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Abstract

Li-ion batteries (LIBs) have achieved remarkable success in electric vehicles (EVS),
consumer electronics, grid energy storage, and other applications thanks to a wide range of
electrode materials that meet the performance requirements of different application
saenarios. Cathodearean essential component of LIBshich governs the performance
of commercial LIBs.Layered transition metal oxide, i.&iNixCo/Mni.xyO> (NMC), is
one family of cathodes that are widely applied in the prevailing commercial LIBs. With
increasing demand for high energy denditye development of layered oxide cathodes is
towards high Ni content because Ni redox couples majorly contribute to the battery
capacity. Meanwhile, the battery community has bewkng tremendous efforts to
eliminate Co in layered cathodes due to its high cost, high toxicity, and child labor issues
during Co mining. However, these -Nch Cofree cathodes usually suffer from low
electrochemical and structural stability. Several strategies are adopted to etiteance
stability of Nirich Cofree cathodes, such as doping, coatimgg synthesizing single
crystal particles. However, the design principles and synthesis mechanisms of these
approaches have not been fully understood. Hevenglesign and synthesize dtalli-
rich and low/neCo layered oxide cathodes by manipulating the chemical and structural
properties of cathode partisleOur studies reveal the cathode formation mechanisms and
shed light on the cathode design through complementary synchrotron mpecoand

spectroscopic characterization methods.



In Chapter 1, the motivation for LIB research is introduced from the perspective
of its indispensable rolen achieving carbon neutrality. We then comprehensively
introduce the status of LIBs at present]uing assessingheir sustainability, worldwide
supply chain and manufacturing, and cathode materials. Subsequently, we focus en the Co
free layered oxide cathodes and discuss their structure, limitations, and strategies to address
the challengedrinally, we discussingle crystal Nirich layered oxide cathodes atite
challengesind strategieassociated with their synthesis.

In Chapter 2, we investigate the dopant redistribution, phase propagation, and local
chemical changes of layered oxides at mldtipngth scales using a multielemeioped
LiNi 0.90eMgo.02T10.0202 (Mg/Ti-LNO) as a model platformiWe observed that dopants Mg
and Ti diffuse from the surface to the bulk of cathode particles below 300 °C long before
the formation of any layered phasengsa range of synchrotron spectroscopic and imaging
diagnostic tools. After calcination, Ti is still enriched at the cathode particle suxfaite
Mg has a relatively uniform distribution throughout cathode particles. Our findings provide
experimental gidance for manipulating the dopant distribution upon cathode synthesis.

In Chapter 3, we synthesized Mn(Okcoated single crystal LiNig&XLNO) and
used it as the platform to monitor the Mn redistribution and the structural and chemical
evolution ofthe LNO cathode. We us@ situ transmission Xay microscopy (TXM) to
track the Mn tomography inside the LNO particle and Ni oxidation state evolution at
various temperatures below 700.We further reveal chemical and structural changes
induced by differat extens of Mn diffusion at ensembleaveragedcale, whichvalidates

the results athe single particle scalelhe ion diffusion behavior in the cathode is highly



temperature dependent. Our study provides guidance for ion distribution manipulation
duringcathode modification.

In Chapter 4, we successfullyfabricateda surface passivation layer for NMC
particles via a feasiblguenchingapproach. A combination of bulk and surface structural
characterization methods show the correlation of surface layer with bulk chemistry
including valence state and charge distribution. Our design enables high interfacial stability
and homogeneous chardistribution, impelling superior electrochemical performance of
NMC cathode materials. This study providesghssinto the cathode surface layer design
for modifying other higkcapacity cathodes in LIBs.

In Chapter 5, we use statistical tools to idefiytithe significance of multiple
synthetic parameters the molten salt synthesis of single crystatidin NMC cathodes.

We also create a prediction model to forecast the performance of synthesized single crystal
Ni-rich NMC cathodes from the input of dfwetic parameters with relatively high
prediction accuracy. Guided by the models, we synthesize single crystal
LiNi 0.9C00.0sMno.0502 (SG-N90) with different particle sizes. We find large single crystal
show worse capacity and cycle lifiean small singlerystak especially at high current

rates due to slower Li kinetics. However, large single crystal has higher thermal stability
potentially because of smaller specific surface area. The findings of particle size effect on
the performance provide insight#td size engineering while developing neeneration

single crystal Nirich NMC cathodes. The statistical and prediction models developed in
this study can guide the molten salt synthesis of Ni rich cathodes and simplify the

optimizationprocesf syntheic parameters.



Chapter 6 summarizes our efforts on the novel design and fundamental
understanding of the statd-the-art cathodes. We also provide our future perspectives for

the development of LIBs.
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General audience abstract

Lithium-ion batteries (LIBs) have been studied for decadessewlidely applied
in electronics and vehicles because ofrthigh energy density andng lifetime.With the
increasing demand for higher energy density, particularlyelectric vehicles, the
development of Nbased layered oxide cathode materials has been focused on increasing
the Ni contentMeanwhile, decreasing or eliminating Co hasdmea consensus due to
its high cost, toxicity, and human rights issues during miriiminancing the stability of
these Nirich and low/neCo layered oxide cathodés challenging yet crucial ttheir
practical applications. Hereime design and synthesi multiple Nirich and low/neCo
layered cathodes through ion distribution engineering and structure modification at various
length scales. We alsovestigate the dopant redistribution, phase propagation, and local
chemical changes during layered oxideghode formation through a combination of
complementary characterization methods at different length scales. In additfmowade
guidance for synthesis optimization by statistical correlations and performance prediction
models with the input of synttie conditions. Overall, this dissertation provides insights
into the design and synthesis principles ofidh low/no-Co layered oxide cathode, which

can facilitate the transition to a sustainable future with-gereration LIBs.
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1. Introduction
1.1. Motivation for Li-ion battery research

Recently, Liion batteries (LIBs) have received extensive attention with the
skyrocketing growth of the electric vehicle (EV) market. Multiple countries have
announced that they ilv progressively replacénternal combustion engine vehicles
(ICEVs) with EVs over the next few decades to satisfy thezewt carbon emission
criterial> Examining the lifetime carbon emissioné EVs and ICEVs is imperativie
demonstrate the validity of switching from ICEVs to EVs. Vehicle lifetime emissions
include emissions during battery raw materials processing and battery manufacturing for
EVs, vehicle manufacturing, and the wiglwheel (WtW) process. For ICEVs, the WtW
process relates to fuel production and vehicle use, whereas for EVSs, it refers to electricity
generation and distribution. The International Energy Agency (IEA) established the Stated
Policies Scenario (STEPS) and the Simgtble Development Scenario (SDS) to evaluate
the emissions under different circumstantéghe STEPS reflects the legislated or
announced policies and targets for emissions by governments around thé World.
performs evaluations based on accomplished emission reduction goals. The STEPS is
relatively corservative and does not presume all announced goals to be reached. In contrast,
the SDS has set stricter emission standards and assumeszaliamemission pledges are
achieved. We chose the STEPS in the following comparison to avoid overstating the
beneits of EVs.

Based on the STEPS, the global WtW greenhouse gas (GHG) emissions for EVs
are all lower than their replaced ICEV counterparts for ayity vehicles (LDVs), buses,

trucks, and two/three wheelefsigure 1a)By replacing ICEVs with EVs, the ghal net



GHG emissions avoided during the WtW process are predicted to be 51.9 million tonnes
of carbon dioxide equivalent (Mt G&&q), 55.1 Mt C@-eq, 58.5 Mt CQ-eq, 69.3 Mt CQ

eq, 91.5 Mt C@eq, and 120.9 Mt C&eq, respectively, at evetywo-year interval from

2020 to 2030 (Figure 14)he benefits of emission reduction offered by EVs will be more
prominent in the SD&Taking into account vehicle manufacturing, mineral processing,
and battery production, misize EVs still have lower GHG emissions than ICEVs
throughout theife cycle (Figure 1by.However, electricity generation leads to large
variations of the total lifetime emissions (Figure ib$pecifically, the electrity
generation source can greatly affect total emissions (FigureAkchf 2019, renewable
energy sources account for 65% of power generation in Canada, and nuclear energy
accounts for 17%, resulting a@omparatively low C@emissions of 132 gCgZkWh (Figure

1c). In Indonesia, however, fossil fuels account for 83% of electrical generation. The
emission during electricity generation in Indonesia was 76 Ltk@, which was nearly

six times higher than thatf Canada (Figure 1€)The total emissions during electricity
generation increase as the countries or regions rely more on fossil fuels (Figure 1c). To
summarize, EVs generate lower lifetime emissiomas ttheir ICEV counterparts do. This

is in good agreement with the literatGrin addition, increasing the share of renewable
energy sources in the electricity generation mix can further enhance the environmental
benefitsof vehicle electrification. LIBs, being one of the most critical components of EVSs,
play a significant role in determining theng-term sustainability of the EV industry. The
development of LIBs needs to be driven in a more sustainable direction tp thetissing

energy demand and simultaneously meet the criteria faranetcarbon emissions.
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Figure 1. Environmental impact of EVs and ICEVs. (a) GHG emissions of EVs and
displaced ICEVs and net avoided GHG emissions from -2080 in the Stated Polige
Scenarid! (b) Canparison of lifecycle GHG emissions of a milze EV and ICEV.(c)
Electricity generation mix and emissions from electricity generation in selected regions in
2019° Overall, EVs have less GHG emissions than displaced ICEVSs, after considering the
processes of mineral mining, battery assembling, vehicle manufacturing, and vehicle
operation. However, the emissions of EVs largely depend on the source tatiglec
generation. The countries that heavily rely on fossil fuels have more emissions. To reduce
the emissions of EVs, optimizing the electricity generation mix and developing renewable

energy are of crucial importance. The figure is made based ontth&ala referenced

and5.



1.2. Status of Liion battery
1.2.1.Sustainability assessment

The capability of LIBs to power EVs and store electricity generated from renewable
energy sources have led to the erroneous public perceptianthL | Bs-eai s so pa@ b o
technologies. In reality, LIBs, just like other batteries, are essentially tools to store and
release electrical energy. The fact that LIB production is ena@my resourcéntensive,
and that current electricity generationldtieavily relies on fossil fuels, can potentially
cause environmental concerns. Moreover, disposal of spent LIBs without recycling could
be detrimental to the environment. Life cycle assessment (LCA) is a systematic analysis of
the potential environmentainpacts of products, processes, or services throughout their
entire life cycle’ It is generally accepted as a standard methodology to quantify the

environmental influences of the production,gesaand recycling of LIBs.
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Figure 2. Major cradleto-grave life cycle stages for batteries and EVs, including cradle

to-gate battery production, EV production, the use and maintenance of batteries and EVs,



and battery disposal and recycling. The caloded dashed rectangles show different
system boundaries.

Many LCA studies have been conducted to assess the environmental impacts of the
production of different LIB chemistries including LiFePQ.FP), LiNixMnyCo1.x.yO2
(NMC), LiMn204 (LMO), and LiNkCo/Al1.xyO2 (NCA), but their results are far from
agreement.’® The reported cradito-gate GHG emissions for battery production
(including raw materials extraction, teaals production, cell and component
manufacturing, and battery assembling as showigiare 3 range from 39 to 196 kg GO
eg per kWh of battery capacity with an average value of 110 keeG@er kWh of battery
capacity>'? ¥ The discrepancies in GHG emissions in prior studies can be attributed to a
variety of reasons such as different battery chemistries, regions of manufacturers,
assumptions in LCA models, amdodeling approaches to estimating energy demand in
battery manufacturing'’LFP, NMC, and LMO are the most studied battery chemistries
in LCA mainly due to their popularity in ¢hcurrent EV market and availability of the
manufacturing data from the battery industry. Peteg. critically analyzed a wide array
of LCA studies of battery production and found that LMO has the lowest GHG emissions
among the three battery chemisdriéollowed by NMC and LFP based on the averages of
results from published studiésHaoet al.examined GHG emissions from LIB production
in China &d reported a similar conclusion that the production of LMO automotive LIBs
leads to the lowest GHG emissions and the production of LFP leads to the highest GHG
emissions? GHG emissions of LIB production could also vary with the locations of
manufacturers due to different quality of electricity used and electricity generation

source** For example, the production of LFP, NMC, and LMO batteries in China has



nearly three times higher emissions than that in the US because electricity generation in
China relies more onoal (Figure 1c}* Besides battery chemistries and regions of
manufacturers, the approach for modeling the battery manufacturingsprmcestimate
energy demand also contributes to the wide discrepancies of the LCA t&fuiis:
studies used two modeling approaches to estimate the total energy demand in battery
manufacturing: (1jhe bottorup approach which uses data from theoretical simulations
or lab-scale experiments of the critical processes in the manufacturing line, and (2} the top
down approach which uses data from a real manufacturing plant. It was found that the latter
approach usually results in a much higher estimated energy demand in battery
manufacturing compared to the bottam approach. For example, using the-tmpvn
approach, Kirret al.assessed the cradiegate GHG emissions from massduced LIB
used in the~ord Focus EVs based on the primary energy data from the battery cell and
pack industries!inKimetald s s t astingated GHG @mission from the cell and pack
manufacturing process is 65 kg &€ per kWh of battery capacity, which is over one
order of magnitude higher than the range oflL%kg CQ-eq estimated by other studies
using the bottorup approach! Furthermore, the real industrial manufacturing data is
critical in LCA to obtain legitimate and practically informativeuls.

Prior LCA studies agreed that battery electric vehicle (BEV) production generates
more GHG emissions than ICEV production does. Hawddrad. found that the cradieo-
gate GHG emissions associated with EV production are almost twice that asswitlated
ICEV production, and battery production contributes 35% to 41% of the GHG emissions
from EV productior?. This finding is supported by Kirmt al, who reporteé 39% increase

in GHG emissions switching from ICEV to EV in vehicle producfibkiao et al. also



indicated that thers around 30% increase in GHG emissions for EV production compared
to that of traditional vehicle¥.The higher GHG emissions associated with EV production

in comparison to ICEV production is mainly because of the high GHG emissions from the
production of battery, generator, and motor, i.e., the electric powertrain system. Although
EV production has highleenvironmental impacts, extending the system boundary to
include the use phase of EV (as shown in Figure 2) leads to a clear advantage of EV
compared to ICEV because EVs offer higher powertrain efficiency and zero tailpipe
emissions. Hawkingt al. found that lightduty EVs powered by the present European
electricity mix offer a 10% to 24% decrease in GHG emissions relative to ICEVs assuming
150,000 km lifetime of EVs, and extending the lifetime of EVs to 200,000 km boosts the
environmental benefits of 27% 29% decrease in GHG emissidris. another study of

the comparison between EVs and ICEVs, it was found that transport services with an EV
result in a 35.6% (ingrcentage of the EV, 37,700 kg &€xj) decrease in GHG emissions
compared to an ICE¥which is in general agreement with Hawkielsald6 s sthudy
addition, electricity generation source plays a vital role in GHG emissions. EVs powered
by coal electricity can lead to an increase in GHG emissions compared to 1€EVs.
Therefore, it is vital to promote clean electricity sources to power EVs to maximize their
environmental benefits. Although global warming potential (GWP), as expressed in GHG
emissions, is the nsb frequently assessed environmental impact category (EIC) in the
majority of LCA studies, other critical EIC, such as abiotic depletion (ADP), acidification
(AP), eutrophication (EP), human toxicity (HTP) and ozone depletion (ODP), are equally,

sometimeseven more, important to assess the environmental impacts of EV technology.



