ~ 4.35 V), the cells were disassembled
in the glovebox with special care to avoid shortuiting the cells. The cathode was rinsed in

DMC and dried under vacuum. For XPS measurements, the cathodes were storedifiergon
containers and transferred to the XPS chamber with minimal ambient air exposurerdyor X
absorption (XAS, Canadian Light Source, Saskatoon, Canada) measurements, cathodes were

sealed using polyimide tape.
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4.3.Results and Discussion

The SCLIiNio.&MnoosCn.1102 particlesused in this study wereil3 pm sizewith high phase

purity and low soluble base conteRiqure 12).
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Figure 12. A and B) SEM images of SONi0.&sMnoosCn.1102 particles. C) XRD diffraction of
SCLIiNi0.8MnoosC0.1102 particles.

Figure 13 confirms that when cycled between 2.754.4 V vs Li/Li* at 0.1 C, SC
LiNi 0..sMno0sC0.1102 demonstrate an improved cycle stability compared to their PC analogue
supplied by the same manufacturer. Further enhancement of the cycle stability was subsequently
explored by applying coatingsingALD.
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Figure 13. Cycle stability comparison of SC and RMio.esMnooeC00.110> tested at 2.75 4.4
V vsLi/Li*and 0.1 C.

Our previous work showed that the approximate ALD coating thickness observed using HR

TEM was 1.6 to 1.8 A/cycle for alucone anc®4.1%6 As shown inFigure 14, this thickness

range was similar for Ti@and titanicone.

Figure 14. HR-TEM images of SCLiNio.gaMno.oeC.qu particle surface coated with 50 cycles
of A) titanicone and B) Ti@
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4.3.1.Analysis of Coating Penetration within Electrode
ALD coatings can be applied either on the active matpadiclesor the fabricated electrode.
Prior work suggests that the latter method produces better performance, as the conductive
additive and binder in the electrode is also coated. Electrolyte decomposition and side reactions
also occur on the surface of these components, which the coating can potentially sfippress.
Furthermore, coating the actiparticleswith an insulating film can disrupt the electronic contact
with the conductive additive in the electrode, thus severely affecting kinetic perforfitiAse.
discussed earlier, coatings are known to improve cycle stability by providing a physically or
kinetically hindering barrier against oxygen release, transition metal dissolution, and deleterious
side reactions with the electrolyte. For this mechanism to be valid, it is critical for the coating to
cover all exposed surfaces of the active material. However, when the coating is applied on the
fabricated electrode, it is unclear whether the gaseous ALD precursors can adequately penetrate
relatively dense electrode film and reach all of the active particles. Althawglerous reports
have repeatedly shown improved cycle retention fréxhD-applied coatings on fabricated

electrodes, analysis on the coating penetration within the electrode typically is not conducted.

Gas transport of the ALD precursors in porous materials is diffugroted, and thus the
coating may be localized on the outer regions of the electfdafehile ALD has been used to
uniformly coat 3D porous materials/scaffolds, this is typically conducted ondémsity
materials such as aerogels and fiber m&t$? Denser films containing mesopores and
micropores are known to have limited permeability to ALD precursors, although this is also
affected by deposition conditions such as the pulse time and tempéfatimecursor
penetration is expected to be particularly challenging for commercially produced calendared

electrodes that typically are much thicker thanrzdde electrodes and have low porosities (<
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30% for cathodes). Thus, in our work the performance of coated electrodes was first compared
by applying ALD before (B) and after (A) calendaring the electrodes. Calendaring reduced the
average electrode porosity from ~73% (~70 um thick excluding current collector) to ~48% (~36

pm thick).

