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BOPED AND COATED NICKEL-RICH CATHODE ACTIVE MATERIALS AND
METHODS THEREQK

CROSS-REFERENCE TO RELATED APPLICATION
[6081] This application claims the benefit of US. Provisional Application
No. 63/266,5006, entitied DOPED AND COATED NICKEL-RICH CATHODE ACTIVE
MATERIALS AND METHODS THEREQF, filed on January 6, 2022, and which 15

incorporated by reference herein in its entirety.

BACKGROUND
Field

(8002} The present disclosure relates generally to energy storage devices, and
specifically to cathode active materials for lithium-ion batteries and processes for forming the

same.

Description of the Related Art

{60031 Flectrochemical energy storage systems are widely used to provide power
to electronic, electromechanical, electrochemical, and other useful devices. Lithmum-ion
batteries are one of the most common examples of electrochemical energy storage systems,
and the prevalence of hithwme-1on batteries is due to their higher energy density when compared
to other electrochemical energy storage systems. During the last decade, the use of hithium-
ion batteries has expanded from consumer electronics to other areas mcluding the autorootive
mndustry. A Iithium-~ion batiery consists of four main corponents: a cathode electrode, anode
electrode, electrolyte, and separator, and at least some of the success of hithium-~ion batteries
may be attributed {o the development of high-energy density electrodes.

[6084] Presently, there are a small mumber of cathode active matenials which are
known or have been mvestigated for use in cathode elecirodes for ithium-ion batieries, for
example in the automotive industry. Examples of cathode active materials include transition
metal layered oxides belonging to the LiNiGz (LNGO), LiNiiayCoxALO2 (NCA)Y or LalNiix-
yCoxMung(z (NCM or NMC) families. These nickel-rich cathode active matenials can provide

the high energy densities m part because of thew high nickel content.  Although these nickel-
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rich cathode active materials have shown significant promise they also have therr drawbacks
mcluding a significant foss of charge capacity over repeated charge/discharge cycles.
Accordingly, there s a need for the development of improved nickel-rich cathode active

materials.

SUMMARY

[6085] For purposes of summarizing the disclosure and the advantages achieved
over the prior art, certam objects and advantages of the disclosure are described herein. Not
all such objects or advantages may be achieved in any particular emmbodiment. Thus, for
example, those skilled in the art will recognize that the invention may be embodied or carried
out in a manner that achieves or optimizes one advantage or group of advantages as taught
herein without necessarily achieving other objects or advantages as may be taught or suggested
herein.

[8006] In a first aspect, a doped nickel-rich cathode active material s provided.
The doped ruckel-rich cathode active matenial includes the chemical formula LiNuTnwMcO:,
where Tro 15 a transition metal element, M 1s a dopant element, a is a value of at least 0.9, bis
a value from 0.01 to 6.0995, and ¢ 15 a value from G.005 to 0.02.

[6087] In some embodiments, the dopant element s selected from the group
consisting of Ca, Mg, #r, and combinations thereof. Insome emnbodiments, the dopant element
18 Zr and another element selected from the group consisting of Ca, Mg, and combinations
thereof. In some embodiments, the compound comprises an atomic amount of Zr of at least
about 0.003. In some embodiments, the transition metal element 1s selected from the group
consisting of Al, Zr, Mn, Ti, Co, and combmations thereof In some embodiments, the
transtiion metal element includes Als, where < 18 a value from (.01 to 0.03. In some
embodiments, the transition metal elerment includes MnyCoz, where v 1s a value from 010 6.05,
where 7 15 a value from 010 0.05. In some embodiments, the transition metal element includes
AlMnyCo:, where x is a value from 0.01 to (.03, where v 15 a value from 0.01 to 0.05, where
z 18 a value from 0.01 10 0.05. In some embodiments, the nickel-rich cathode active material
further includes a coating material disposed over the nickel-rich cathode active material. In
some embodiments, the coating material 15 selected from the group consisting of a sulfur

compound, a metal compound, and combinations thereof.
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[600&] In some embodiments, an electrode film mcludes the doped nickel-rich
cathode active maternial is provided. In some embodiments, the electrode film is disposed over
a current collector forming a nickel-rich cathode electrode. In some embodiments, an energy
storage device mciudes the nickel-rich cathode electrode, a separator, an anode electrode, an
electrolyte, and a housing, where the nickel-rich cathode electrode, the separator, and the anode
electrode are positioned within the housing. In some embodiments, the energy storage device
is a battery.

[6009] In a second aspect, a coated nickel-rich cathode active material is provided.
The coated nickel-rich cathode active material includes a nickel-rich cathode active material
and a sulfur coating disposed over the nickel-rich cathode active material.

(0016} In some embodiments, the coated nickel-rich cathode active material further
mcludes a metal coating. In some embodiments, the sulfur coating includes a compound
selected from the group of dimethyl sulfone, dimethyl sulfoxide, sulfur nanoparticles, sodium
dodecyl sulfate, sodium sulfate, hithium sulfate, and combinations thereof In some
embodiments, the metal coating includes an element selected from the group consisting of Al
W, Mo, and combinations thereof. In some embodiments, the coating includes a plurality of
coating lavers. Tn some embodiments, the nickel-rich cathode active material further mcludes
a dopant element.

[0011] In thurd aspect, a method for preparing a doped mickel-rich cathode active
matenal 13 provided. The method imcludes muxing a nickel-rich precursor with a dopant
material, and a Iithnm source, to form a lithated nickel-rich precursor muxture, and heating
the lithiated nickel-rich precursor mixture to form a doped nickel-rich cathode active material.

86121  In some embodiments, the method further mecludes disposing a sulfur
coating material over the doped nickel-rich cathode active material. [8813]In a fourth aspect,
a method for preparing a coated nickel-rich cathode active material 1s provided. The method
melodes mixing a nickel-rich cathode active matenial with a sulfur coating material to forma
nickel-rich cathode active material muxture, where the sulfur coating material is disposed over
the mickel-rich cathode active material, and heating the nickel-rich cathode active material
mixture to form a coated nickel-rich cathode active material.