Studies have raised concerns that production and use of EVs could potentially lead to
increases in HTP, EP, and ADP categories, mainly emanating from the EV suppl§fchain.
1.2.2.Supply chain and manufacturing

The LIB supply chain can be tracked back to the extraction and processing of raw
minerals. A volatile supply chain or inefficient manufacturing/ratiset the performance
benefit promoted by electrode materials. The mining and processing of LIB raw materials
are more scattered across the world, compared with the procedures of fossHifuets (
3). The uneven distribution of essential raw minenalay potentially give rise to
geopolitical challenges and impact the global LIB industry. For example, Ni is a
predominant metal in commercial cathodes for LIBs. Russia is one of the major countries
that extract and refine Ni mines (Figure 3a,b). Due éoRbssiaJkraine war, the price of
Ni almost doubled within one week from late February to early March in Z202®& IEA
reported that the total battery cost could increase by 6% if the prices of Ni or Li were
doubled® Contemporary Amperex Techiogy Co. Ltd (CATL), the largest LIB
manufacturer in the world, has announced to raise prices for some battery products due to
raw materials cost increa$®Accordingly, some EV companies, such as Tesla, Rivian, and
BYD, have raised the prices of their EVs due to the increasing supply chaif? cost.
Therefore,evaluating the global supply chain and manufacturing capability is vital to

gaining a comprehensive understanding and reasonable forecast of LIB development.



Russia

Norway i
.f/q‘. \ P&Iand ’ Oil
A8 Kazakhstan
us.
9 Portugal *] Ukraine ® @ NG
Iran@ Pakistan
M
Mexico Cuba . orocco § Saudi Arabia 9 ¢ 9 . M|n|ng
L & Dominican , “~
N vRepub\ic /- '"d'ﬂ Lithium
[ A | Fhlhpp\nes
indonesia
Brazil DRE F’apua New Guinea Nickel
Pem/v\ *] [ \_ Mozambigue Cobalt
Ch\ Zamblav 9 QMadagascar New Ca\ednma oba
Iev Argentina Zimbabwe Copper
South Africa
Q”s”a"a/ Graphite
Share of fossil fuels and mineral extraction ~
b N
Canada Norway Finland Russia ~
10
Belgi
A elgium 9 QPoland Kazakestan _ China Japan Qil refining
v Germany 7 9 ™
o 9 § NG export .
L Qata ( \
Mesxico 9 \South Processing
A |Korea
7 Lithium =
Brazil ORC 9 Indonesia 9
Peru@g @ Nickel
zambia @ Madagascar Australia mmm
Ch‘lev Argentina v Cobalt
Copper
Share of fossil fuels and mineral processing ~
c <
Europeg China South
u.s.
O Korea . Japan Us.
Cell
Europe .
manufacturing

South Korea

China NN

78
Japan — '

LIB manufacturing capacity

Figure 3. The worldwide distribution of LIB cradio-gate processes. (a) Share of fossil
fuelsand mineral extraction in 2019 and 262826 (b) Share of fossil fuels and mineral
processing in 2018, 2019, and 20Z425272% (c) LIB manufacturing capacity by country
in 2016, 2019, and 202933 The area of the colaroded circles is proportional to the share
(percentage) or capacity (GWh). NG: Natural gas. DRC:Odmocratic Republic of the

Conga The shaded rings around specific

c

r cl


https://en.wikipedia.org/wiki/Democratic_Republic_of_the_Congo
https://en.wikipedia.org/wiki/Democratic_Republic_of_the_Congo

collecting data from different references. This figure only displays the top three countries
for fossil fuel extraction and processing and the major contributingtges/regions in

LIB cradleto-gate processes for visualization. The distribution of LIB raw mineral
materials is sporadic across the world, but raw material processing and LIB manufacturing

are mainly in Asia.

The fossil fuel supply chain has been bkthed and remainalatively stable,
whereas the LIB supply chain is under developraextevolving rapidly. The primary oil
producers are the United States (US), Russia, and Saudi Arabia, and the top three oil
refining countries are the US, China, ddssia (Figure 3a,5)Regarding the natural gas
production and distribution, the major producing countries are the US, Russia, and Iran,
and the top three exporting countries are Qatar, Australia,h@nd$ (Figure 3a,l9)In
contrast, the global competition for the LIB supply chain has just begun. The distribution
of the essential minerals for producing LIBs is scattered globally. In 2019 and 2@20, thr
major Ni mine extraction countries are Indonesia, the Philippines, and Russia, which
accounted for the global share of 2880%, 12.015.7%, 10.111.3%, respectively
(Figure 3a, Table SP)**2°For the global share &o mine extraction, the Democratic
Republic of the CongORC) dominates with 69:00.4%, and Australia and Russia
contribute 4.04.2%, 4.04.7%, respectively (Figure 3a, Table $%).The top three
contributing courries to the global share of Li mining are Australia (482/0%), Chile
(21.922.0%), and China (13.07.0%)>?* Given the dispersed distribution of raw
materials, the LIB supply chain requires worldwide collaboratibfmeover, the leading

countries for the mining of certain materials may change as new minerals are discovered
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and mining technology improves. For example, a recent assessment of worldwide metal
reserves indicated that the togserve countries for €0z, Ni, and Co mines are Chile,
Indonesia, and DRC, which possess 52670 1000 metric tons, 28750 1000 metric tons, and
2970 1000 metric tons, respectivéffHowever, unexplored regions that have considerable
potential for mineral resoursean potentially be a garcbanger.

Mineral processing capability also plays a crucial role in the LIB supply chain
besides mineral reserves. The mineral reserves may not necessarily reflect the exact
demand in the LIB industry. The reason is that ptBduction normally needs high purity
precursors, which require further processing after mining and specific mineral sSurces.
For example, Class 1 Ni sulfate (Ni impurity of 99.8% or greater) that is eligible for LIBs
is mostly produced from Ni sulfide oreshich only accounts for around 40% of available
Ni reserves®® Such strict requirements on raw materials also bring challenges to
recycling. The fact that many essential metals for LIBs are mainly produced as byproducts
of other metal mining further compéites the LIB supply chaitf.For instance, over 80%
of Co is produced as byproducts of Ni and*Tihe worldwide distribution of mineral
processing is relatively concentrated. China hasaigest processing volumes for multiple
essential metals. The global share of China for Li, Ni, Co, and Cu processing 8354
29.935.0%, 63.665.0%, and 39:80.0%, respectively (Figure 3b). Other major
processing countries are distributed in tiest of Asia, Europe, and South America.
Separators are another critical component of LIBs, which serve as a physical barrier to
prevent cell shottircuiting and electrolyte reservoir for Li transport. The major LIB
separator manufacturers are locatedsm. China, Korea, Japan, and the US accounted

for 43%, 28%, 21%, and 6% of the global separator manufacturing, respettivély.
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separator market of Asjaacific region is forecasted to undergo a rapid growth and will
still be dominant in the next five yeats.

LIB manufacturingis the next key step. Regarding the share of the global LIB
production in the past few years, China, the US, Europe, South Korea, and Japan accounted
for 62.376.9%, 7.913.1%, 1.47.0%, 4.09.8%, and 3.21.8%, respectively (Figure 3c).

The statistics stw that LIB manufacturing is dominated by Asia, especially China. More
facilities will be established in Europe, North America, Australia, and Asia considering
those under construction or plané@hina, Japan, and Stutorea are rated first, second,

and third in the 2020 LIB supply chain ranking, which is evalubtesdd on raw materials,
manufacturingbattery demand, ef€ Europe andNorth America are progressing and their

gap with Asia is narrowing. In 2021, the US and Germany moved up to second and third
place, respectively, which is predicted to be maintained in #026ditionally, Asian
countries, including China, South Korea, and Japan, have vertically integrated the supply
chain from raw materials processing to battery manufact@fimg.the 1990s, Japan
determined to develop its LIB industry. The Japanese government supported the research
and development (R&D) of private sectors and helped them establisttokiw
manufacturing plant® China and South Korea have copied the success of Japanhthroug
developing partnerships between the government and LIB industry and providing subsidies
since the late 20008.The mature LIB supply chain and accumulated technology and
production experiencgave the Asian countries advantages in the EV dra.US and
Eurgoe did not focus on domestic LIB manufacturing until the late 2010s. Therefore, the

supply chain is not as robust, and manufacturers are relatively inexperié@estall,
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Asia has the edge on raw materials processing and LIB manufacturing at present, but
Europe and North America are accelerating the construction of their supply chains.

In all, the diversified mineral types and their concentrated geographical
distributions bring more uncertainties to the supply chain. A stable supply chain is critical
for the sustainable development of LIBs. Major LIB producing countries have been
attempting to establish their domestic supply chains and gain an edge on the LIB
manufacturing. A sustainable supply of raw materials is needed as a prerequisite. In this
regard, degloping local mining and processing abilities are essential for boosting domestic
LIB manufacturing capacity. The competition between leading countries can accelerate the
advancement of LIBs and the establishment of a global LIB industry ecosystem. On the
other hand, a closer collaboration (e.g., multiyear agreement on supply) across the world
and associated legislation are needed to achieve a sustainable supply chain.
1.2.3.Cathode materials

LIBs were first commercialized by Sony Corporation in 1991, adopti@gO,

(LCO) as the cathode and graphite as the affoéls.graphite remains the primary anode

in most commercial LIBs at present, the bottleneck regarding energy denstijf
cathodes. From 1991 to the 2010s, the price of LIBs has dropped by nearfy B7és.
cathode ighe largest cost contributor among all battery components according to the cost
model Ziegleret al. developed? Efforts to boost cell charge density and lower cathode
prices accounted for 38% and 14% of the LIB cost reduction, respeciviierefore,
manipulating cathode design at the materials level is essential to the sustainability of the
LIB industry. Several factors need to be considered when evaluating a cathode material,

including but not limited to electrbemical performance (e.g., energy density, cycle life),
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raw material abundance, cost, and carbon emissions during production. These factors are
largely dependent on the transition metals in cathodes. Here, we categorize thé state
the-art cathodes by tlrechemical compositions, especially their transition mefaible
1). LCO is widely applied in consumer electronics due to its high energy density, good
conductivity, and high discharge voltage. However, LCO is unsuitable for-daaje
applications du¢o the toxicity, scarcity, and high cost of Co. Shortly after the successful
commercialization of LCO in the 1990s, the-INised cathode LiNi©LNO) received
much attentiot®>#*LNO is an isostructural compound to LCO and has a similar¢tieal
capacity (275 mAh ¢ but avoids the problematic Co. However, severe Li/Ni cation
mixing and phase transformation issues in LNO lead to its low stel5ilitye inherent low
stability brings about durability and safety concerns, which hinder its commercialization
even today. The battery communitgs made great efforts in enhancing the performance
of LNO and other Nrich variants.

Introducing several other metal cations (e.g., Mn, Al, Co) to partially substitute Ni
is one of the most successful practices to optimize LNO. This is how NMC and &NG& ¢
into play#%4 NMC and NCA are families of cathodes that have various ratios of Ni to
other metal cations in the chemical formula. The cycling and thermal stability are
enhanced, but the energy density is limited with lower Ni content. NMC and NCA have
promoted thalevelopment of the automotive battery industry in the past decade. Moving
towards higher Ni contents has become the trend of thbaddd layered cathode
development as the demand for high energy density increases. However, this is not simply
traveling bak to LNO. Various approaches have been applied to balance the energy

density and stability, such as doping and codfing. the meantime, decreasing or
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eliminating Co in NMC andNCA has become more pressing. Co contributes a significant
portion to the entire cost and carbon emissions of cathode prodtfd@iesides, the child

labor and human rights issues during the Co mining have drawn criticism widely.
Therefore, Nirich Cofree cathodes have gained extensive attention recently. A variety of
metal cations were selected to replace Co to ingtbe stability of Nirich cathodes? >3
Ni-based cathodes will persist due to the advantage of high energy density before more

appealing cathodeappear.