It was thought that applying the coating prior to calendaring could improve the penetration of
ALD precursors into the highgrorosity electrode and thus improve the cell cycle retention. This
was assessed using surfaemsitive XPS scans of the coateldctrode surface as shown in

Figure 15.
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Figure 15. A) Al 2p, B) O 1s, C) Ni 2p, and D) C 1s XPS scans of electrode coated with 5 ALD
cycles before (blue) and aftee) calendaring.
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Alucone deposited after (denoted Alucelecalendaring displayed a higher intensity of the Al

2p and O 1s spectra compared to the electrode coated before calendaring (Blucone
Furthermore, the intensities of the Ni 2p and C 1s (particularly at B.E.s corresponding to PVDF)
of AluconeA are suppressed. Due to the limited penetration depth of XPHE) (gkm), this

implies that a higher amount of alucone is detected on the surface of the electrode, covering the
pristine electrodeomponentsFurthermoreFigure 16 displaysthe depth profiling XPS scans

(Al 2p, Ni 2p, O 1s, and C 1s) tfie Alucone A and AluconeB coatedelectrodesetchedusing

monatomic Af sputteing.
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Figure 16. XPS scans of alucormated electrode with monatomic*Agtching (4 keV, 2.7 pA).
For each element, the plotted intensities aremamalized with consistentgxis scaling.

The Al 2p signal of Alucond\ is initially more intense, and within the first 30 s of etching, the
peak areashows some decawhereas the peak area of AluceBeremains unchanged,
confirming that the coatingg morelocalizedon the electrode surface. After 300 s of etching,
both samples show significant attenuation of the Al 2p peak ldezg.the Al 2p signal overlaps

with a growing Ni 3p signal. It appears that an organic surface layer of the electrode (binder and
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conductive additive) isetched exposing the active particles, which is confirmed by the
drastically intensified signals of Ni 2p and O 1s NMC lattice oxygen (~529.5 eV). However,
whencomparingthe peakintensities of the pristine (uncoatdelgure 17) and coatedampleat

the Al 2p / Ni 3p regionit appears a small amount of Al is present in both samples even after

1200 s of etching.

— Os
— 12s
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1200 s

7978 7776757473 72717069 68

Binding Energy (eV)

Figure 17. XPS scans of pristine electrode with monatomiteiching (4 keV, 2.7 pA) at the
Al 2p and Ni 3p region.

Although the degree of Al penetration cannot be quantified from this data, the results confirm
that the coating penetration is more pronounced for Alu@&tiean AluconeA. However, in

both cases, the coating was clearly concentrated on the electrode surface, as ddpigied in
18C. It is unlikely that the entire depth of the electrode was coated. It is worth mentioning that
the coating could not be detected by EDX due to the low quantity of Al/Ti present. Thus, a

spatial mapping of the coating withiretlelectrode cross section could not be generated.
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Figure 18. Structure of AdO3 (A) and alucone (B) coating after two ALD cycles. Various
plausible structures are depicted for the alucone coating. C) Depiction of localizedgliBd

coating on the electrode surface regions. Highlighted regions represent the coating penetration
and thickness.

Figures 19 and20 compare theycling performance and coulombic efficiency (C.E.) at 0.1 C of
each coating material when ALD is applied before and after calendaring. All electrodes coated
prior to calendaring displayed a higher C.E., particularly during the initial cycles, which suggests

that they are more effective in suppressing cattedeetrolyte side reactions. The increase in
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C.E. is more notable in the metal oxide coatings, likely because they are more electronically
insulating and dense. Both coating application methods improved the discharge capacity
retention compared to the pristine sample. However, in all cases, applying the coating after
calendaring resulted in a slightly improved capacity retention after 100 cycles. This indicates that
the improved penetration of the coating within the electrode does not enhance cycle
performance. Thus, ithis particular casehe coatings do not primarily act by providing a

physically or kinetically hindering barrier against electrolyte side reactions.
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Figure 19. Comparison of capacity retention (A and C) and C.E. (B and D)-blaéd coating
applied before-B) or after (A) calendaring the electrode. All cells cycled at 2(78.4 V vs
Li/Li*and 0.1 C.
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Figure 20. Comparison of capacity retention (A and C) and C.E. (B and D)-b&3&d coating
applied before-B) or after (A) calendaring the electrode. All cells cycled at 2(78.4 V vs
Li/Li*and 0.1 C.