[6014] In some embodiments, the nickel-rich cathode active material further

mcludes a dopant element.
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[6015] All of these embodiments are intended to be within the scope of the
mvention disclosed herein. These and other embodimenis will become readily apparent to
those skilled 1n the art from the following detaifed description of the preferred embodiments
having reference to the attached figures, the invention not being limited to any particuiar

preferred embodiment(s) disclosed.

BRIEF DESCRIPTION OF THE BRAWINGS

[0016] FIG. 1 18 a schematic depicting a process of forming a doped nickel-rich
cathode active material, according to some embodiuments.

[0017] FIG. 2 15 a schematic depicting a process for forming a coated nickel-rich
cathode active material, according to some embodiuments.

[0018] FIG 3 1s an XRD pattern plot of a nickel-rich cathode active material,
according to some embodiments.

[0019] FIG. 4 15 a plot showing the impact of doping a nickel-rich cathode active
material with calcium on the normalized discharge capacity of a halt cell, according to some
embodiments.

[0020] FIG. 5 is a plot showing the impact of doping a ruckel-rich cathode active
roaterial with calcium on the normalized discharge energy of a full cell, according to some
embodiments.

[8021] FIG. 6 13 a plot showing the impact of coating a mickel-rich cathode active
material with sulfur on the normalized discharge capacity of a half cell, according to some
embodiments.

[08022] FIG. 7 1s a plot showing the mmpact of coating a nickel-rich cathode active
maternial with sulfur on the normalized cathode discharge energy of a full cell, according to
some embodiments.

[6023] FIG. 8A 15 a plot showing the impact of coating a nickel-rich cathode active
materials with a metal on the normalized discharge capacity of a half cell, according to some
embodiments.

[0024] FI(. 8B is a plot showing the impact of coating a nickel-rich cathode active
materials with a metal on the average charge voltage — average discharge voltage of a half cell,

according to some embodiments.
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[6025] FIG. 9 1s a plot showing the impact of coating a calcium doped nickel-rich
cathode active material with sulfur on the normabized discharge capacity of a half cell,
according to some embodiments.

[0026] Fi1(z. 10 13 a plot showing the impact of coating a calcium doped cathode
active material with sulfur on the normalized cathode energy of a full cell, according to some
embodiments.

(6027} FIG. 11 A 1s a plot showing the impact of including various transition metals
within the nickel-rich cathode active material on the normalized discharge capacity of a half
cell, according to some embodiments.

[0028] FIG. 11B 15 a plot showing the impact of including various transition metals
within the nickel-rich cathode active material on the charge voltage — discharge voltage of a
half cell, according to some embodiments.

0029 FIG. 12 15 a plot showing the impact of including various transition metals
within the nickel-rich cathode active material on the normalized cathode energy of a full cell,

according to some embodiments.

DETAILED DESCRIPTION

[6030] Provided herein are various embodiments of a mickel-rich cathode active
material with improved discharge capacity and capacity retention, and methods for preparing
the mckel-rich cathode active matertals. Such nickel-rich cathode active matenals may be
doped and/or coated to reduce 1) muxing of bithium and nickel atoms within the crystal lattice
and 2} oxygen mobility or evolation at the cathode electrode surface during eyching. As such,
the mnproved mickel-rich cathode active matenials described herein may be used to reduce
electrical resistance and improve cycle lifetimes in energy storage devices.

[8031] In certamn embodiments, the nickel-rich cathode active matenals are of the
general formula LiNGG2 or LiNuTmeG2, wheremn “a” is at least, or 1s at feast about, 0.8 and
“Tm” 15 at least one transition metal element. For example, such nickel-rich cathode active
materials include LiNtixyCorAlyO2 (“NCA”) and LiNiixyCodMing(z ("NCM”).

[0032] In certain embodiments, the nickel-rich cathode active matenal may include
a dopant material. In some embodiments, the dopant material 15 selected from a metal (M),

metal oxide (MyO2), a metal hydroxide (My(OH}:), and combinations thereof, wherem “M”
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represents a metal and v and 2”7 are values which create a neutrally charged dopant material.
in some embodiments, the dopant material comprises a metal (“M”) selected from calcium
(Ca), magnesium (Mg}, zirconium {Zr}, and combinations thereof. In some embodiments, the
dopant material comprises Zr and a metal selected from calcium (Ca), magnesium (Mg}, and
combinations thereof

[0033] in certain embodiments, the nickel-rich cathode active matenial may include
a coating matenal. In some embodiments, the coating material includes a sulfur compound, a
metal compound, or combinations thereof. In some embodiments, the sulfur compound s
selected from dimethy! sulfone (DMS), dimethyl sulfoxide (DMSQ), and combinations
thereof. In some embodiments, the metal compound comprises a metal selected from tungsten
(W), molybdenum (Mo}, aluminum (A}, and combinations thereof.

[0034] In some embodiments, the nickel-rich cathode active material may include
a dopant material and a coating material.  Such doped and coated nickel-rich cathode active

materials are described and may be prepared by the processes described herein.