Table 1. Selected LIB cathodes categorized by elements

Category Advantages Disadvantages Status References

Expensive and

H|gh_eqergy toxic Co; low
Co denS|ty,_h!gh accessible Consumer
L LiCoO2(LCO) conductivity; . . 54
dominating . ) capacity electronics
high discharge h
voltage compared to the
theoretical value
Increasing
LiNi ,Mn,Coyx,O, €nergy density  Low thermal and EVs
. (NMC)/ with higher Ni cycling stability y
ch;rig?nﬁo o content; lower  and safety conceri Ztna:ronary 461 48
9  LiNixCOAl1«O2 costandless  with higher Ni Storagye
(NCA) toxicity than content 9
LCO
High energy
e LiNi xM1xO2 density; low
N1l Ele (M=Mgq, Al, Ti, Cost; LOW. therma! _and Research 50i 53
Co-free X cycling stability
etc.) environmentally
friendly

1.3.LiNiO2 and LiNiO>-derived Nirich low/no-Co layered oxide cathodes
1.3.1.Hierarchical and heterogeneous layered cathode architecture
1.3.1.1.Hierarchical structure

A well-functioning Li ion battery with superior electrochemical performance
requires the coordination of each component at different lesoglles. The architecture of

Li ion batteries is hierarchical, ranging from the bat@sgembly scale in centimeters
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down to atomic scale in nanometers (FiglireTaking a commercial cylindrical battery as

an example, the main components include a cathsmpmrator, electrolyte, and an anode
(Figureda). Generally, the cathode has more choices of materials and the structure is more
complicated than other components. The cathode assembly consists of active materials,
conductive additives, and binder (Figu#b). The active materials are composed of
numerous microsized particles, which can be either single crystal particles or
polycrystalline secondary particles comprising nanosized single crystal primary particles
oriented randomly or in a certain pattéfigure4c, d). Zooming into single crystal grains,

Li ions and transition metal ions are arranged in an ordered and repeated manner in the
lattice. For example, Figurde shows the lattice structure of a layered cathode with
alternate layers of Li ionsnd transition metal ions. Throughout different length scales,
many of the local chemical and structural heterogeneities may interfere with global
electrode properties and electrochemical performance. Therefore, a comprehensive

understanding of the heteraggty at different length scales is crucial.

l Several cm Tens to hundreds of um Several pm Tens to hundreds of nm
Cathode

Cathode secondary Cathode primary Atomic layers in cathode
particle particle primary particle

Cylindrical battery Cathode assembly

Figure4. Schematic illustration of the length scales and corresponding battery components.
(&) A cylindrical battery of several centimeters. (b) Cathode assembly from tens of to
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hundreds of micrometePs. Copyright 2019. Elsevier. (c) Polycrystalline cathode
secondary particle of several micrometers. (d) Cathode primary particle from tens to
hundreds of nanometers. (e) Atomic layers in cathode primary particle within several
nanometers.
1.3.1.2.Compositional heterogeneity

A homogeneous transition metal ion distribution in cathode particles has been
considered as a critical criterion to achieve decent electrochemical performance of alkali
ion batteries. However, our recent studies show that sodium layered cathode nétarials
highly 3D heterogeneous transition metal distributions exhibited good perforffahce.
Three cathode materials with the same chemical formulee§Cu 2Fey 2aVing 5202 but
different transition metal distributions were synthesized (S50 CFMMn, CFM-Fe,
respectively). Among these cathodes, GEM showed the best performance in Na ion
cells with an initial discharge capacity of 125 mAh at 0.1C between-2 V and no
capacity fading after 100 cyclé$3D full-field transmission Xay microscopy (TXM)
was used to quantify elemental distributions. TXM is powetéulprobe elemental
distribution and electronic state (e.g., oxidation state) distribution at a fast data acquisition
speed with a resolution of tens of nanometékHowever, potential pitfalls in data analyses
should be addresddo avoid data misinterpretation, which will be discussed in the next
section. Herein, the elemental association maps of -ClNdased on TXM suggested the
elemental distribution in a large number of nanodomains deviates from the global
stoichiometry Nao 9Cuo o2Fen 2dVing 5202). Specifically, the surface is dominated by single
and binary metal associations (Figiag, while the bulk mostly comprises ternary metal

associations (Figurgb). This study really opens up a few questions. Are great performing
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mateials in the literature always homogeneous in elemental distributions? This question
can essentially be applied to any muliment oxide cathodes. Does the elemental
heterogeneity create different charge distributions in battery particles? Can thetalemen
heterogeneity be designed to benefit battery performance?

We applied the elemental 3D distribution approach to Li ion batteries by
introducing dopants as point defects to nanosized single crystal grains. The dopant
distribution can be modulated duritige cathode synthesis. We used a multielerdepted
cathode material LiNiggMgo.o2Tio.0202 (Mg/Ti-LNO) as a platform to investigate the
dopant redistribution during synthesis. A combination @&} photoelectron spectroscopy
(XPS) and Ni kedge extendeX-ray absorption fine structure (EXAFS) wavelet transform
analysis suggests that both Mg and Ti are enriched at the surface of the mixed metal
hydroxide precursor (schematically represented in FigcyeUpon calcination, both Mg
and Ti diffuse into theinkel hydroxide matrix® After the calcination protocol completes,

Mg distributes homogeneously throughout the cathode particle while Ti is enriched at the
particle surface (Figuré&d). The resulting cathode material MgINO with a 3D
hierarchical dopant distribution showed smoother charge and discharge profiles (due to
less phaseaansformation), and higher capacity retention than pure LiNi@er the same
operating conditions (Figuf®) 3? The homogeneously distributed Mg may suppress phase
transformations and thereby enhance the bulk structural stability. Meanwhile, the-surface
enriched Ti may mitigate the surface oxygen loss by forming strong ionic bonds with O
and educing the hybridization between transition metal 3d and oxygen 2p otbiBys.
applying the 3D dopant distribution approach, we also observed stability enhancement in

other cathode materials such as Ti dopedd.4Mino.1Ca.102 (NMC811:-Ti).5° The STEM
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energy dispersive Xay spectroscopy (EDS) mapping of NMC8Iilimplied that Ti was
enriched at the cathode paltisurface (Figuréf). The bulk of the particles had a layered
structure while the surface had a deactivated reconstruction layer (Bgui®imilar to

that observed in Mg/TiLNO, the surfacesnriched Ti in NMC814Ti particles also reduced

the covalencyetween transition metals and oxyd@ithe chemial environment of Ti is
highly reversible upon charging and discharging, which contributes to excellent oxygen
reversibility and electrochemical cycling stability (Figush).f® Overall, our results
showed engineering the elemental distribution in individual cathode particles can modulate
global electrobemical performance. However, the electrochemistry within individual
particles, such as local charge distribution, was not fully understood. Therefore, we
extended our work to further investigate the chermtattrochemical correlation at the

mesoscale.
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Figure 5. Elemental distribution heterogeneity in various cathode particles at different
length scales. (a) 3D elemental association map of prisaneCuw JFey 2dMng 5202 (CFM-

Cu) at the particle surface. (b) a selected virtual slice cut through thefbthe same
CFM-Cu patrticle in (a), the bottom of (a) and (b) shows the emded elemental
associatio?® Copyright 2018. Royal Society of Chemistry. Schematic illustration of
elemental distribution in (c) precursor and (d) product of the MQN® cathode
material®® Copyright 2020. John Wiley and Sons. (e) Voltage profiles of Li cells
containing LiNiQ and Mg/TLNO at 0.1C (20 mA @) and 22 °C within 2.8.4 V, where

the inset shows the discharge capacity change as a function of cycle Ati@eyright
2019. American Chemical Society. () STHMDS mapping of NMC8LTi after 300
cycles at 1C within 28.5 V. (g) STEM image of pristine NMC84lli. The dashed line
indicates the distinction between tlseirface reconstruction layer and bulk layered
structure. (h) Ti kedge soft XAS spectra at different SG€E€opyright 2019. American

Chemical Society.

1.3.2.Crystal structur@nd thermodynamiasf LiNiO 2

Ni-rich and low/neCo layered oxide cathodes are based on the structure of4,iNiO
with low content of dier metal cations occupying Ni site or Li site. LiNi@as a hexagonal
structure with trigonal symmetry (@ s pace group), whie€h 1is
NaFeQ. For the ideal stoichiometric LINK)Ni and Li cations occupy the octahedral 3a
(0 0 0) sitesiad 3b (0 0 1/2) sites, respectively. Oxygen anions reside in a cubie close
packed (ccp) 6¢ (0 0 z) sitdsgure §. Transition metal planes and Li planes are alternately

arranged along the [001] direction of a hexagonal structure (equivalent to the [111]
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direction of the rocisalt cubic structure). Thus, the chemical formula can be denoted as

[Li] 36[Ni] 34 O2]6c.

[Li]3p[Ni]3a[O:] 6

e ©
© Z

Figure 6. Schematic showing the crystal structure of LiNi@he green, gray and red
spheres indicate Li, Ni, and O atomsspectively. (Figure reproduced from 4&).
However, the LiNiQ is prone to be offtoichiometric and more Ni ions are
accommodated in the Li planes. The-stibichiometry can be attributed to the low stability
of the trivalent Ni ion, and the Li ion Issat high temperature during calcinatién.
Therefore, the chemical formula of LiNi@ practice can bdenoted as [LizNiy]ao[Li zNi1-
Vs dOsec(y O z) , where y repr ésndhetiplaneshandz ont ent
denotes the amount of'Lin the Ni plane. Based on the Extendeda¥ Absorption Fine
Structure (EXAFS) techniqu&ougieret al.observed the distortion of octahedral Ni®
the LiNiO. due to the Jahifeller distortion®! The distortion induces the formation of two
Ni-O bonds with a bond length of 2.09 A and fourQlbonds with a bond length &f91
A.
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In the offstoichiometry LiNiQ, the excess KNi in the Li site can enlarge the
distance between Ni and O, while shortening the distance between Li and O. It can be
attributed to the increasing ionic radius fron?™Nb Ni?* and from N#* to Li*. Upon
charging, Li ions in the inteslab layer are deintercalated, and mor& Bie oxidized to
Ni*. That leads to a slight decrease of lattice parameter since the ion radis isf Ni
smaller than that of Kii.®? Lattice parameter c increases during the initial charging because
of the electrostatic effect and the repulsion between oxygen anions in the neighboring
layers, and decreases eventually at the highly charged state due to the lattice structure
collapseinduced by the extensive Li ion removal. Moreover, a sequential crystal structural
change takes place from hexagonal phase H1 to monoclinic phase M, and subsequently
from monoclinic phase M back to hexagonal phases H2 and H3.

The enthalpy of LiNiQformai o s isgpeported to be54.8 kJ/mol from oxides
(Li2O and NiO) and @at 298 K based ocalorimetry measuremeffFr om el &ment s, g
is -593.0 kJ/moht 298 K8 The change of Gibbs energy for the formation of LiNi@m
e | e meQnig-514.9pkJ/mol at 300 K,indicating a spontaneous reactfin
1.3.3.Instability issues of LiNi@
1.3.3.1.Chemical and electrochemical instability

The highly delithiated LiNi@is unstable and prone to decompose, which can lead
to the Q release (equation 2 and 3) and parasitic reaction with the electrolyte. The highly
reactive Nt* formed at highly delithiated state tends to be reduced #oadd form the
NiO-like rock-salt structure,which is resistive to the ionic conduction. Thuse th
accumulation of the roekalt phase consequently induces the increasing impedance and

the capacity decay. The rosklt structure mainly forms on the surface since thesO
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easier to evolv€® Depending on the state of charge, the spinel structure can also be formed

(equation (1)).

o EE 1 AUADAKE E ODPET AIEOT AEOCA B (1)
.. e o T B %)
, EE OBl Ric. EDI AEOAEI,CE Tc / (2)
e L 0D %)
o, EE IAUA@&.AEOIAEO%—LCE (pTG/ (3)

The theoretical specific capacity of LiNiQs about 274 mAh/g. In practice, the
reversible capacity can reach more than 150 mAh/g in the voltage window of 2 V to 4.2
V.% The electrochemical activity is highly related to the stoichiometry of LiNi®e Ni
ion in the Li planes induced by the foichiometry results in the loss of reversible
capacity during the first cycf Various factors can influence the stoichiometry, including
but not limited to the @partial pressure, the reactivity of the precursor and Li content
during synthesi&®
1.3.3.2.Thermal instability

Thermal instability is a typical limit of LiNiQ which canresult in severe safety
issues during cycling. Dahn and coworkers observed the cathode material decomposition
and the Q@ release upon heatif§.By using thermal gravimetric analyzer (TGA), they
compared the thermal stability of three cathode materials, namely kiC@DO,, and
LiMn204. The results suggestéoht LiMn>Osis the most thermally stable material while
LiNiOz is the least one among the three cathode materials. The high tempedtces
cathode decomposition and, @volution lead to a violent parasitic reaction with the

electrolyte, which consegutly causes vent and safety iss(fe€hang et al. also
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investigated that the most heat release corresponds tedbgon with the electrolyte
instead of the cathode itséH.

LiNiO2 is observed to be thermally stable in the pristine Stdiat unstable at the
highly charged stat&. With more Li ion deintercalated, more; @ liberated and the
maximum Q release in the LiNi@takes place at a lowgemperature. The reversibility of
LiNiO2is poor at 40 °C upon cycling, and an exothermic heat is observed at 200 °C for the
highly delithiated state bpNiO2.”® The mechanism of the cathode decomposition and O
release at highly delithiated state is interpreted by astep process. The layered structure
transforms to the spine$tructure with heat release at about 200 °C, and phase
transformation continues from the spinel structure to the-saftkstructure with more O
release when heating up to about 300 °C. The crystal structure evolution can be expressed
by the equation (Ifp (2) and the overall reaction (3).
1.3.3.3.Structural instability

It is commonly accepted that LiNgQundergoes sequential phase transformation
during charging (Li ion deintercalation) in the order of hexagonal phase H1, monoclinic
phase M, hexagonal phase H2 and hexagonal pha$eAd8uming the chemical formula
is LixNi1+2O2, where 0 < x < &. As Li ion deintercalated up to x=0.85, the hexagonal
phase H1 is well retained. When x keeps decreasing to 0.8, the monoclinic phase M
appears, and single monoclinic phase M is obtaiméithudecreases to about 0.75, which
is driven by Li vacancy orderin§.As x decreases to 0.5, hexagonal phase H2 arises until
x reaches 0.25 when hexagonal phase H3 begins to form. During the phase transformation
from hexagonal phase H2 to H3, theita shrinkage induces a 7% volume decrease, which

induces strain in the particles and consequently generates cracks. The cracks provide
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channels for electrolyte infiltration, and parasitic reactions between the exposed cathode
particle surface and eleclyte play a critical role in the eventual cycling failure. Such
parasitic reactions can lead to the cathode particle surface reconstruction that involves the
phase transformation fromofh layered structure to Fam rocksalt structuré® Our recent

study indicated that the cracks can increase the electron diffusion length significantly,
while electrolyte infiltration can shorten the diffusion distance of ions but not electrons.
The mismatch gives rise to the heterogeneous distributioonaf and electronic traffic

load eventually’ To address the issue of cracks, Maal.indicatedthat engineering the
asmade particle morphology carefully can tune the degree of crack forniétion.
1.3.4.Strategies to design stable-tith Cofree layered oxide cathodes

1.3.4.1.Surface engineering through coating, eshell, and concentratiegradient
designs

The surface coating of the LiNiJs to form a passivated layer on the surface of
the catlode particles, which can suppress the side reactions with the electrolyte. Therefore,
the Q release and continuous accumulation of cathode electrolyte interface (CEI) can be
mitigated. Various metal oxides have been investigated for the coating ofJl Blih as
ZrOz, La03.7°89 Both of the metal oxide coated LiNiQ@ield larger capacityatention
since the surface coating layered well suppress the phase transformation.

Another strategy to modify the surface of cathode materials is to form -sloelte
structure, which is commonly achieved by coating the cathode surface with specific metal
containing compound, followed by thermal treatment to facilitate the diffusion of coating
elements into the cathode structure. A thermally more stable shell, say NMC material, can

be constructed in the synthesis process of the high capacity 4 ¢¢i®. Tuning the
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synthesis parameters is essential in the process of shell structure growth. Different shell
structures have been reported, including but not limited to okMb.1Mno.102
(NMC811)8! LiCo1yMny0,.82 A chemical concentration gradient is created if the
transformation from the core to the shgltontinuous. NMC materials are good examples

to form a concentration gradiéfi* The Mnrich surface provides the thermal stability
while the Nirich bulk maintains high capacity. Benefit from these strategies, better
capacity retention and less structural degradation are obtained.