Figures 21 and 22 compare the rate performance of the discussed electrodes. In all coatings
except for titanicone, applying the coating before calendaring resulted in a lower kinetic
performance. For all samples, capacity loss at increasing currents correlates with a lower average
discharge voltageF{gure 21B and22B), which is indicative of cell impedanéé& As the coating
materials applied are inherently electronically and ionically insulating,ctbméirms that the

coating applied before calendaring encapsulates more active particles within the electrode. The
coating could also disrupt electronic contacts between the active particles and conductive

additive. The loss of kinetic performance was also more pronounced in the metal oxide coatings

(i.e., Al2Os-B and TiQ-B) compared to the metalcone analogues. This is likely because the
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metalcone coatings are inherently more electronically conductive and expected to have

approximately half the density of the metal oximatings(~1.5vs ~3 g cm?),">®which is

favorable for LT permeatiort!’ To illustrate thisFigure 18A and18B showcase the difference

in chemical structures of ADs and alucone. In the following sections, the comparisons among

different coating materials are conducted with the ALD coating applieat calendaring the

electrode.
D\g’z‘m.onio.sio,si1525355 0.1
2204 i
E p00terend 0 1 1 Ll
2o 1 TTWnS UL D e
S ] : aiiae LT
g 1697 o T
(3 1401 ‘. Alucone-A': e
= 120 : : DAk
= 4 :+ Alucone-B: RETT
§ 1004 o :
a { :+ Pristine : :
» 80 T T T T T T T
0 5 10 15 20 25 30 35 40
~ ‘: - . . . M . N .
o 22070403055 112315 04
< 2204 : : : : : :
£ 2004%t,.... :
2180 1 parerttees feees
.g i é.:ngé.. g,_"_g : .
% 160—_ : : ;“‘::E." E...-.E..__:
O 1404 . Pristne Ill%,. 0 -
g2 [+ AOsa TEIN
§ 1004 : . ALOsB
v 80 T T T T T T T
0 5 10 15 20 25 30 35 40

Cycle Number

D

Average Discharge Voltage

Average Discharge Voltage

4.0 - - - - - -
3_9_'0.1§o.3§o.5§ 1 g 2 § 3 5 50.1
LR LIRSl PR S 11
37_' K YT T
3.6—- : ...é:::l.g
354 : Peeal
34- = Alucone-A :
3'3 { + Alucone-B
41 < Pristine : : :
3.2 1 I 1 I 1 1 1

0 5 10 15 20 25 30 35 40
4.0 -
39-01:03:05: 1 : 2 3 5 §o.1
R LU L D H . HH
3.7-
3.6 A
3590 . Pristne : E::'-:E
34- 1« ALO;A
3394 . ALOszB
3.2 1 I 1 . 1 . 1 : 1 . I

0 5 10 15 20 25 30 35 40

Cycle Number

Figure 21. Comparison of rate performance of-Badsed coating applied befor8) or after ¢(A)
calendaring the electrode. All cells cycled at 0.1 C charge and 0.1 to 5 C discharge at.2.75
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Figure 22. Comparison of rate performance ofdased coating applied befor®) or after (A)
calendaring the electrode. All cells cycled at 0.1 C charge and 0.1 to 5 C discharge at.2.75
V vsLi/Li*.

4.3.2.Electrochemical Performance Comparison of Coatings

Under low current (0.1 C) cycling conditions at 2178.4 V vsLi/Li *, cycle stability is dictated

by thermodynamic factors, as the lithiation state of the active particles is expected to be mostly
homogeneous. Furthermore, the cathode endures more time at elevated voltages and low
lithiation states, which stresses key degradation mechanistastrolyte decomposition, oxygen

release, surface reconstruction, and dissolution of transition metals.

As shown inFigure 23 and Table 1, all coated electrodeshowan improvement in discharge

capacity retention after 100 cycles compared to the pristine-1%%2 increase)lt is worth
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noting that the initial discharge capacity of all samples was similari(Z3® mAh ¢, as the
DOD strongly correlates with the degradation of NMC/N@pe layered cathodes, even more

so than the voltage rand®.

Table 1. Comparison of discharge capacity and average discharge voltage retention after 100
cycles at 2.7% 4.4 VvsLi/Li .