Doped Nickel-Rich Cathode Active Matenial and Processes Thereof

[06035] Cathode active matenals with high nickel content (“mckel-rich”™) may
include a dopant to improve the performance of cathode electrodes. In some embodiments,
nickel-rich cathode active matenal comprises lithium (L4}, nickel (N1}, a dopant element (M),
and oxygen (3). In some embodiments, the nickel-tich cathode active material further
comprises a transition metal element (Tm). In some embodiments, the nickel-rich cathode
active material may inclode LiNuZ02, LiNuTow (o, or combinations thereof. In some
embodiments, the nickel-rich cathode active matenial may melude LiNtMceO2, TiNG TowM02,
or combinations thereof. In some embodiments, “a” 1s, is about, s at least, or 1s at Jeast about,
0.7, 075, 0.8, 0.85, 0.9, 0.92, 6.95, 0.98 or 0.99, or any range of values therebetween. For
example, in some embodiments, “a” 1s a numerical value between 0.7 and 0.99, between 0.85
and (.95, or between 0.9 and 0.99. In some embodiments, the transition metal element (“"Tm”)
is selected from aluminum (Al}, manganese (Mn), titaniom (1}, cobalt (Co), zirconium {(Zr},
and combinations thereof In some embodiments, the transition metal element (“Tm”) is
selected from alominum {(Al}, manganese (Mn), titanium (11), cobalt {Co), and combinations

thereof. In some embodiments, the transition metal element comprises MnyCoz wherein v is
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a value from 0.01 to 0.05 or 0 10 0.05, and/or wherein z 15 a value from 0.01 t6 0.05 or 0 to
(.05. Insome embodiments, when y is 0 z1s greater than O {e.g., 0.01). Insome embodiments,
when z 15 O v is greater than 0 {e.g., 0.01}. In some embodiments, the transition metal element
comprises AlkMinyCoz, wherein x 18 a value from 0.01 to 0.03, wherein y 15 a value from .01
to 0.05, wherein z 15 a value from 0.01 t0 0.05. In some embodiments, “b” is, or 1s about, ,
(.001, 0.005, 0.01, 0.02, 0.03,0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 6.0995, 0.1, or any range of
values therebetween. For example, m some embodiments, “b” 1s a numerical value from 0.001
10 0.1, from 0.001 t0 0.05, or from 0.001 t0 0.03. In some embodiments, each element of Tm
is, or is about, 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.0993 or 0.1 mol% of the
nickel-rich cathode active material, or any range of values therebetween In some
embodiments, the dopant element (“Z7) includes a metal ("M}, In some embodiments, the
metal ("M} is selected from calcium {Ca), magnesium (Mg}, zircontum (Zr) and combinations
thereof. In some embodiments, the dopant element (e g., metal} comprises Zr and a metal
selected from calcium {(a), magnesium (Mg), and combinations thereof In some
embodiments, “¢” 15, or is about, 0.005, 0.01, G.015, 0.02, 0.025. 0.04, 0.06, 0.08, 0.1, or any
range of values therebetween. For example, 1 somue embodiments, “¢” 15 a numerical value
between 0.005 and 0.1, between 0.005 and 0.025, or between 0.005 and 001, In some
embodiments, the muckel-rich cathode active material may include an atoroic amount of Zr of,
of about, of at least, or at least about, 0.002, 0.003, 0.004, 0.005, 0.006, 0.007, 0.008, or any
range of values therebetween.

[8036] In some embodiments, the nickel-rich cathode active material may have a
formuda of LiaNwALCasdr.{:. In some embodiments, “a” 1s, or 1s about, ¢.97, 0.975, (.98,
(.99, 0.995, 1 or any range of values therebetween. For example, m some embodiments, “a”
is a numerical value of or between 097 10 1, 098 1o 1, or 0.9% 40 1. In some embodiments,
“b7 s, or 1s about, 0.95, G955, 0.96, 0.965, 0.97, 6.975, 0.98 or any range of values
therebetween. For example, 1 some embodiments, “b” 18 a numerical value of or between
(.95 10 (.98, 0.96 10 0.97, or 0.96 to (.98, In some embodiments, “c” is, or 15 about, 0.001,
0.0015, 0.002, 0.0025, 0.003, or any range of values therebetween. For example, in some
embodiments, “¢” is a numerical value of or between 0.001 to 0.003, 0.0013 1o 0.0025, or
0.0015 t0 0.003. Insome embodiments, “d” 1s, or 1s about, 0.001, 0.0015, 0.002, 0.0025, 0.003,

(.0035, 0.004, or any range of values therebetween. For example, in some embodiments, “d”
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18 a numerical value of or between 0.001 to 0.004, 0.0015 10 0.004, or 0.0015 10 0.0035. In
some embodiments, “e” 1s, 15 about, at least, or at least about 0.002, 0.003, 0.004, 0.005, 0.006,
0.007, 0.008, or any range of values therebetween. For example, in some embodiments, “g” 15
a numerical value of or between G.002 to 0.008, 0.003 to 0.008, or 0.003 0 0.007. in some
embodiments, the nickel-rich cathode active material has a formula of Li:NBALCadZrOn,
wherein a 15 from about 0.99 to about 1, b is from about 0.96 to about 0.97, ¢ 15 from about
0.015 to about 0.025, d 1s from about 0.0015 to about 0.0035, e is from about 0.003 to about
0.007. In some embodiments, the nickel-rich cathode active material has a formula of, or of
about, LiMiosssAloo2Ca0.0025210.00500.

[0037] Nickel-rich precursor materials, nickel-rich precursor mixtures, and
lithiated nickel-rich precursor mixtures are processed to form doped rnuckel-rich cathede active
materials. FIG. 1 15 a flow chart 100 dlustrating an example of the doped nickel-rich cathode
active material formation process according to some of the embodiments. A nickel-rich
precursor 102 and a dopant material 104 are provided and combined {e g., mixed} in processing
step 106 to form a nickel-rich precursor mixture 108, The nickel-tich precursor mixture 108
1s combined {e.g., mixed} in processing step 112 with a lithwum source 110 to form a lithuated
nickel-rich precursor nuxture 114, The lithuated nickel-rich precursor mixture 114 1s heated
{e.g., tugh temperature calcination) n processing step 116 to form the doped nickel-rich
cathode active material 118, Although FIG. 1 depicts processing step 106 occurring prior to
processing step 108, 1t s understood that the processing steps may be carmed out
simultaneously, or processing step 106 may occur subsequent to processing step 108,

[003&] In some embodiments, the nickel-rich precursor 1s an oxude, hydroxide, or
combinations thereof. In some embodiments, the nickel-rich precursor comprises a transition
metal element (“Tm”) selected from aluminum (Al), manganese (Mn}, titantam (T1), cobalt
{Co), zircontum (Zr) and combinations thereof In some embodiments, the nickel-rich
precursor 13 selected from NIAKOH), NiMnAWOH}:, NiMnCo{OH), NiloAKOH),
NiZr{OH}2, and combinations thereof.