1.3.4.2.Doping chemistry

As an alternative to the surface coating, which requires extra processing and leads
to high cost, doping has been becoming one of the most investigated strategies to improve
the cycling stability of the cathode material. Doping is to stuletthe transition metal
cation (nommetal anions) in the cathode material with a slight amount of foreign metal
cations (normetal anions). Although various nometal anion doping methods are
reported>%® metal cation doping remains the focughedoping study. The discussion in
this review will be based on the metal cation doping.

The role that different dopants play is dependent on ngtthel electrochemical
properties of themselves but also the sublattice site that they reside on. In general, the
electrochemical inactive metal cations staying on the Li ion sites function as pillars and
maintain the structural integrif. The dopants residing on the transition metal sites
contribute to the increasing lattice spacing and high€d ldond strength, whircleads to
fewer O vacancie¥ In the layered oxide cathode materials, it is widely accepted that most
monovalent and divalent ion dopants are prone to reside on Li site, while trivalent and

tetravalent ion dopants prefer to stay on transition metal iof’$ité It is also reported
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that the preference of dopants staying on the Li ion site or transition metal ion site is related
to the charge and spin states of the dopants, and the local lattice envirdhifteat.
substitutional preference of several dopants in the LiNi&> been investigated based on
the first principle calculations. According to the analysis, Mn, Co, Fe, and Al prefer to
resideon Ni sublattice. Mg can stay on either Li sublattice or Ni sublattice, despite it is
favorable to the Li sublattice when the fraction of the Mg dopant is more than 10%.

Various dopants have been investigated. Co doping is observed to mitigate the
Ni/Li cation mixing which then increase the stoichiometry, thermal stability and
mechanical stability are also slightly increa&&®. Mn is demonstrated to enhance the
thermal stability of the cathode matef&hut with some capacity penaltyMg resides in
the Li planes that can function as pillars and thereby mitigate the structural collapse. Al
doping and Ti doping are reported to contribute to the stability improvement ofthioglea
material®8"3

To obtain better electrochemical performance and take advantage of different
dopants, multelement doping has been investigated. €al. reported Mg and Ti co
doped LiNiQ with different dopant content and obtained both higher thermal stability and
capaity retention’® However, the effect of each dopant on the improved electrochemical
performance is not well understoodtyespecially in the muHkilopant system. It is
commonly believed that the distribution of the dopants in the primary patrticle is relatively
homogeneous. However, a recent study based avigTAl co-doped LiCoQ cathode
material shows that the Ti dopant ynsegregate onto the surface and form a gradient
distribution®which is confirmed by our recent study based on NMEBLAs shown in

Figure 7 Ti is more enriched at the surface (5.8 at%) tihenbiulk (1.9 at%). To better
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understand how the concentration of dopants and their distribution influence the materials
properties in the mukelement doping system, we have been probing the cathode material

formation process.

(b)

EDS

D 20 nm K\

Bulk
1.9% Ti

Surface
5.8% Ti

Figure 7. STEM-EDS mapping of the Tidloped NMC811 material after 300 cycles at 1C
between 2.81.5 V versus Li/Li. (Figure reproduced from réb)
1.3.4.3.Single crystal synthesis

At present, most commercial LIB NMC cathodes are produced with spherical
polycrystalline particle morphology (Figu&a). The reason is sphehas the smallest
surface area among all shapes with the same volume. Small surface areas can minimize the
parasitic reactions between the electrolyte and cathode surface, therebyirenttenc
battery cycle life. However, the polycrystalline secondarytigjas are composed of
numerous primary grainas shown in FigurBa These single grains can still significantly
contribute to larger specific surface area even agpherical shape. In addition, the phase
transformations upon charging and dischargiygjes can cause lattice volume change and
stress accumulation. The stress can lead to intergranular crack formation at the grain

boundaries. The cracks expose fresh cathode surfabe &bectrolyte, which results in
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more cathodelectrolyte side reactis and faster performance degradation. In contrast,
single crystal layered oxide cathodes can be synthesized to address the instability issues of
their polycrystalline counterparts. Single crystal layered cathode particles are at similar
length scale witlpolycrystalline secondary particles but without-surtits of single grains

at nanometer scale or grain boundaries (Figime Therefore, the intergranular crack
issues in polycrystalline cathodes can be mitigated, anaytieng stability of single

crystl cathode is increased due to its enhanced structural int€grity.

Figure8. Scanning electron microscopy (SEM) images of (a) polycrystalline and (b) single

crystal LiNio.eMno.1C0.102 (NMC811) cathodes.

The synthesis methods of single crystal layered cathodes can be majorly
categorized into three approaches (Fid)rédigh-temperature synthesis is the most direct
approach to obtaing single crystal layer cathodes (Fig@a). The increasing calcination
temperature and duration can promote the ion mobility and grain grésitigte crystals.
However, severe particle agglomerations can readily form at high temperahesfore,
additional pulverization steps are required to optimize the particle size. Furthermore, the

thermal stability of Nirich cathodes is low. Higtemperature synthesis is challenging for
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Ni-rich layered cathodes due to Li loss. Another approach is-stafii synthesis, which
decouples the grain growth and layered phase formation by dividing the calcination into
multiple steps (Figureb). For instanceli et al. synthesized LiNjz3VIng33Cao.3302
(NMC111) by a firststep calcination at 1000 °C for 10 hours with a-stdichiometric
amount of lithium carbonate to promote single crystal growth, followed by a sstemd
calcination at 900 °C for 10 hourstivthe remaining Li source to form the final layered
phase'®® Nevertheless, the synthesis of single crystals through-stalti approach also
suffers from materials instability at high temperas. Moltersalt synthesis is another
method to obtain single crystal cathodes (Figeeck Specific salts, which can melt at
relatively low temperatures, are added to the precursors to provide a liquid medium for the
crystal to form and Li intercalaticat low temperatures. The size and morphology of single
crystals can be better controlled, and the particle agglomeration issues can be mitigated
through moltersalt synthesis. Water washing is required to remove the residue salt from
the cathode product,hich can be detrimental to the performance ofibh cathode$®

Proper processing of the cathode after washing, such as recalcination, is normally needed.
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High-Temperature
Synthesis
1) grind
2) anneal

Q
1) add lithium
2) anneal

Molten-Salt -
Synthesis \.
C ‘ 1) wash

2) anneal

Single Crystal

Multi-Step
Synthesis

Figure9. Three main approaches to synthesizing single crystal layered cathodes,-(a) high

temperature synthesis, (b) mudtep synthesis, (c) molteralt synthesis.(Figure

reproduced from ref01)
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2.1. Abstract

Achieving the targeted control of layered oxide properties calls for more
fundamental studies to mechanistically probe their evolution duringytitbesis. Herein,
we investigate dopant distribution, phase propagation, and local chemical changes as well
as their interplay in multielemexbped LiNiQ materials using spectroscopic, imaging,
and scattering techniques. We show that dopants undergonity redistribution in the
Ni(OH). host lattice at the early stage of calcination (below 300 °C). Such a redistribution
behavior exhibits a strong dopat#pendent characteristic, allowing for the targeted
surface and bulk doping control. The Ni oxidation process exhibits a-depdndent
characteristic and the most rapid Ni oxidation takes place between 300 °C and 700 °C.
Using Ni oxidation state as the proxy for the phase transformation, we show the buildup of
heterogeneous phase propagation in the early stage of calcination, espdwia)lyhe
radial direction of secondary particles. The radial heterogeneous phase distribution
gradually decreases upon completing the calcination. However, a high degree of mosaic
like heterogeneity may still be present in the final product, departimy fhe perfect
layered oxide. The present study advances fundamental insights into manipulating
multiscale materials properties during calcination for obtaining stable gmigtyy layered

oxide cathodes.
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2.2.Introduction

With the increasing demand fdrigh energy batteries in applications such as
electric vehicles, LiNiQ based layered cathode materials have received broad research
attention in recent yeats: In addition, the toxic, higitost Co gives rise to the research
interest in Ceree layered cathode materials. However, the thermal and chemical
instability of LINiO, especially at the deegharged sta, leads to severe safety issues and
hindess its practical application$.Recent studies have recognized the importance of
elaborate synthetic control to obtain high performance LiN&ednaterials’ 8 An ideal
synthetic protocol should be capable of tailoring critical materials properties such as the
dopant distribution at relevant length scales, extending from the surface to the bulk of
cathode particles. However, achieving the targeted contrtilesie properties calls for
more fundamental studies to structurally and microscopically probe their evolution in the
synthesis.

Cation doping is considered as an effectimethodto stabilize LiNiQ based
cathodes by improvinis bulk structural integrityas well asurface oxygen retenticht!
The doping effort has been extended to the muleehent doping approach for
simultaneously accessing the berssfitindividual dopant$?*3In cathode materials with
a low dopant concentration, especially in multielerdoped cathode materials, the
dopant distribution pattern has been primarily understood thrthermodynamickased
theoretical calculation¥" 1’ Kinetically, the dopant redisbution during calcination may
be governed by ion diffusion properties, which are intimately associated with ion diffusion
coefficient, local environmertdf the hostand experimental conditions (e.g., temperature,

amospheref® 2°Therefore understanding how dopants redistribanel change their local
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chemical environments during calcination may provide a knob for improving the dopant
functions in the bulk and at the surface of battery particles.

In addition to dopant distributionhpse propagation and local chemichanges
during synthesis also play a significant roleeimsembleaveragedoattery performance.
Many studies have gone beyond global crystal and electronic structures and revealed the
importance of mesoscale chemicalgedies in the stability of layered oxide cathodes. For
example, Muet al. reported that th thermal degradatioaf charged layered oxides is
governed by thdocal valencecurvature of the layered to rocksalt phase propagation
front?! In addition, themorphologicaldefects at mesoscale that originate from local
chemical and structural transformatspsuch asntergranularand intragranular cracks, are
detrimental to the battery performarféélhese chemomechanical breakdown of battery
particles constitutes a frontier challenge in layered oxide cathodes and can be exacerbated
by the heterogeneous charge distribution during charging and dischargiagaftibles3
The overcharged and undercharged nanodomains (i.e., charge heterogeneity) create
undesired local stress fields, leading to the chemomechanical breakdown of battery
particles and accelerating the performance degrad4tin. et al. showedthat charge
distribution homogeneity and battery cycling stabitign be enhared bymodulating the
grain crystallographic orientation in polycrystalline battery mateftaShe charge
heterogeneity during battery cycling is associated with the local struantachemical
characteristicoriginating from the synthesisThe metal hydroxideprecursor to layered
oxidetransitioninvolves multiple steps of phase and chemical transformations, including
dehydration of metal hydroxide precursors, lithiation of megdroxidesandcrystallinity

growth ofoxides. Because of the intrinsic complexity of the calcination environment, these
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transformations may exhibit a high degree of heterogeneity. For example, the 3D mapping
of chemical states has exclusively shown thattransition metal TM) oxidation states
are heterogeneous even in commercial battery parffefédvlany studies about the
cathode formation process discussed how synthetieditions, such as sintering
temperatureand calcination atmosphefénfluence the batterperformanceRegarding
the cathode formation mechanisthe structural and chemical changes of several layered
oxide cathodes are probed with-ry diffraction (XRD) during the synthesi$:?®
However, XRD can only provide the ensembleraged information, and there is a lack
of the knowledge regarding how the local characteristics spatially transform along the
calcination process.

Herein, we investigate the dopant redistribution, phase prtopagand local
chemicalchangef layered oxidest multiple length scales using a multieleméoped
LiNi 0.06Mgo.02Ti0.02(Mg/Ti-LNO) as a model platforit? The dopant redistribution takes
place belowd00 °C. There is no major dopant redistribution abo08 3C throughout the
calcinationprocess Mg?* rapidly diffuses into the Ni(OH)matrix and forms a relatively
uniform distribution in the finaproduct whereas Ti" exhibits a gradient distribution that
is enriched at the surface. Globally, the phase transformation takes place from the initial
mixed hydroxide phase to the layeredaph through a metal oxidiked intermediate
phase.The mesoscale phase propagation and cherm@igesshow a high degree of
threedimensional 8D) heerogeneity, especially along the radial direction of secondary
particles. Such 3D heterogeneity carpbesent in the final layered oxide product, albeit to

a much lesser degree. These findings contribute to understanding the multiscale formation
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of layered cathodes and potentially inform better design of cathode materials through
controlling the thermal pcessing
2.3.Materials and methods

Material SynthesisThe Mg/TtLNO was synthesized through a-precipitation
method and then calcined under specific temperature profiles to obtain the samples at
various stages of calcination. Firstly, the starting satuti® mL of NaOH and NgiH20
with a molar ratio of NaOHNH3-H20 = 1/1.25) was prepared and the pH was adjusted to
11.0 by adding sulfuric acid. Secondly, the transition metal agueous solution (100 mL of
0.096 M NiSQ-6H.0, 0.002 M MgS@ 7H-0, and 0.002 MIiOSQy) and base solution
(100 mL of NaOH and NEH20 with a molar ratio of NaOHNH3z-H.O = 1/1.25) were
added simultaneously into the starting solution obtained from the first step with a feed rate
of 2 mL min! under constant stirring. The reaction wasegully controlled to keep the
temperature at 55 °C and the pH at 11.0 £ 0.2 undditoW protection. Thirdly, the
precipitant obtained from the second step was washed with DI water, filtered, and dried in
the vacuum oven at 105 °C for 12 hours. Findhg, asprepared precursor from the third
step was thoroughly mixed with LIOH (2% excess to compensate the Li loss during
calcination), then the mixture was calcined at 460 °C for 2 h and then at 700 °C for 5 h
under Q with a flow rate of 1.5 L min to dbtain the product. The samples at various
intermediate states of calcination were prepared by interrupting the calcination at specific
temperatures and time followed by cooling (Figure S2).