Sample Discharge Average Discharge  Average Discharge
Capacity Discharge Capacity Discharge Capacity
Retention (0.1 Voltage Retention  Voltage Retention
(@3] Retention (0.1 (C/3) Retention (0.1CA
C) (CI3) C/3)
Pristine 73% 98.1% 82% 96.7% 87%
Alucone 88% 99.3% 86% 99.5% 91%
Al203 85% 97.6% 82% 96.5% 83%
Titanicone 88% 99.4% 85% 98.8% 87%
TiO2 87% 99.3% 84% 99.1% 95%
Pristine + FEC 79% 98.2% 80% 98.6% 92%
Alucone + 90% 99.5% 94% 99.1% 91%
FEC
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Figure 23. Cycle retention (A and C) and average discharge voltage (B and D) of pristine and
coated electrodes cycled from 2i78.4 VvsLi/Li *at 0.1 C.

Interestingly, despite the denser and more electronically insulating nature of the metal oxide
coatings, which should help suppress electrolyte decomposition, the metalcone coatings
exhibited the strongest capacity retention. With the exception gds:Althe coatings also
preserve the average discharge voltage, which corresponds to a suppressed impedance growth.
For Nirich cathodesycled at low currentimpedance growth is dictated by 1) formation and
growth of a Nf*-O type rock salt surface layer wistower Li* diffusion kinetics and 2) buildip

of the cathodeelectrolyte interfaceQEIl) layer derived from electrolyte decompositiowhere

the impedance is dictated by its thickness and chemical composition. In the cas@zpfthd

capacity retentions improved despite displaying a higher impedance growth compared to the
pristine electrode, which suggests that the coating primarily functions by suppressing active

material loss. To further analyzdanges in capacity arblarizationover cycling Figure 24
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displays the dQ/dWsV curves of each sample at cycle 1, 25, 50, and 100. All samples show a
series of sharp peaks corresponding to phase transitions, with the most notable being the H2/H3
phase transition at ~4.2 % Li/Li *. This phase transition is responsible for a ~5% contraction of

the c-axis lattice parameter and an increased covalency of th@ Hdnds*® It occurs due to the
thermodynamic instability of the layered lattice structure at low lithiation state, and is
accompanied by oxygen release, surface reconstruction, and electrolyte decomposition. Thus,
most of the degradation mechanisms associated witichNcathodes can be traced to this phase

transition>!
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Figure 24. dQ/dV curves of pristine and coated electrodes cycled fromi247% V vsLi/Li * at
0.1C.

Among all samples, increased peak polarization and loss of peak intensity as a function of the
cycle number is most notable at low and high SOC, whitdrgely due to kinetic hindrance?®
At low SOC, Li" diffusion is hindered byelectrostatic repulsion among‘Land the limited

number of divacancies available, forcing” kb migrate through tetrahedral sites to octahedral
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sites, which has a high energy barfi€rAt high SOC (¥5%), Li diffusion kinetics in Nrich
cathodes is greatly hindered due to lattice volume contraction, the increased valence state of Ni,
0fatigue degradationdé due to the mismatch of
surfacet®® and potential dislocations within the crystal structure.,(intragranular cracksy*

Decay of peak area€., capacity) can also be caused by active material loss or degradation.

Figure 24 shows that besides ADs, all coated samples preserved their peak positibas (
polarization) and peak areasth continued cycling This implies that the coatings maintained

the Li* diffusion kinetics, the reversibility of the phase transitions, and suppressed active
material loss. Interestingly, the Ak-coated sample shows a faster decay and elevated
polarization of the H2/H3 phase transition peak even when compared to the pristine sample.

Figure 25also displays the chargischarge voltage profiles of each sample after 100 cycles.

4.4
4.2 o
— 40 — Pristine
— 3.8 — AlO;
1 3.6 — Alucone
gi g; — TiO,
> 30 Titanicone
2.8
2.6

111 rrrr-rr-rrrrrri
0 20 40 60 80 100 120 140 160 180 200

Specific Capacity (mAh g™)

Figure 25. Chargedischarge curves of pristine and coated samples after 100 cycles at 0.1 C.
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Typically, the voltage drops rapidly below ~3.6V€ Li/Li * during discharge, forming a near
vertical line. However, the ADs-coated sample shows a distinctly oblique line, which is
indicative of a high Li insertion barrier, particularly at low SOC. One potential explanation for
this observation is that the CEI layer produced fromOAlmodification is ineffective at
suppressing oxygen release, increasing the thickness of the rock-&alajer at higher cycle
numbers. However, this explanation is inconsistent given that 1) it does not explain why the
polarization and decay of the H2/H3 phase transition peak is worse than the pristine sample, 2) a
thicker rock salt layer should result in poor capacity retention from inactive Ni and increase the
polarization at all SOCs, and 3) its mechanism of action is expected to be similar to alucone (see

XPS discussion below), which $ia positive effect on the H2/H3 peak retention.

