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(57) Abstract: Set forth herein are positive electrode active material compositions, e.g., lithium-rich nickel manganese cobalt oxides.
The lithium-rich nickel manganese cobalt oxides set forth herein are characterized, in some examples, by an expanded unit cell
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LITHIUM RICH NICKEL MANGANESE COBALT OXIDE (LR-NMC)

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/096,510, filed December 23, 2014, entitled LITHIUM RICH NICKEL MANGANESE
COBALT OXIDE (LR-NMC), the entire contents of which are herein incorporated by

reference in its entirety for all purposes.

BACKGROUND OF THE INVENTION
[0002] Rechargeable (i.e., secondary) batteries that include positive electrode (i.e., cathode)
active materials based on nickel (Ni), manganese (Mn), and cobalt (Co) oxides (herein
“NMC”s) have yet to demonstrate energy densities equal to the theoretical energy densities
calculated for these materials and the electrochemical cells in which these materials are used
as the positive electrode active material. For example, a theoretical energy density of 1065
Wh/kg is predicted for certain known NMCs, but the best commercially available NMC has
an energy density of only 702 Wh/kg. Much work is therefore still needed to increase the
empirical energy density of NMCs, to match the NMC energy density to the calculated
energy density for these materials, as well as to increase the power output of NMCs when
used as positive electrode active materials in secondary batteries (e.g., Lithium rechargeable

batteries).

[0003] Some researchers have manipulated the amounts of cobalt (Co), manganese (Mn),
and nickel (Ni) in NMCs, and/or have doped NMCs with iron (Fe), aluminum (Al),
magnesium (Mg), and nickel (Ni), in order to attempt to produce NMCs having improved
energy densities, power capabilities, and safer positive electrode materials (See, e.g., U.S.
Patent Application Publication No. 2014/0197357, to Ofer et al.; also U.S. Patent No.
6,677,082, also 6,680,143; also U.S. Patent Nos. 8,213,154, to Sullivan, ef al.; also U.S.
Patent No. 7,381,496, to Onnerud, et al.; also Ates, et al., Journal of the Electrochemical
Society, 161 (3) A355-A363 (2014); also W. El Mofid, et al.; Journal of Power Sources, 268
(2014) 414-422; also Journal of the Electrochemical Society, 147 (5) 1722-1729 (2000); also
H.-B. Kim, et al. Journal of Power Sources 179 (2008) 347-350, J Electrochem Soc 147 (10)
3598-3605 (2000)). However, the materials set forth in these reports do not demonstrate the
thermodynamically predicted energy densities for NMCs. Also, these reports show that if the
amount of nickel is increased beyond a Ni:Mn:Co ratio of 5:3:2, the NMC material is not
thought to be stable when electrochemically cycled. As more Ni is inserted in the crystalline

lattice, the energy associated with evenly and uniformly distributing the transition metals
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within a given unit cell (e.g., wherein each metal has a nearest neighbor of another kind of
metal) increases. After some initial electrochemical cycling, currently known NMC materials
suffer from voltage fade as well as other detrimental effects. In some other reports, a
discharge model suggests that when 66 % (Li; 0sNMC or greater) of lithium enters the NMC,
the capacity of the material decreases to 180mAh/g. However, these same materials are
expected to have a yet unrealized theoretical capacity of 272 mAh/g. As such, there is a need
for new NMCs, including stable NMC which have high nickel content, as well as methods of
making these NMCs.

[0004] The disclosure herein sets forth novel oxide materials, and also methods of making
and using oxide materials which include nickel, manganese and cobalt, which overcome the
aforementioned challenges and limitations as well as other challenges which are known in the

relevant field to which the instant disclosure pertains.

BRIEF SUMMARY OF THE INVENTION
[0005] The disclosure herein provides novel NMC chemical compositions, novel layered-
layered polycrystalline NCM materials, novel NMC crystal structures, and novel methods of
making and using these materials. The disclosure herein provides novel NMCs which
demonstrate some of the highest energy densities, fastest power capabilities, and, or, longest
cycle lifetimes, ever observed for rechargeable lithium battery positive electrode active
materials. In some examples, the disclosure herein provides NMC having higher relative
amounts of Li than known NMCs. In some examples, the disclosure herein provides NMC
having higher relative amounts of Ni than known NMCs. In some examples, the disclosure

herein provides NMC having higher relative amounts of Ni and Li than known NMCs.

[0006] While some researchers have manipulated the amounts of cobalt (Co), manganese
(Mn), and nickel (Ni) in NMCs, the particular amounts of Co, Ni, and Mn, set forth herein,
were not known to be particularly well suited for the types of positive electrode active
materials described herein (e.g., the layered-layered oxides, polycrystalline inter-grown
oxides, or doped NMCs). Co is thought to be less catalytically active than Ni and, as such,
previous works suggests that increasing the Co amount while decreasing the Ni amount in a
NMC material should reduce side reactions, such as those reactions between the active
material and a liquid electrolyte. However, the materials set forth herein which have
increased Ni amounts with correspondingly decreased Co amounts are actually more stable
than other NMCs that have higher Co amounts and lower Ni amounts. Additionally, the
NMCs described herein demonstrate higher energy densities than previous work suggested
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was possible or practical for NMCs in electrochemical cells. In some examples, the lithium-
rich NMCs (herein “LR-NMC”) set forth herein have unexpectedly long cycle lifetimes. In
some examples, the LR-NMCs set forth herein have unexpectedly high energy densities,

particularly at rapid discharge rates.

[0007] In one embodiment, set forth herein is a positive electrode active material,
characterized by the following formula: Li;+xNiyMnyC0,05+(y2), wherein 0 <x <0.25,0.5 <y
<08,01<w<06,01<z<045 andy+w+z=1. In these materials, lithium is present
in the NMC oxide in excess of the normal stoichiometric Li amount (e.g., equal moles lithium
to the moles of transition metals), this excess amount being characterized by the subscript, x.
For this reason, the materials herein are referred to as lithium-rich nickel manganese cobalt
oxides, or LR-NMCs. When x is > 0, the molar amount of lithium is greater than the molar
amount of the sum of the transition metals since y + w + z = 1. Without being bound to a
particular theory, the “x” amount of lithium may occupy transition metal sites within 2d
lamellar oxide layers (i.e., within oxide sheets). The majority of the lithium in the LR-NMC
may occupy interstitial sites between the lamellar oxide layers (e.g., between oxide sheets in
the discharged state of the battery). In some examples, y = w and Co is a minor component

of the transition metals present. When x is 0.25, lithium is present in both crystalline lattice

positions normally occupied by Ni, Mn, or Co and lithium is also present in interstitial sites.

[0008] In a second embodiment, set forth herein is a positive electrode active material,
characterized by the following formula: Li1+NiyMnyCo,0., wherein 0 < x <025, 05 <y
<0.8,

0.1<w<06,01<z<045 y+w+z=1, and e is selected so that the LR-NMC-material is
charge neutral. In some examples, “e” represents the amount of negatively charged oxygen
required to charge balance the positively charged lithium, nickel, manganese, and cobalt in

the NMC.

[0009] In a third embodiment, set forth herein is a positive electrode including a material
characterized by the following formula: Li1+:NiyMn,Co0,07+p), wherein 0 < x < .25,

05<y<0.8,0.1<z<0.25. Insome of these examples, y+2z=1.

[0010] In a fourth embodiment, set forth herein is a positive electrode including any lithium
rich nickel manganese cobalt oxide set forth herein. In some of these embodiments, the

positive electrode includes a solid-state catholyte in the positive electrode.
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[0011] In a fifth embodiment, set forth herein is an electrochemical device including a
positive electrode which includes a nickel manganese cobalt oxide or a lithium rich nickel

manganese cobalt oxide set forth herein.

[0012] In a sixth embodiment, set forth herein is a method of making a lithium rich nickel
manganese cobalt oxide (LR-NMC), including (1) providing a mixture of a nickel ion
precursor, a manganese ion precursor, and a cobalt ion precursor at a specified ratio; (2)
optionally warming the mixture between 30 and 100°C; (3) adjusting the pH of the mixture to
about 10 or 11; (4) optionally stirring the mixture; (5) precipitating a nickel manganese cobalt
hydroxide or layered double hydroxide; (6) annealing the hydroxide in the presence of a
lithium-containing salt, and thereby making a LR-NMC. In some examples, the hydroxide is
a layered hydroxide. In some examples, the hydroxide is a layered double hydroxide. Once
annealed with a lithium-containing salt, some lithium resides in between the layers of a
layered-layered oxide and “x” amount of lithium resides at transition metal crystal lattice
positions. The lithium is stabilized by a negatively charged framework which results as the
material dehydrates. In some examples, the dehydration is a result of the loss of dangling
hydroxide groups during the annealing process. When these dangling hydroxide groups are
lost, some Ni** in the NMC oxidizes to Ni’". In some examples when the material is further
lithiated (7.e., lithium is added to the material) some of this additional lithium forms a lithium
oxide (e.g, Li;O) in the NMC. As lithium inserts into LiNiyMnyCo,O. to form
Li;+x\NiyMnCo,O,, or a lithium-rich NMC, the crystalline unit cell volume tends to decrease
which results in certain beneficial electrochemical properties, such as, but not limited to,
improved electronic conductivity, lower voltage fade during use, and lower tendencies for

low voltage phases (e.g., spinel phases, or Mn-including spinels) to precipitate.

[0013] In a seventh embodiment, set forth herein is a lithium-rich nickel, manganese, cobalt
oxide which is characterized by an expanded unit cell comprising twenty (20) transition metal

atoms. In some examples, the unit cell includes 14 Ni atoms, 3 Mn atoms, and 3 Co atoms

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1 shows a comparison plot of Specific Discharge Energy (Wh/kg) for
different discharge rates (1C, C/2, and C/10) for LR-NMC (Li;+xNipsMng25C00.2502+(x2)),
LR-NMC-2 = (Lij+xNigeMng2C00202+x2)), wherein 0 < x < 025 NCA
(LiNip3Co0.15Al00502), Comparison 1 (LiNigsMng3Co0020;), and Comparison 2
(LiNig ¢Mng,Co0¢,03).
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[0015] Figure 2 shows a comparison charge-discharge plots of Voltage v. Li for LR-NMC

(Li1+XNi0.5MIlo.25C00.2502+(x/2)), wherein 0 < x < 025 NCA (LiNiggCoq15Al00507),
Comparison 1 (LiNigsMng3C0020;), and Comparison 2 (LiNigsMng2C00203).

[0016] Figure 3 shows a plot of Active mass-specific discharge energy (Wh/kg) as a
function of charge-discharge cycle for LR-NMC (Li1+xNig sMng 25C002502+(x2)), wherein 0 <
x <0.25, NCA (LiNig3Coq.15Alp0502), Comparison 1 (LiNigsMng3Co20;), and Comparison
2 (LiNig¢Mng,Co0,0;).

[0017] Figure 4 shows a plot of Voltage (V v. Li-metal) as a function of discharge capacity
for a progression of charge-discharge cycles for LR-NMC.

[0018] Figure 5 shows a plot of dQ/dV as a function of Voltage. In Figure 5, the top plot is
cycle 1, the next plot below cycle 1 is cycle 10, the next plot below cycle 10 is cycle 20, the
next plot below cycle 20 is cycle 30, the next plot below cycle 30 is cycle 40, the next plot
below cycle 40 is cycle 50. As used in Figure 5, “dQ/dV” refers to differential capacity vs.

differential voltage.

[0019] Figure 6 shows a plot of Voltage as a function of Cycle active mass-specific
capacity (mAh/g) for ball-milled LR-NMC and for spray dried LR-NMC.

[0020] Figure 7 shows an SEM image of spray dried LR-NMC, which is observed to have a

plate structure.
[0021] Figure 8 shows an SEM image of ball-milled LR-NMC.

[0022] Figure 9 shows an X-ray diffraction pattern for LR-NMC powder prepared

according to example 1.

[0023] Figure 10 shows Voltage v. Li as a function of cycle active mass-specific capacity

(mAh/g) for undoped LR-NMC, LR-NMC doped with Al, and LR-NMC doped with Fe.

[0024] Figure 11 shows Voltage v Li as a function of cycle state of charge (SOC) for
undoped LR-NMC, LR-NMC doped with Al, and LR-NMC doped with Fe.

[0025] Figure 12 shows active mass-specific discharge energy (Wh/kg) as a function of
cycle charge/discharge cycle for undoped LR-NMC, LR-NMC doped with Al at 5 mol %,
and LR-NMC doped with Fe at 5 mol %. Herein, 5 mol % is a % relative to the total mol
amount of (Ni+Mn+Co).

[0026] Figure 13 shows an X-ray diffraction plot [Intensity v. Degree (20)] for LR-NMC
(Li 1+xNi0.5Mn0.25C00.2502+(x/2))~
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[0027] Figure 14 shows an X-ray diffraction plot [Intensity v. Degree (20)] for LR-NMC

(Li 1+xNi0.5Mn0.25C00.2502+(x/2))~

[0028] Figure 15 shows Coulombic Efficiency for LR-NMC as a function of ds, particle

size.

[0029] Figure 16 shows active mass-specific discharge energy (Wh/kg) as a function of
charge-discharge cycle for LR-NMCs having varying lithium amounts. Top plot is LR-NMC
wherein x is 0.25. Bottom plot is LR-NMC wherein x is 0.10. Plots in the middle are LR-
NMC wherein x is either 0.20 or 0.15.

[0030] Figure 17 shows an X-ray diffraction plot [Intensity v. Degree (20)] for LR-NMC
(Li1+XNi0.5MIl0.25C00.2502+(X/2)). The ratio of the {003} peak at 19° (26) to the {101} peak at
38" (20) to the {104} peak at 45" (20)is 100 : 38.4 : 89.1.

[0031] Figure 18 shows an X-ray diffraction plot [Intensity v. Degree (20)] for LR-NMC
(Li1+XNi0.5MIl0.25C00.2502+(X/2)). The ratio of the {003} peak at 19° (26) to the {101} peak at
38" (20) to the {104} peak at 45 (20)is 100 : 44.9 : 88.0.

[0032] Figure 19 shows a comparison plot of Active mass-specific discharge energy
[Wh/kg] for LR-NMC (Li1+xNig sMng 25C00.2502+(x/2)), LR-NMC-2 =
(Li1+xNip 6Mng2C00202+x2)), and Comparison 2 (LiNigsMng2C0020,), wherein 0 < x < 0.25,
for 1C discharge at 35°C.

[0033] Figure 20 shows Voltage (V v. Li) v. Cycle Active Mass-specific Capacity [mAh/g]
for LR-NMC-2 = (Li1+xNig sMng2C00202+x2)) prepared with and without a metal-complexing

reagent.

[0034] Figure 21 shows Voltage (V v. Li) v. Cycle Active Mass-specific Capacity [mAh/g]
for LR-NMC with comparison to LR-NMC-2.

[0035] Figure 22 shows Voltage (V v. Li) v. Cycle Active Mass-specific Capacity [mAh/g]
for LR-NMC doped with 2.5 atomic % Al and 2.5 atomic % Fe.

[0036] Figure 23 shows Active mass-specific discharge energy [Wh/kg] for LR-NMC
doped with 2.5 atomic % Al and 2.5 atomic % Fe at 1C and 35°C.

[0037] Figure 24 shows Voltage (V. Li) v. Cycle Active Mass-specific capacity [mAh/g]
for LR-NMC (Li1+XNi0.5MIl0.25C00.2502+(X/2)), LR-NMC-2 = (Li1+XNi0.6Mn0.2C00.202+(,d2)), and
LR-NMC-3 (LixNigsMng25C002502+x2)), all prepared according the synthesis steps set
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forth in Example 1 using initial Ni:Mn:Co ratios of 0.5:0.5:0.05, 0.6:0.2:0.2, and 0.5:0.5:0.05,

respectively.

[0036] Figure 25 shows in, section (a), a scanning transmission electron micrograph
(STEM) image showing the area and the direction were a corresponding electron energy loss
spectrograph (EELS) spectra were collected for a commercially available source of a nickel
manganese cobalt oxide positive electrode active material (Umicore Lithium Nickel Cobalt
Manganese Oxide; Grade: TH10; Lot# 71163, LiNipsMng3Co0,0,). In section (b), Figure
25 shows the compositional profiles along the scanning direction shown in (a); and, in section

(c), the nickel relative concentration as a function of distance from the particle surface.

[0036] Figure 26 shows in, section (a), a scanning transmission electron micrograph
(STEM) image showing the area and the direction were a corresponding electron energy loss
spectrograph (EELS) spectra were collected for a LR-NMC prepared according to Example 1
(LR-NMC 2). In section (b), Figure 26 shows the compositional profiles along the scanning
direction shown in (a); and, in section (c), the nickel relative concentration as a function of

distance from the particle surface.

[0036]Figure 27 shows Soft X-ray Absorption Spectroscopy (XAS) for LR-NMC compounds
prepared according to Example 1 and having various Li/(transition metal) ratios. Li/Tm =

molar ratio of lithium atoms with respect to the total transition metal atoms.

DETAILED DESCRIPTION OF THE INVENTION
[0038] The following description is presented to enable one of ordinary skill in the art to
make and use the inventions set forth herein and to incorporate these inventions in the context
of particular applications. Various modifications, as well as a variety of uses in different
applications will be readily apparent to those skilled in the art, and the general principles
defined herein may be applied to a wide range of embodiments. Thus, the present invention
is not intended to be limited to the embodiments presented, but is to be accorded the widest

scope consistent with the principles and novel features disclosed herein.

[0039] The reader’s attention is directed to all papers and documents which are filed
concurrently with this specification and which are open to public inspection with this

specification, and the contents of all such papers and documents are incorporated herein by
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reference. Unless expressly stated otherwise, each feature disclosed is one example only of a

generic series of equivalent or similar features.