Electrochemical CharacterizationTo prepare the composite electrode slurry,
poly(vinylidene difluoride as the bindgr(PVdF)was first dissolved intdN-methyl2-

pyrrolidone then the active material product obtained after calcinatrmhthe acetylene
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carbonwere added into the soluticand thoroughly mixed, following the ratio of active
material: PVdFacetylene carbon 90 wt %: 5 wt %: 5 wt %. The slurry was subsequently
cast on the carbecoated aluminum foil and dried at 120 °C for 12 h in a vacuum oven.
The dry composite electrodeas punched into disksf a diameter of 10 mmwith a mass
loading ofD1.4 mAh/cn3. The obtained composite electrodes were used as cathode and
the Li foils were used as the anode with\tYleatman glass fiber (1820747934AH) as the
separatoto assemble #9@CR2032 coin cellé anAr-filled glove box The electrolyte i&
M LiPFe in ethylene carbonate (EC) and ethyl methyl carbo(B@MC) with 2 wt %
vinylene carbonaté/C). The coin cells were undealyanostatic discharge/chargethe
cutoff voltage rang of 2.5 4.4V at 22 °C and measured on the electrochemical workstation
(Wuhan Land Company 1C is defined as fully charging the cathode in 1 hour, which
corresponds to the specific current rate of 200 A g

Material Characterization X-ray photoelectron spectroscopy XRS)
measurements were performed on Biél VersaProbe Ilwith a monochromatic Al K
alpha Xray source (1486.6 eV].he samples for XPS were cooled to room temperature
after calcination in oxygen and taken out from the furn&ben the samples were ground
for five minutes in the air and sealed for transfer and measurement. The sample exposure
to air during sample collection and grinding gives rise to the Li carbonate forniEtien.
full-field transmission Xray microscopy(TXM) was performed dilational Synchrotron
Light Source lI(NSLS- 1) beamline 18D, Brookhaven National Laboratory. A python
based framework TomoPy was used to reconstruct the tomographic d¥ta@setsa
commercial software Avizo was used for visualization. Soft XAS was performed at the

Stanford Synchrotron Radiation Lightsour(@SRL) beamline 1Q, SLAC National
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Accelerator Laboratorysingaringc ur r ent of 350 “rspheriaahgdating 1 00 0

monochromator with 20 e&m eDiffmmae anad@ eWwi:t

resol ut i &bheam gpb Data Werenaoguired under ultrahigh vacuun¥(Torr)

in a single load at room tempasee using total electron yield (TEY), where the sample
drain current was collecte@ihe samples were mounted on an aluminum sample holder in
an Arfilled glove box and welkealed for transfer. Hard XAS (XANES and EXAFS)
measurement was performed usirf§j §111) monochromator #ie beamline 20D of the
AdvancedPhoton Source (APS) at Argonne National Laboratofyne absorption energy
calibration was based on the first inflection points of the Ni reference spectra that were
collected from a Ni foil reference simultaneously with the samples. The samples of hard
XAS and synchrotron XRD were sealed with Kapton tapdbhe Arfilled glove box for
transfer and measurement. The synchrotron XRD patterns were collected at the beamline
11-3 of SSRL atSLAC National Accelerator Laboratoryith the Xray wavelength of
0.9762 A. A LaB sample was used to calibrate the diffrac configuration. The
synchrotron XRD patterns were converted to the dubased XRD with the wavelength

of 1.5406 A. Neutron diffraction (ND) was performed WanoscaleOrdered Materials
Diffractometer (NOMAD) BL-1B, Spallation Neutron Source (SNS) @bk Ridge
National Laboratory®'3? About 0.20.3 g powder sample was loaded into the quartz
capillary (3mm) and each measurement took aboubuk.iThe refinement of neutron
diffraction patterns was conducted using the software GSAS EXP&0t.each sample

three histograms with differentspacingangewere used for refinemerithe refinements

for the other two histograms are showntha Supporting Informatiomhermogravimetric

Analysis (TGA)was performed on TGA Q50 in the range of 25D °C at a temperature
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ramping rate of 5 °C mihin air flow. The morphology of the particles during calcination
was studied through scanning electron microscopy with the EDS performed at the
acceleration vo#tge of 20 kV (ESEM, FEI Quanta 600 FEG).

2.4.Results

The hydroxide precursor of MgFLNO is synthesized through a-poecipitation
method!? The Mg/T-LNO material used in this study has better cycling stability than the
baseline LiNiQ material, which is consistent with our previous sttfdyThe
electrochemical performance of Mg/INO at 22 °C is evaluated in Li metal cells within
a voltage window of 2:8.4 V vs. Li/Li*. The initial dscharge capacity is 220 mAht git
C/10 which is comparable with the baseline LiNi@QFigure Sla, Supporting
Information)*? The capacity retention after 60 cycles at C/10 is 93% and the capacity
retentions after cycling for 100 times at C/2 and C/3 are both 94% (Figure S1b, Supporting
Information). At a higher cycling rate as 3C, the capaeitgntion is 83% after 300 cycles
(Figure Sic, Supporting Information). In this study, we probe the preeiorsmyered
oxide transformation by characterizing the materials at different stages of the thermal
calcination. Figure S2 shows the thermal peoff a typical calcination implemented in
this study. The samples at different calcination stages were cooled to room temperature
and prepared fagx situcharacterizations.

The high specific capacity and cycling stability are attributed to the hierafchic
distribution of Mg/Ti dual dopants in LiNig&*?1” Mg tends to homogeneously distribute
throughout the individual LiNi@ primary particles, whereas Tiorms a gradient
concentration distribution that is enriched at the surfad&e thermodynamics based

density functional theory (DFT) calculations may predict what dopants are preferentially
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enriched at the surface based on the energy difference bate@guying the surface and

in the bulk lattice®* However, theoretical calculations cannot account for the complex
phase constituents at different stages afamals synthesis. Here we report that the dopant
redistribution takes place long before the complete formation of the layered oxide phase,
in sharp contrast to the models adopted by recent theoretical sttifies.
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Figure 1. Element concentration changes at the surface upon calcination. a) Mg 2p, b) Ni
2p, ¢) Ti 2p, and d) O 1s XPS spectra of the samples at different stages of calcination, peak
assignmets are based on the referen€ésl’@ e) A scheme showing the dopant
redistribution at the particle surface upon calcination. The number of different elements
shown in the scheme does not indicate the exact elemental fraction but reflects the trend.
Mg and Ti diffuse into the nickel hydroxide matrix during the early stage of calcination.
Mg completes the redistribution at 200 °C, whereas Ti does not complete the redistribution

even in the final product yielding a surface enriched Ti distribution.

We performed Xray photoelectron spectroscopy (XPS) to understand the dopant
redistribution at different stages of calcination. The irregular secondary particles are
composed of numerous primary particles around hundreds of nanometers in size. The
surfacesensitive XPS can probe@nm into the particle surface and provide the chemical
and electronic information of the particle surfat&he XPS binding energy calibration is
based on the Mg 2p peak in this stu@jg(re 1a)as several studies have indicated that
using C 1s for calibration is sonmaes not robust® The Ti oxidation state is relatively
stable upon calcination (Figure 1c). As indicated by the O 1s spectra (Figurineld
precursor is composed of chemisorbed/physisorbed water and metal hydroxide (Ni
hydroxide predominantly). Upon heating to 200 °C, the adsorbed molecular water
vanishes, and the metal hydroxide diminishes. Subsequently, metal oxide and carbonate
start to grow Figure 14. In the meantime, the elemental fractions of Ti and Mg at the
surface decrease, which suggests the diffusion of dual dopants into the hydroxide matrix

(Figure 1a,c, Table S1). The formation of carbonate species is usually inevitable in layered
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oxide cathodes even with brief exposure to the ambient environment after calcifétion.

As the temperature increages460 °C, Ni at the surface is oxidized (Figure 1b). At 460
°C, no metal hydroxide is observed, and the concentration of metal oxide and carbonate at
the surface increases and decreases, respectively (Bguseipporting Information). The
surface chemm composition is quantified using XPS (Tabi&l). The atomic
concentration fraction of Ni: Mg: Ti changes from 80%: 5%: 15% (precursor) continuously
to 90%: 3%: 7% (product). The scheme illustrates the diffusion of dopants during
calcination (Figurele).In the precursor, both Mg and Ti are rich at the surface. Upon the
early calcination, Ti and Mg diffuse from the surface into the bulk of the metal hydroxide
matrix. Beyond 200 °C, Mg concentration at the surface becomes relatively stable and close
to thevalue in the final product of Mg/ALiNO (2% Mg), which suggests Mg diffusion is
almost completed at 200 °C. Although Ti concentration at the surface is also nearly stable,
Ti continues diffusing in the bulk within 26800 °C (Figure 4 €, discussed laterin the
product, Mg distributes uniformly from the bulk to the surface while Ti remains rich at the
surface, which is consistent with the elemental mappifidne inward dopant diffusion is

also consistent with what the literature reported. For example, calcining scofziesl
cathode materials may facilitate the inward diffusion of the coapecies (e.g., 2>

Ti* 3¥Ta* O Na™Y), potentially forming hybrid coating and doping, whiclarseffective
strategy to modify the surface structure ofriéh layered cathodes and thus enhance the
cycling stability*? It was predicted through computational methods that different dopants
can have varied surface segregation tendencies thermodynamically depending on the
surface segregation enerfyOur experimental results have shown that theadbp

diffusion and redistribution are largely dependent on the initial distribution and the
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subsequent calcination. The Mg/Ti dual dopants can diffuse from the surface into the bulk
of cathode patrticles at the early stage of calcination, prior to the denfgimation of the

layered oxide (Figure 5a, discussed later). In addition, Mg completes redistribution ahead
of Ti due to its kinetic advantage, potentially resulting from the weaker electrostatic
interaction with the oxygen framework, and thus a faverdiy ion diffusion coefficient.

In addition to the preloped mixed metal hydroxide, mixing the cathode active materials
with dopantcontaining species, such as Zr@llowed by different calcination conditions

may also give rise to different dopant distitions. Our analysis potentially has broad
applicability because adding dopants in the precursor synthesis represents one of the most

common methods to introduce dopants in the final oxides.
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Figure 2. Electronic and chemical structure changes upatir@ion. a) Ti l-edge b) Ni

L-edge soft XAS spectra in the total electron yield (TEY) mode at different stages of
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calcination; c) The values of:lhigh/Ls low at different stages of calcination. The dashed
line shows the trend upon calcination. d) é#ge soft XAS spectra at different stages of

calcination. The standard spectra are remade with the permission frbm ref.

Next, we investigate how the global and local phase and chemical transformations
take place during the calcination. A typical precutselayered oxide calcination invahs
the mass transport across three different phases, namely, mixed metal hydroxides
precursor, Li precursor (e.g., LiOH,A00s), and Q.* The uniformity of the thre@hase
interaction determines the phase andwbal homogeneity of the resulting layered oxides.
Another unique aspect of the layered oxide formation is the synchronous changes of
electronic and crystal structures, which allows us to use electronic structure as the proxy
for the phase transformatiomiihg calcinatior! The electronic structure can be studied
using surfacesensitive and ensembéweraged soft Xay absorption spectroscopy (XAS),
bulk sensitive and ensemkdweraged hard XAS as well as spatially resolved, 32y
spectroscopic tomography. Thenabination of these techniques can tu@structively
probe phase and chemical transformations covering nearly all relevant length scales in
cathode particles. First, we performed soft XAS in the total electron yield (TEY) mode,
which can probe up to 10 nimto the particle surfac®.In Mg/Ti-LNO, Ti remains at the
tetravalent state upon calcinatidrigure 2a), consistentith the XPS result (Figure 1c).
Ni L-edge spectra show an increasing intensity ratio between the high energy shoulder and
low energy shoulder @high/Lslow) at the ls-edge, revealing the oxidation of Ni at the
surface upon calcination (Figure 2b and 2c). Mhsurface oxidation is consistent with

the XPS results (Figure 1b). Ni is at a relatively low oxidation state in the precursor and
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remains at the low oxidation states during the early stage of calcination (< 300 °C). As the
temperature increases to 460W8en LIOH starts to melt, significant Ni oxidation at the
surface is observed, indicated by a much highéidh/Lslow ratio*® The oxidation state

of Ni continues to increasand becomes relatively stable after calcination at 460 °C for
two hours, which is shown in the high/Lslow trend Figure 2¢. Above 460 °C, there is

no noticeable change in the Ni oxidation state, indicating that the surface Ni has completed
oxidationmuch before the complete formation of the bulk layered oxide pRragaé€ 2c

and Figure 5a To further demonstrate the Ni oxidation state change, the spectra of the
intermediate calcination states are expressed as a linear combination of the spleetra of
precursor (state 1) and the final layered oxide product (state 2) (Figure S4, Supporting
Information). The result shows the continuous Ni oxidation before calcining at the 460 °C
holding stage, which is revealed by less low oxidation state compotetet 1 and more

high oxidation state component (state 2) upon calcination. This result is in good agreement
with the trend of the 4high/Ls low change in Figure 2c. The O-édge soft XAS is
sensitive to the local environment change of coordinated ti@maietals. Specifically, the
pre-edge region (< 535 eV) of O-Kdge soft XAS spectra provides absorption features for
the TM 3dO 2p hybridizatiorf’ As shown in Figure 2d, the Ni3d-O 2p hybridization is
strengthened while the Ni3d-O 2p hybridization is weakened upon calcination. The
appearance of the Ni3d-O 2p hybridization at 460 °C is consistent with the Ni oxidation
state change @erved in the Ni tedge spectra (Figure 2b). The peak at ~534 eV is
attributed to carbonate species, which is also identified by XPS (Figur€ THgse

surfacesensitive characterizations suggest Ni oxidation at the surface completes at a
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relatively low temperature (460 °C), withoheing interfered much by the subsequent

phase transformation and local structure change at higher temperatures.
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Figure 3. Electronic and chemical structure changes at patrticle scale upon calcination. Ni
K-edge 3D TXM results for the samples a) at thetjme state; b) calcined at 300 °C; c)

calcined at 460 °C for 2 hours; d) calcined at 600 °C; e) complete calcination; f) The Ni K
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edge whitdine energy distribution of the samples at different stages of calcination; g) Ni
K-edge whitdine energy at difrent stagesf calcination as a function of the distance
from the particle surface. The energy is the mean value of thegdp whitdine energy

of all voxels with the same distance from the surface in the pamiciexidation at the
surface completeat 460°C. The Ni oxidation heterogeneity along the radial direction
decreases upon calcination and becomes insignificant when calcination completes, while
the mosaidike heterogeneity remains throughout the whole calcination process.