Instead, the kinetic limitations originating from the electronically and ionically insulatis@Al
coating itself may act synergistically with other kinetic barriers (discussed earlier) to impede Li
transport, particularly at low and high SOC. Thus, at high SOC,ektraction and the
occurrence of the H2/H3 phase transit@anme kinetically suppressed. At low SOC, the @
sample shows the strongest peak polarization dutiaggeat the H1/M phase transition due to

the compounded Lidiffusion barriers. As discusseigure 25 also shows obvious polarization
during discharge at low SOC. However, at other potentials with lower kinetic hindrance, the
curve area and peak positions are mostly unaltered over the 100 cycles, similar to the other
coated samples. This impligsat despite the kinetic losses, the@d coating is still highly
effective at suppressing active material loss, substantially improving the capacity retention
relative to the pristine material. The kinetic hindrance of the H2/H3 phase transition explains the
slightly inferior capacity retention of the Ads-coated electrodes compared to other samples, as

presented ifrigure 23 andTable 1
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Figure 26 presents the cycling performance at an elevated current of C/3. Three initial cycles
were conducted at 0.1 C to stabilize the CEI/SEI layers, and after every 25 cycles at C/3 the
capacity was recorded at 0.1 C. For the pristine sample, capacity retention when cycling at C/3
was improved compared to 0.1 C (Table Rigure 27 shows that the C.E. is higher when
cycling at C/3 compared to 0.1 C, particularly during the initial cycles, confirming that cathode
electrolyte side reactions are suppreshael to a shorter duration at elevated voltages. However,
the retention of the average discharge voltage is lower when cycling at C/3. A considerable
amount of capacity is recovered when the current is lowered to 0.1 C, indicating that active
material loss is not the dominant degradation mechanism. With the exceptionQOaf e

coated samples typically displayed a small improvement in capacity retention at C/3 compared to
the pristine sample after 100 cycles 4%, Table 1). The difference in capacity tveeen the
pristine and coated samples was more prominent after 200 cyétpse 26A and 26C).
Interestingly, for the coated samples, capacity retention was poorer when cycling at C/3 versus
0.1 Cafter 100 cyclesThis suggests that the coatings are most effective at suppressing active
material loss/degradation rather than kinetic lossEseover, as shown iRigure 26, the trend

in capacity decay mostly correlates with the attenuation of the average discharge voltage for all
samples tested, which further indicates that kinetic factors (impedance growth) play a large role

in capacity degradation ahelevated current.
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Figure 26. Capacity retention (A and C) and average discharge voltage (B and D) of pristine and

coated electrodes cycled from 2i78.4 VvsLi/Li

*at C/3.
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Figure 27. Comparison of C.E. of pristine electrode cycled at 0.1 C and C/3 betweeh 245

V vsLi/Li™.
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As shown in the dQ/dV curvegigure 28), peak polarization over the first 100 cycles for the
pristine sample is clearly more severe when cycling at C/3 compared to 0.1 C. After 100 cycles,
the area of the peaks associated with theAHRPI3 phase transitions has completely decayed.
The ALOs-coated samples appear to show evidence of active material retention based on
preservation of the peak areas at lower SOC. However, polarization growth is more severe
relative to the pristine sample. On the other hand, aluconecoated sample appeared to
suppress polarization, active material loss, and decay of thd H23 peaks even after 100
cycles. Thisrise in polarization is likely associated with the formation of intragranular particle
cracks. At elevated discharge currents, lithiation is inhomogeneous and concentrated on the
surface of the cathode particles. Tisultingmismatch in lattice parameters generates strain
within the particle, leading to cracks forming which can disruptdiffusion channelsThe

coaings applied in this work are unlikely to suppress this occurrence.
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Figure 28. dQ/dV curves of cells cycled at C/3 and 2i754.4 VvsLi/Li*.