[6039] in some embodiments, the dopant material i3 selected from a metal (M),
metal oxide (MyO2), a metal hydroxide (My(OH}:), and combinations thereof, wherem “M”
represents a metal and v and 2”7 are values which create a neutrally charged dopant material.

in some embodiments, the dopant material comprises a metal (“M”) selected from calcium
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(Ca), magnesiom {Mg), zirconium {Zr}, and combinations thereof. In some embodiments, the
dopant material 1 a metal hydroxide selected from Ca{OH)2, Mg{OH),, and combinations
thereof In some embodiments, the dopant material 1s a metal oxide such as Zr(d:. In some
embodiments, the nickel-rich precursor mixture comprises, or comprises about, 0.1 mol %,
0.125 mol %, 0.25 mol %, 0.5 mol %, 6.75 mol %, 1 moi %, or 1.5 mol % of a dopant material,
or any range of values therebetween. In some embodiments, the molar ratio of the
nickel:dopant material in the nickel-rich precursor mixture 1s, or is about, 1:0.005, 1:.0.01,
1:0.015, 1:0.02, 1:0.025, 1:0.03, 1:0.035, 1:0.04, 1:0.045 or 1:0.05, or any range of values
therebetween.

[0040] A luthiated nickel-rich precursor mixture may comprise the nickel-rich
precursor mixture and a lithium source. In some embodiments, the lithium source includes a
fithium salt. In some embodiments, the lithium salt 1s selected from LiOH HoQO, LizCOs, and
combinations thereof In some embodiments, the molar ratio of the lithiuminickel in the
lithiated nickel-rich precursor mixture 1s, or s about, 0.9:1, 0.95:1, 0.99:1, 111, 1.01:1, 1.05:1,
or 1.1:1, or any range of values therebetween. In some embodiments, the nickel-rich active
moaterial mixture comprises, or comprises about, 10 wt.%, 11 wi%, 12 wi%, 14 wt%, 16
wt %, 18 wt.%, 20 wi.%, 25 wi.%, 30 wi.%, 35 wt.% or 40 wt.% of a hithwum source, or any
range of values therebetween.

[06041] In some embodiments, the hithiated mickel-rich precursor muxture is heated
after being formed. In some embodiments, heating 15 performed at 3 temperature of, of about,
of at least, or at least gbout, 550°C, 600°C, 625°C, 650°C, 675°C, 700°C, 725°C, 750°C,
760°C, 780°C, 800°C, 820°C, 840°C, B30°C, 860°C, 880°C, 900°C, 950°C or 1000°C, or any
range of values therebetween. In some embodiments, heating of the lithiated nickel-rich
precursor mixture s performed i an oxidizing atmosphere, an inert atmosphere, or a reducing
atmosphere.  In some embodiments, an oxidizing atmosphere 15 an atmosphere comprising
oxygen, for example such as air or an oxygen rich atmosphere. In some embodiments, an
oxygen rich atmosphere comprises at least 21 vol% oxvgen, at least 23.5 vol% oxvgen or at
least 25 vol% oxygen. Insome embodiments, an inert atmosphere is an atmosphere comprising
helium, neon, argon, krypton, xenon, radon, nitrogen, or combinations thereof In some
embodiments, a reducing atmosphere is an atmosphere comprising hydrogen, carbon

monoxide, hydrogen sulfide, or combinations thereof In some embodiments, heating s
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performed for a duration of, of about, of at least, or at least about, 0,1, 2,3, 4, 5,7, 10, 20 or
50 hours, or any range of values therebetween. In some embodiments, the lithiated nickel-rich
precursor mixture 1s calcinated when heated.

[0042] In some embodiments, the process further includes destruciuring the doped
nickel-rich cathode active material  In some embodiments, destructuring comprises a step
selected from crushing, milling, and combinations thereof. In some embodiments, the process
includes treating the doped nickel-rich cathode active material. In some embodiments, treating
comprises a step selected from sieving, washing, filtering, drying, coating, and combinations

thereot.

Coated Nickel-Rich Cathode Active Materials and Processes thereof

[0043] Nickel-rich cathode active materials may include a coating to improve the
performance of cathode electrodes. In some embodiments, the coating comprises a layer
disposed over an outer surface of the cathode active material.  In some embodiments, the
coating comprises a plurality of coating elements disposed over an outer surface of the cathode
active material. In some embodiments, the coating {e.g layer and/or plurality of coating
elements) partially, substantially, or completely covers the outer surface of the cathode active
moatenial. In sore embodiments, the coating includes a plurality of coating layers, such as 1,
2, 3, 4, S coating layers, or any range of values therebetween. In some embodiments, the
coating includes a sulfur compound, a metal compound, or combmations thereof In some
embodiments, the sulfur compound mchudes sulfur nanoparticles, a sulfur gel, a sulfur solotion,
or combinations thereof In some embodiments, the sulfur compound mcludes (CH3 RSO,
(CHzR0n, NaCizHasSC4, or combinations thereof In some embodiments, the metal
compound includes an element selected from W, Mo, Al and combinations thereof. In some
embodiments, the metal compound includes the compounds NHeW, NHsMo, NaAl(Oz, or
combinations thereof. In some emnbodiments, the nickelbrich cathode active material is a doped
nickel-rich cathode active material as described and prepared by the processes described
hergin.