To complement sofAS at different length scales, we further performed 3D Ni K
edge fultfield transmission Xray microscopy (TXM) at different stages of calcination to
visualize the Ni oxidation state evolution and distribution at the secondary particle scale
(Figure 3ae). The whiteline energy continuously shifts from ~8.349 keV to ~8.351 keV
upon calcination (Figure 3&), which indicates the continuous oxidation of Ni.
Specifically, the dramatic change of Ni oxidation state takes place from 300 °C to 460 °C,
and from ®0 °C to the product. Therefore, the Ni oxidation behavior at the single particle
level is different from that at the particle surface (Figure 2b). We notice that at each
calcination stage there is a certain breadth of the Wihigeenergy distribution, tich
signifies the heterogeneous precussplayered oxide transformation at the mesoscale
(Figure 3f). The mixed metal hydroxide particles exhibit a porous structure (Figure S5,
Supporting Information). We hypothesize that the regions in the vicinfigrels complete
the oxidation reaction earlier due to the rapid reaction with LiOH infiltrating through the
pores. This hypothesis may be validated through a systematic study to establish the
relationship between morphological characteristics (e.g., pgyoand local phase

transformation, using the experimental approaches demonstrated in our recent%tudies.
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To further demonstrate the heterogeneity of Ni oxidation in secondary particles, we plot Ni
K-edge whiteline energy as a function of the distance from the particle surface at several
calcination stages (Figure 3g). Mathematically, this is done by averaging thelindite
energy for each shell at different distances from the particle surface (Figure S6, Supporting
Information). At 300 °C, Ni oxidation shows a larger variation betweemdaesurface

region (~500 nm from the surface) and the bulk region, i.e., radial heterogeneity. When the
temperature increases to 460 °C, the energy difference in the radial direction of the cathode
particle becomes smaller. As the temperature furtheeases to the completion of the
calcination, the radial heterogeneity becomes insignificant. However, the Hrikesaic
heterogeneity is still present after calcination at 700 °C for five hours (Figure 3e). This
observation is consistent with our recent sadon the pristine commercial NMC811
materials, where a discernible degree of Ni oxidation state heterogeneity was rég8rted.

To verify the validity of 3D TXM results, we further performed 2D NeKge TXM on a

larger number of particles (Figure S6, Supporting Information) to statisticallymothie
mosaiclike heterogeneity of Ni oxidation states in secondary particles. Overall, the
oxidation pattern revealed by 2D Nidédge TXM is similar to that of 3D TXM (Figure

S7, Supporting Information). It should be highlighted thatcharge heterogeity inside

the cathode particles is not merely observed in the cathode formation process, it is also a
major issue in the battery cycling, which can accumulate mechanical stress and lead to
chemomechanical breakdown of battery partitfeln summary, the Ni oxidation in
secondary particles takes place predominantly from 300 °C to the 460 °C holdjeg st

and from 600 °C to the final layered oxide product. Furthermore, we observe 4tiiasaic

heterogeneity of Ni oxidation states throughout the calcination. However, the radial
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heterogeneity dominates the early stage of calcination and becomes insigaifieathe
calcination is completed. Comparing soft XAS and TXM results, we report that the Ni
oxidation behavior exhibits dependence on the geometric location in secondary particles,

e.g., neassurface regiowersusbulk region.
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Figure 4. Ensembleavelmged characterization of electronic structure and local
environment upon calcination. a) Ni-é&dge XANES spectra at different stages of
calcination; b) Evolution of edge energy calculated from the fdde XANES spectra,

where the dashed line shows thentt upon calcination; Wavelet transformation of Ni K
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edge EXAFS for the samples c) at the pristine state; d) calcined at 200 °C; e) calcined at
300 °C; f) calcined at 460 °C; g) calcined at 460 °C for 2 h; h) calcined at 700 °C; i) calcined
at 700 °C for 2n; j) complete calcination. Ni oxidation in the bulk completes at 700 °C,
which is later than that at the surface (460 °C, Figure 2b). Ti diffuses into the Ni hydroxide
matrix predominantly between 200 °C and 300 °C, which is delayed compared to the

surface probed by XPS (< 200 °C).

The above surfaegensitive XPS/XAS and 3D singfarticle TXM measurements
collectively provide deptprofiled analysis for Mg/FLNO at different stages of
calcination. The battery performance is also determined by thenblesaveraged,
collective behavior of many electrode particles. Therefore, probing thesbentitive,
ensembleaveraged electronic and chemical environments can not only improve the
statistical relevance of the analytical results but also, more impgrtandlvide atomistic
insights into the local coordination changes. Here, we further performeeeNg& Xray
absorption near edge structure (XANES) and extendedyXabsorption fine structure
(EXAFS) to investigate the electronic structure and chemical@ment. As shown in
Figure 4athe edge shifting toward higher energy implies the Ni oxidation. The overall
trend of edge energy shift shows that the Ni oxidation in the bulk is not completed at 460
°C, and the prominent Ni oxidation is observed fro80 4C to 700 °C (Figure 4b). This
observation, based on many patrticles, is consistent with the TXM results discussed above
(Figure 3). To quantify the Ni oxidation state evolution, a calibration curve composed of
estimated oxidation state as a functioedfie energy was made based on standard spectra

(Figure S8, Supporting Information). The Ni oxidation state estimated from the calibration
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curve implies the Ni oxidation from the divalent state to the trivalent state upon calcination
(Table S2). Furthermoyréhe same linear combination method used in soft XAS anadysis
applied to analyze the Ni oxidation state change in the bulk XANES (Figure S9, Supporting
Information). The result supports the trend in Figure 4b that an apparent Ni oxidation is
observed fom 460 °C to 700 °C. When the temperature reaches 700 °C, Ni stays at a
relatively high oxidation state even after the calcination is extended to 5 hours. In
comparison with Ni kedge soft XAS spectra (Figure 2b), Ni shows delayed oxidation in
the bulk duing calcination. The top surface of the precursor is directly exposed tethe O
atmosphere and in contact with LiOH, and thus the oxidation reaction is kinetically more
favorable at the surface. The TXM result also confirms that thesuetace regions-600

nm) are more oxidized at the same stage of calcination (Figure 3g). As an ensemble
averaged technique, XANES confirms the trend of Ni oxidation with statistical relevance,
which is consistent with the 3D TXM at the single particle scale. Furthertheréulk
sensitive XANES well complements the surfaemsitive soft XAS and suggests the
delayed Ni oxidation in the bulk.

To comprehensively understand the cathode formation regarding the correlation
between electronic structure evolution and elemediffision, we further performed
EXAFS to explore the local coordination change at the atomistic scale. The Fourier
transformed Ni Kedge EXAFS indicates that the precursor shihwscharacteristic of
Ni(OH)2, while the product shows the characteristic diD> (Figure S10, Supporting
Information). An apparent shift of both ND and Nimetal (M) shells to lower R values
observed aB0O °C, indicating a decrease in the®land NiM interatomic distanced.his

decrease is associated with tledydration of the Ni(OH)below 300 °C. The dehydration

66



reaction produces a NiBased rocksalt phase that has shorte®MNind NiM interatomic
distances® Next, we performed Ni kedge EXAFS wavelet transform (WT) analysis to
decompose the -gpace and Rpace to separate the backscattering atoms that are
overlapped in the Rpace’l°2As shown inFigure 4¢j, the WT maimum referring to Ni
metal in the second s h espace. e leftmaxinmat~6AR+ U) s p
(k) is assigned to NTi scattering and the right maximum at ~8 (k) is assigned to Ni

Ni scattering®>>*The decrease of R distance forNiscattering from 200 °C (Figure 4d)

to 300 °C (Figure 4e) implies the decreasingiNinteratomic distance and thus the further

Ti** diffusion into the matrix. The NTi interatomic distance remains nearly unchanged
after 300 °C (Figure 4f). These results and XPS results collectively suggest that Ti
diffusion at the surface is almost completed by 200 °C, but Ti continues diffusing in the
bulk between 200 °C and 300 °C (Figure 1c and Table S1). In summary, the XANES and
EXAFS results demonstrate that Ni oxidation is delayed in the bulk ensemble and is not
completed until 700 °C, and that the Ti dopant diffuses into the matrix predominantly
between 200 °C and 300 °C. Therefore, our results collectively suggest tailoring the dopant
distribution can be best achieved at the early stage of the calcination during the dehydration
of the mixed metal hydroxides. It is worth noting that differentashte may have varied
redistribution behavior, depending on the dopant properties and dopant initial distribution

in the precursor.
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Figure 5. Global structural change and phase evolution upon calcination. a) XRD patterns

at different stages of calcinatioh) Evolution of the normalized intensity of (003) peak

and (104) peak and c) the intensity ratio of (003) peak to (104) peak at different stages of

calcination, where the dashed line shows the trend upon calcination. Phase transformation

takes place fronthe mixed hydroxide Bphase to the layered oxide L phase through an

intermediate X phase, with Li intercalation and increasing crystallinity upon calcination.

The multiscale chemical transformations, especially the local coordination changes,

collectively determine the global phase transformations that can be probed by XRD.

Furthermore, XRD measurements at different stages of calcination can be utilized to
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evaluate the statistical representativeness of the XPS, XAS, and TXM measurements. We
performed sgchrotron XRD at different stages of calcination to study the structural change
and phase transformatiofFigure 5a). Themixed metal hydroxide and LiOH are
thoroughly mixed to prepare the precursor before calcination. Ni hydroxide predominates
the metal gdroxide and the effect of Mg/Ti dopants on the diffraction pattern is trivial due

to the low content. A mixture of LIOH phase and Ni(Qldhase is observed from the
diffraction peaks. As the temperature reaches 300 °Mj{pleasegradually transforms to

an intermediate phase X, where Ni(Qldhd LiOH characteristic peaks diminish and the
rock-salt NiOlike characteristic peaks appear. When the temperature reaches 700 °C,
several diffraction peaks of LiNgtart to grow, which indicates the formationaohew

phase named as L. As the temperature is held at 700 °C for a longer time, the intensity of
LiNiO 2 diffraction peaks further increases, and the peaks become narrower due to the
overall increased crystallinity and particle growth. The appearance qD@% peak
implies the formation of the layered structure. The overall increased intensity of (003) and
(104) peaks and the (003)/(104) intensity ratio reveal less Ni/Li cation mixing laetter
definedlayered structure (Figure 5b and 9dpreover, tle (220) peak in the roesalt NiO
converts to (108) peak and (110) peak in the layered Lilli€d» suggests the formation of

the layered structur®. The neutron diffraction patterns imply the-existence of three
phasesat high temperature, i.e., layered i(JNix)(Nio.osxLixMgo.02Ti0.02O2 phase,
monoclinic Li rich phase and $GC0; phase (Figure §°%%’From 600 °C to the 700 °C
holding stage, the fraction of the layered oxide phase incredsksthe monoclinic Li

rich phase diminishes and almost disappears at 700 °C (Table S3). Only a small degree of

Li/Ni cation mixing is observed at 700 °C (Table S3), which is consistent with our earlier
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publication®® Both Mg and Ti remain on the Ni sitafter 600 °C until the formation of

the cathode product (Figure 6). More detailed neutron diffraction refinement results are
shown in Figure S11. Our results are consistent witlintiséu XRD study of the LINiQ
formation reported by Bianchiei al?° Together with our XPS and XAS results, the XRD
result further confirms that the metal hydroxide phase is still present at the temperature
(below 300 °C) when Mg/Ti dopants diffuse into the matrix. To rationalize the dopant
diffusion in the nickel hydroxide max, we hypothesize that the larger-8iand NiM
distances in the metal hydroxide (larger lattice volume) result in lower energy barriers for
dopants to diffuse (Figure 4¢).In addition, the calehydration of the mixed metal
hydroxides can facilitate dopant diffusion into the@Icoordination environment (Figure
S12, Supporting Information). In brief, phase transformation takes place from the mixed
hydroxide l-phase to the layered L phase through an intermediate metaklikedé

phase, and dopants diffuse into the metal hydroxide matrix below 300 °C.
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Figure 6. Neutron diffraction patterns and Rietveld refinement at a) 600 °C, and b) 700 °C
for 2 h. Ry for a) is 5.38% and i for b) is 4.36%. More layered oxide phase is identified,

and Li/Ni cation mixing is reduced from 600 °C to the 700 °C holding stage.
Based on the phase transformations during calcination identified by XRD, the

reaction mechanism isrgposed as the following twstep reactions (equation (1) and

equation (2)) and overall reaction (equation (3), the potential presencefahd
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intermediate lithium nickel oxide with varying compositions are not included for

simplicity):
Ni(OH)2© NiO + H,0 (1)
NiO + LiOH +-02° LiNiO2+ - H,0 2)
Ni(OH)2 + LiOH +- 020 LiNiO2+ - H20 ®3)

To further verify the reaction mechanism, we performed thermogravimetric analysis
(TGA) (Figure S13, Supporting Information). The 8.37% weight loss below 100 °C refers
to the volatilization of moisture®. The weight loss above 100 °C, mostly due to metal
hydroxide dehydration and lithiation, is 15.07%, which is slightly lower than the thedretic
value of 16.29% (equation 3). This can potentially be attributed to the inactive residuals in
the sample such asJdOs, which does not participate in the reaction and thereby has no
contribution to the reaction weight loss. The temperature rangeefogdiotion is consistent

with the appearance of the NiBe phase at 300 °C (Figure 5a). To visualize the
morphology evolution and the reaction that takes place during calcination, scanning
electron microscopy (SEM) is performed (Figure Sfi4aupportinginformation). The
secondary patrticles in the precursor consist of ndéaigrimary particlegFigure S14a,
Supporting Informatioy) which evolves into gravdike morphology in the layered oxide
product (Figure S14f, Supporting Information). The lightentrast in the highlighted
regions inFigure Sl4eal is partially mixed with the secondary particle. The energy
dispersive Xray spectroscopy (EDS) measurements show that Ni is abundant in the
secondary particle but is hardly detected in the lighterrashtegions (Figure S1&h
Supporting Information). We conjecture that the lighter contrast regions are attributed to

the recrystallized LiIOH during the cooling. The distribution of the LIOH is highly
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heterogeneous, which potentially gives rise to th&erbgeneous phase propagation
identified by TXM (Figure 3). In summary, XRD and TGA results collectively confirm
the twostep reaction mechanism, and the contact homogeneity of reactants can potentially
determine the reaction homogeneity and phase disivibin cathode particles.
2.5.Discussion

Manipulating doping chemistry and the microstructure of cathodes are two of the
most popular strategies adopted by the cathode community to enhance the battery
performance. However, without a systematic investigatibthe cathode synthesis, the
fundamental understanding of dopant distribution and local environment evolution during
cathode formation is limited. With a range of synchrotron diagnostic tools and
complementary characterizations, we have probed the daguhstribution, electronic and
chemical structure evolution, and phase transformations at multiple length scales during
the synthesis of the high energy-@ee layered cathode. We observed that the dopant
redistribution pattern is largely dependent om dlopant properties, the initial distribution
in the mixed metal hydroxides precursor, and the following calcination protocol. In
addition, the local structure change and phase transformations are heterogeneous,
depending on the geometric location in setayg particles and different calcination stages.
Specifically, we have made the following observations and conclusions:

I. Ti and Mg dopants diffuse in the Ni hydroxide matrix at the early stage of
calcination (below 300 °C), much before the formation ofdlgered oxide phase.
Mg completes redistribution before Ti. Mg distribution is relatively uniform, while

Ti is enriched at the particle surface.
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[I.  Oxidation reaction is kinetically more favorable at the surface compared with that
in the bulk. Ni oxidation athe surface completes at 460 °C before the bulk layered
oxide phase forms, whereas we observed drastic Ni oxidation in the bulk from
300 °C to the 460 °C holding stage, and from 600 °C to the formation of layered
oxide product.

lll. At the mesoscale, the radliheterogeneity of electronic and chemical structure
change decreases upon calcination and becomes insignificant after calcination
completes. However, we still observe the mosiliee heterogeneity in the product,
similar to commercial Nrich NMC materiés.