[0040] Furthermore, any element in a claim that does not explicitly state “means for”
performing a specified function, or “step for” performing a specific function, is not to be
interpreted as a “means” or “step” clause as specified in 35 U.S.C. Section 112, Paragraph 6.
In particular, the use of “step of” or “act of” in the Claims herein is not intended to invoke the

provisions of 35 U.S.C. 112, Paragraph 6.

[0041] Please note, if used, the labels left, right, front, back, top, bottom, forward, reverse,
clockwise and counter clockwise have been used for convenience purposes only and are not
intended to imply any particular fixed direction. Instead, they are used to reflect relative

locations and/or directions between various portions of an object.

I DEFINITIONS

[0042] As used herein, “positive electrode active material,” “active electrode material,” or
“active material,” refers to a material that is suitable for use in a lithium rechargeable battery
cell and that is responsible for delivering or receiving lithium ions during the charging and
discharging cycles, respectively, of the battery cell. The active material may undergo a
chemical reaction during the charging and discharging cycles. The same battery cell may
include a positive active material and a negative active material. For examples, an active
positive material may include a metal oxide where the metal is in a high valence state when
the battery cell is in the charged state. During the discharge cycle of the battery cell the
valence of the metal is reduced by a flow of electrons through an outside circuit, and the
cathode active material readily accepts lithium ions to maintain a neutral net charge. In some
examples, the active material is an oxide comprising lithium, nickel, cobalt, and manganese.
In some of these examples, an active material that includes a lithium, nickel, cobalt, and
manganese oxide may convert between different states of lithiation (7.e., amount of lithium in

the material) during the charging and discharging of the battery cell.

[0043] As used herein, the phrase “positive electrode” refers to the electrode in a secondary
battery towards which positive ions, e.g., Li+, conduct, flow or move during discharge of the
battery. As used herein, the phrase “negative electrode” refers to the electrode in a secondary
battery from where positive ions, e.g., Li+, conduct, flow or move during discharge of the
battery. In a battery comprised of a Li-metal electrode and a metal oxide electrode (i.e.,
active material; e.g., LR-NMC), the electrode having the metal oxide active material is
referred to as the positive electrode. In some common usages, cathode is used in place of

8
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positive electrode, and anode is used in place of negative electrode. When a Li-secondary
battery is charged, Li ions move from the positive electrode (e.g., LR-NMC) towards the
negative electrode (e.g., Li-metal). When a Li-secondary battery is discharged, Li ions move
towards the positive electrode (e.g., LR-NMC; i.e., cathode) and from the negative electrode

(e.g., Li-metal; i.e., anode).

[0044] As wused herein, the term “lithium rich” refers to a material (e.g,
Li11+x\NiyMn,Co0,0+(x2), wherein x>0) in which the amount of Li present in the material
exceeds the minimal amount of Li required for the material to be charge neutral and, or,
chemically stable. In one example, a lithium rich NMC includes a layered NMC metal oxide
that includes a lamellar structure comprised of stacks of two dimensional sheets with a
reduced chemical structure of MQO,, where M=Mn, Co, Ni, Fe, V, or other suitable metals.
The sheets can include metals in several coordination geometries, including tetrahedral,
octahedral square pyramidal, or the like where oxygen is commonly a bridging ligand. In
certain examples, in a discharged active material, the interstitial spaces between the two
dimensional sheets can be intercalated by lithium (or other metal cations) in order to maintain
charge neutrality in the material. In some examples, the transition metals will be positioned
within the two dimensional lamellar layer, and the lithium cations will be positioned in the
interstitial space between the lamellar sheets. In certain oxide active materials, the amount
of lithium that can be reversibly inserted and deinserted into the metal oxide structure is less
than or equal to the total number of transition metal ions, i.e., Li/M < 1. For examples, the
amount of lithium that can be reversibly inserted and deinserted in LiCoQO;, LiMn,0,, and
Li(Nig3Co0.15Al005)O; is less than or equal to one. The LR-NMC class of materials described
herein are distinguished from other NMCs in that the lithium content exceeds the sum of the
transitional metals (on a molar ratio basis) in its fully discharged state and also includes a
significant amount of lithium in the charged state. In this class of materials, and without
being bound to a particular theory, at least some of the transition metal sites in the two
dimensional lamellar sheets (described above) may become substituted by lithium atoms
when the lithium to metal molar ratio is greater than one. When Li substitutes into an NMC
crystal, for example at a transition metal cite, the positively charged Li is typically less
positively charged than the transition metal for which it substitutes. As a result, and in order
to maintain charge neutrality, the NMC oxidizes some of the remaining transition metals
(e.g., Ni*" to Ni’") or creates oxygen deficiencies. In some examples, as Lithium substitutes

into an NMC, the material becomes oxygen deficient.
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[0045] As used herein, the term “primarily nanocrystalline” refers to a material that
includes nanodimensioned crystalline domains as the majority phase or majority component,

which contributes to the crystalline character of the material.

[0046] As used herein, “nearest neighbors,” refers to the closest crystalline lattice position
in a crystalline lattice for a similar charged atom (either similarly positively charged, or
similarly negatively charged) with respect to the atom characterized as having a nearest
neighbor. For example, in crystalline NiO,, all of the positively charged ions are Ni atoms.
In this example, Ni only has Ni nearest neighbors. In LiNiMnCoO,, all of the positively
charged ions are Ni, Mn, and Co atoms. Depending on how these atoms are arranged, Ni
may be surrounded by other Ni atoms, or other Mn atoms, or other Co atoms, or a
combination thereof. If the closest positively charged atoms to a given Ni atom are all Mn
atoms, then the Ni is characterized as having all Mn nearest neighbors. In some materials
herein, when the Ni, Mn, and Co atoms are evenly distributed, each has a nearest neighbor
that is a positively charged atom of a type other than the atom characterized as having a
nearest neighbor. For example, in some material herein, Ni only has Mn and Co nearest
neighbors. For example, in some material herein, Mn only has Ni and Co nearest neighbors.
For example, in some material herein, Co only has Mn and Ni nearest neighbors. In some
examples herein, the NMC includes Ni, Mn, and Co wherein each metal has a nearest

neighbor of another type of metal.

[0047] As used herein, “selected from the group consisting of” refers to a single member
from the group, more than one member from the group, or a combination of members from
the group. A member selected from the group consisting of A, B, and C includes, for
example, A only, B only, or C only, as well as A and B, A and C, B and C, as well as A, B,
and C.

[0048] As used herein, “characterized by,” refers to a distinguishing property of the
material qualified by this phrase. For example, the phrase “characteristic length” and
“characteristic particle size dimension” refers to the physical distance for a given particle at
the maximum separation of the boundaries of said particle. For example, the characteristic
length of a sphere is the diameter of the sphere. As used herein, the characteristic particle
size includes the largest physical dimension of a particle or the diameter for a spherically

shaped particle.

[0049] As used herein, “an amount of the Li occupies Ni, Mn, or Co crystal lattice

2

positions,” refers to a material in which lithium atoms are bonded, or localized, at crystal
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lattice positions that would otherwise by occupied by Ni, Mn, or Co, in the absence of the
localized lithium. A crystal lattice site does not include an interstitial position within a

crystalline lattice.

[0050] As used herein, “polycrystalline,” refers to a material which includes a collection, or
combination, or crystallites. As opposed to a material that is a single crystal, a
polycrystalline material is made up of a multitude (e.g., at least one or more) crystals. As

used herein, the crystals in the multitude can be of the same size or of different sizes.

[0051] As used herein, “C-rate” is defined with respect to the amount of charge capacity of
a given material with respect to the rate at which that charge is discharged from the material.
For example, a C-rate of C/1 is defined as a constant current cycle where the nameplate
capacity is discharged in one hour. A C-rate of C/X is defined in reference to that rate, where
the charge and discharge current is 1/X of that at C/1, approximately corresponding to a full

discharge at constant current in X hours.

[0052] As used herein, “layered-layered oxide,” refers to class of active materials for
battery storage that are comprised of two distinct chemical compositions and/or two distinct
crystallographic phases, as identified by powder X-ray diffraction or electron diffraction
methods.  Both chemical phases are distinct in formulation and exhibit different
crystallographic structures (by diffraction analysis) but each can be described as a layered
oxide (as defined above) and is a lamellar structure of two-dimensional transitional metal

oxide sheets having interstitial space that may be intercalated by lithium ions.

[0053] As used herein, “inter-grown phases” refers to at least two phases of materials in
which the bonding arrangement, or crystal structure, of one phase overlaps or penetrates into
the second phase. Inter-grown phases, in some examples, include at least two polycrystalline

layered oxide phases that have overlapping or interpenetrating crystal structures.

[0054] As used herein, “interpenetrating” refers to a collection of at least two or more
crystalline materials in which one crystal’s lattice, or a portion of said lattice, overlaps,
intersects, or is contained within a second crystal’s lattice. Interpenetrating also includes
polycrystalline inter-growth, in which a collection of crystals have overlapping or intersecting

crystalline lattices.

[0055] As used herein “SSA” refers to specific surface area. In some examples, the LR-
NMCs herein have, but are not necessarily limited to, a SSA of 1-2 and a tap density greater

than 2.
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[0056] As used herein, “specific capacity” refers to the Coulometric capacity (i.e., the total
Amp-hours available when the battery is discharged at a certain discharge current, specified
at a C-rate) from 100 percent state-of-charge to the cut-off voltage. Capacity is calculated by
multiplying the discharge current (in Amps) by the discharge time (in hours) and decreases,

generally, with increasing C-rate.

[0057] As used herein, “about” when qualifying a number or range of numbers, e.g., about
50 nm to about 500 nm, refers to the number or range of numbers qualified, and optionally
the numbers included in the range, and a range + 10% of the qualified number or range of
numbers. For example, about 50 nm includes 45 nm and also 55 nm. For example, about 50

nm to about 500 nm includes 45 nm to 550 nm.

[0058] As used herein, “grain size is determined by a FWHM analysis” refers to the grain
size calculated based on the full-width at half maximum for an x-ray diffraction (XRD) peak.
In some examples, the determination is calculated using the Scherrer equation or another

method known in the art as suitable for calculating grain sizes from XRD patterns.

[0059] As used herein, “grain size is determined by analysis of a scanning electron
microscopy image” refers to the analytical method of visually determining a grain size using
a microscopy image. Transmission electron microscopy can also be used to determine grain

sizes.

[0060] As used herein, “dominant crystal phase” refers to the crystalline material in a

mixture of crystalline materials that is the majority crystal phase.

[0061] As used herein, a “dopant” refers to an impurity, or an added element, ion,
chemical, or material, which is present in amounts less than the amount of the substance into
which the dopant is added in order to alter the properties of the substance. In some
embodiments, the LR-NMC can be doped with a dopant including, but not limited to, oxygen,
carbon, a metal selected from the group consisting of Li, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Y, Zr, Nb, Ba, or Hf, a metal oxide of said metal, a cation of said metal, a
metal fluoride of said metal, or combinations thereof. In some embodiments, the dopant can

include Lizo, Cu, Cqu, Nin, ZrF4, Can, or A1F3

[0062] As used herein, “surface coating” refers to a layer or series of layers that bonds to
the periphery or another material. In some instances, the LR-NMCs set forth herein have a
coating or outside layer that includes another material (e.g., lithium aluminum phosphate,
aluminum fluoride, or cobalt oxide) which increase, for example, the chemical compatibility

of the LR-NMC with other materials or chemicals (e.g., catholytes) which may be proximate
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to the LR-NMC. In some examples, the surface coating also improves the conductivity of the

LR-NMC (e.g., a coating of a mixed electron ion conductor).

[0063] As used herein, “a tap density” refers to the bulk density of solid material after the
material is tapped, vibrated, or disturbed such that material is allowed to settle or reach a
minimum energy compacted state. In some examples, a powder is added to a graduated
cylinder and then the graduated cylinder is tapped, vibrated, or disturbed so that the powder
settles in the graduate cylinder. By measuring the mass of powder in the graduated cylinder,
and by recording the volume occupied by the powder, after it settles, in the graduate cylinder,

the tap density is determined by dividing the measured mass by the recorded volume.

[0064] As used herein, a “catholyte” refers to an ion conductor that is intimately mixed
with, or that surrounds, or that contacts the active material (e.g., LR-NMC). Catholytes
suitable with the embodiments described herein include, but are not limited to, LSS, LTS,
LXPS, LXPSO, where X is Si, Ge, Sn, As, Al, LATS, also Li-stuffed garnets, or
combinations thereof, and the like. Catholytes may also be liquid, gel, semi-liquid, semi-
solid, polymer, and/or solid polymer ion conductors known in the art. Catholytes include
those catholytes set forth in International PCT Patent Application No. PCT/US14/38283,
entitted SOLID STATE CATHOLYTE OR ELECTROLYTE FOR BATTERY USING
LiaMPgS¢e (M=Si, Ge, AND/OR Sn), filed May 15, 2014, as well as in U.S. Patent
Application No. 14/618,979, filed February 10, 2015, now U.S. Patent No. 9,172,114, which
issued October 27, 2015, the contents of both of which are incorporated by reference in their
entirety. Catholytes include those catholytes set forth in International PCT Patent
Application No. PCT/US2014/059575, entitled GARNET MATERIALS FOR LI
SECONDARY BATTERIES AND METHODS OF MAKING AND USING GARNET
MATERIALS, filed October 7, 2014, the contents of which are incorporated by reference in

their entirety.

[0065] As used herein, “LSS” refers to lithium silicon sulfide which can be described as
Li,S-SiS,, Li-SiS,, Li-S-Si, and/or a catholyte consisting essentially of Li, S, and Si. LSS
refers to an electrolyte material characterized by the formula Li,Si,S, where 0.33<x<0.5,
0.1<y<0.2, 0.4<z<0.55, and it may include up to 10 atomic % oxygen. LSS also refers to an
electrolyte material comprising Li, Si, and S. In some examples, LSS is a mixture of Li,S
and SiS,. In some examples, the ratio of Li,S:SiS; 1s 90:10, 85:15, 80:20, 75:25, 70:30, 2:1,
65:35, 60:40, 55:45, or 50:50 molar ratio. LSS may be doped with compounds such as
Li,POy, LiBOy, Li4Si04, LisMO,, LisMOs, PS,, and/or lithium halides such as, but not
limited to, Lil, LiCl, LiF, or LiBr, wherein 0<x<5 and 0<y<5.
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[0066] As used herein, “LPSI” refers to a lithium, phosphorus, sulfur, and iodine
compound which can be described by LiP,S,I;, wherein 5<x<12; 1<y<3; 5<z<9, and
0.1<t<2. LPSI also refers to any mixture of Li,S:P,Ss:Lil, pre or post annealing and any
annealing products thereof. Examples of LPSI are found in U.S. Provisional Patent
Application No. 62/263,409, filed December 4, 2015, entitled LITHIUM, PHOSPHORUS,
SULFUR, AND IODINE CONTAINING ELECTROLYTE AND CATHOLYTE
COMPOSITIONS, ELECTROLYTE MEMBRANES FOR ELECTROCHEMICAL
DEVICES, AND ANNEALING METHODS OF MAKING THESE ELECTROLYTES
AND CATHOLYTES.

[0067] As used herein, “LTS” refers to a lithium tin sulfide compound which can be
described as Li,S-SnS;, Li;S-SnS, Li-S-Sn, and/or a catholyte consisting essentially of Li, S,
and Sn. The composition may be Li,Sn,S, where 0.25<x<0.65, 0.05<y<0.2, and
0.25<z<0.65. In some examples, LTS is a mixture of Li;S and SnS; in the ratio of 80:20,
75:25, 70:30, 2:1, or 1:1 molar ratio. LTS may include up to 10 atomic % oxygen. LTS may
be doped with Bi, Sb, As, P, B, Al, Ge, Ga, and/or In. As used herein, “LATS” refers to

LTS, as used above, and further comprising Arsenic (As).

[0068] As used herein, “LXPS” refers to a catholyte material characterized by the formula
Li,MP,S., where M is Si, Ge, Sn, and/or Al, and where 2 <a<8,05<b<25,4<c<12.
“LSPS” refers to an electrolyte material characterized by the formula L,SiP,S,, where 2 <a <
8, 05 <b <25 4<c <12 Exemplary LXPS materials are found, for example, in
International Patent Application No. PCT/US2014/038283, filed May 16, 2014, and entitled
SOLID STATE CATHOLYTE OR ELECTROLYTE FOR BATTERY USING LIs\MPgS¢
(M=Si, Ge, AND/OR Sn), as well as in U.S. Patent Application No. 14/618,979, filed
February 10, 2015, now U.S. Patent No. 9,172,114, which issued October 27, 2015, which is
incorporated by reference herein in its entirety. When M is Sn and Si -- both are present --
the LXPS material is referred to as LSTPS. As used herein, “LSTPSO,” refers to LSTPS that
is doped with, or has, O present. In some examples, “LSTPSO,” is a LSTPS material with an
oxygen content between 0.01 and 10 atomic %. “LSPS,” refers to an electrolyte material
having Li, Si, P, and S chemical constituents. As used herein “LSTPS,” refers to an
electrolyte material having Li, Si, P, Sn, and S chemical constituents. As used herein,
“LSPSO,” refers to LSPS that is doped with, or has, O present. In some examples, “LSPSO,”
is a LSPS material with an oxygen content between 0.01 and 10 atomic %. As used herein,
“LATP,” refers to an electrolyte material having Li, As, Sn, and P chemical constituents. As

used herein “LAGP,” refers to an electrolyte material having Li, As, Ge, and P chemical
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constituents. As used herein, “LXPSO” refers to a catholyte material characterized by the
formula Li,MP,S.Oq4, where M is Si, Ge, Sn, and/or Al, and where 2 <a<8,05<b<25 4
<c<12,d<3. LXPSO refers to LXPS, as defined above, and having oxygen doping at from
0.1 to about 10 atomic %. LPSO refers to LPS, as defined above, and having oxygen doping

at from 0.1 to about 10 atomic %e.