[0044] Nickel-rich cathode active materials and coating materials are processed to
form coated mickel-rich cathode active materials. FIG. 2 15 a flow chart 200 illustrating an

example of the coated nickel-rich cathode active material formation process according to some

10
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of the embodiments. A nickel-rich cathode active matenial 202 and a coating material 204 are
provided and combined (eg., mixed) in processing step 200 to form a nickel-rich cathode
active matenial mixture 208, The nmickel-rich cathode active material nmuxture 208 is heated in
processing step 210 to form the coated mickel-rich cathode active material 212

[6045] in some embodiments, the coating material comprises a sulfur compound,
a metal compound, or combinations thereof. In some embodiments, the metal compound
comprises a metal selected from tungsten (W), molybdenom (Mo), alominum (Al), and
combinations thereof In some embodiments, the aluminum coating material 13 selected from
AbQO3, NaAlO:, AOH):, and combinations thereof. In some embodiments, the tungsten
coating material 1s selected from NHaW, (NHahoH{W207), Naa W04, W03, and combinations
thereof. Insome embodiments, the molvbdenum compound s NHsMo. In some embodiments,
the sulfur compound 15 selected from dimethyl sulfoxide (DMSQ), dimethy! sulfone (DMS),
sulfur nanoparticles, sodium dodecyl sulfate, sodium sulfate, lithium sulfate, and combinations
thereof. In some embodiments, the coating material 1s added to the nickel-rich cathode active
material at 0.01, 0.02, 6.04, 0.0§, 0.1, 0.15, 0.20, 0.25, 0.30, (.35, 0.40, 0.45, 0.50 or 0.60
ool %, or any range of values therebetween.

[0046] In some embodiments, the nickel-rich cathode active material s washed
with water prior to mixing with the coating matenial. In some embodiments, a solid-hiquid
separation is perforrmed on the washed nickel-rich cathode active material prior to mixing with
the coating material. In some embodiments, the mckel-rich cathode active material comprises,
or comprises about, 1 wi.%, 2 wi.%, 3 wit.%, 5 wt.%, 7 wt.%, 9 wt.% or 12 wt % water, or any
range of values therebetween.

(080471 In some embodiments, the nickel-rich cathode active matenal mixture 13
heated after being formed. In some embodiments, heating 18 performed at a temperature of, of
about, of at least, or at leastabout, 100°C, 125°C, 150°C, 175°C, 200°C, 225°C, 250°C, 275°C,
300°C, 325°C, or 350°C, or any range of values therebetween. In some embodiments, heating
of the nickel-rich cathode active material mixture 1s performed in an oxidizing atmosphere, an
inert atmosphere, or a reducing atmosphere. In some embodiments, an oxidizing atmosphere
is an atmosphere comprising oxygen, for example such as air or an oxygen rich atmosphere.
In some embodiments, an oxygen rich atmosphere comprises at least 21 vol% oxygen, at least

23.5 vol% oxygen or at least 25 vol% oxygen. In some embodiments, an inert atmosphere is
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an atmosphere comprising helium, neon, argon, krypton, xenon, radon, nitrogen, ofr
combinations thereof In some embodiments, a reducing atmosphere 18 an atmosphere
comprising hydrogen, carbon monoxide, hydrogen sulfide, or combinations thereof In some
embodiments, heating is performed for a duration of, of about, of at least, or at least about, 0,

1,2, 4,6, 8 10, 20 or 30 hours, or any range of values therebetween.

Eneroy Storage Device

[0048] The doped and/or coated nickel-rich cathode active materials may be used
in the preparation of an electrode for an energy storage device. In some embodiments, an
electrode film {e.g., doped and/or coated nickel-rich electrode film) comprises a doped and/or
coated nickel-rich cathode active material. In some embodiments, an electrode comprises a
current collector and the electrode film. In some embodiments, the elecirode 15 a cathode
electrade.

[0049] In some embodiments, an energy storage device includes an electrode as
described herem. In some embodiments, the energy storage device comprises a separator, an
anode electrode, a cathode electrode, and a housing, wherein the separator, anode electrode
and cathode electrode are disposed within the housing and the separator is positioned between
the anode and cathode electrodes. In some embodiments, an energy storage device 1s formed
by placing a separator, an anode elecirode and the cathode electrode within a bousing, wherem
the separator 18 placed between the anode electrode and the cathode electrode.  In some
embodiments, the energy storage device 15 3 battery. In some embodiments, the energy storage

device 15 a hithnum-1on battery.
EXAMPLES
[8050] Example embodiments of the present disclosure, mcluding processes,

materals and/or resultant products, are described 1n the following examples.

Example 1- Calcium-doped Nickel-Rich Cathode Active Materials

[0051] A calcium-doped and a doped-control nickel-rich cathode active material
were prepared. A nickel-rich NiooaAleo2{ OH})2 precursor material was mixed with 0.125-1.00

mol% Zr(» and 0.25 mol% Ca(OH): dopant material to form a calcium-doped nickel-rich
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precursor mixture. Additionally, a doped-control nickel-rich precursor mixture was prepared
by mixing NioosAloo{OH), precursor material with 0.125-1.00 mol. % Zr: dopant material.
A hithium source, LiOH, was mixed with the calcium-doped nickel-rich precursor mixture and
the doped-control nickel rich precursor mixture at a molar ratio of hthiumenickel of 1.03:1 to
form a hthiated calcrom-doped nickel-rich precursor mixture and a lithiated doped-control
nickel-rich precursor mixture. The lithiated calcnm-doped nickel-rich precursor mixture and
the lithiated doped-control nickel-rich precursor mixture were heated at 670-700°C in oxygen
for 3-8 hours. The heated lithiated calcium-doped nickel-rich precursor muxture and heated
lithiated doped-control nickel-rich precursor were ground and sieved to produce a calcium-
doped nickel-rich cathode active material and a doped-control nickel-rich cathode active
material.

[0052] The produced calcium-doped nickel-rich cathode active material had a
formula of LiaNnAlCasfr(:, wherein a 1s from about 0.99 1o about 1, b s from about 0.96
1o about 0.97, ¢ 18 from about 0.015 to about 0.025, d is from about 0.0015 to about 8.0035, e
15 from about 0.003 to about 0.007. The values of a, b, ¢, d and e created a neutrally charged
dopant material.