IV. Global phase transformation takes place from the mixed hydroxide phase to the
intermediate metal oxidiike phase at around 300 °C, and the intermediate phase
transforms to the layered oxide phase at about 700 °C. Higher crystallinity and less
Li/Ni cation mixing are observed with a longer duration at 700 °C.

This study not only enriches the understanding of layered cathode formation at
multiple length scales and potentially guides the t@glrgy cathode design such as dopant
distribution and 3D cheroal homogeneity, but also provides a systematic protocol that can
be readily applied to explore the formation of other energy materials.
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Figure S1. Electrochemical performance of the Li metal cells with the MO
cathode. a) Voltage profile of MgFLINO in the first five cycles at C/10 within thveltage
window of 2.54.4V vs. Li/Li"; b) the capacity retention at differentr&es; c) the capacity
retention after 300 cycles at 3C, three cycles at C/10 were applied in the beginning of every

100 cycles.
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cooling for 3 hours (cooling rate: 3.75 °C/min).
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Figure S13. Thermogravimetric analysis (TGA) curve of the precursor heated from room
temperature to 460 °C at a temperature ramping rate of 7.25 °E amid from 460 °C to
700 °C at a temperature ramping rate of 4 °Crimroxygen flow (The same temure

ramping rate as the thermal profile shows in Figure S2).
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Figure S14. Scanning electron microscopy (SEM) images for the samples a) at the pristine
state; b) calcined at 300 °C; c) calcined at 460 °C; d) calcined at 580 °C; e) calcined at 700
°C; f) complete calcination. The samples were heated to the designated temperature and

cooled down at 3.75 °C mifrto room temperature prior to the SEM measurement.
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Figure S15. EDS mapping of the samplds aalcined at 460 °C andd) calcined ab80
°C. The highlighted lighter contrast regions are possibly recrystallized LiOH after cooling.

The heterogeneous distribution of LIOH can potentially lead to the heterogeneous phase

propagation.
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Table S1. Elemental fractions at {herticle surface at different stages of calcination based

on peak fitting of XPS data.

Ni (%) Mg (%) Ti (%)
Precursor 80 5 15
200 °C 89 3 8
460 °C 89 3 8
Product 90 3 7
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Table S2. The estimated Ni oxidation state of the samples at different states of calcination
based on Ni Kedge XANES. The deviation from the trivaleriate of the Ni in the

productis potentially caused by the etoichiometry of the product due to Li loss during

calcination or experimental errors.

0 o o 460 °C o 700 °C
Sample Precursor | 200°C | 300°C | 460°C for 2 h 700 °C for 2 h Product
Edge 8344.9 | 8345.1 | 8345.7 | 8345.9 | 8346.0 | 8346.8 | 8346.7 | 8347.0
energy/eV
Estimated Ni

2.0 2.1 2.5 2.6 2.6 3.0 3.0 3.1

oxidation state
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Table S3. Neutron diffraction Rietveld refinement results for samples at 600 ‘Tband
°C for 2 h. X value represents the content of Ni in the Li layer and Li in the Ni layer in
layered phase (LkNix)(Nio.oexLixMgo.02Ti0.09O2, respectively. More layered phase and

less Li/Ni cation mixing are observed from 600 °C to 700 °C for 2 h.

s | (LiyNiy)(Nig ggxLixMdg g2 Tig 02)O2 Monoclinic Li rich phase Li,CO; I
ample x value
P fraction fraction fraction
600 °C 83.11% 12.77% 4.12% 0.0492
700 °C for2 h 96.83% 1.14% 2.03% 0.0051
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3.1. Abstract

Ni-rich Cofree layered oxide cathodes have become one of the most promising
candidates to enable high enedpnsity andsustainable Lion batteries (LIBS) in the
approaching era of electric vehicles (EVs). However, thesécNiCofree layered
cathodes usually suffer from low interfacial and bulk stability, which can facilitate battery
performance degradation. Several @gghes have been widely applied to stabilize the
cathode surface and bulk structure, such as surface coating, bulk doping, and concentration
gradient distribution engineering. Essentially, these engineering approaches modify the
cathode properties by mamilating the distribution of foreign or existing elements in the
materials. However, the elemental distribution behavior during the synthesis has not been
well understood. A systematic studfytbe elemental distribution is required to guide the
cathode egineering approaches. Herein, we use-d&dated single crystal LiNiEXLNO)
as the platform to investigate the elemental distribution, structural and chemical changes
in cathodeparticlesupon thermal treatment. With a combination of synchrotreray
scatering, spectroscopic, and microscopic measurements at multiple length scales, we find
the evolution othe Mn diffusion layer towards the bulk of the cathode particle at different
stages of heat treatment. Mn diffuses more rapidly with higher temperdtueekiition,
theMn diffusion rate increase and then decrease from the surface to the bulk of the cathode
particle. Upon heating, Mn is oxidized and occuphesNi site, forming a gradient Mn
distribution. Ni is reduced and occupike Li site within the Mn diffusion layer withan
increasing level of Li/Ni cation mixing. This study can guide the cathode modification by
precisely manipulating the ion distribution. A combination of coating, doping, and

concentration gradient engineering can be potentedlyieved to enable the efficient
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utilization of foreign elements. This work provides insights into the stk ion diffusion
at the microscale, and the methods demonstrated in this work can be applied to study a
wide variety of solidstate materials Isedes battees
3.2.Introduction

Since 1991, the commercialization ofibn batteries (LIBS) has reshaped the daily
lives of people. The revolution of smartphones can not be achieved without the support of
LIBs. Another epochmaking revolution taking placet @resent that is promoted by the
significant development of LIBs is electric vehicles (EVs). There is a worldwide trend of
transiting from internal combustion engine vehicles (ICEVs) to EVs, yet two obstacles,
i.e., cost and performance, faced by the BEMUistry impede the fast transitibthe most
critical componentietermining EVs' cost and performarisd.IBs.! Although LIB price
has dropped by around 97% siritsscommercialization, the cost of LIBs in EVs needs to
be further reduced to make it competitiwégh ICEVs?! In commercial graphite anode
based LIBs, cathode is the largest cost contributor and the bottleneck of the performance.
Layered ternary oxide matafs, i.e., LINkMnyCorixiyO2 (NMC) and LiNkCo/Al1ixi
yO2 (NCA), areamongthe most prevailing cathodes in EV LIBs. Co is the most expensive
oneamong the metal elemertgcause of its scarcity and uneven distribution. Around 70%
of Co mineralextraction is from the Democratic Republic of the Cof@BC)! The
human rights issue during Co mining and unstable geopolitics in the DR dxtensive
challenges and uncertainties to @asupply chain. Therefore, the battery community has
beenmaking tremendous efforts to eliminate Co in the cathode materials. Meanwhile,
another trend of developing these layered ternary oxide materitalsnicrease Ni content

in the chemical formula because Ni dominates the redox reaction and battery capacity, and
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higher Ni content gives rise to higher energy derfsiypwever, these Niich Cofree
cathodes usually suffer from low electrochemical and structural stability.

Several approaches are generally adopted to enhance the stabilityicdi So
free cathodes, i.e., bulk doping, sudaoatingandsurfaceto-bulk concentration gradient
strategies:® For example, Li et al. reported an Aboped highNi Co-free
LiNi 1 s yMnxAlyO2 (NMA) cathode that outperforms its NMC and NCA counterparts with
identical Ni contenf.A large variety of dopants, such as Mg, Ti, Znd Ta, have been
reported to be beneficial to cycling stability by enhancing the cathode bulk structural
integrity.”1° Surface coating, such as metal oxides, can protect the cathddeesby
mitigating the parasitic reactions with electrolytes, suppressing the active mass dissolution,
blocking moisture irthe ambient environment during storage, ¥t&unet al. reported
afull-gradient approacko enhance the cycling and thermal stability while maintaining
high energy density by forming a decreasing Ni coma¢ioh and increasing Mn
concentration from the center to the surface of cathode parficdthough the studies
reporting these strategies usually highlight the sole effect of peefie strategy, it is
worth noting that the doping, coating, and concentration gradient phenomena are often
intermixed and controlled by the kinetics of ion diffusioansidering the relatively short
calcination time of cathode processing. Y@bmal.reported that the dopant Zr in bulk can
diffuse to the surface upon calcination and spontaneously form a surfdc®3ddoating
layer!® Schipperet al. coated LiNj.gMno.1C.102 (NMC811) with ZrQ and produced
bulk doping of Z#* by inward diffusion with high temperature annealtigoth studies
achieved enhanced electrochemical performance with the coexistence of doping and

coating, although from opposite directions of ion diffusion. Itreported that the
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conversion of coating to doping for Nb and Al can be achieved by enhdhetajcination
temperaturé®® Our recent study shows dopants Mg and Ti in the lattice can undergo
dynamic redistribution at ég stage of calcination (below 300 °€)Eventually, the
surfaceenriched Ti gadient distribution can be achieved in the primary partict€These
studies show that the boundaries among doping, coating, and gradient distribution are not
well defined Instead, they can bmnverted and mixed to some extent to achieve better
cathode performance. However, how to precisely control the ion diffusion behatrier at
particle level from the synthesis aspect is still not well understood yet.

Probing the ion diffusion dheparticle scale is challenging yet crucial to guide ion
distribution engineering in practice. Dahn group has reported several studies that
investigated cation interdiffusior:?® Specifically, two pellets containing the cations of
interest were compressed under high pressure followed bytdngberature sintering.
Subsequently, they performecasining electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) line scan at the crasstion of two pellets to estimate the
interdiffusion coefficients. Although these studies provide valuable guidamdeno
interdiffusion by mimicking the ating process, the ion diffusion behaviotte cathode
particle scale could vary. The coating layer in cathaddgpically produced through
chemical reaction or atomic layer deposition (ALD), which can induce different interface
andthe following diffusion from that obtainedy high-pressure compressidgAlso, the
diffusion of dopants or coating cations is hormally -@reg/ tothe cathode lattice instead
of interdiffusion. Furthermore, the sintering temperaturabése studies are higher than
800 °C, which is higher than the requirements of most doping or coating strafégies.

Previous stuigs suggested that ion redistribution can take place at much lower
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temperature$’ Therefore, more investigations are needed on the ion dynamic distribution
in real cathode particles at lower temperatures. Herein, we synthesized Mio@aked
single crystal LiNiQ (LNO) and used it as ¢hplatform to monitor the Mn redistribution
and the structural and chemical evolutiontloé LNO cathode. We first usenh situ
transmission Xray microscopy (TXM) to track the Mn tomography inside the LNO
particle and Ni oxidation state evolution at vasotemperatures below 700 °C. We
performedhard Xray absorption spectroscopy (XAS) and soft X&8ifferent exterd of
Mn diffusion to reveal chemical changes in the bulk and at the surface of the cathode
ensembleaveraged scale, respectively We furher carried out synchrotron -day
diffraction (XRD) and neutron diffraction (ND) to understand the structural evolution
caused by Mn diffusion at various temperatures.
3.3. Materials and methods
Material synthesis

The precursor Ni(OH) was obtained through ao-precipitation reaction.
Specifically, the starting solutionN&GOH and NH-H.O with a molar ratio of
NaOH/NHs-HO = 1/1.25 was preparedand the pH was adjusted to 11.00 by adding
sulfuric acid. NiSQ@-6H20 solution and base solution (NaOH andaNHHO with a molar
ratio of NaOH/NH-H2O = 1/1.25) were added simultaneously into the starting solution
obtained from the first step under constant stirring. The reaction was carefully controlled
to keep the temperature at 50 °C and the pH at #H.@02 undeiN> flow protection at
0.1 L mid ! The obtained precipitant was washed with deionized water and isopropy!
alcohol (IPA), filtered and dried in the vacuum oven at 100 °C for 12 h. The single crystal

LNO was synthesized through a mokgalt method. Ni(OH) precursor was mixed
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thoroughly with the LiOH-HO and KCI with a molar ratio of Ni(OHLIOH-H2O/KCI =
1/2/1.5, followed by a calcination procedure at 900 °C for 3 h and 800 °C for 10 h under
O, flow. The obtained product was washed with deionized watelRAdfiltered, and
dried in the vacuum oven at 100 °C for 12 h. 10% additional LIOH was added to the product
obtained from the last step and calcined at 675 °C for 6 h. 20% Mp{HEijed LNO was
prepared for in situ heating TXM to ensure the LNO cathmaiticleswere thoroughly
coated. Noting that the Mn content in specific particles may vary. Mn(@&h coated by
adding stoichiometric content of Mn$® 20 and NaOH/NR-H20 (molar ratio 1/1.25) to
the single crystal LNO cathode and stirred overnight.cia¢ed cathode was washed with
deionized water and isopropyl alcohol (IPA), filtered and dried in the vacuum oven at 100
°C for 12 h. The samples with various Mn content were prepared with the same protocol
but different reagent ratso
Materials charactgzations

In situ heating full field TXM was performed ateamline 18D at National
Synchrotron Light Source Il (NSLSII), Brookhaven National Laboratory. The
experimental setup is illustrated in the previous reffoktpythonbased software TXM
Sandbox was used to reconstruct and analyze the tomographic d&tdsars] a
commercial software Avizo was used for data interpretatiaard XAS (XANES and
EXAFS) measurement was performed at the beamlinD26f the Advanced Photon
Source (APS) at Argonne National Laboratdriie incident beam was monochromatized
by using a Si (111) fixeexit and a doublerystal monochromatoihe absqption energy
calibration was based on the first inflection points of the reference spectra that were

collected from a metal foil reference simultaneously with the samples. The samples were
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sealed with Kapton tapes in the-flted glove box for transfer ahmeasuremengoft
XAS measurements were performed at beamlingé 20 Stanford Synchrotron Radiation
Lightsource (SSRLysi ng a ring curr ent' lspHericd gr&ingmA and
monochromator with 20 Om enrltOf ph'ae ana@ eWit
resolution in ane mabeam spot. Data were acquired under ultrahigh vacuuh?Tber)
in a single load at room temperature, where the sample drain current was cdletted.
edge spectra were collected in total electron yield (TEY) faratescence yield (FY)
mode. The powder samples were loaded in affillad glovebox before measurement.
Synchrotron Xray diffraction (XRD) was performed atebmline 28D at National
Synchrotron Light Source 1l (NSL-8), Brookhaven National Laborataryhe wavelength
of the applied %ray is 0.2437A. The Rietveld refinements were conducted using the
software GSAS EXPGUIThe morphology of the cathode precursor, uncoated cathode,
and coated cathode were studied through SEM with the EDS performedeteheration
voltage of 2kV (ESEM, FEI Quanta 600 FEG).
3.4.Results