[0069] As used herein, “LPS,” refers to an electrolyte having Li, P, and S chemical
constituents. As used herein, “LPSO,” refers to LPS that is doped with or has O present. In
some examples, “LPSO,” is a LPS material with an oxygen content between 0.01 and 10
atomic %. LPS refers to an electrolyte material that can be characterized by the formula
Li,PyS, where 0.1<x<0.8, 0.07<y<0.5 and 0.4<z<1.2. LPS also refers to an electrolyte
characterized by a product formed from a mixture of Li,S:P,Ss wherein the molar ratio is
10:1, 9:1, 8:1, 7:1, 6:1 5:1, 4:1, 3:1, 7:3, 2:1, or 1:1. LPS also refers to an electrolyte
characterized by a product formed from a mixture of Li,S:P,Ss wherein the reactant or
precursor amount of Li,S is 95 atomic % and P,Ss is 5 atomic %. LPS also refers to an
electrolyte characterized by a product formed from a mixture of Li;S:P,Ss wherein the
reactant or precursor amount of Li,S is 90 atomic % and P,Ss is 10 atomic %. LPS also
refers to an electrolyte characterized by a product formed from a mixture of Li;S:P,Ss
wherein the reactant or precursor amount of Li»S is 85 atomic % and P»Ss is 15 atomic %.
LPS also refers to an electrolyte characterized by a product formed from a mixture of
Li,S:P,Ss wherein the reactant or precursor amount of Li,S is 80 atomic % and P,Ss is 20
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li,S:P,Ss wherein the reactant or precursor amount of Li,S is 75 atomic % and P,Ss is 25
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li,S:P,Ss wherein the reactant or precursor amount of Li,;S is 70 atomic % and P,Ss is 30
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li,S:P,Ss wherein the reactant or precursor amount of Li,S is 65 atomic % and P,Ss is 35
atomic %. LPS also refers to an electrolyte characterized by a product formed from a mixture
of Li,S:P,Ss wherein the reactant or precursor amount of Li,;S is 60 atomic % and P,Ss is 40

atomic %o.

[0070] As used herein, LPSO refers to an electrolyte material characterized by the formula
Li,P,S,0y, where 0.33<x<0.67, 0.07<y<0.4, 0.4<z<1.2, 0<w<0.15. Also, LPSO refers to
LPS, as defined above, that includes an oxygen content of from 0.01 to 10 atomic %. In
some examples, the oxygen content is 1 atomic %. In other examples, the oxygen content is

2 atomic %. In some other examples, the oxygen content is 3 atomic %. In some examples,
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the oxygen content is 4 atomic %. In other examples, the oxygen content is 5 atomic %. In
some other examples, the oxygen content is 6 atomic %. In some examples, the oxygen
content is 7 atomic %. In other examples, the oxygen content is 8 atomic %. In some other
examples, the oxygen content is 9 atomic %. In some examples, the oxygen content is 10

atomic %o.

[0071] As used herein, “Li-stuffed garnet” refers to oxides that are characterized by a
crystal structure related to a garnet crystal structure. Li-stuffed garnets include compounds
having the formula Li,LayM':M™'4Zr. Oy, Li,LapM':M"¢Ta.Oy, or LiLa,M':M"4Nb Oy, where 4
<a<85 15<b<40<c<2,0<d<2;,0<e<2 10<f<13, and M' and M" are,
independently in each instance, selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or
Ta, or Li,LayZr.AlgMe".Of, where 5 <a <77, 2<b<4,0<c¢<250<d<2,0<e<2 10
<f< 13 and Me" is a metal selected from Nb, Ta, V, W, Mo, or Sb and as described herein.
“Garnets,” as used herein, also include those garnets described above that are doped with Al-
»03. Garnets, as used herein, also include those garnets described above that are doped so
that Al’" substitutes for Li". As used herein, Li-stuffed garnets, and garnets, generally,
include, but are not limited to, Li;gLa3(Zry + Nbyp + Tag)O1; + 0.35A1,05, wherein (t1 +1t2 +
t3 = subscript 2) so that the La:(Zr/Nb/Ta) ratio 1s 3:2. Also, garnet and lithium-stuffed
garnets as used herein can include LiLa3;Zr;O1, + yAl,O3, where x ranges from 5.5 to 9 and y
ranges from 0 to 1. In some embodiments, x is 7 and y is 1.0. In some embodiments, x is 7
and y is 0.35. In some embodiments, x is 7 and y is 0.7. In some embodiments x is 7 and y is
0.4. Also, garnets as used herein can include LiLa3;Zr,O1; + yAl,O;. Exemplary lithium-
stuffed garnets are found in the compositions set forth in International Patent Application
Nos. PCT/US2014/059575 and PCT/US2014/059578, filed October 7, 2014, entitled
GARNET MATERIALS FOR LI SECONDARY BATTERIES AND METHODS OF
MAKING AND USING GARNET MATERIALS.

[0072] As used herein “median diameter (dso)” refers to the median size, in a distribution of
sizes, measured by microscopy techniques or other particle size analysis techniques,
including, but not limited to, scanning electron microscopy or dynamic light scattering. Dsg
includes the characteristic dimension at which 50% of the particles are smaller than the

recited size.

[0073] Asused herein “diameter (doy)” refers to the size, in a distribution of sizes, measured
by microscopy techniques or other particle size analysis techniques, including, but not limited
to, scanning electron microscopy or dynamic light scattering. Dy includes the characteristic
dimension at which 90% of the particles are smaller than the recited size.
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[0074] As used herein “diameter (d,o)” refers to the size, in a distribution of sizes, measured
by microscopy techniques or other particle size analysis techniques, including, but not limited
to, scanning electron microscopy or dynamic light scattering. Do includes the characteristic

dimension at which 10% of the particles are smaller than the recited size.

[0075] As used herein, the term “electrolyte,” refers to a material that allows ions, e.g., Li",
to migrate therethrough but which does not allow electrons to conduct therethrough.
Electrolytes are useful for electrically isolating the cathode and anodes of a secondary battery

while allowing ions, e.g., Li", to transmit through the electrolyte.

29

[0076] As used herein, the phrase “energy storage electrode,” refers to, for example, an
electrode that is suitable for use in an energy storage device, e.g., a lithium rechargeable
battery cell. Such an electrode is operable to conduct electrons and deliver or receive lithium

ions during the charging and discharging of a rechargeable battery cell.

[0077] As used herein, a “mixed electronic ionic conductor” (MEIC) refers to a material
that conducts both ions (e.g., Li” ions) and electrons. MEICs useful in the examples set forth
herein include, but are not limited to, carbon (C), MoS, wherein 0<x<3, MoS,, MoS, LiV30Os,
LiV306, MoOF, M00O3., wherein 0 <x < 1, Li,VOy wherein 0<x<2y and 1 <y < 2.5, V,0s,
Mn, 0Oy where
l1<a<2and 1 <b <7, MnO, Mn;04, Mn,03, MnO,, LiAICl4, LISICON, NASICON,
Na+xZr;SixP3.4012 wherein x in each instance is 0 < x < 3 and optionally wherein Na, Zr
and/or Si are replaced by isovalent elements, NASICON-structured phosphates,
LicNa.V,(PO4); wherein ¢ in each instance is independently 0<c<l, LigNagMM'(PO,);
wherein d in each instance is independently 0 <d <2 and 0<e <2, 0<f<2 and M and M'
are metals selected from the group consisting of V, Nb, Ta, Cr, Fe, Al, Co, Ni, and Cu,
Li,MM'(S0O4); where M and M' are transition metals and g is selected so that the compound is
charge neutral, and LiMXO, where X is Ge, Si, Sb, As, or P, LiyNaV,(POy)s,
LiyNa,FeV(PO,);, LiyFeTi(PO,)s, LiyTiNb(PO,);, LiyFeNb(PO,4);, wherein 0 < h < 1, and

antiperovskite.

[0078] As used herein, the phrase “particle size” refers to the smallest individual, free or
loose particle that can be poured or can be suspended in a fluid. In some examples, particle

size is measured by laser diffraction or dynamic light scattering.
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I1. MATERIALS

[0079] In some examples, sets forth herein is a positive electrode active material,
characterized by the formula: Li;+«NiyMnyCo0,0,+(x2), wherein: 0 <x < 0.25; 0.5 <y <0.8;
0.1<w<0.6;005<z<045;andy+w+z=1. In some of these examples, w =z. In other
examples, y > w + z. In still other examples, y > w. In other examples, y > z. In certain
examples, an amount of the Li occupies Ni, Mn, or Co crystal lattice positions. In some of
these examples, an amount of the Li occupies Ni crystal lattice positions. In some of these
examples, this amount of the Li ranges from 0.1 to 15 mol %. In some of the above
examples, x>0. In some of the examples herein, the LR-NMC material is a layered-layered
oxide. In certain examples, the material includes at least two polycrystalline layered oxide
phases. In certain examples, at least two polycrystalline layered oxide phases are inter-grown
phases. In some examples, the material also includes a third polycrystalline inter-growth
layered oxide. In yet other of these examples, one of the at least two crystalline layered oxide
phases is Li,M'O; where M' is selected from Ni, Mn, or Co. In some examples, one of the
Li,M'0;3 is isostructural to Na;MnOs and has C2/m symmetry. In some examples, one of the
at least two crystalline layered oxide phases is Li;+xM*0, where M” is selected from Ni, Mn,
or Co. In some of these examples, the Li;+.M?0, is isostructural to NaFeQ, and has R3m
symmetry. In other examples, the third polycrystalline inter-growth layered oxide is selected
from a low voltage stability phase. In certain examples, this low voltage stability phase is a
spinel phase, such as a manganese oxide spinel. In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0080] In some examples, sets forth herein is a positive electrode active material,
characterized by the formula: Li+xNiyMnywCo0,02.x2), wherein: 0 < x < 0.25; 0.5 <y <0.8;
0.1<w<0.6;005<z<045;andy+w+z=1. In some of these examples, w =z. In other
examples, y > w + z. In still other examples, y > w. In other examples, y > z. In certain

examples, an amount of the Li occupies Ni, Mn, or Co crystal lattice positions. In some of
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these examples, an amount of the Li occupies Ni crystal lattice positions. In some of these
examples, this amount of the Li ranges from 0.1 to 15 mol %. In some of the above
examples, x>0. In some of the examples herein, the LR-NMC material is a layered-layered
oxide. In certain examples, the material includes at least two polycrystalline layered oxide
phases. In certain examples, at least two polycrystalline layered oxide phases are inter-grown
phases. In some examples, the material also includes a third polycrystalline inter-growth
layered oxide. In yet other of these examples, one of the at least two crystalline layered oxide
phases is Li,M'O; where M' is selected from Ni, Mn, or Co. In some examples, one of the
Li,M'0O;s is isostructural to Na,MnOs; and has C2/m symmetry. In some examples, one of the
at least two crystalline layered oxide phases is Li;+xM*0, where M” is selected from Ni, Mn,
or Co. In some of these examples, the Li;+yM”0 is isostructural to NaFeO, and has R3m
symmetry. In other examples, the third polycrystalline inter-growth layered oxide is selected
from a low voltage stability phase. In certain examples, this low voltage stability phase is a
spinel phase, such as a manganese oxide spinel. In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0081] In some of the above examples, sets forth herein is a positive electrode active
material, characterized by the formula: Li;+\NiyMnyC0,0+x2) in which y=w. In other
examples, w=z. In still other examples, y>w. In yet other examples, y is more than twice w

or more than twice z.

[0082] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+«NiyMn,Co0,0,+(x2), wherein 0 <x <0.25,0.5<y
< 08,01<z< 025 andx +y +2z=0.38. In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,

0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
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0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in

some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0083] In certain examples, the LR-NMC set forth herein is characterized by
Li1+xNigsMng25C002507;  LijxNigsMng20C002002; LijxNig47sMng475C000502; LijsxNigas

MIl(). 45C00.102; or Li 1+XNi0.55MIl0.4C00.0502, wherein 0 <x< 0.25.

[0084] In some examples, the LR-NMC set forth herein is characterized by
Li1+xNigsMng 25C00250¢;  Li1+xNigsMng 20C00200¢;  Li1+xNig 475Mng 475C00050¢;  Li1+xNig 45
Mng 45C0010e; or Lij+xNigssMng4C00 050, 0 < x < 0.25 and e is selected so that the LR-
NMC-material is charge neutral. In these examples, 0 < x < 0.25 and “e” represents the
amount of negatively charged oxygen required to charge balance the positively charged

lithium, nickel, manganese, and cobalt in the NMC.

[0085] In any of the above examples, a dopant may be added based on the dopants and
amounts set forth below. Dopants can be added up to 10 mol %. Further doping can have

detrimental effects such as diluting the energy density of the LR-NMC.

[0086] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+«NiyMn,Co0,0,+(x2), wherein 0 <x <0.25,0.5<y
< 08,01<z< 025 andx +y+2z=009. In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0087] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+«NiyMn,C0,0,.(x2), wherein 0 <x <0.25,0.5 <y
< 08,01<z< 025 andx +y+2z=009. In the aforementioned formula, x is, in some

examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
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0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the

aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0088] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+«NiyMn,Co0,0,+(x2), wherein 0 <x <0.25,0.5<y
<038,01<z<025 and x +y + 2z = 1. In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0089] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+«NiyMn,C0,0,.(x2), wherein 0 <x <0.25,0.5 <y
<038,0.1<z<025 andx +y+2z=1.1. In some of these examples, the oxide is oxygen
deficient. In the aforementioned formula, x is, in some examples, selected from 0, 0.01, 0.02,
0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19,
0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the aforementioned formula, y is, in some examples,
selected from 0.5, 0.51, 0.52, 0.53, 0.54, 0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63,
0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71, 0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or
0.8. In the aforementioned formula, z is, in some examples, selected from 0, 0.1, 0.12, 0.13,
0.14,0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In some examples, V is
0.5 and z is 0.25. In some examples, y is 0.6 and z is 0.2. In some examples, y is 0.55 and z

15 0.225. In some examples, y is 0.65 and z is 0.175.

[0090] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+NiyMn,Co0,0+(y2), wherein 0 <x <0.25,0.5<y
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<038,01<z<025,and x +y + 2z =1.1. In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

In some examples, sets forth herein is a positive electrode active material, characterized by
the following formula: Li;+\NiyMn,Co0,0,.x), wherein 0 <x <025, 0.5 <y <0.8,0.1 <z
<0.25,and x +y+2z=1.1. In the aforementioned formula, x is, in some examples, selected
from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12, 0.13, 0.14, 0.15,
0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the aforementioned formula, y
is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54, 0.55, 0.56, 0.57, 0.58, 0.59,
0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71, 0.72, 0.73, 0.74, 0.75, 0.76,
0.77,0.78, 0.79, or 0.8. In the aforementioned formula, z is, in some examples, selected from
0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In
some examples, y is 0.5 and z is 0.25. In some examples, y is 0.6 and z is 0.2. In some

examples, y is 0.55 and z 1s 0.225. In some examples, y is 0.65 and zis 0.175.

[0091] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+NiyMn,Co0,0+(y2), wherein 0 <x <0.25,0.5<y
<038,01<z<025,and x +y + 2z =12 In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.
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[0092] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+NiyMn,Co,0+ (), wherein 0 <x < 25, 0.5 <y
<038,01<z<025,and x +y + 2z =15 In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0093] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li+\NiyMn,C0,05.x»), wherein 0 <x < .25, 0.5 <y
<038,01<z<025,and x +y + 2z =15 In the aforementioned formula, x is, in some
examples, selected from 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 0.11, 0.12,
0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21, 0.22, 0.23, 0.24, or 0.25. In the
aforementioned formula, y is, in some examples, selected from 0.5, 0.51, 0.52, 0.53, 0.54,
0.55, 0.56, 0.57, 0.58, 0.59, 0.6, 0.61, 0.62, 0.63, 0.64, 0.65, 0.66, 0.67, 0.68, 0.69, 0.7, 0.71,
0.72, 0.73, 0.74, 0.75, 0.76, 0.77, 0.78, 0.79, or 0.8. In the aforementioned formula, z is, in
some examples, selected from 0, 0.1, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2, 0.21,
0.22, 0.23, 0.24, or 0.25. In some examples, y is 0.5 and z is 0.25. In some examples, y is
0.6 and z is 0.2. In some examples, y is 0.55 and z is 0.225. In some examples, y is 0.65 and

z1s 0.175.

[0094] In some of the examples, set forth herein is a positive electrode material wherein an
amount of the Li occupies Ni, Mn, or Co crystal lattice positions. In some of these examples,
1 Li per NiyMn,Co0,0,+x2), occupies a Ni, Mn, or Co crystal lattice position. In some of these
examples, 0.1 Li per NiyMn,Co,0,+x2), occupies a Ni, Mn, or Co crystal lattice position. In
some of these examples, 0.15 Li per NiyMn,Co,0,+2) occupies a Ni, Mn, or Co crystal
lattice position. In some of these examples, 0.2 Li per NiyMn,Co,0,+(x2) occupies a Ni, Mn,
or Co crystal lattice position. In some of these examples, 0.25 Li per NiyMn,Co,02+x2)

occupies a Ni, Mn, or Co crystal lattice position.
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[0095] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+NiyMn,Co0,0+(y2), wherein 0 <x <0.25,0.5<y

<0.8,0.1 £z<0.25. Insome of these examples, x +y +2z=1.

[0096] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: LiNiyMn,Co,0,, wherein 0.5 <y <08, 0.1 <z
<0.25. In some of these examples, y + 2z = 0.8. In other examples, y + 2z=0.9. In some of
these examples, y + 2z = 1. In other examples, y + 2z =1.1. In some other examples, y + 2z

=12

[0097] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: Li;+«NiyMn,C0,0,.(x2), wherein 0 <x <0.25,0.5 <y
<0.8,0.1 <z<0.25. Insome of these examples, x + y + 2z = 1. In some other examples, y
+ 2z =1. In some other examples, y + 2z = 1.1. In some other examples, y + 2z =12. In

some other examples, y + 2z = 1.25.