Example 2— Sulfur-Coated Nickel-Rich Cathode Active Materials

[G053] Sulfur-coated and coated-control nickel-rich cathode active materials were
prepared. A doped nickel-tich cathode active matenial was washed with water, then a solid-
hquid separation was performed on the washed nickel-rich cathode active material.  The
washed nickel-rich cathode active matenial was mixed with a NaAlO: solution, and
subsequently mixed with an NHaW solution to form a metal coated nickel-rich cathode active
material. A portion of the metal coated nickel-rich cathode active material was set aside and
heated at 200-250°C 1 oxygen for 3-8 hours to form the coated-control mickel-rich cathode
active material,

[6054] The metal coated nickel-rich cathode active material was mixed with 0.1-
0.5 mol.% of a DMS dry powder and heated at 200-250°C in oxygen for 3-8 hours to form the

sulfur-coated nickel-rich cathode active materials.
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Example 3 - XRD Peak Widths

[B055] FI(G 3 15 an XRD pattern plot comparing the lattice structure of a calcium-
doped nickel-rich cathode active material to the doped-control cathode active material. The
data provided in FIG. 3 1s forther summarized in Table 1 below. As can be seen in FIG. 3 and
Tabie 1, calcium-doped nickel-rich cathode active materials {labeled “Ca”) were found to have
narrower x-ray diffraction peak widths than the doped-control nickel-rich cathode active
materials (Iabeled “No Ca”). This indicates reduced lithium and nickel mixing in the erystal

lattice of the calctum-doped nickel-rich cathode active materials.

Table 1.
Details a € (003} Peak Width Li/Ni Mixing
Calcium-doped 2875 14.207 0.09 1.7
Dioped-control 2.876 14.205 0.105 22

Example 4 — Blectrochemical Cell Preparation and Testing

[0056] Half cells comprising calcium-~doped and doped-control and/or sulfur-
coated and coated-control mickel-rich cathode active matenials were prepared and tested.
Doped and/or coated cathode active matenals were prepared utilizing sumilar processes to
those described in Examples 1 and 2. Cathode electrodes were prepared by providing the
doped and coated cathode active materials, and the materials were nuxed with polyvinyhidene
difluoride (PVDF) and Super-5 carbon black at a ratio of 85:10:3 w% m N-methyl-2-
pyrrohidone (NMP) to form a slurry. The shurry was cast onto a prece of aluminum forl and
then dried 1n an oven at 120°C for 3 hours. The dried muxture was then calendered at a pressure
of 2000 atm to form a bulk electrode material with a foading of 10.51 mg/em?® 1.2 cm coin cell
electrodes were punched from the bulk electrode material and the comn cell electrodes were
dried under vacuum at 120°C for 14 hours. Coin cells were fabricated 10 an argon-filled glove
box by stacking a com cell electrode, a first separator, a second separator, and a lithium foil
negative electrode.

(0057 Full celis (i.e, pouch celis} comprising calcium-doped and doped-control
and/or sulfur-coated and coated-control nickel-rich cathode active materials were prepared and

tested. Cathode electrodes for the full cells were prepared similarly to those prepared for the
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half cells. Full cells were prepared by stacking a cathode electrode, a separator, and an anode
electrode together to form an electrode stack. The electrode stack was placed 1n a pouch which
was filled with a lithium hexafluorophosphate electrolyte solution. As prepared, the full cells
had an approximate capacity of 200 mAh. Galvanostatic charge and discharge cveling was
performed using an Arbin battery testing system. The full celis were maintained at 40°C during
testing. The full cells were imtially charged to 4.2 V at a constant rate of (/20 and then
discharged to 2.5 V at a rate of C/20. Then the full cells were then cycled between 2.85-4 20

Iz

V at a constant rate of £/3.

Example 3 — Electrochemical Cells icluding Calcium-Doped Nickel-Rich Cathode Active

Materials

[0058] FIGS. 4 and S are plots showing the performance of half cells and full cells,
respectively, comprising a calcium-doped nickel-rich cathode active material, as compared to
electrochemical cells comprising a doped-control nickel rich cathode active material. As can
be seen mn FIGS. 4 and S, the normalized discharge capacity of electrochenucal cells
comprising a calcium-doped nickel-rich cathode active matenial {labeled “With (Ca”)
demonstrated improved performances relative to cells comprising a doped-control ruckel-rich

cathode active material (Iabeled “Without Ca”).

Example 6 ~ Electrochemical Cells moluding Sulfur-Coated Nickel-Rich Cathode Active

Materials

{0059} FIGS. 6 and 7 are plots showing the performance of half cells and full cells,
respectively, comprising a sulfur-coated nickel-rich cathode active material (Jabeled “Coated
+ Sulfir™), as compared with electrochemical cells comprising a coated-control nickel-rich
cathode active material (“Coated”). As can be seen in FIGS. 6 and 7, the normahized discharge
capacity and normalized capacity retention, respectively, of electrochemical cells comprising
a suifur-coated mickel-rich cathode active material demonstrated improved performance

relative to cells comprising a coated-control nickel-rich cathode active material.
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Example 7 — Electrochemical Cells including either Tungsien-Coated or Molvbdenum-Coated

Nickel-Rich Cathode Active Materials

8060} FIGS., 8A and 8B are plots showing the performance of half cells
comprising a tungsten-coated nickel-rich cathode active material {labeled “W treatment”™} and
a molybdenum-coated nickel-rich cathode active material (labeled “Mo treatment”™), as
compared with cells comprising an unwashed non-coated nickel-rich cathode active material
(labeled “Unwashed”), a washed non-coated nickel-rich cathode active material {(labeled
“Washed”), and a washed and reheated non-coated nickel-rich cathode active material (labeled
“Washed + reheat”}. As can be seen in FIGS, 8A and 8B, the discharge capacity and dV
growth, respectively, of electrochemical cells comprising a tungsten-coated or molybdenum-
coated nickel-rich cathode active material demonstrated improved performance relative to
electrochemical cells comprising an unwashed non-coated nickel-rich cathode active material,
a washed non-coated nickel-rich cathode active material, and a washed and reheated non-

coated nickel-rich cathode active material.