We prepared transition metal hydroxide precursor through -prempitation
method (Figure Sth). Next, we synthesized single crystal LNO with a Mn(&tdating
layer on the cathode surfaf@gure Sleh), which is utilized as the platform to study the
Mn diffusion inside the LNO cathode particle at various temperatures and holding time
(Figure S2). First, we probed the elemental distribution of Mnthacdxidation state
evolution of Ni inthe cathode usinig situheating TXM (Figure 1a). Upon heating, n
is oxidized and Nf*in LNO is reduced simultaneously. Therefore, wethe®\i oxidation

state as an indicator for the elemental distribution of Mn inside the cathode particle. The
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scheme in Figure 1b illustrates the experimental setup. Thedstied LNO sample was
loaded in the sample holder and heated by the furnace. Mearnvrekegdimensional (3D)
TXM for Ni and Mn was performed at various temperatures and durations-edigk
white-line energy is positively correlated witthe Ni oxidation staté® At room
temperaturethe Ni oxidation state at the cathode particle surface is slightly highdrits
distribution is heterogeneous duethe anisotropic reaction upon synthesis (Figure'ia).
Upon heating to 300 °C and haid for one hour, the Ni at the surfaiseslightly reduced
(Figure 1a). This indicates that Mn diffuses into the top surfackedfNO particle. At
500 °C andhe holding stage, surface Ni is further reduced, indicating the continuous Mn
inward diffusion (Figure 1a). At 700 °C, we observe #wslution ofthe surface Ni
reduction layer towards the coretb€LNO particle (Figure 1a,b). After holding at 700 °C
for one hour, Ni is reduced throughout the particle (Figure 1a).

We plot the Ni kedge whitdine energy as a function of the distarfoem the
particle surface to quantify the results (Figure 1c). There is a pronounced trend that the
surface reduction layer becomes thicker and evolves to the bulk (Figure 1c). At room
temperature, the slightly oxidized Nithtesurface is confirmed (Figa 1c). After holding
at 300 °C for one hour, the surface Ni is reduced, and the reduction gradually evolves into
the bulk until it forms a surface reduction layer of around 1 um (Figure 1theA00 °C
holding stage, the surface is further reduced, thedreduction gradually extends to the
core direction (Figure 1c). After holding at 700 °C for one hour, Ni in the particle is
uniformly reducedandthe Ni oxidation state at the surface and in the bulk stays almost
identical (Figure 1c). Figure 1d show® histogram of energy distribution for the samples

at various stages of heating. The symmetric energy distribution at room temperature
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suggests that Ni oxidation state distribution is relatively homogeneous throughout the
particle (Figure 1d). At 300 °@r one hour, the histogram becomes asymmetric, and the
main peak position remains unchanged. However, the weight at thenkengy end is
higher. Although the oxidation statetbemajority Ni is stable, there is a slightly reduced
region, which can battributed to the surface reduction layer (Figure 1d). At 500 °C for
one hour, the low energy portion of the histogram evolves into a peak and shows a bimodal
feature. This means the contribution of the reduced region is larger, and this can be assigned
to the growth and inward evolution of the surface reduction layer (Figure 1d). At 700 °C
for one hour, the overall histogram has around 2 eV shift to lower energy, showing the
overall reduction of Ni in the particle. The slight shouldaghahigh energy ed indicates

there is a small portion of high Ni oxidation state region remaining in the particle (Figure
1d). The depth profiles and energy distribution histograms of all intermediate states are
shown in Figure S3 and Srespectively. The results show thhe surface Ni reduction

and growth of the reduction layer thickness is a continuous process throughout the heating.
Overall, we have identified the Mn diffusion from the surface coating layer to the bulk of
LNO particles upon heating to 700 °C usirtbe Ni oxidation state as an indicator. Mn
diffusion into LNO takes place at 300 °C or potentially lower temperatures. Upon heating,
the surface Mn layer proceeds to the center direction until Mn fully diffuses in the LNO

particle at 700 °C for one hour.
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Figure 1Electronic structure changes and elemental diffusitimegiarticle scale indicated

by Ni K-edge TXM (a) Ni kedge 3D TXM results for the samples at various stages of
heating from room temperature (RT) to 74D for 1 h. Scale bar: 3 um. (b) Schatia
illustration of thein situheating TXM experimental setup. (d) K-edge whiteine energy

at different stages of heating as a function of the distance from the particle surface. The
energy is the mean value of the Niddge whiteline energy of all voxels with the same
distance from the surfaad the particle(d) The Ni K-edge whitdine energy distribution

of the samples at different stages of calcination.

To investigate the Mn diffusion behavior at various temperatures and holding
stages, we reconstruct the 3D Mn tomography and align them with the LNO particle
(Figure 2a). The crossection images at different stages of heating show the inward
diffusion of Mn inside the bulk of the LNO particle, which validates the 3D Midige

TXM results (Figure 1,2a). We isolate the Mn diffusion layer in the LNO particle by
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subtacting the Mn tomography at high temperatures from that of room temperature (Figure
2b). The diffusion frontier is defined as the inmeost layerwith the Mn concentration
above zero,as highlighted by the red circle (Figure 2b). Figure 2c shows the Mn
concentration as a function of distance frbraparticle surface for Mn diffusion layers at
various heating stages. The projection of themjoregions on the-axis indicates the
thickness of Mn diffusion layers (Figure 2c). The thickness of around @fjihe surface

Mn diffusion layer at 300 °C and 500 °C is consistent with the resuttseeddi K-edge

TXM depth profile (Figure 1c,2c). In addition, the Mn diffusion layer has a concentration
gradient of Mn fronthe surface to the center (Figure 2c). Fr860 °C to 500 °C anthe
holding stage, the diffusion frontier barely evolves, meaning the thickness of the Mn
diffusion layer remains almost identical (Figure 2c). However, Mn accumulates at the
surface region as indicated by the increased Mn concemiratvhich explains the
continuous Ni reduction dhe surface at 500 °C (Figure 1c,2c). At 700 °C, the thickness
of theMn diffusion layer is doubled to around 2 pamd the concentration of the diffused

Mn significantly increases (Figure 2c). After holgiat 700 °C for one hour, Mn diffuses

to the center of the particle, and the concentration gradient of Mntfresurface to the

core is maintained.

Next, we further study the effect of temperature on the distribution of Mn inside
the LNO particle. We callate the Mn concentration difference between the specific
temperature and its holding stage at different depths (Figure 2d). The increased Mn
concentration at the top surface due to-baerof holding at 300 °C, 500 °C, and 700 °C
is 0.05, 0.08, and 091 respectively (Figure 2d). This indicatesignificantly higher Mn

diffusion rate at higher temperatures. The Mn diffusion rate is not constant even at the same
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temperaturelnstead, it varies with different particle depths. From the surface to the core
theMn diffusion rate undergoes an increase followed tgcrease for all samples (Figure
2d). The position of the highest Mn diffusion rate evolves deeper to the core with increasing
temperature, as indicated by the arrow in Figure 2d. As Mn approtihesnter of the
particle,the Mn diffusion rate decreases gradually (Figure 2d). To validate the results, we
have performedn situ heating 3D TXM on another Mooated LNO particle. The Ni
oxidation state evolution shows the same trend as in thedtstlp upon heating (Figure

S5). The depth profile confirms the gradual growth of surface reduction layer thickness
and its extension tthe center of the cathode particle with increasing temperature (Figure
S6). The energy distribution histogram shows thverall shifting to lower energy
throughout the heating processid the intermediate states exhibit the bimodal feature or
asymmetric peak shoulder (Figure S7). These results verify the repeatability of the

discoveries from the first particle.
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Figure 2.Electronic structure changes and elemental diffusitimegiarticle scale indicated
by Mn K-edge TXM. (a) Aligned 3D Mn kKedge tomography with Ni #€dge TXM at
various stages of heating from room temperature (RT) t¢C@0r 1 h. Scale bar: 3 um.
(b) Schematic illustration of the model to isolate the Mn diffusion layer. (c) Mn
concentratiorat different stages of heating as a function of the distance from the particle
surface.Mn concentration is defined as the ratio betw#en voxels with Mn Kedge
absorption and all the voxels in the specific shélls Mn concentration difference of the
three intermediate states before and after holding at@0B00 °C, and 700 °C for 1 h as
a function of the distance from the partislaface.

Beyond the particle level analyses, we further performed ensembélaged soft
XAS and hard XASneasurement$at are based on a large quantity of particles. Soft XAS

is sensitive to the electronic and chemical structures of specific eleméimnssairfaceé®
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With various detection modes, e.g., fluorescence yield (FY) and total electron yield (TEY),
soft XAS is capable of probing around 50 nm and 10 nm deep into the surface,
respectively’®?’ The integrated intensity ratio otlpeak high energy shouldersflgr) to

L3 low energy shoulder @wow) for theNi L-edge spectrum is positively correlated with the

Ni oxidation stat&® Ni L-edge spectra with FY mode show thgidato Lsiow intensity ratio
decreases with increasing temperature (Figure 3a). The integrated peak intensity ratio of
L 3nigh/L 310w cOntinuously decreases from 0.655 to 0.415 from room temperature to 700 °C
for one hour, which means Ni at the surface is continuously reduced upon heating (Figure
3b). Ni L-edge spectra with TEY mode show minimal chariggke spectra andshighto

Laow intensity ratiq potentially due to the shallow probing depth of TEY mode and thick
Mn coating layer (Figure $89). In addition to surface evolution, the bulk properties
usually play a vital role in determining cell performance. Hard XAS, including they X

near edge structure (XANES) and extendedh)X absorption fine structure (EXAFS), can
resolve the electronic structure and local chemical environment inside the bulk of cathode
particles®® Ni K-edge XANES spectra exhibit contious shifts to lower energy at both
half-intensity region and whiténe region from room temperature to 700 °C for one hour,
which indicates the continuous Ni reduction in the bulk upon heating (Figure 3c).
Correspondingly, Mn undergoes oxidation upon ingats indicated by the shift towards

high energy of Mn Kedge spectra (Figure 3d). With higher temperatude K-edge and

Mn K-edge EXAFS show slightly increased-Metal distance and decreased-Matal
distance due to Ni reduction and Mn oxidation (FegS10S11). To further distinguish

the local chemical environment of the transition metals, we perfoamEXAFS wavelet

transform (Figure 3&). Wavelet transform can differentiate the overlapped metal

117



coordination in R space by k spadé! The wavelet transform maximum at around 2.5 A
(R + U) cor r enseflscatiesng in vn edgeesEXAFS wavelet transform
(Figure 3eh). In k space, Mimetal scattering is differentiatéato Mn-Mn scattering and
Mn-Ni scattering at around 7-A(k) and 9 A® (k), respectively due to different atomic
massegqFigure 3eh). Upon heating to 300 °C for one hour, ¥ scattering starts to
appear, indicating the initial diffusion of Mn in the LNBigure 3f). As heated to 500 °C
for one hour, the signal of MNi scattering becomea®ore substantiglFigure 3g). From
500 °C to 700 °C for one hour, the N\ interatomic distance decreases, which implies
that Mn further diffuses to the bulk of LNO ¢fire 3g,h). In all, the ensemkdeeraged
soft XAS and hard XAS results confirm that the Mn diffusion behavior probed by 3D TXM

is statistically representative.
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Figure 3.Electronic and chemical structure changes and elemental diffusion at the
ensembleaveraged scale at various stages of hea(agNi L-edge soft XAS spectra with

the FY mode at different stages of heating.Thé Ni Lsanigi/Laiow-edge valuest differert
stages of heating for FY mode. (c) Nig€lge and (d) Mn Kdge XANES spectra at

different stages of heating. Wavelet transformation of Medige EXAFS for the samples
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e) at room temperature (RT), (f) heated at 3DGor 1 h,(g) heated at 508C for 1 h (h)

heated at 700C for 1 h.

Mn in the lattice can alter the crystal structure to different ext&ith various
concentrations and distributisn We performed synchrotron XRD and Rietveld
refinements for the Micoated LNO at different stages of hegtifrigure 4). The pristine
sampl e at room t emper-dldaFeQ layeredstiuctueiwittstna hex a g
space group (Figure 4a). The Li/Ni cation mixing level is 3.9% (Table S1). At 500 °C for
one hour, Mn diffuses into LNO. We defitteepure LNO fhase as Phase 1 and a relatively
Mn-rich layered phase (&iNio.2)NiogMno20. as Phase 2 to perform the Rietveld
refinement (Figure 4b). The Li/Ni cation mixing level increases to 5.1% (Table S1). The
fraction of Phase 1 to Phase 2 is 0.75: 0.25 (Tabje/3 the temperature further increases
to 700 °C for one hour, the Li/Ni cation mixing becomes 8.9%. The weight of Phase 2 also
increasesy 2% with a Phase 1 to Phase 2 fraction of 0.73: 0.27 (Table S1). The lattice
parameters and lattice volume thie LNO phase also increase slightly with increasing
temperature (Table S1). Upon heating,’Mis oxidized and occupiee Ni site inthe
LNO lattice. Meanwhile, Ni is reduced and occuples.i site to form a new layered phase
(Liz-2xNix)Ni1.xMnxO2 with Li loss taking place as shown in Reaction (1):

LiNiO2+ x Mn(OH)O (Li1.2xNix)NizxMn,O, + 2x LIOH (1)
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Figure 4.Global structural change and phase evolution upon Mn diffusion. XRD patterns
and Rietveld refinememtf the samples a) at room temakeire(Rwp = 7.70%) (b) heated
at 500°C for 1 h (Ryp = 14.33%),(g) heated at 708C for 1 h (R,p = 10.88%). Phase 1 is
defined aghepure LNO phaseand Phase 2 is defined aso(#io.2)Nio.sMno 20.
3.5.Discussion

This study investigates the elementdfusion behavior and correlated chemical
and structural changes within the cathode particles upon thermal treatment at multiple

length scales using Meoated single crystal LNO as the platform. At pristine state, Ni is
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