[0098] In some examples, sets forth herein is a positive electrode active material,
characterized by the following formula: LiNiyMn,Co,0,, wherein 0.5 <y <08, 0.1 <z
<0.25. In some of these examples, y + 2z = 0.8. In other examples, y + 2z=0.9. In some of
these examples, y +2z = 1. In other examples, y + 2z = 1.1. In some other examples, y + 2z

=12

[0099] In some of the examples wherein an amount of the Li occupies Ni, Mn, or Co
crystal lattice positions, the amount of Li ranges from O to 15 mol %. In some of these
examples, the amount is 0 mol %. In some other of these examples, the amount is 0.5 mol %.
In other examples, the amount is 1 mol %. In certain of these examples, the amount is 1.5
mol %. In yet other of these examples, the amount is 2.0 mol %. In some of these examples,
the amount is 2.5 mol %. In some other of these examples, the amount is 3.0 mol %. In
certain of these examples, the amount is 3.5 mol %. In yet other of these examples, the
amount is 4.0 mol %. In some other of these examples, the amount is 4.5 mol %. In other
examples, the amount is 5 mol %. In certain of these examples, the amount is 5.5 mol %. In
yet other of these examples, the amount is 6.0 mol %. In some of these examples, the amount
is 6.5 mol %. In some other of these examples, the amount is 7.0 mol %. In certain of these
examples, the amount is 7.5 mol %. In yet other of these examples, the amount is 8.0 mol %.
In some other of these examples, the amount is 8.5 mol %. In other examples, the amount is
9 mol %. In certain of these examples, the amount is 9.5 mol %. In yet other of these

examples, the amount is 10.0 mol %. In some of these examples, the amount is 10.5 mol %.

24



10

15

20

25

30

WO 2016/106321 PCT/US2015/067387

In some other of these examples, the amount is 11.0 mol %. In certain of these examples, the
amount is 11.5 mol %. In yet other of these examples, the amount is 12.0 mol %. In some
other of these examples, the amount is 12.5 mol %. In other examples, the amount is 13 mol
%. In certain of these examples, the amount is 13.5 mol %. In yet other of these examples,
the amount is 14.0 mol %. In some of these examples, the amount is 14.5 mol %. In some

other of these examples, the amount is 15.0 mol %.

[0100] In some examples, set forth herein is a material as described above wherein x>0. In
some examples, set forth herein is a material as described above wherein x > 0.05 and x <
0.5. In some examples, set forth herein is a material as described above wherein x>0.10. In
some examples, set forth herein is a material as described above wherein x>0.15. In some

examples, set forth herein is a material as described above wherein x>0.20.

[0101] In some examples, set forth herein is positive electrode active material that is a
layered-layered oxide. In some of these examples, the material comprises at least two
polycrystalline layered oxide phases. In certain of these examples, at least two
polycrystalline layered oxide phases are inter-grown phases. In yet other of these examples, a
third polycrystalline phase is present as an inter-growth layered oxide. In some examples,
this third phase is a spinel, either cubic or tetragonal, phase, such as but not limited to
LiMn, 0y, LiNi,Oy4, Li(N1yCo,),04. In some examples, this third phase is a low voltage stable

phase that precipitates during the use or cycling of the active material.

[0102] In some examples, set forth herein is positive electrode active, wherein one of the at
least two crystalline layered oxide phases is Li,M'O; where M' is selected from Ni, Mn, or
Co. In some examples, M' is Ni. In some other examples, M' is Mn. In yet other examples,
M'is Co. In certain other examples, M is a combination of at least two of Ni, Mn, or Co. In

some examples, the Li,M'Qs is isostructural to Na;MnOj3 and has C2/m symmetry.

[0103] In some examples, set forth herein is positive electrode active, wherein one of at
least two crystalline layered oxide phases is Li1+xM*O, where M” is selected from Ni, Mn, or
Co. In some examples, M” is Ni. In some other examples, M” is Mn. In yet other examples,
M? is Co. In certain other examples, M? is a combination of at least two of Ni, Mn, or Co. In

some examples, the Li;-,M"0, is isostructural to o-NaFeO, and has R3m symmetry.

[0104] In some examples, set forth herein is positive electrode active, wherein the material
is described as a two-phase mixture @ LiyM'O3 + (1 — a)Li;+xM”O,, wherein 0 < a < 0.3 is the

relative mole fraction of Li2M103, and 0 < x < 0.1 is the mole fraction of excess lithium in
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Li,-xM?0,. In some examples, a is 0. In some other examples, a is 0.1. In yet other

examples, ais 0.2. In still other examples, ais 0.3.

[0105] In some examples, set forth herein is positive electrode active, as described above,

and further comprising an amorphous phase.

[0106] In some examples, set forth herein is positive electrode active, wherein the material
is polycrystalline and characterized by a first X-ray diffraction (XRD) pattern intensity peak
at 19" (20) and a second XRD at 38-39" (20), and wherein the ratio of the first peak to the
second peak is equal to or greater than 1. In some examples, the ratio of the first peak to the
second peak is equal to or greater than 2. In some examples, the material is characterized by

a X-ray diffraction pattern substantially as set forth in FIG. 9.

[0107] In some examples, set forth herein is positive electrode active, wherein the material
includes a Li+\M*0, unit cell which is characterized by a unit cell volume ranging from 95
to 120 A’. In some of these examples, the unit cell volume is about 95 A*. In some other of
these examples, the unit cell volume is about 96 A’. In yet other of these examples, the unit
cell volume is about 97 A>. In still other of these examples, the unit cell volume is about 98
A’ In some other of these examples, the unit cell volume is about 99 A’. In some of these
examples, the unit cell volume is about 100 A°. In some of these examples, the unit cell
volume is about 101 A>. In some other of these examples, the unit cell volume is about 102
A’ In yet other of these examples, the unit cell volume is about 103 A’. In still other of
these examples, the unit cell volume is about 104 A°. In other of these examples, the unit cell
volume is about 105 A®. In some other of these examples, the unit cell volume is about 106
A’ In some of these examples, the unit cell volume is about 107 A’. In some of the
examples, the unit cell of Li;-xM*0, is characterized by a unit cell volume ranging from 102
to 103 A’. In certain of these examples, the unit cell of Li;-\M*0, is characterized by a unit

cell volume less than 102 A°. In some other of these examples, the unit cell is greater than 95

A

[0108] Generally, as more Li occupies Ni, Mn, or Co crystal lattice positions, the unit cell
volume decreases. In some embodiments, as the amount of Li which occupies crystal lattice

.. . . 2 . .
positions in Li;,M~O; increases, the unit cell volume decreases.

[0109] In some examples, set forth herein is a positive electrode material having a specific
energy density of about 800 — 850 mWh/g at a discharge current of about C/10. In some
examples, set forth herein is a positive electrode material having a specific energy density of

about 750 - 800 mWh/g at a discharge current of about C/5. In some examples, set forth
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herein is a positive electrode material having a specific energy density of about 700 - 750
mWh/g at a discharge current of about C/1. In some examples, set forth herein is a positive
electrode material having a specific energy density of about 650 - 700 mWh/g at a discharge
current of about 2.5C. In some examples, the positive electrode material set forth herein has

a specific energy density of about 850 mWh/g at C/1.

[0110] In some examples, set forth herein are lithium rich nickel, manganese, cobalt oxides
that demonstrate a specific energy of 820Wh/kg at C/10 rate. In some examples, set forth
herein are lithium rich nickel, manganese, cobalt oxides that demonstrate a specific energy of
720Wh/kg at C/1 rate. In some examples, set forth herein are lithium rich nickel, manganese,
cobalt oxides that demonstrate a specific energy of 690Wh/kg at 2.5C rate between. In some
examples, the specific energy is increased by increasing the long range order of the transition
metal cations. As shown in FIG. 16, over lithiation improves capacity retention. Going from
Lij 25Nig sMng25C00.2502.125 to Lij 2NigsMng25C0025021 to Liy15NigsMng25C00.2502075 to

Li; 1 NigsMng25Co02502.0s, the active mass-specific discharge energy decreases.

[0111] In some examples, set forth herein is a positive electrode material wherein one of
the at least one crystalline material therein has a grain size from about 50 nm to about 500
nm. In some examples, the grain size is from about 50 nm to about 450 nm. In some
examples, the grain size is from about 50 nm to about 400 nm. In some examples, the grain
size 1s from about 50 nm to about 350 nm. In some examples, the grain size is from about 50
nm to about 300 nm. In some examples, the grain size is from about 50 nm to about 250 nm.
In some examples, the grain size is from about 50 nm to about 200 nm. In some examples,
the grain size is from about 50 nm to about 150 nm. In some examples, the grain size is from

about 50 nm to about 100 nm.

[0112] In some examples, set forth herein is a positive electrode material wherein one of
the at least one crystalline material therein has a grain size from about 50 nm to about 500
nm. In some examples, the grain size is from about 60 nm to about 500 nm. In some
examples, the grain size is from about 70 nm to about 500 nm. In some examples, the grain
size 1s from about 80 nm to about 500 nm. In some examples, the grain size is from about 90
nm to about 500 nm. In some examples, the grain size is from about 100 nm to about 500
nm. In some examples, the grain size is from about 150 nm to about 500 nm. In some
examples, the grain size is from about 200 nm to about 500 nm. In some examples, the grain
size 1s from about 250 nm to about 500 nm. In some examples, the grain size is from about
300 nm to about 500 nm. In some examples, the grain size is from about 350 nm to about
500 nm. In some examples, the grain size is from about 400 nm to about 500 nm. In some
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examples, the grain size is from about 450 nm to about 500 nm. In some examples, the grain
size 1s from about 100 nm to about 500 nm. In some examples, the grain size is from about
50 nm to about 400 nm. In some examples, the grain size is from about 60 nm to about 300
nm. In some examples, the grain size is from about 70 nm to about 200 nm. In some
examples, the grain size is from about 80 nm to about 100 nm. In some examples, the grain

size 1s from about 90 nm to about 100 nm.

[0113] In some of these examples, set forth herein is a positive electrode material wherein
one of the at least one crystalline material therein has a grain size from about 1 nm to about
500 nm the grain size is 50 nm. In some examples, the grain sizeis 1 nm. In some examples,
the grain size is 3 nm. In some examples, the grain size is 5 nm. In some examples, the grain
size 1s 10 nm. In some examples, the grain size is 15 nm. In some examples, the grain size is
20 nm. In some examples, the grain size is 25 nm. In some examples, the grain size is 30 nm.
In some examples, the grain size is 35 nm. In some examples, the grain size is 40 nm. In
some examples, the grain size is 45 nm. In some examples, the grain size is 50 nm. In other
examples, the grain size is 55 nm. In yet other examples, the grain size is 60 nm. In still
other examples, the grain size is 65 nm. In other examples, the grain size is 70 nm. In other
examples, the grain size is 70 nm. In some other examples, the grain size is 75 nm. In some
of these examples, the grain size is 80 nm. In other examples, the grain size is 85 nm. In yet
other examples, the grain size is 90 nm. In still other examples, the grain size is 95 nm. In
other examples, the grain size is 100 nm. In other examples, the grain size is 105 nm. In
some other examples, the grain size is 110 nm. In some of these examples, the grain size is
115 nm. In other examples, the grain size is 120 nm. In yet other examples, the grain size is
125 nm. In still other examples, the grain size is 130 nm. In other examples, the grain size is
135 nm. In other examples, the grain size is 140 nm. In some other examples, the grain size
is 145 nm. In some of these examples, the grain size is 150 nm. In other examples, the grain
size 1s 155 nm. In yet other examples, the grain size is 160 nm. In still other examples, the
grain size is 165 nm. In other examples, the grain size is 170 nm. In other examples, the
grain size is 175 nm. In some other examples, the grain size is 180 nm. In some of these
examples, the grain size is 185 nm. In other examples, the grain size is 190 nm. In yet other
examples, the grain size is 195 nm. In still other examples, the grain size is 200 nm. In other
examples, the grain size is 205 nm. In other examples, the grain size is 210 nm. In some
other examples, the grain size is 215 nm. In some of these examples, the grain size is 220
nm. In other examples, the grain size is 225 nm. In yet other examples, the grain size is 230
nm. In still other examples, the grain size is 235 nm. In other examples, the grain size is 240

nm. In other examples, the grain size is 245 nm. In some other examples, the grain size is
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250 nm. In some of these examples, the grain size is 255 nm. In other examples, the grain
size 1s 260 nm. In yet other examples, the grain size is 270 nm. In still other examples, the
grain size is 280 nm. In other examples, the grain size is 285 nm. In other examples, the
grain size is 290 nm. In some other examples, the grain size is 295 nm. In some of these
examples, the grain size is 300 nm. In other examples, the grain size is 305 nm. In yet other
examples, the grain size is 310 nm. In still other examples, the grain size is 315 nm. In other
examples, the grain size is 320 nm. In other examples, the grain size is 325 nm. In some

other examples, the grain size is 330 nm.

[0114] In some of these examples, set forth herein the grain size of the positive electrode
active material is determined by a FWHM analysis of a powder x-ray diffraction pattern

[0115] In some of these examples, set forth herein the grain size of the positive electrode

active material is determined by analysis of a scanning electron microscopy image.

[0116] In some of these examples, set forth herein is a positive electrode active material as
set forth above wherein the grain size specified is from the dominant crystal phase in a

collection of crystal phases.

[0117] In some of these examples, set forth herein is a positive electrode active material as
set forth above wherein the grain size specified is with reference to each distinct

crystallographic phases in an interpenetrating combination of phase.

[0118] In some of these examples, set forth herein is a positive electrode active material
characterized by the formula Li;+NigsMng25C00250212 or LijNigsMng20C002002+x2;
wherein 0 <x <0.25. In this formula, in some examples, x is 0. In some other examples, x is

0.1. In yet other examples, x is 0.2. In certain other examples, x is 0.25.

[0119] In some of these examples, set forth herein is a positive electrode active material
characterized by the formula Lij+NigsMng;5C002505.2 or LiNigeMng20C002002-x2;
wherein 0 <x <0.25. In this formula, in some examples, x is 0. In some other examples, x is

0.1. In yet other examples, x is 0.2. In certain other examples, x is 0.25.

[0120] In some of these examples, set forth herein is a positive electrode active material as
set forth above wherein the material is doped with a dopant selected from the group
consisting of Al, Fe, Mg, Na, V, Cr, Ti, Zr and combinations thereof. In some examples, the
dopant is Al. In other examples, the dopant is Fe. In still other examples, the dopant is Mg.

In some other examples, the dopant is Na. In other examples, the dopant is V. In some
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examples, the dopant is Cr. In yet other examples, the dopant is Ti. In still other examples,
the dopant is Zr. In some examples, the dopant includes a combination of at least two or
more of Al, Fe, Mg, Na, V, Cr, Ti, or Zr. In some other examples, the dopant includes a
combination of Al and Fe. As set forth above, the amount of dopants, when present, are
present at a concentration of 0.1 to 10 atomic %. In some examples, the concentration is 0.1
to 5 atomic %. In these examples, the percent is calculated with respect to the transition
metals present in the LR-NMC which is doped. For example, a dopant of 5 mol % in LR-
NMC is at a 5 mol % with respect to the total amount of Ni+Mn+Co.

[0121] In some examples, a combination of Al and Fe are used as dopants. In some
examples, this combination has a total dopant concentration of about 5 mol %. In some of
these examples, wherein the total dopant concentration is 5 mol %, the amount of Fe is 2.5
mol % and the amount of Al is 2.5 mol %. In other examples, the total dopant concentration
for a combination of dopants is 1 mol %. In some other examples, the total dopant
concentration for a combination of dopants is 2 mol %. In yet other examples, the total
dopant concentration for a combination of dopants is 3 mol %. In other examples, the total
dopant concentration for a combination of dopants is 4 mol %. In some other examples, the

total dopant concentration for a combination of dopants is 5 mol %.

[0122] In some of these examples, set forth herein is a positive electrode active material as
set forth above wherein the material is doped with cation having an ionic radii within 10% of
Ni3+. In some of these examples, set forth herein is a positive electrode active material as set
forth above wherein the material is doped with cation having an ionic radii within 10% of Li+
(octahedral coordination). Added for completeness and to not get restricted to doping for TM

only. Dopant may occupy Li interstitial sites too.