Fxample 8 — Blectrochemical Cells including Sulfur-Coated and/or Calciumi-Doped Active

Mategrials

[0061] FIGS. 9 and 10 are plots showing the performance of half cells and full
cells, respectively, comprising a DMS-coated (1.e. sulfur-coated) and calcium-doped nickel-
rich cathode active matenal (Jabeled “Ca + Sulfin™), as compared to electrochemical cells
comprising a DMS-coated nickel-rich cathode active matenial (labeled “Sulfur-only”™) and
calcium-doped nickel-rich cathode active material (“Ca-only”). As can be seen i FIGS. 9 and
10, the normalized discharge capacity and normalized capacity retention, respectively, of
electrochemical cells comprising a sulfur-coated and calcium-doped nickel-rich cathode active
material had improved performance relative to electrochemical cells comprising a calcium-

doped nickel rich cathode active matenal and sulfur-coated nickel rich cathode active material.

Example 9 — Elecirochemical Cells includine Cathode Active Materials with etther Aluminum

or Zirconium Transition Metals

(6062} FIGS., 11A and 11B are plots showing the performance of half cells

comprising cathode active matenals comprising 2 mol.%, 1 mol %, or 0.5 mol % aluominum
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transition metal within the active material (Iabeled “2%A17, “1%A17, “0.5%A1” respectively),
or alternatively ¢.5 mol% or 0.25 mol% zirconium transition metal (labeled “0.5%7r”,
“0.25%7r” respectively}). As can be seen in FIGS. 11A and 11B, the normalized discharge
capacity and average charge voltage — average discharge voltage growth, respectively, of
electrochemical cells comprising nickel-rich cathode active material including an aluminum
transition metal showed improved performances as transition metal mol. % were increased.

[6063] FIG. 12 15 a plot showing the performance of full celis comprising cathode
active materials comprising 2 mol %, 1 mol %, or 0.5 mol % aluminum transition metal within
the active material (labeled “2%A1”, “1%A1°, “0.5%Al” respectively), or alternatively 0.5
mol. % or 0.25 mol % zircontum transition metal within the active matenal (labeled “0.5%2x”,
“0.25%Zr” respectively), as compared with electrochemical celis having a LiNiw ¢Coo.Mno 1Oz
{(labeled “NMC 8117} cathode active material or a LiNiO» (labeled “LiNi10:7) cathode active
material. As can be seen in FIG. 12, electrochemical cells having a nickel-rich cathode active
material with a zirconium transition metal included demonstrated improved lifetimes relative
to electrochemical cells with NMC811 and LNO cathode active matenials.

[0064] While certain embodiments have been described, these embodiments have
been presented by way of example only and are not intended to limit the scope of the disclosure.
Indeed, the novel methods and systems described herein may be embodied in a variety of other
forms. Furthermore, various omissions, substitutions and changes i the systems and methods
described heremn may be made without departing from the spint of the disclosure. The
accompanying claims and their equivalents are intended to cover such forms or modifications
as would fall within the scope and spirit of the disclosure.

[8065] Features, materials, characteristics, or groups described in conjunction with
a particular aspect, embodiment, or example are to be understood to be applicable o any other
aspect, embodiment or example described m this section or elsewhere n this specification
unless mncompatible therewith. All of the features disclosed in this specification {including
any accompanying claims, abstract and drawings}, and/or all of the steps of any method or
process so disclosed, may be combined in any combination, except combinations where at least
some of such features and/or steps are mutually exclusive. The protection is not restricted to

the details of any foregoing embodiments. The protection extends to any novel one, or any
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novel combination, of the features disclosed in this specification (including any accompanying
claims, abstract and drawings}, or to any novel one, or any novel combination, of the steps of
any method or process so disclosed.

[0066] Furthermore, certain features that are described in this disclosure mn the
context of separate implementations can also be implemented in combination in a single
mmplementation.  Conversely, various features that are described in the context of a single
implementation can also be implemented in muluple implementations separately or in any
suitable subcombination. Moreover, although features may be described above as acting in
certain combinations, one or more features from a claimed combination can, in some cases, be
excised from the combination, and the combination may be claimed as a subcombination or
variation of a subcombination.

[0067] Moreover, while operations may be depicted in the drawings or described
in the specification in a particular order, such operations need not be performed in the particular
order shown or in sequential order, or that all operations be performed, to achieve desirable
resulis. Other operations that are not depicted or described can be incorporated o the example
rethods and processes. For example, one or more additional operations can be performed
before, after, sunultanecusly, or between any of the described operations.  Further, the
operations may be rearranged or reordered i other implementations. Those skilled o the art
will appreciate that 10 some embodiments, the actual steps taken in the processes 1Hlustrated
and/or disclosed may differ from those shown 1o the figures. Depending on the embodument,
certain of the steps described above may be removed, others may be added. Furthermore, the
features and atiributes of the specific embodiments disclosed above may be combined m
different ways to form additional embodiments, alt of which fall within the scope of the present
disclosure.  Also, the separation of varicus system components in the mmplementations
described above should not be understood as requaring such separation n all implementations,
and it should be undersiood that the described components and systems can generally be
mtegrated together in a single product or packaged o muliiple products. For example, any
of the components for an engrgy storage svstem described herein can be provided separately,
or integrated together (e.g., packaged together, or attached together) to form an energy storage

system.
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[806&] For purposes of this disclosure, certain aspects, advantages, and novel
features are described herein. Not necessarily all such advantages may be achieved in
accordance with any particular embodiment. Thus, for example, those skilled m the art will
recognize that the disclosure may be embodied or carried cut in a manner that achieves one
advantage or a group of advantages as taught herein without necessarily achieving other
advantages as may be taught or suggested herein.