The analysis of cycle performance at various currents suggests that the coatings are most
effective at suppressing active material loss. The most well studied mechanism ofmadtérial
loss is transition metal dissolution driven by HF corrosion. HF is known to be generated from the

reaction of LiPk with trace moisture in the electrode or electrolyte in accordanceBgjitation

1
LiPFs + H2 O A 2HF + LiF + POk [1]

This chemical reaction is independent of voltage. However, it is also known that substantial
guantities of HF are generated at high voltages. A proposed mechanism suggests that lattice
oxygen or evolved singlet oxygen dehydrogenates EC at high voltages, forming protic species on

the surface of the cathode. These species subsequently react wighforffing HF as aby-
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product!®? Thus, the coatings play a prominent role in enhancing cycle stability at 0.1 C, as the

cathode is exposed to lengthy durations at high voltages.

Figure 29 compares the rate performance of the pristine and coated electrodes from 0.1 C to 5 C.
In general, the discharge capacity correlates closely with the average discharge voltage, with the
metalcone coatings showing better kinetics than their metal oxide counterparts. This is likely
because the metalcone coatings are more permeablé thffusion as discussed previously.
Interestingly, all coatings considerably improve the rate performance. In the case ofQke Al
coated electrode, this suggests that the initial CEIl layer formed is passivating with low
impedance compared to the pristine sample. However, as shoWwigure 23 and 26, the
impedance grows considerably with extensive cycling. Theoated electrodes show stronger
kinetic performance compared to the-&dated samples. In particular, the titanicone sample
shows exceptional performance, retaining 85% and 99% of its discharge capacity and average
discharge voltage respectively, when the current is rampedd.1 C to 5 C. This improvement

in rate performance is in agreement with other work assessinec®eded cathode$§? 185

79



Specific Capacity (mAh

KLY
>l

A A
"o-o

Alucone
Al,O

I 1 'I
10 15

240
220
200
180
160
140
120
100

80

Specific Capacity (mAh g'1)

‘.01 03 05

1

D20

Aaaa

Titanicone
TiO,

AAAAII ll

AAA

10 15 20

25

Cycle Number
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EIS analysis was conducted after five cycles at 0.1 C and compared at low (#<3.81\V*) and

high (~4.35 VvsLi/Li ") SOCs Figure 30 displays the equivalent circuit used for curve fitting,

which reveals a higfrequency semicircle that corresponds to diffusion resistance through a

surface film (Rf) and a mediunfrequency semicircle for charge transfer resistaneg (R the

active material surface. THigted valuesfor the circuitare listed inTable 2. Among all samples,

the Ry is lower at high SOC as Linsertion is more facile at low lithiation state. The®d-

coated electrode reveals a distinctly elevatedwhich confims that the dense coating inhibits

Li*

transport. On the other hand, the other coated samples display signifaiugs while also

lowering the R relative to the pristine sample. This indicates that the coatings apeimeable

and can potentially also reduce surface reconstruction, which dittahsport.
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Figure 30. EIS curves of coated samples after five cycles at 0.1 C. Solid line represents the fitted
curve based on the depicted equivalent circuit model.

Table 2. EIS curve fitting results.

Sample Voltage ¢sLi/Li ") Rst Ret
Pristine 3.5 0.9 6.8
Pristine 4.35 0.9 5.1
Al203 35 2.2 6.7
Al203 4.35 1.8 5.8
Alucone 35 0.8 6.0
Alucone 4.35 0.7 5.0
TiO2 3.5 0.9 5.7
TiO2 4.35 0.9 4.2
Titanicone 35 0.7 55
Titanicone 4.35 0.6 5.0