[0123] In some of these examples, set forth herein is a positive electrode active material as
set forth above wherein the material is doped with a dopant wherein the dopant is present at
about 0.1 to 5 atomic %. In some examples, the amount of the dopant set forth above is about
0.1 atomic %. In some other examples, the amount of the dopant is about 0.2 atomic %. In
other examples, the amount of the dopant is about 0.3 atomic %. In certain examples, the
amount of the dopant is about 0.4 atomic %. In some examples, the amount of the dopant is
about 0.5 atomic %. In some other examples, the amount of the dopant is about 0.6 atomic
%. In some examples, the amount of the dopant is about 0.7 atomic %. In certain examples,
the amount of the dopant is about 0.8 atomic %. In some examples, the amount of the dopant
is about 0.9 atomic %. In some other examples, the amount of the dopant is about 1 atomic
%. In some examples, the amount of the dopant set forth above is about 1.1 atomic %. In
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some other examples, the amount of the dopant is about 1.2 atomic %. In other examples, the
amount of the dopant is about 1.3 atomic %. In certain examples, the amount of the dopant is
about 1.4 atomic %. In some examples, the amount of the dopant is about 1.5 atomic %. In
some other examples, the amount of the dopant is about 1.6 atomic %. In some examples, the
amount of the dopant is about 1.7 atomic %. In certain examples, the amount of the dopant is
about 1.8 atomic %. In some examples, the amount of the dopant is about 1.9 atomic %. In
some other examples, the amount of the dopant is about 2 atomic %. In some examples, the
amount of the dopant set forth above is about 2.1 atomic %. In some other examples, the
amount of the dopant is about 2.2 atomic %. In other examples, the amount of the dopant is
about 2.3 atomic %. In certain examples, the amount of the dopant is about 2.4 atomic %. In
some examples, the amount of the dopant is about 2.5 atomic %. In some other examples, the
amount of the dopant is about 2.6 atomic %. In some examples, the amount of the dopant is
about 2.7 atomic %. In certain examples, the amount of the dopant is about 2.8 atomic %. In
some examples, the amount of the dopant is about 2.9 atomic %. In some other examples, the
amount of the dopant is about 3 atomic %. In some examples, the amount of the dopant set
forth above is about 3.1 atomic %. In some other examples, the amount of the dopant is
about 3.2 atomic %. In other examples, the amount of the dopant is about 3.3 atomic %. In
certain examples, the amount of the dopant is about 3.4 atomic %. In some examples, the
amount of the dopant is about 3.5 atomic %. In some other examples, the amount of the
dopant is about 3.6 atomic %. In some examples, the amount of the dopant is about 3.7
atomic %. In certain examples, the amount of the dopant is about 3.8 atomic %. In some
examples, the amount of the dopant is about 3.9 atomic %. In some other examples, the
amount of the dopant is about 4 atomic %. In some examples, the amount of the dopant set
forth above is about 4.1 atomic %. In some other examples, the amount of the dopant is
about 4.2 atomic %. In other examples, the amount of the dopant is about 4.3 atomic %. In
certain examples, the amount of the dopant is about 4.4 atomic %. In some examples, the
amount of the dopant is about 4.5 atomic %. In some other examples, the amount of the
dopant is about 4.6 atomic %. In some examples, the amount of the dopant is about 4.7
atomic %. In certain examples, the amount of the dopant is about 4.8 atomic %. In some
examples, the amount of the dopant is about 4.9 atomic %. In some other examples, the

amount of the dopant is about 5 atomic %.

[0124] Without being bound to a particular theory, the work here suggests that additional
cations such as dopants can alter the chemical composition of the bulk cathode material and
with a beneficial effect on the electrochemical performance of the lithium ion storage

material. For example, discharge rate performance improves with lithium iron phosphate
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materials in which the dopants including Nb, Mn, Zr, Ti, V, Mo, Al, Mg. Some benefits of

doping LR-NMC include, but are not limited to improving electronic conductivity of the
active material, (e.g., Zr and Nb dopants in LiFePO,), or improving the lithium ion
conductivity of the material (e.g., V dopants in LiFePQOy), or improving structural stability
during the charge/discharge cycle of the energy storage device (e.g., aluminum or
magnesium). As shown in FIG. 12, small amounts of Fe at about 5 atomic % is shown to
increase capacity retention (i.e., cycle life) for certain LR-NMC compositions. Other benefits
of doping include, but are not limited to, increasing the LR-NMC conductivity, cycle
reversibility or lowering the discharge-charge hysteresis. Ti or Zr dopants may reduce any
reactivity with an electrolyte. Anion dopants may be useful for tuning the voltage of the LR-

NMC.

[0125] In some of these examples, set forth herein is a positive electrode active material
wherein the material has a surface coating selected from the group consisting of AlFy wherein
0< x < 3, CoPOs, cobalt oxide, LiFePQO,, lithium phosphate, lithium hydrophosphate,
alumina, aluminum phosphate, lithium aluminum phosphate, lithium aluminate, aluminum
fluoride, titania, titanium phosphate, lithium titanate, lithium niobate, lithium zirconate, and
lithiated or delithiated versions of the preceding coating compounds. In some of these
examples, the coating is AlFy wherein 0<x <3. In other examples, the coating is CoPOs. In
still other examples, the coating is LiFePO,4. In yet other examples, the coating is lithium
phosphate. In some examples, the coating is lithium hydrophosphate. In still other examples,
the coating is alumina. In some other examples, the coating is aluminum phosphate. In yet
other examples, the coating is lithium aluminum phosphate. In some other examples, the
coating is lithium aluminate. In certain other examples, the coating is aluminum fluoride. In
some examples, the coating is titania. In some other examples, the coating is titanium
phosphate. In some examples, the coating is lithium titanate. In other examples, the coating
is lithium niobate. In some examples, the coating is lithium zirconate. In certain examples,

the coating is a lithiated or delithiated versions of one of the preceding coatings.

[0126] As noted herein, the surface properties of positive electrode active materials
influence electrochemical properties. Surface coatings can improve chemical compatibility
of active materials when interfaced with electrolytes (i.e., decrease electrolyte reaction
products). The severity of these reactions is exacerbated as the maximum oxidation voltage
of the battery increases above 4-V. For example, previous work suggests that nickel is
catalytically active at voltages above 4.4-V which accelerates electrolyte decompositions in

several classes of cathode active materials, including Li;Nig sMn; 504 (also called 5-V spinel),
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and Li;Nig3Co0,0;. Previous work also suggests an improvement in cycling stability and
electrolyte compatibility for the lithium storage material called NCA, Li;Nip3Co0.15Alp050; .
which can be characterized as an aluminum doped version of the is structural lithium, nickel,
cobalt oxide phase, LijNipgCo0p20,. Interestingly, the lithium-rich and high nickel
compositions of the LR-NMC active materials set forth herein, demonstrate improved cycle
life performance relative to commercially available materials even without surface
modifications or coatings designed to eliminate side-reactions with liquid electrolyte.
Without being bound to a particular theory, it may be that the LR-NMC active materials
herein are particularly stable in part due to the partial lithium substitution within the metal
oxide lattice structure and also due to the homogeneity of the crystalline grains and the grain

size/morphology.

[0127] In some examples, set forth herein is a lithium-rich nickel, manganese, cobalt oxide
of composition Lij+NigsMng25C0¢2507+y2, where some of the cobalt is locally enhanced in
concentration at the surface of the crystallite grains and the interface between grain
boundaries as described below in Example 6. Without being bound to a particular theory,
these materials may be stabilized by having lattice sites primarily occupied by cobalt to the
exclusion of manganese, which is known to be soluble in liquid electrolytes which are used in
many lithium ion batteries, and nickel, which is thought to be particularly aggressive in

causing side-reactions with the same liquid electrolytes.

[0128] In some examples, set forth herein is a lithium-rich nickel, manganese, cobalt oxide
of composition Li;NigsMng25C00.2502+x2, where the surfaces of the primarily particles (i.e.,
grains) include an aluminum rich phase, such as aluminum fluoride or aluminum oxide, both
of which may be lithiated or unlithiated. As described elsewhere, when a stoichiometric
(Li/M~1) nickel cobalt oxide cathode material is modified by aluminum, and presumably at
least some of the aluminum is localized near the surface of the oxide particles, the reactivity
of the cathode material with liquid electrolyte is reduced and the rate electrochemical

performance improved.

[0129] As detailed in Example 6, a Li;xNigsMng25C0025024+¢2 can be coated with a thin
layer of composition rich in AlF;. This material shows improved cycle life capacity retention
on account of a combination of the material being lithium-rich, due to the homogeneous
composition and due to the surface composition that is rich in fluorine and not rich in nickel

Oor manganese.
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[0130] In some of these examples, set forth herein is a positive electrode active material
wherein the material is characterized by a tap density of 1-2.5 g/cm’ for a ds particle size
distribution from 4 to 30 um. In some examples, the tap density is 1 g/cm’. In some other
examples, the tap density is 1.5 g/cm’. In some examples, the tap density is 2 g/cm’. In
certain examples, the tap density is 2.5 g/cm’. In some examples, the lithium rich nickel
oxides set forth herein have a tap density of > 1.8 g/em’. In some examples, the lithium rich

nickel oxides set forth herein have a tap density of > 2.0 g/cm’.

[0131] Tap density can be controlled by modifying the concentration of the metal
precursors during synthesis, the use or absence of chelating agents during synthesis, the pH of
the solution used to precipitate the hydroxide, the stirring of the solution, the temperature and

reaction time of the precursor solution, and the annealing temperature and time.

[0132] Tap density is expected to correlate with the cast electrode film density and
therefore also the final cell energy density. The more compact the positive electrode active
material particle, the more particles can be packed into an electrode film at a fixed or given
thickness. Other benefits high tap density include preparing an ideal percolation network
with solid-state catholyte or a solid-state cathode having densely packed (roughly) spherical
particles of active material with and interpenetrated network of dense and ideally smaller
spherical particles of catholyte which would fill the interstitial void between active particles.
Other benefits include reducing the number of the active-particle to catholyte-particle
contacts necessary in a film to achieve a fully percolating network. Other benefits include
improving the density of films, the coulombic efficiency, and, or, the efficiency, capacity,

and cycle life, at higher rate, of the materials set forth herein.

A. Particle Size

[0133] In some examples, the LR-NMCs set forth herein are characterized by a particle size
in the range of about 3 um to about 60um. In some examples, the ds, particle size is in the
range of about 4 to 30um. These particles may include smaller aggregated crystalline
domains (i.e., grains) that may be characterized by a grain size of about 5 nm to about

500nm.

[0134] In some examples, the LR-NMCs set forth herein are characterized by a particle size

in the range of about 5 pm to about 20 um. In some other examples, the LR-NMCs set forth

herein are characterized by a particle size in the range of about 10 um to about 20 um. In

some other examples, the LR-NMCs set forth herein are characterized by a particle size in the

range of about 15 um to about 20 um. In some examples, the LR-NMCs set forth herein are
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characterized by a particle size in the range of about 5 um to about 15 um. In some other
examples, the LR-NMCs set forth herein are characterized by a particle size in the range of

about 10 um to about 15 pm.

[0135] In the above particle size recitations, set forth herein are also materials having a tap

density of > 2.0 g/cm’.

[0136] In some other examples, the LR-NMCs set forth herein are characterized by a
particle size of about 1 um. In some examples, the LR-NMCs set forth herein are
characterized by a particle size of about 2 um. In certain examples, the LR-NMCs set forth
herein are characterized by a particle size of about 3 um. In other examples, the LR-NMCs
set forth herein are characterized by a particle size of about 4 um. In yet other examples, the
LR-NMCs set forth herein are characterized by a particle size of about 5 um. In some other
examples, the LR-NMCs set forth herein are characterized by a particle size of about 6 pum.
In some examples, the LR-NMCs set forth herein are characterized by a particle size of about
7 um. In certain examples, the LR-NMCs set forth herein are characterized by a particle size
of about 8 um. In other examples, the LR-NMCs set forth herein are characterized by a
particle size of about 9 um. In yet other examples, the LR-NMCs set forth herein are
characterized by a particle size of about 10 um. In some other examples, the LR-NMCs set
forth herein are characterized by a particle size of about 1 um. In some examples, the LR-
NMCs set forth herein are characterized by a particle size of about 2 um. In certain
examples, the LR-NMCs set forth herein are characterized by a particle size of about 3 pum.
In other examples, the LR-NMCs set forth herein are characterized by a particle size of about
4 um. In yet other examples, the LR-NMCs set forth herein are characterized by a particle
size of about 5 um. In some other examples, the LR-NMCs set forth herein are characterized
by a particle size of about 6 um. In some examples, the LR-NMCs set forth herein are
characterized by a particle size of about 7 um. In certain examples, the LR-NMCs set forth
herein are characterized by a particle size of about 8 um. In other examples, the LR-NMCs
set forth herein are characterized by a particle size of about 9 um. In yet other examples, the
LR-NMCs set forth herein are characterized by a particle size of about 10 um. In some other
examples, the LR-NMCs set forth herein are characterized by a particle size of about 1 pum.
In some examples, the LR-NMCs set forth herein are characterized by a particle size of about
2 um. In certain examples, the LR-NMCs set forth herein are characterized by a particle size
of about 3 um. In other examples, the LR-NMCs set forth herein are characterized by a
particle size of about 4 um. In yet other examples, the LR-NMCs set forth herein are

characterized by a particle size of about 5 um. In some other examples, the LR-NMCs set
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forth herein are characterized by a particle size of about 6 um. In some examples, the LR-
NMCs set forth herein are characterized by a particle size of about 7 um. In certain
examples, the LR-NMCs set forth herein are characterized by a particle size of about 8 um.
In other examples, the LR-NMCs set forth herein are characterized by a particle size of about
9 um. In yet other examples, the LR-NMCs set forth herein are characterized by a particle
size of about 10 um. In some other examples, the LR-NMCs set forth herein are
characterized by a particle size of about 11 um. In some examples, the LR-NMCs set forth
herein are characterized by a particle size of about 12 um. In certain examples, the LR-
NMCs set forth herein are characterized by a particle size of about 13 um. In other examples,
the LR-NMCs set forth herein are characterized by a particle size of about 14 um. In yet
other examples, the LR-NMCs set forth herein are characterized by a particle size of about 15
um. In some other examples, the LR-NMCs set forth herein are characterized by a particle
size of about 16 um. In some examples, the LR-NMCs set forth herein are characterized by a
particle size of about 17 um. In certain examples, the LR-NMCs set forth herein are
characterized by a particle size of about 18 um. In other examples, the LR-NMCs set forth
herein are characterized by a particle size of about 19 um. In yet other examples, the LR-

NMCs set forth herein are characterized by a particle size of about 20 um.

[0137] In some of these examples, set forth herein is a positive electrode active material
that has particles with grains therein which are nanodimensioned. In some of these examples,
the grains have a dso size of about 1 to about 50 nm. In some other of these examples, the
grains have a dsq size of about 1 to about 40 nm. In some of these examples, the grains have
a dso size of about 1 to about 30 nm. In some of these examples, the grains have a dsy size of
about 1 to about 25 nm. In some other of these examples, the grains have a dso size of about
1 to about 20 nm. In some of these examples, the grains have a dso size of about 1 to about
15 nm. In some of these examples, the grains have a dso size of about 1 to about 10 nm. In
some other of these examples, the grains have a dso size of about 1 to about 5 nm. In some of
these examples, the grains have a dsy size of about 1 to about 2 nm. In some of these
examples, the grains have a dso size of about 5 to about 50 nm. In some other of these
examples, the grains have a dso size of about 5 to about 40 nm. In some of these examples,
the grains have a dso size of about 5 to about 30 nm. In some of these examples, the grains
have a dsg size of about 5 to about 25 nm. In some other of these examples, the grains have a
dso size of about 5 to about 20 nm. In some of these examples, the grains have a dso size of
about 5 to about 15 nm. In some of these examples, the grains have a dsq size of about 5 to
about 10 nm. In some other of these examples, the grains have a dso size of about 2 to about

5 nm. In some of these examples, the grains have a dsq size of about 1 to about 2 nm.
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[0138] In some examples, the LR-NMC materials are sintered in order to increase the

particle size.

[0139] In some examples, the LR-NMC materials set forth herein are combined with a
catholyte in a positive electrode film. In some examples, nanocomposites which include a
mixed electron ion conductor (MEIC) and an LR-NMC material are formulated and
subsequently mixed with a catholyte. Suitable catholytes and MEIC are set forth above and
below, each example of which may be formulated with the LR-NMC materials set forth

herein.

[0140] In some embodiments, the size ratio of the catholyte (e.g., LATS) to the composite
(e.g., including LR-NMC) is 0.76 for D;¢/Dgg, or 2.5 for Dsg/Dyg, or 5.5 for Dgy/Dgg, or 17.5
for Dsy/Dsg. In some embodiments, the size ratio of the composite (e.g., including LR-NMC)
to the catholyte (e.g., LATS) is 0.76 for D10/Dgo, or 2.5 for Dso/Dgg, or 5.5 for Dgo/Dgg, or 17.5
for Dso/Dso. In some embodiments, the size ratio of the catholyte (e.g., LATS) to the
composite (e.g., including LR-NMC) is 0.55 for Do/Dgg, or 2.0 for Ds¢/Dgy, or 5.0 for
Dyo/Dyg, or 16 for Dsy/Dsy. In some embodiments, the size ratio of the composite (e.g.,
including LR-NMC) to the catholyte (e.g., LATS) is 0.55 for D19/Dg, or 2.0 for Dso/Dyg, or
5.0 for Dgo/Dyg, or 16 for Dso/Dsy. In some embodiments, the size ratio of the catholyte (e.g.,
LATS) to the composite (e.g., including LR-NMC) is 0.8 for D;¢/Dgg, or 3 for Dsp/Dyg, or 6
for Dgg/Dgg, or 18 for Dsy/Dsp. In some embodiments, the size ratio of the composite (e.g.,
including LR-NMC) to the catholyte (e.g., LATS) is 0.8 for D1¢/Doy, or 3 for Dsy/Dgy, or 6 for
Dogo/Dyg, or 18 for Dse/Dso.

B. Lithium Dispersion

[0141] In some examples, the lithium in the lithium rich nickel, manganese cobalt oxide
occupies Ni, Mn, and, or Co crystal lattice positions. In some examples, the lithium in the
lithium rich nickel, manganese cobalt oxide occupies interstitial positions in a Ni, Mn, and, or
Co crystal. In some examples, the lithium in the lithium rich nickel, manganese cobalt oxide

occupies vacant sites in an amorphous phases.

[0142] In some examples, the Li and Ni in Li;+,MO,; are ordered. In some other examples,

the Li and Ni in Li1:,MQO, are disordered.

[0143] In some examples, the Li and Ni in Li1+NiywMn,Co,0,+(x2) are ordered. In some

other examples, the Li and Ni in Li;+NiyMn,Co,0,+) are disordered.
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C. Liquid Cells

[0144] In some embodiments, set forth herein is a secondary battery formulated as a liquid
cell. In some of these liquid cell examples, the positive electrode active materials set forth
herein are useful for high power applications. In these liquid cells, a liquid electrolyte
comprising a solvent (e.g., ethylcarbonate (EC), propylcarbonate (PC), dimethylcarbonate
(DMC), diethylcarbonate (DEC), ethylmethylcarbonate (EMC)) and a dissolved lithium salt
(e.g., LiPF¢, LiClOy4, Li-bis(oxalate)borate ) is positioned in contact with both the positive
and negative electrodes through a porous, but electronically insulating polyolefin separator

(e.g. biaxially stretched, non-woven polyethylene film).