[8069] Conditional language, such as “can,” “could,” “might,” or “may,” unless
specifically stated otherwise, or otherwise understood within the context as used, is generally
intended to convey that certain embodiments include, while other embodiments do not include,
certain features, elements, and/or steps. Thus, such conditional language 5 not generally
intended to imply that features, elements, and/or steps are in any way required for one or more
embodiments or that one or more embodiments necessarily include logic for deciding, with or
without user input or prompting, whether these features, elements, and/or steps are mcluded or
are to be performed in any particular embodiment.

[6076] Comgunctive language such as the phrase “at least one of X, Y, and £.7
unless specifically stated otherwise, 15 otherwise understood with the context as used 1o general
to convey that an item, term, etc. may be either X, Y, or Z. Thus, such conjunctive language
is not generally intended to imply that certain embodiments require the presence of at least one
of X, at least one of Y, and at least one of 2.

[8071] Language of degree used heren, such as the terms “approximately,”

>

“about,” “generally,” and “substantially” as used herein represent a value, amount, or
characteristic close to the stated value, amount, or characteristic that still performs a desired
function or achieves a desired result.

[8072] The scope of the present disclosure 15 not intended to be limited by the
spectfic disclosures of embodiments in this section or elsewhere in this specification, and may
be defined by claims as presented in this section or elsewhere in this specification or as
presented in the future. The language of the claims is to be interpreted broadly based on the
language emploved in the claims and not limited to the examples described in the present
specification or during the prosecution of the application, which examples are to be construed

as non-exclusive.
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(6073} While certain embodiments have been described, these embodiments have
been presented by way of example only, and are not intended to hmit the scope of the
disclosure. Indeed, the novel methods and systems described herern may be embodied i a
variety of other forms. Furthermore, various omissions, substitutions and changes in the
systems and methods described herein may be made without departing from the spirit of the
disclosure. The accompanying claims and their equivalents are intended to cover such forms

or modifications as would fall within the scope and spirit of the disclosure. Accordingly, the

scope of the present inventions is defined only by reference to the appended claims.
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WHAT IS CLAIMED IS:

I A doped nickel-rich cathode active material, comprising a compound having
the chemical formela:
LiNG TreMeOs;
wherein:
Tm 1s a transition metal element;
M 15 a dopant element;
a 1s a value of at least 0.9;
b 1s a value from 0.01 16 0.0995; and
¢ s a value from 0.005 to0 0.02.
2. The material of Claim 1, wherein the dopant element is selected from the group
consisting of Ca, Mg, Zr, and combinations thereof
3. The material of Claim 1 or 2, wherein the dopant element 1s Zr and another
element selected from the group consisting of Ca, Mg, and combinations thereof
4, The matenial of any one of Claims 1-Error! Reference source not found.,
wherein the compound comprises an atomic amount of Zr of at least about 0.003.
5, The matenial of any one of Claims 1-Error! Reference source not found.,
wherein the transition mwetal element 13 selected from the group consisting of Al, Mn, Ti, Co,
and combinations thereof.
6. The material of any one of Clamns 1-5, wherem the transition metal element
comprises Alx, wherem X 15 a value from 0.01 to 0.03.
7. The material of any one of Clamns 1-6, wherem the transition metal element
comprises My Co,, wherein v 1s a value from 0 to 0.05, wherein = 13 a value from 0 to 0.05
8. The material of any one of Clawns 1-7, wherem the transition metal element
comprises ALMny{Coz, wheremn x 18 a value from 0.01 {0 0.03, wherein y 15 a value from ¢.01
to 0.05, wherem 7 1s a value from 0.01 to 0.05.
9. The material of any one of Claims 1-8, further comprising a coating material
disposed over the doped nickel-rich cathode active material.
10, The matenial of Claim 9, wherein the coating material 1s selected from the group

consisting of a sulfur compound, a metal compound, and combinations thereof.
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11 An electrode film comprising the material of any one of Claims 1-10.
12. A nickel-rich cathode electrode comprising the electrode film of Clamm 11
disposed over a current collector.
13. An energy storage device, comprising;
the nickel-rich cathode elecirode of Claim 12;
a separator;
an anode electrode;
an electrolyte; and
a housing, wherein the nickel-rich cathode electrode, the separator, and the
anode electrode are positioned within the housing.
14. The energy storage device of Claim 13, wherein the energy storage device 1s a
hattery.
185 A coated nickel-rich cathode active material, comprising:
a nickel-rich cathode active matenal; and
a sulfur coating disposed over the nickel-rich cathode active material
1o The material of Claim 15, wherein the sulfur coating comprises a compound 1s
selected from the group consisting of dimethyl sulfone, dimethyl sulfoxade, sulfur

nanoparticles, sodium dodecyl sulfate, sodium sulfate, hithiumo sulfate, and combinations

thereof
17 The material of Clamm 15 or 16, further comprising a metal coating,
18. The matenal of Claim 17, wherem the metal coating comprises an element

selected from the group consisting of Al, W, Mo, and combinations thereof.
19. The materal of any one of Claims 15, wherein the coating comprises a plurality
of coating lavers.
20. The material of any one of Claim 15, wherein the nickel-rich cathode active
material comprises a dopant element.
21 A process of preparing the matenial of any one of Claims 1-10, comprising:
mixing a nickel-rich precursor, a dopant material, and a hithium source, to form

a lithiated nickel-rich precursor mixture; and
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heating the hithiated nickel-rich precursor mixture to form a doped nickel-rich
cathode active material.
22, The process of Claim 21, further comprising disposing a suifur coating material
over the doped nickel-rich cathode active material.
23. A process of preparing the material of any one of Claims 15, comprising;
mixing a nickel-rich cathode active material with a sulfur coating material, to
from a nickel-rich cathode active material mixture, wherein the coating material is
disposed over the nickel-rich cathode active material; and
heating the nickel-rich cathode active material mixture to form a coated nickel-
rich cathode active material.
24, The process of Claim 23, wherein the nickel-rich cathode active material further

comprises a dopant element.
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