4.3.3.Ex-Situ XPS Analysis of Cycled Electrodes
To analyze the chemical composition of the Q&ler, XPS was conducted on the cathode
surface. Each sample was cycled five times between i2.Z% V vs Li/Li* under CCGCV
conditions. The cathode was then recovered from the disassembled cell and analyzed at a high
SOC (~4.35 Vvs Li/Li*). This was done in order to avoid capturing chemical spehis

originatef r om L i met al 6cross tal ko. Recent wor k h
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highly reactive Li metalcan dissolve into the electrolyte and deposit on the cathode during

discharge89 188

Figures 31 and 32 show the peakleconvoluted XPS spectra of key elements (C, O, F, and P)
that comprise the CEI layer. For each element, the intensity imoromalized and plotted with
consistent yaxis scaling, and thus the peak areas correlate with their relative quaabtg.3

and 4 list the respective binding energies and relative quantity of the deconvoluted species. The
notable peak assignments for the uncycled pristine (uncoated) sample include the
LiNi 0.esMno0sCn.1102 lattice oxygen (O 1s, ~529.4 eV) and PV[¥1s, ~688 eV; C 1s at ~286

eV and ~290.8 eV corresponding-©H,- and-CF- of PVDF respectively}®® The other O 1s

peaks are associated with surface groups of carbon black in the electrode. After cycling the
pristine electrode, the CEI layer coats the electrode surface, suppressing the peak areas for the
underlying LiNi 0.ssMnoosC00.110- lattice oxygen and PVDF. Thus, the relative peak areas of
these species can be used to qualitatively assess the thickness of the CEI layer. Inorganic species
derived from the decomposition of LiPRre present in the CEI lay&rthe F 1s spectra is
deconvoluted with peakassigned taiF (~685 eV) and LIPRO; (~687 eV) species. The signal

at ~685 V may also include 44 such as Nif/ NiOxFy, which is a product of HEorrosion®? It

is worth mentioning that several reports indicate that at high voltage, fluoride species can be
ileachedo from the CEI %1 posveverahisds expécpd tadceur t o
at > 4.5 V vs Li/lLi* and thus should not be significant in this woilthe P 2p spectra is
deconvoluted with two peaks corresponding tePEO; species with the lower B.E. peak
assigned to POQw or fluorophosphates with a lower degree of fluorination. Although organic
species derived from the decomposition of the EC/DMC solvent are expected to comprise the

CEl layer, the overall intensity of the C 1s spectra is lower when compared to the uncycled
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electrode, likely because it is dictated by the underlying carbon black and PVDF electrode
components. However, the increased intensity of the O 1s speak assigr€@dQa0S0 species

likely corresponds to poly(ethylene carbonate/oxigpg species in the CEI layer.
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PVDF CH. [
co : Jf
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Li,COy | P
: iCF
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Figure 31. C 1s, O 1s, F 1s, and P 2p (left to riga®situ XPS spectra comparison of pristine
and AbOs/aluconecoated electrodes. For each element, the plotted intensitiescere
normalized.
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Figure 32. C 1s, O 1s, F 1s, and P 2p (left to rigg®situ XPS spectra comparison of pristine
and TiQ/titaniconecoated electrodes. For each element, the plotted intensities are non
normalized.

Table 3. Binding energies derived from XPS peak fitting.

C 1s Sample C-C/C-H C-O/PVDF C=0/0C- Li:COs/PVDF

O/C-F
Pristine 284.8 285.6 289.1 290.7
Pristine 4.4 V 284.8 286.1 289.1 290.7
Pristine FEC 4.4
\Y 284.8 286 289.2 290.8
AluconeA 4.4V 284.8 286.2 288.8 290.7
AluconeB 4.4V 284.8 286 289.4 290.8
Alucone FEC 4.4
\% 284.8 286.2 289.2 290.7
Al203 4.4V 284.8 286 288.1 290.8
TiO24.4V 284.8 286.3 288.8 290.7
Titanicone 4.4 V 284.8 285.9 2880 290.7
O 1sSample O Lattice -OH/ROLI CG:/C=0 C-0/0-C=0 LixPRO;
Pristine 529.4 531.1 531.9 533.2 --
Pristine 4.4V 5290 5310 531.7 533.2 534.3
Pristine FEC 4.4
\Y 529.3 530.8 5320 533.2 534.2
AluconeA 4.4V 529.4 530.9 531.9 533.1 534.2
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