D. Solid State Cells

[0145] Generally, as the unit cell volume deceases as more Li inserts into the lithium rich
nickel, manganese, cobalt oxide crystal lattice, the energy density of the oxide increases.
Also, as the unit cell volume deceases as more Li inserts into the lithium rich nickel,
manganese, cobalt oxide crystal lattice, the oxide’s electronic conductivity increases because

of improved metal orbital overlap.

[0146] In some examples, the oxides described herein are formulated with an internal void
volume < 10vol%. In these examples, the microporosity between primary crystallites is
reduced. In some of these examples, the microporosity is characterized by roughly spherical

aggregates.

[0147] In some of the above examples, the aggregate particle size have a ds particle size of
4 < dsp <35 um. In some of the above examples, the aggregate particle size has a range

characterized by (dgo - dyo )/dsp < 10

[0148] In some of the above examples, the primary particle (single crystal domains)
diameter for the oxides described herein is between 50 and 500 nm. In some examples, this
size 1s determined based on SEM. In some examples, these particles are as substantially

shown in FIG. 7 and FIG. 8.

[0149] In some of the above examples, the primary particle morphology elongated has a

high aspect ratio of >1.5 (longest dimension: shortest dimension)

[0150] In some of the above examples, and at full charge the theoretical capacity of
~273mAh/g would be expected if all the lithium occupying the space between the

predominantly transition-metal oxide layers has been removed. In the lithium-rich
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compositions the lithium occupying transition metal sites is not assumed to be completely

removed during every charge.

[0151] Without being bound to a particular theory, it is known in the relevant field to which
the instant disclosure pertains that the lithium ionic radius (measured in compounds where
lithium 1is octahedral geometry), is about 0.7-0.8 angstrom smaller compared to nickel
(measured where nickel is divalent and also in octahedral geometry). As such, as more
lithium inserts into a LR-NMC, the unit cell deceases. This decreased unit cell volume is, in
part, related to the improved discharge energy at higher C-rates (higher discharge currents) in
part because of the decreased distance between adjacent transition metal lattice sites, which
improves the molecular orbital overlap which influences the electronic conductivity. As
such, many of the beneficial properties noted herein are related to the high nickel content of
the LR-NMC materials, the rich lithium content, the homogenous nature of the LR-NMC,
and, or, the homogenous nature of the metal oxide lattice therein. Also, many of the
beneficial properties noted herein are related, in part, to the metal lattice positions which are
occupied by lithium which enables the improved rate performance and energy density at

discharge currents such as C/1 or higher.

E. Combinations with other conversion chemistry materials

[0152] In some examples, set forth herein are combinations of lithium rich nickel,
manganese, cobalt oxides with other conversion chemistry positive active materials. In some
examples, set forth herein is a positive electrode active material that includes at least one
member selected from the group consisting of LiF, Fe, Cu, Ni, FeF,, FeO4Fs.54, FeFs, CoF3,
CoF,, CuF,, and NiF,, where 0 <d <0.5, and also includes at least one member selected from
a material characterized by the following formula: Li;+Ni,Mn,C0,0,+(x2), wherein 0 < x <
25,05<y< 08,01 <z< 025 In some examples, the positive electrode includes a
material characterized by Li+xNiyMn,Co,0,+») and a material characterized by LiF and Fe.
In some examples, the positive electrode includes a material characterized by
Li11+x\NiyMn,Co0,0+x2) and a material characterized by LiF and Co. In some examples, the
positive electrode includes a material characterized by Li;+«NiyMn,Co,0,+) and a material
characterized by LiF and Ni. In some examples, the positive electrode includes a material
characterized by Li1+xNiyMn,Co,0,+y2) and a material characterized by LiF and Cu. In some
examples, the positive electrode includes a material characterized by Li+NiyMn,Co,0+x2)
and a material characterized by LiF and FeF,. In some examples, the positive electrode
includes a material characterized by Li1+:NiyMn,Co0,0+) and a material characterized by

FeF,. In some examples, the positive electrode includes a material characterized by
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Li11+x\NiyMn,Co0,0,+(x2) and a material characterized by FeOgFs.,4, where 0 <d <0.5. In some
examples, the positive electrode includes a material characterized by Li+NiyMn,Co,0+x2)
and a material characterized by FeFs;. In some examples, the positive electrode includes a
material characterized by Li;+NiyMn,Co,0,+(x2) and a material characterized by CoF3. In
some examples, the positive electrode includes a material characterized by
Li1+x\NiyMn,Co0,0,+x2) and a material characterized by CoF,. In some examples, the positive
electrode includes a material characterized by Lij+«NiyMn,Co,02+») and a material
characterized by CuF,. In some examples, the positive electrode includes a material

characterized by Li;+«NiyMn,Co,0,+»)and a material characterized by NiF,

Im1. LR-NMC WITH MEIC

[0153] In some examples, set forth herein are combinations of mixed electron ionic
conductors (MEIC) with the LR-NMCs materials. In some examples, the weight ratio of the
LR-NMC to the MEIC is 10:1. In some examples, the weight ratio of the LR-NMC to the
MEIC is 9:1. In some examples, the weight ratio of the LR-NMC to the MEIC is 8:1. In
some examples, the weight ratio of the LR-NMC to the MEIC is 7:1. In some examples, the
weight ratio of the LR-NMC to the MEIC is 6:1. In some examples, the weight ratio of the
LR-NMC to the MEIC is 5:1. In some examples, the weight ratio of the LR-NMC to the
MEIC is 4:1. In some examples, the weight ratio of the LR-NMC to the MEIC is 3:1. In
some examples, the weight ratio of the LR-NMC to the MEIC is 2:1. In some examples, the
weight ratio of the LR-NMC to the MEIC is 1:1.

[0154] As set forth herein and above, LR-NMC includes a material characterized by
Li11+x\NiyMn,C0,02+(x2), wherein 0 <x <0.25,0.5<y <08,0.1<z<025,andx +y+2z=
1.

[0155] In some examples, set forth herein is a Li-secondary battery positive electrode film
including composite particles that include a LR-NMC material and also a MEIC. In some
examples, the composite particles include a mixed electronic ionic conductor (MEIC), a LR-
NMC material and optionally a metal fluoride (MF), and optionally an electrically conductive
additive including carbon. In some embodiments, the composite particles include a metal
fluoride (MF) and electrically conductive carbon. The film further includes a catholyte and a
binder, wherein the catholyte and binder contact the composite particles surfaces but are not
contained therein. The weight ratio of MEIC to LR-NMC in the composite particles is about
1:99 to 25:75 w/w. In some embodiments, the weight ratio of MEIC to LR-NMC in the

composite particles is about 5:90 to 20:80. In some embodiments, the particle size of the
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composite particle is 0.5 pum to 10 pum at its maximum characteristic length. In some
embodiments, the composite particle is 0.5 pum to 10 um and the film thickness is from 1 pum

to 120 um or from 30 pm to 90 pm.

IV.  LR-NMC WITH SURFACE COATING

[0156] In some examples, set forth herein is a LR-NMC having a surface coating
thereupon. In some examples, the coating improves electronic or ionic conductivity. In some
examples, the coating improves low voltage stability. In yet other examples, the coating
improves chemical compatibility with catholytes and electrolytes which contact the LR-

NMC.

[0157] In some embodiments, the coating includes a phosphate coating. In some of these
examples, the phosphate coating is present in an amount less than 1 % w/w. In certain
embodiments, when a phosphate is present, the phosphate is a coating on the LR-NMC. In

certain of these embodiments, the phosphate coating is in an amount that is less than 1% w/w.
[0158] In some embodiments, the coating is a lithium aluminum oxide.

[0159] In some embodiments, the coating is a lithium fluoride.

[0160] In some embodiments, the coating aluminum phosphate.

[0161] In some embodiments, the coating Lithium zirconate

[0162] In some embodiments, the LR-NMC have an oxide coating on the surface as a result

of a milling process.

[0163] In some examples, the coating is deposited onto the LR-NMC by bath coating. In
other examples, the coating is deposited onto the LR-NMC by spray coating. In yet other
examples, the coating is deposited onto the LR-NMC by atomic layer deposition (ALD).

[0164] In some examples, other coatings are deposited onto the LR-NMC. For example, a
AlF5 coating can be deposited according to the methods set forth in H.-B. Kim, et al, Journal
of Power Sources 179 (2008) 347-350.

[0165] In some examples, surface coatings can be deposited by synthesizing an inorganic
coating on the LR-NMC cathode particles to improve the particle’s chemical compatibility
with other components, the stability over a large voltage window, and certain conductivity

properties.
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[0166] In some examples, the LR-NMC is transferred to a media bottle and homogenized

in a solvent homogenizer at about 10,000 RPM for about 10-30 seconds. In one example, the
solvent is isopropanol. LR-NMC is then coated using a spray dryer with flowing Argon
while agitating the LR-NMC. The inorganic coating spray dried onto the LR-NMC includes,
in some examples, isopropanol, LR-NMC, LiNO;, AI(NO;)3*9H,0, H3;PO,. The spray
coated LR-NMC is placed in an oven to evaporate the water, HNO;, and isopropanol. The
product includes LR-NMC coated with a lithium aluminum phosphate characterized by the
chemical formula LiAl(PO4);33. In some instances, this chemical formula is represented in a
simplified manner as LiAI(PO4). In this example, the LiAl(POy) is a thin coating (i.e., shell)
surrounding the LR-NMC.

V. DEVICES

[0167] In some examples, the lithium rick nickel, manganese, cobalt oxides, set forth
herein, are formulated into positive electrodes. In some examples, the electrodes are films. In

some other examples, the electrodes are thin films.

[0168] In some examples, the positive electrode films further comprise a solid state
catholyte. In some of these examples, the catholyte is intimately mixed with the lithium rich
nickel, manganese, cobalt oxides, which are set forth herein. In some of these examples, the
catholytes include those materials set forth in PCT/US2014/059575, filed October 7, 2014,
and entitled GARNET MATERIALS FOR LI SECONDARY BATTERIES AND
METHODS OF MAKING AND USING GARNET MATERIALS, the contents of which are
incorporated by reference in their entirety. In some of these examples, the catholytes include
those set forth in PCT/US2014/059578 filed October 7, 2014, and entitled GARNET
MATERIALS FOR LI SECONDARY BATTERIES AND METHODS OF MAKING AND
USING GARNET MATERIALS, the contents of which are incorporated by reference in their
entirety. In some examples, the catholytes include those materials set forth in
PCT/US14/38283, filed May 15, 2014, and entitled, SOLID STATE CATHOLYTE OR
ELECTROLYTES FOR BATTERY USING LiaMPgS¢ (M = Si, Ge, or Sn), the contents of

which are incorporated by reference in their entirety.

[0169] In some examples, the positive electrode films set forth herein comprise a lithium
rich nickel, manganese, cobalt oxides, which are set forth herein in combination with another
positive electrode active material. Other positive electrode active materials which are
suitable for these combinations include, but are not limited to, U.S. Patent Application

Publication No. 2014/0170493, entitled NANOSTRUCTURED MATERIALS FOR
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ELECTROCHEMICAL CONVERSION REACTIONS, and filed June 19, 2013 as U.S.

Patent Application No. 13/922,214, the contents of which are incorporated by reference in
their entirety; also in U.S. Provisional Patent Application No. 62/038,059, entitled DOPED
CONVERSION MATERIALS FOR SECONDARY BATTERY CATHODES, and filed
August 15, 2014, the contents of which are incorporated by reference in their entirety; also in
U.S. Provisional Patent Application No. 61/944,502, filed February 25, 2014, entitled
HYBRID ELECTRODES WITH BOTH INTERCALATION AND CONVERSION
MATERIALS, the contents of which are incorporated by reference in their entirety; also in
U.S. Provisional Patent Application No. 62/027,908, filed July 23, 2014, entitled HYBRID
ELECTRODES WITH BOTH INTERCALATION AND CONVERSION MATERIALS, the

contents of which are incorporated by reference in their entirety.

[0170] In some examples, the lithium rich nickel, manganese, cobalt oxides, set forth
herein, are formulated into an electrochemical device comprising a positive electrode, a

negative electrode, and an electrolyte separator between the positive and negative electrodes.

V. METHODS OF MAKING

[0171] In some examples, set forth herein is a method of making a lithium rich manganese
cobalt oxide, including providing an aqueous mixture of a nickel (II) precursor, a manganese
(IT) precursor, and a cobalt (IT) precursor at a specified ratio; optionally warming the mixture;
adjusting the pH of the mixture to about 10 or 11; optionally stirring the mixture;
precipitating a nickel manganese cobalt hydroxide precipitate; mixing the hydroxide with a
lithium salt; annealing the mixture of the hydroxide with the lithium salt, thereby forming a

lithium rich manganese cobalt oxide.
[0172] In some examples, the specified ratio of Ni:Mn:Cois 2:1:1 or 3:1:1.

[0173] In some examples, the method further includes annealing the precipitate at a

temperature of at least 200 "C.

[0174] In some examples, the method further includes annealing the precipitate at a

temperature of at least 350 "C.

[0175] In some examples, the method includes warming and the warming includes heating

the mixture to about 40 — 90 °C.

[0176] In some examples, the pH is adjusted by adding NaOH. In other examples, the pH
is adjusted by adding any suitable base.
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[0177] In some examples, the precipitating includes spray drying the mixture.

[0178] In some examples, the precipitating includes recovering powder from the mixture

using filtration.

[0179] In some examples, the nickel (II) precursor is substituted for a nickel (III) precursor.
In certain examples, the specified ratio of Ni:Mn:Co is 3:1:1, 2:1:1, 1:1:0.5 or 5:2.5:2.5. In
some examples, the warming the mixture step includes warming to a temperature of about 30
to 90°C. In some of these examples, the temperature is about 50 to 60°C. In certain
examples, the annealing the mixture of the hydroxide with the lithium salt is at a temperature
of at least 200 -C. In some of these examples, the annealing temperature is a temperature of
at least 350°C. In other examples, the annealing temperature is at least 700°C. In yet other
examples, the annealing temperature is at least 750°C. In still other examples, the annealing

temperature is at least 800°C.

[0180] In yet other examples, the annealing the mixture of the hydroxide with the lithium
salt includes holding the maximum annealing temperature for at least 1, 4, or 6, hours. In
some of these examples, the maximum annealing temperature is achieved by way of a 3
degree C per minute heating ramp rate. In some of these examples, the annealing

temperature refers to the temperature of the mixture.

[0181] In certain examples, the pH is adjusted by adding NaOH, LiOH, Mg(OH),, NH,OH,

or combinations thereof.
[0182] In some examples, precipitating the hydroxide includes spray drying the mixture.

[0183] In some examples, the lithium salt is selected from the group consisting of LiOH,
LiCOs;, and LiNO;. In some examples, mixing the hydroxide with a lithium salt includes dry
mixing, dry milling, solvent milling, or mixing in a mortar and pestle. In some examples,
mixing the hydroxide with a lithium salt includes an aqueous suspension of the hydroxide and

the lithium salt.

[0184] Some of the methods set forth herein include stirring the aqueous suspension until

the oxide is precipitated.
[0185] Some of the methods set forth herein include spray drying the aqueous suspension.

[0186] Some of the methods set forth herein include an aqueous suspension that has as

concentration of a 10 w/w % solids.
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[0187] Some of the methods set forth herein include precipitating the hydroxide further

comprises recovering precipitate as a powder using filtration.

[0188] Additional methods of making lithium, nickel, manganese, cobalt oxides are found
in Journal of Power Source 162 (2006) 1346-1350; also Chem Mater 2009, 21, 1500-1503;
also Journal of the Electrochemical Society , 161, (3) A355-A363 (2014)

VII. EXAMPLES
A. Example 1 — Synthesis of LR-NMC

[0189] LR-NMC and LR-NMC-2 were made by the following generalizable synthetic
protocol. As used in this example, LR-NMC = Li;+«NigsMng25C00 2502, LR-NMC-2 =
Li;+xNigsMng 20C09 200s.

[0190] Nickel (II) sulfate hexahydrate, manganese (II) sulfate monohydrate, cobalt (II)
sulfate heptahydrate were dissolved to make a 100-ml solution with total metal concentration
of 2.0M with mole ratio of Ni:Mn:C0=0.5:0.25:0.25 (other ratios included, but where not
limited to Ni:Mn:C0=0.6:0.2:0.2; Ni:Mn:C0=0.5:0.5:0.05). Specifically, 26.67g of nickel
sulfate, 8.45g of manganese sulfate and 14.05g of cobalt sulfate were added to the required
volume of deionized water to make a solution of 100-ml (final volume). The dissolved metal
salts were kept under argon to prevent a change of valence. This solution was added slowly
to a warm flask containing 170-ml 0.3M NH4OH solution while simultaneously adding 4M
NaOH solution to maintain the solution’s pH between 10 and 11. Approximately 100-ml of
NaOH were added in total. The solution was stirred continually during the precipitation of
the transitional metal hydroxide, M(II)OH, —xH,O precipitate, and the temperature was
controlled between 40°C and 75°C. In some examples, chelating agents were used to improve

the solubility of the metal ions.

[0191] The M(II)OH,; —xH,O precipitate, where M=Ni, Mn, Co and X is nominally less
than 0.5, was collected by filtration and washed with copious amounts of water then dried
under vacuum. The recovered dry powder was then dispersed in 700-ml of 0.375M LiOH
solution and then flash dried by spraying an aerosol mist into a stream of 220°C argon gas and

collecting the dry powder by cyclonic separation.

[0192] The lithium and transitional metal mixture was annealed at a rate of 3-4°C/min to
350°C for 2-hours. The product was then heated again by raising the temperature at 3-
4°C/min to 800 or 850°C for an additional four (4) hours. This formed a layered metal oxide
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phase with is predominantly R3m symmetry by powder XRD analysis. A minor component

included Li,MnQj; but was not prevalent in the XRD pattern.

[0193] As noted herein, the instantly claimed materials have higher capacities than
commercially available oxide-based active materials. Also, as noted herein, the instantly
claimed materials have better rate capability than known NMCs, and the claimed invention
also demonstrates beneficial cycle life at, for example, 35°C and when cycled between 3.0 —

4.5V.

[0194] As noted below, the instantly claimed invention has a Coulombic efficiency which
is dependent on particle size distribution. In some examples, the methods included synthesis
steps set forth in Dahn, Chem. Mater. 2009, 21, 1500-1503; or Wang, Powder Technology
187 (2008) 124-129; or Glaser, Kinetics of Ammonia Exchange, Vol. 4, No. 2, February
1965.

B. Example 2 — Electrochemical Testing of LR-NMC

[0195] A 3032 coin cell battery was made using the material synthesized according to
Example 1. The cathode was formulated (as standard practice in the lithium ion battery field)
with a 90:5:5 composition by weight, where 90 wt% is active material (per example 1), 5
wt% is carbon black (Timcal C65), 5 wt% high-molecular weight PVDF (polyvinyldifluoride
resin, Solvay). The material was dispensed as a 40wt% slurry in N-methyl-2-pyrolidone as
the solvent, onto a 20um aluminum foil. After drying to remove the solvent, the film was
punched in either 14-mm or 15-mm diameter disks for assembly into the coin cell stack.
Whatman filter paper, GF-D (GE Lifesciences) punched into a 16-mm disk was used to
separate the cathode from a 350-um lithium metal foil anode. The electrolyte used in the coin
cell battery was 1.0M LiPF¢ in ethylene carbonate and ethylmethylcarbonate in a 30:70 mol
ratio as solvent (BASF).

[0196] The coin cell battery was charged and discharged in a symmetry current ca. 200-
400uA, equivalent to a C/10 (10™ of the battery capacity utilized per hour) or ca 2-4maA,
equivalent to 1C (full battery capacity utilized in one hour) using a multi-channel battery
tester (Arbin Scientific), between voltage limits of 2.7 to 4.6V for C/10, and between voltage
limits of 2.7 to 4.5V for C/1.

[0197] The specific discharge capacity (Wh/kg) observed for these materials at 1C and

C/10 rate are shown in Figure 1.
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[0198] LR-NMC was observed to have a specific discharge capacity of 725 Wh/kg and 825

Wh/kg at 1C and C/10 rate, respectively. These measurements observed under 35°C
conditions. As shown in Figure 1, LR-NMC and LR-NMC-2 demonstrated better capacities
than commercially available nickel cobalt aluminum oxide (NCA) and NMCs (e.g., Umicore
Lithium Nickel Cobalt Manganese Oxide; Grade: TH10; Lot# 71163). For example, LR-
NMC and LR-NMC-2 demonstrated higher capacities than NCA.

[0199] The LR-NMC and LR-NMC-2 also demonstrated better rate capabilities than NMC.
For example, as shown in Figure 1, the LR-NMC and LR-NMC-2 had higher capacity at

twice the discharge current.

[0200] The LR-NMC and LR-NMC-2 also demonstrated higher capacities and better

charge-discharge rates than commercially available NCA. See Figure 2.

[0201] The LR-NMC and LR-NMC-2 used in this example did not include a dopant or a

surface treatment.

[0202] As shown in Figure 3, the LR-NMC of Example 1 has beneficial cycling (cycle life)

properties.

C. Example 3 — Electrochemical Testing of LR-NMC

[0203] As shown in Figure 3, LR-NMC was tested against NCA-coated, NCA-uncoated,
and Comparison 1. LR-NMC demonstrated a high specific energy with comparison to these
other materials. The LR-NMC demonstrated a long cycle life. The LR-NMC, unlike
Comparison-1 did not show a soft short, which suggests that the Mn in LR-NMC is not

dissolving into the electrolyte as is suspected for the Comparison-1 material.

[0204] As shown in Figure 4, no phase change (or voltage fade) was observed for LR-
NMC. The impedance which did grow in was less than 25% with respect to state of charge
(SOC).

[0205] As shown in Figure 5, the LR-NMC was capable of being over-lithiated but without

a voltage-fade.

[0206] Also as shown in Figure 5, the LR-NMC retains a high discharge voltage despite a
decrease in capacity. This activity suggests that low voltage stable phases (e.g., spinel
phases) are not forming during the charge-discharge cycles. As compared to, for example,
the materials in Ates, et al., Journal of the Llectrochemical Society, 161 (3) A355-A363
(2014), in which the Mn-including spinel phase has a voltage peak at 3V, this low voltage
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Mn-including spinel is not observed in the instant LR-NMC materials first disclosed herein.
With comparison to Ates, et al., Journal of the Llectrochemical Society, 161 (3) A355-A363
(2014), the LR-NMC herein has a novel ratio of metals with a higher voltage peak and which
does not form a spinel phase when cycled and overlithiated. The crystallinity of the material,
as shown in FIGs. 13-14 and 17-18 is more crystalline than that in Ates, et al., Journal of the
LElectrochemical Society, 161 (3) A355-A363 (2014). The LR-NMC herein also is observed
to have a higher energy density with comparison to Ates, et al., Journal of the

LElectrochemical Society, 161 (3) A355-A363 (2014).

[0207] The class of lithium ion cathode materials called layered-layered oxides, where one
phase is primarily Li,MnOj3 (as described above) and a second phase in another layered oxide
often comprised of nickel, manganese and/or cobalt, e.g. Li(Mny;; Ni;;3C0,3)O; is described
in the art. These layered-layered oxides have been demonstrated to achieve very high
specific capacities, e.g., 250mAh/g in certain examples. However, these materials suffer
from a lack of structural stability, wherein at least one of the phases is shown to irreversibly
change upon electrochemical cycling (in a battery), and usually exhibiting a lower voltage
corresponding to the new structural phase. Previous work suggests that the predominantly
manganese rich phase (like Li;MnQOj;, Cm/2) can transform into a spinel phase (with
tetragonal or cubic symmetry), which exhibits up to half of its lithium storage capacity at less
than 3V (vs. Li). This decrease in lithium intercalation potential, from ca. 3.9V (as in the
materials described herein) to a material with significant storage capacity below 3V, results in
cathode material (and/or battery device comprising said material) of lower energy density.
As demonstrated in Figure 5, the differential storage capacity vs. discharge voltage of the test
cell has substantially all of the lithium storage capacity for the material claim between 3.5-
4.5V. During electrochemical cycling no peak(s) emerge at about 3V, which shows that the
LR-NMC herein are stable and don’t convert to a Mn-containing spinel structure, as it known
to occur for other previously disclosed layered-layered oxide structures, which typically

contain higher proportions of manganese.

[0208] With comparison to the materials in Ates, et al., Journal of the Electrochemical
Society, 161 (3) A355-A363 (2014), the Ates, ef al. materials have an inferior specific
capacity (<200mAh/g) and have a peak discharge voltage (measured in a dQ/dV vs. V plot)
less than 3.5V. This lower average discharge voltage and slower specific discharge capacity
reported in Attes et al., is therefore demonstrative of an inferior material when compared to

the LR-NMCs first described in the instant disclosure.
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[0209] The results herein demonstrate that beneficial electrochemical properties are
observed with a composition is primarily rich in nickel, as opposed to rich in manganese, and
also when the distribution of the lithium, nickel, manganese and cobalt (and further any
dopant elements included) within the crystalline two-dimensional crystal lattice are as
described above. In contrast to the understanding in the art, the lithium-rich and nickel-rich
LR-NMC described herein have improved capacity and stability as compared to
commercially available sources. As such, the three-dimensional ordering of the metals is
equally important to the chemical composition, e.g., molar ratio of metals, when considered
in view of the electrochemical properties described herein. A primarily homogeneous
distribution of the metals within the two-dimensional lamellar sheets, wherein at least some
of the metal sites are also occupied by lithium, and a primarily exclusive occupancy of the
interstitial space between the lamellar layers by lithium is also related to the beneficial results
reported in the instant disclosure. Also, the size and the morphology of the primary particles
(e.g., crystallite grains) is important and related the beneficial results reported in the instant

disclosure, e.g., energy density at practically useful discharge currents (i.e., C-rates).

[0210] As shown in Figure 6, the charge voltage at ~4.4V indicates Li,Mn*Oj; activation.
When the LR-NMC material was spray dried, this region was minimized as compared to
when the LR-NMC was ball milled. This indicated that ball-milling results in a two-phase
(cubic and hexagonal), whereas the spray drying results in a single phase (hexagonal) which

is observed to have a higher reversible discharge capacity.

[0211] As shown in Figure 12, doped LR-NMC show beneficial capacity retention. The
material in Figure 12 was prepared in accordance with example 5 with the addition of Al
doping at about 5 mol %. The Al-doped LR-NMC demonstrates slower impedance growth

with each cycle.

[0212] As shown in FIG. 2, FIG. 3, and FIG. 12, for example, the LR-NMCs set forth
herein have higher Ni amounts than known NMCs and can be cycled many times over and at
high voltages (e.g., 4.5V) without substantially degradation in performance (e.g, not
substantially decreasing the Active mass-specific discharge energy in FIG. 12). This
electrochemical performance indicates that the LR-NMCs set forth herein are highly stable
positive electrode active materials. In these examples, the liquid electrolyte employed was
30% EC (i.e., ethylene carbonate, 5% of which was perfluorinated carbon), 70% DC (i.e,,
diethylene carbonate) with 1M LiPFg.
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D. Example 4 — Grain Size Characterization

[0213] In this example, the grain size of the LR-NMC was determined by observation of
scanning electron microscopy images, such as those in FIG.7 and FIG. 8. In this example,
grain sizes where also determined by analyzing the FWHM of the XRD patterns included

herein and using the Scherrer equation.

E. Example 5 — Doping NMCs

[0214] Doped compositions of LR-NMC and LR-NMC-2 were made by the following

generalizable synthetic protocol.

[0215] Nickel (II) sulfate hexahydrate, manganese (II) sulfate monohydrate, cobalt (II)
sulfate heptahydrate were dissolved to make a 100-ml solution with total metal concentration
of 2.0M with mole ratio of Ni:Mn:C0=0.5:0.25:0.25. Dopants such as iron sulfate or iron
nitrate (for Fe dopant) were added to this mixture at the desired dopant amount (e.g., 5 mol
%). Other dopant precursors included, but were not limited to, manganese sulfate or
manganese nitrate [Mg(NOs3),], or [AI(NO;3);]. These dopants precipitated with Ni, Mn, and
Co in the hydroxide precursor, likely in transition metal crystallographic lattice positions.
Other dopants, noted above, can be added in the aforementioned synthesis step in order to be
incorporated into the LR-NMC. Specifically, 26.67g of nickel sulfate, 8 45g of manganese
sulfate and 14.05g of cobalt sulfate were added to the required volume of deionized water to
make a solution of 100-ml (final volume). The dissolved metal salts were kept under argon
to prevent a change of valence. This solution was added slowly to a warm flask containing
170-ml 0.3M NH4OH solution while simultaneously adding 4M NaOH solution to maintain
the solution’s pH between 10 and 11. Approximately 100-ml of NaOH were added in total.
The solution was stirred continually during the precipitation of the transitional metal

hydroxide and the temperature was controlled between 40 and 75°C.

[0216] The M(I)OH, —xH,O precipitate, where M=Ni, Mn, Co and X is nominally less
than 0.5, was collected by filtration and washed with copious amounts of water then dried
under vacuum. The recovered dry powder was then dispersed in 700-ml of 0.375M LiOH
solution and then flash dried by spraying an aerosol mist into a stream of 220°C argon gas and
collecting the dry powder by cyclonic separation. In some examples, Mg was mixed with
LiOH (as MgSO,) to make a dispersion that was 10% w/w with the transition metal double
hydroxide. In some of these examples, the dispersion was spray dried, in which the Mg

dopant doped certain Li positions.
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[0217] The lithium and transitional metal mixture was annealed at a rate of 3-4°C/min to
350°C for 2-hours. The product was then heated again by raising the temperature at 3-
4°C/min to 800 or 850°C for an additional four (4) hours. This formed a layered metal oxide
phase with is predominantly R3m symmetry by powder XRD analysis. A minor component

included Li,MnQj; but was not prevalent in the XRD pattern.

[0218] As noted herein, the instantly claimed materials have higher capacities than
commercially available oxide-based active materials. Also, as noted herein, the instantly
claimed materials have better rate capability than known NMCs, and the claimed invention
also demonstrates beneficial cycle life at, for example, 35°C and when cycled between 3.0 —

4.5V.

[0219] As noted herein, the instantly claimed invention has a Coulombic efficiency which

is dependent on particle size distribution.

[0220] As shown in FIG. 22, the hysteresis and impedance of the LR-NMC doped with 2.5
atomic % Al and 2.5 atomic % Fe had beneficial electrochemical properties. The Specific
capacity of this material is calculated to be about 175mAh/g. As shown in FIG. 23, this

material had beneficial capacity retention.

F. Example 6 — Surface Treatment of NMCs

[0221] In this example, surface treatments of the LR-NMC is shown. The coatings used in
this example included cobalt oxides and also aluminum fluorides. Other coatings can be used
as well. Following the synthesis in Examples 1 or 5, after the final annealing step, the Li-
NMC is formulated into a liquid dispersion at about 10% w/w with a dissolve salt, such as
cobalt nitrate or cobalt sulfate. To make an aluminum fluoride coating, aluminum nitrate and
ammonium fluoride can be used in place of the aforementioned cobalt precursors. In one
example, ammonium fluoride was used to deposit a fluoride coating on the LR-NMC. The
liquid dispersion is then spray dried and then anneal at the aforementioned annealing
temperatures. This results in a surface coating on the LR-NMC. In this example, the cobalt
oxide improves chemical compatibility and also improves the impedance at grain boundary

interfaces. In this example, the annealing occurred below 850°C.

[0222] Other coatings are possible, e.g., those set forth in U.S. Patent No. 7,381,496.
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G. Example 7 — Neutron Diffraction of LR-NMC

[0223] Neutron diffraction analysis of LR-NMC-2 sample from Example 1 was conducted.
The empirical formula of the lithium-rich nickel-rich compound was Li; 02NigMn,C0,013, as
determined by inductively coupled plasma (ICP) chemical analysis. Table 1 below shows the
results of this neutron diffraction analysis as Rietveld refinement of the neutron diffraction
pattern.

Table 1.

Space group: R3m; a=2.8690(6) A,
c=15.2021(3) A

7-

Element Site  position  Occupancy
Li 32 0.0000  0.939(2)
Li' 3b 05000  0.079(3)
Ni 3b 05000  0.608(2)
Ni' 32 00000  0.061(2)
Mn 3b 05000  0.156(6)
Co 3b 05000  0.156(6)
0 6c 02416  0.967(2)

[0224] For the Rietveld refinement, the metal sites, 3a and 3b, were assumed to be
completely filled, but the atomic distribution within each site was allowed to vary in the fit.
Ni and Li anti-site disorder was unconstrained, but only nickel was allowed to occupy the 3a
site (according to accepted convention). Fit error was minimized after 150 iterations by the

bootstrap method.

[0225] Neutron diffraction analysis of LR-NMC-2 sample from Example 1 was conducted.
The empirical formula of the lithium-rich nickel-rich compound was Li; 0oNigMn;C0,015, as
determined by inductively coupled plasma (ICP) chemical analysis. Table 2 below shows the

results of this neutron diffraction analysis as Rietveld refinement of the neutron diffraction

pattern.

Table 2.

Space group: R3m; a=2.8640(5) c¢=14.1945(3)
Element Site  Z-position Occupancy
Li 3a 0.0000  0.970(2)
Li' 3b 0.5000  0.107(3)
Ni 3b 0.5000  0.589(2)
Ni' 3a 0.0000  0.030(2)
Mn 3b 0.5000  0.151(8)
Co 3b 0.5000  0.151(8)
) 6¢ 02411  0.919(2)
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[0226] For the Rietveld refinement, the metal sites, 3a and 3b, were assumed to be
completely filled, but the atomic distribution within each site was allowed to vary in the fit.
Ni and Li anti-site disorder was unconstrained, but only nickel was allowed to occupy the 3a
site (according to accepted convention). Fit error was minimized after 150 iterations by the

bootstrap method.

[0227] These neutron diffraction results demonstrate that lithium occupies the Ni lattice
sites as the amount of Li increases. Also, these neutron diffraction results demonstrate that
oxygen sites become deficient as the amount of Li in the NMC lattice increases. These
results show that lithium substitutes into a single R3m lattice. These results show that lithium

substitution into the lattice of transition metals leads to the presence of oxygen defects.

H. Example 8 - STEM and EELS Analysis

[0228] In this example, a commercially available NMC oxide (Umicore Lithium Nickel
Cobalt Manganese Oxide; Grade: TH10; Lot# 71163) is compared with the the LR-NMC
prepared according to Example 1 (LR-NMC-1). The samples were characterized by STEM-
EELS using a FEI Tecnai TF300 TEM system and Gatan GIF Quantum SE EELS system.
The beam energy was set at 200KV with convergence angle 8.4 mrad, acceptance angle 19.0

mrad, energy range 200-2200eV and integration time 0.1s.

[0229] Figures 25a and Figure 26a show the direction of the chemical analysis EELS scan
line. Figure 25b shows the respective amounts of the constituent elements in the
commercially available NMC. Figure 26b shows the respective amounts of the constituent
elements in the LR-NMC-1 prepared according to Example 1. Figure 25C shows the
concentration of Nickel as a function of distance from the surface of the particle analyzed.
These results show that the commercially available source of the NMC compound has an
inhomogeneous distribution of Nickel along the direction from the particle surface and
towards the center of the particle, in particular at the surface region, where it is rich in nickel.
In contrast, Figure 26C shows the concentration of Nickel as a function of distance from the
surface of the particle for the

LR-NMC prepared according to Example 1. This result shows that the LR-NMC-1 particle
has a homogeneous distribution of Nickel along the direction from the particle surface and
towards the center of the particle. Figure 26 also shows that the LR-NMC material prepared

according to Example 1 has a homogenous distribution of transition metals.
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L Example 9 — X-ray Absorption Spectroscopy (XAS) Analysis

[0230] In this example, a series of LR-NMC compounds where prepared according to
Example 1 but wherein the ratio of Li to the sum total of the transition metals was
systematically varied. As shown in Figure 27, as excess lithium is incorporated into the
NMC bulk (i.e, the lattice) and over-lithiates the NMC, the average average oxidation state
of the nickel also increase. This demonstrates that as the NMC is over lithiated, the lithium
is not forming a secondary phase, e.g., Li20, but is rather substituting for a transition metal at
a transition metal lattice position. This substitution of Li for a transition metal causes the
remaining unsubstituted transition metals to increase their oxidation number or create oxygen
deficiencies in order to maintain charge neutrality.

[0231] As shown in Figure 27, the Ni L3-edge soft X-ray absorption spectroscopy is shown
for LR-NMC compounds with various Li/TM ratios prepared according to Example 1. The
increased intensity of the peak centered at ~ 854 eV demonstrates the increase of nickel
oxidation states. In the data presented in Figure 27, nickel shows the highest oxidation state
when the ratio of lithium to the sum total of the transition metals is about 1.11. In the data
presented in Figure 27, nickel shows the second highest oxidation state when the ratio of
lithium to the sum total of the transition metals is about 1.09. In the data presented in Figure
27, nickel shows the lowest oxidation state when the ratio of lithium to the sum total of the
transition metals is about 1.02.

[0232] Although the foregoing embodiments have been described in some detail for
purposes of clarity of understanding, it will be apparent that certain changes and
modifications may be practiced within the scope of the appended claims. It should be noted
that there are many alternative ways of implementing the processes, systems and apparatus of
the present embodiments. Accordingly, the present embodiments are to be considered as
illustrative and not restrictive, and the embodiments are not to be limited to the details given

herein.
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WHAT IS CLAIMED IS:

1. A positive electrode active material, characterized by the following
formula: Li1+xNiyMnCo0,0,+(x2), Wherein:

0<x<0.25;

0.5<y<038;

0.1<w<0.5;

0.05<z<0.5; and

y+twt+z=1

2. An oxygen-deficient positive electrode active material, characterized by
the following formula: Li1+\NiyMnyCo0,02.x), wherein:

0<x<0.25;

0.5<y<038;

0.1<w<0.5;

0.05<z<0.5; and

y+twt+z=1

3. The material of claim 1 or 2, wherein w = z.

4. The material of any one of claims 1-3, wherein y >w and y > z.

5. The material of any one of claims 1-3, wherein y > w + z.

6. The material of any one of claims 1-3, wherein y > w.

7. The material of any one of claims 1-3, wherein y is at least two times

greater than w.

8. The material of any one of claims 1-3, wherein y is at least two and a half

times greater than w.

0. The material of any one of claims 1-3, wherein y > z.
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10.  The material of claim 1 or 2, wherein an amount of the Li occupies Ni,

Mn, or Co crystal lattice positions.

11. The material of claim 1 or 10, wherein an amount of the Li occupies Ni

crystal lattice positions.

12. The material of claim 10 or 11, wherein an amount of the Li ranges from

0.1 to 25 mol %.

13. The material of any one of claims 1-12, wherein x > 0.

14. The material of claim 1 or 2, wherein the material is a layered-layered
oxide.

15.  The material of any one of claims 1-14, wherein the material comprises at

least two polycrystalline layered oxide phases.

16. The material of claim 15, wherein the at least two polycrystalline layered

oxide phases are inter-grown phases.

17. The material of claim 15, comprising a third polycrystalline inter-growth

layered oxide.

18.  The material of any one of claims 15-17, wherein one of the at least two

crystalline layered oxide phases is Li,M'O; where M is selected from Ni, Mn, or Co.

19. The material of claim 18, wherein the Li,M'Os is isostructural to

Na,MnOj; and has C2/m symmetry.

20.  The material of any one of claims 15-17, wherein one of the at least two

crystalline layered oxide phases is Lij-xM”O, where M” is selected from Ni, Mn, or Co.

21. The material of claim 20, wherein the Li;-xM?O; is iso-structural to

NaFeO, and has R3m symmetry.
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22. The material of claim 21, wherein the third polycrystalline inter-growth

layered oxide is selected from a low voltage stability phase.

23. The material of claim 22, wherein the low voltage stability phase is a

spinel phase.

24.  The material of any one of claims 1-23, wherein the material is described
as a two-phase mixture aLi;M'O3 + (/ — @)Li1+xM”O,, wherein:
0<a<0.3;
“a” is the relative mole fraction of Li,M'O5;
0<x<0.1; and

x” is the mole fraction of excess lithium in the material characterized by the

formula Li;-M?O,.

25. The material of any one of claims 1-24, further comprising a dopant

selected from the group consisting of Al, Fe, Mg, Na, V, Cr, Ti, Zr and combinations thereof.

26. The material of claim 25, wherein the dopant is Al at a concentration of

about 0.1 to about 5 mol %.

27. The material of claim 25, wherein the dopant is Fe at a concentration of

about 0.1 to about 5 mol %.

28.  The material of claim 25, wherein the dopant is a combination of Al and

Fe at a total dopant concentration of about 5 mol %.

29. The material of claim 1 or 2, wherein the material is polycrystalline and
characterized by a first X-ray diffraction (XRD) pattern intensity {003} peak at 19" (20) and a
second XRD pattern intensity {101} peak at 38-39" (20), and wherein the ratio of the first peak

to the second peak is equal to or greater than 1.
30. The material of claim 29, wherein the ratio is greater than 1.5.

31 The material of claim 29, wherein the ratio is greater than 2.0.
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32. The material of claim 1 or 2, wherein the material is polycrystalline and
characterized by an X-ray diffraction (XRD) pattern substantially as shown in FIG. 13, FIG. 14,
FIG. 17, or FIG. 18.

33. The material of anyone of claims 1-24, wherein the unit cell of Li1+XM202

is characterized by a unit cell volume ranging from 95 to 120 A°.

34. The material of claim 33, wherein the unit cell of Li; - M?0, is

characterized by a unit cell volume ranging from 102 to 103 A°.

35. The material of claim 33, wherein the unit cell of Li M0, is

characterized by a unit cell volume less than 102 A°.
36. The material of claim 33, wherein the unit cell is greater than 95 A”.
37. The material of claim 35, wherein x is 0.25.

38.  The material of claim 1, 2 or 25, having a specific capacity of at least 212
mAh/g and C/10 rate.

39. The material of any one of claims 1-24 having a specific energy density of

at least 725 Wh/kg and 825 Wh/kg at 1C and C/10 rate, respectively.

40. The material of any one of claims 1-24 having a specific energy density of
at least 750 mWh/g at C/1.
41. The material of any one of claims 1-24, having a specific energy density

of at least 680 mWh/g at 2C.

42. The material of any one of claims 1-24 having a specific energy density of

at least 820Wh/kg at C/10 rate.

43, The material of any one of claims 1-24 having a specific energy density of

at least 740Wh/kg at 1C rate.
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44.  The material of claim 1 or 2, wherein one of the at least one crystalline

material therein has a grain size from about 50 nm to about 500 nm.
45. The material of claim 44, wherein the grain size is about 200 nm.

46. The material of claim 44, wherein the grain size is determined by analysis

of a scanning electron microscopy image.

47. The material of any one of claims 44-46, wherein the determined grain

size is from the dominant or majority crystal phase.

48.  The material of any one of claims 1 and 10-47, characterized by one
formula selected from the group consisting of:

Li1+xNig sMng 25C00.2502+(x2);

Li1+xNigsMng 20C00.2002+(x2);

Li1+xNig 475Mng 475C00.0502+(x2);

Li1+xNig.45sMng 45C00.102+(x2);

Li1+xNig.5sMng 4C00.0502+(x2);

Li1+xNi0.71Mn0.15C00.1402+(x/2);

Li1+xNig71Mng 14C00.1502+(x/2; and

Lij+xNig70Mng 15C00.1502+x2).

49.  The material of any one of claims 2 and 10-47, characterized by one
formula selected from the group consisting of:

Li1+xNig sMng 25C00.2502.x/2);

Li1+xNigsMng 20C00.2002-x/2);

Li1+xNig.47sMno 475C00.0502-(x/2);

Li;+xNig45sMng 45C00 102-x12);

Li1+xNig ssMng 4C00,0502-x/2);

Li1+xNig.71Mng 15C00.1402-x2);

Li1+xNig.71Mng 14C00.1502-(x2); and

Li;+xNig70Mng 15C00.1502-¢x2).
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50. The material of any one of claims 29-49, further comprising a dopant

selected from the group consisting of Al, Fe, Mg, Na, V, Cr, Ti, Zr and combinations thereof.

51. The material of claim 50, wherein the dopant is present at about 0.1 to 10
atomic %.

52. The material of claim 50, wherein the dopant is present at about 1 to 5
atomic %.

53.  The material of any one of claims 1-52, wherein the material has a surface

coating selected from the group consisting of AlF, wherein 0< x <3, CoPOy, LiFePOy, lithium
phosphate, lithium hydroxyphosphate, cobalt oxide, alumina, aluminum phosphate, lithium
aluminum phosphate, lithium aluminate, aluminum fluoride, titania, titanium phosphate, lithium
titanate, lithium niobate, lithium zirconate, and lithiated or delithiated versions of the preceding
compounds.

54. The material of claim 53, wherein the surface coating has a thickness less
than 20nm, 15nm, 10nm or Snm.

55.  The material of claim 53or 54, wherein the surface coating is aluminum

fluoride or doped aluminum fluoride.

56.  The material of any of claims 1-55, wherein the material is characterized

by a tap density of 1-2.5 g/cm’ for a dso particle size distribution from 4 to 30 pum.

57. The material of claim 56, wherein the material is characterized by a tap

density greater than 2g/cm’ for a ds particle size distribution from 10 to 20 pm.

58. An electrode comprising a positive electrode comprising the material of

any one of claims 1-57.

59. An electrochemical device comprising a positive electrode comprising the

material of any one of claims 1-57.

60. A method of making a lithium rich manganese cobalt oxide, comprising

the following steps:
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providing an aqueous mixture of a nickel (II) precursor, a manganese (II)

precursor, and a cobalt (IT) precursor at a specified ratio;

optionally warming the mixture;

adjusting the pH of the mixture to about 10 or 11;

optionally stirring the mixture;

precipitating a nickel manganese cobalt hydroxide precipitate;

mixing the hydroxide with a lithium salt; and

annealing the mixture of the hydroxide with the lithium salt,

thereby forming a lithium rich manganese cobalt oxide.

61. The method of claim 60, wherein the nickel (IT) precursor is substituted

for a nickel (IIT) precursor.

62. The method of claim of claim 60, wherein the specified ratio of Ni:Mn:Co
is3:1:1,2:1:1, 1:1:0.5, or 5:2.5:2.5.

63. The method of claim of claim 60, wherein the warming the mixture step

comprises warming to a temperature of about 30 to 90°C.
64. The method of claim 60, wherein the temperature is about 50 to 60°C.

65. The method of claim 60, wherein the annealing the mixture of the

hydroxide with the lithium salt is at a temperature of at least 200 "C.

60. The method of claim 60, wherein the temperature is a temperature of at
least 350 °C.

67. The method of claim 60, wherein the temperature is a temperature of at
least 700 C.

68. The method of claim 60, wherein the temperature is a temperature of at
least 750 °C.

69. The method of claim 60, wherein the temperature is a temperature of at
least 800 C.
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70. The method of any one of claims 60-69, wherein the annealing the mixture
of the hydroxide with the lithium salt comprises holding the maximum annealing temperature for

at least 1, 4, or 6 hours.

71. The method of claim 70, wherein the maximum annealing temperature is

achieved by way of a 3 °C per minute heating ramp rate.

72. The method of anyone of claims 60-71, wherein annealing temperature

refers to the temperature of the mixture.

73. The method of claim 60, wherein the pH is adjusted by adding NaOH,
LiOH, Mg(OH),, or NH4OH.

74. The method of claim 73, wherein the pH is adjusted to equal 7, 7.5, 8. 8.5,
9,9.5,10,10.5, 11, or 11.5.

75. The method of claim 73, wherein the pH is adjusted to equal 10 or 11.

76. The method of claim 60, wherein precipitating the hydroxide comprises

spray drying the mixture.

77. The method of claim 60, wherein precipitating the hydroxide is conducted

slowly to allow the majority of the metal hydroxide to precipitate at the same time.

78. The method of claim 60, wherein precipitating the hydroxide is conducted

slowly to allow the transition metals to distribute themselves homogenously in the lattice.

79. The method of claim 60, wherein the lithium salt is selected from the

group consisting of LiOH, LiCOs3, and LiNO:s.

80. The method of claim 60, wherein mixing the hydroxide with a lithium salt

comprises dry mixing, dry milling, solvent milling, or mixing in a mortar and pestle.
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81. The method of claim 60, wherein mixing the hydroxide with a lithium salt
comprises mixing the hydroxide and the lithium salt in an aqueous suspension of the hydroxide

and the lithium salt.

82. The method of claim of any one of claim 81, comprising stirring the

aqueous suspension until the oxide is precipitated.

83. The method of claim of 81 or 82, further comprising spray drying the

aqueous suspension.

84. The method of claim 81 or 82, wherein the aqueous suspension has as

concentration of 10 w/w % solids.

85. The method of claim 60, wherein precipitating the hydroxide further

comprises recovering the precipitate as a powder using filtration.

86. The method of claim 79, further comprising filtering or washing sulfates

or nitrates away from the precipitate.

87. A positive electrode active material, characterized by the following
formula: Li1+xNiyMnCo0,0,+(x2), Wherein:

0<x<0.25;

0.5<y<038;

0.1<w<0.5;

0.05<z<0.5; and

y+twt+z=1

88. A positive electrode active material, characterized by the following
formula: Li1+«NiyMnC0,0,.(x2), wherein:
0<x<0.25;
0.5<y<038;
0.1<w<0.5;
0.05<z<0.5; and
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y+twt+z=1

89. The material of claim 87 or 88, wherein the majority of the Ni atoms have

a Mn nearest neighbor.

90. The material of claim 87 or 88, wherein all of the Ni atoms have a Mn or

Co nearest neighbor.

91. The material of any one of claims 87-91, wherein a majority of the Mn

atoms have a Ni or Co nearest neighbor.

92. The material of any one of claims 87-91, wherein all of the Mn atoms

have a Ni or Co nearest neighbor.

93. The material of any one of claims 87-92, wherein a majority of the Co

atoms have a Ni or Mn nearest neighbor.

94.  The material of any one of claims 87-93, wherein all of the Co atoms have

a Ni or Co nearest neighbor.

95.  The material of claim 87, wherein the transition metals are evenly

distributed in the material.

96. The material of claim 87, wherein the transition metal entropy is

maximized.

97. The material of claim 87, wherein no two Ni atoms are in direct contact or

sharing an oxygen bond.

98.  The material of claim 97, wherein no two Ni atoms sharing an oxygen

bond.
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The material of claim 87, wherein the transition metals are homogenously

distributed in the material.

100.

The material of claim 87, wherein a crystalline component is characterized

by a unit cell that includes twenty (2) transition metal atoms.

101.

The material of claim 100, wherein the twenty transition metal atoms

comprise fourteen (14) Ni atoms, three (3) Mn atoms, and three (3) Co atoms.

102.

The material of claim 87 or 88, wherein each Ni atom has one Co nearest

neighbor and one Mn nearest neighbor.

103.
104.
Ni** and Ni**.
105.
106.
1:100 to 3:2.
107.

nearest neighbors.

108.

109.

110.
15 0.29.

111.
15 0.30.

The material of claim 87 or 88, wherein the material is oxygen deficient.

The material of claim 87 or 88, wherein the Ni atoms are present as both

The material of claim 87 or 88, wherein the ratio of Ni*"/Ni*" is 1:1.

The material of claim 87 or 88, wherein the ratio of Ni*"/Ni*" is between

The material of claim 87 or 88, wherein Li is present with two unoccupied

The material of claim 87 or 88, wherein y is 0.71.
The material of claim 87 or 88, wherein w or z, or both are 0.14 or 0.15.

The material of claim 87 or 88, wherein y is 0.71 and the sum of w and z

The material of claim 87 or 88, wherein y is 0.70 and the sum of w and z
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112.  The material of claim 87 or 88, wherein y is 0.71 and w and z are 0.145.

113.  The material of claim 87 or 88, wherein x is greater than 0.08,

114. The material of claim 1, 2, 87 or 88, substantially as characterized in the

XRD pattern in FIG. 9.

115. The material of claim 1, 2, 87 or 88, substantially as characterized in the

XRD pattern in FIG. 13.

116. The material of claim 1, 2, 87 or 88, substantially as characterized in the

XRD pattern in FIG. 14.

117. The material of claim 1, 2, 87 or 88, substantially as characterized in the

XRD pattern in FIG. 17.

118. The material of claim 1, 2, 87 or 88, substantially as characterized in the

XRD pattern in FIG. 18.

119. The material of claim 1, 2, 87 or 88, substantially as characterized in the

EELS spectrum in FIG. 26.

120. The method of claim 60-86, further comprising fluorinating the surface of
the LR-NMC with a solution comprising NH4F.
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2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 4-9, 11-13, 15-28, 33-43, 47-59, 72, 91-94, 120
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No, IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Intemnational Searching Authority found multiple inventions in this international application, as follows:

I D As all required additional search fees were timely paid by the applicant, this intemational search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. [:’ As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. ‘Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation,

D No protest accompanied the payment of additional search fees.
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