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Abstract:

This invention provides a novel solution to form an artificial interphase on the electrode to protect it
from fast declining electrochemical behaviors, by depositing Metal Oxides Layer, by ALD or CVD.
Metals discussed here are IVA-VIA elements (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W). The film needs to
be thin, possibly discontinuous, and lithium ion conductive enough, so that the addition of this thin
film interface allows fast lithium ion transfer at the interface between electrode and electrolyte.
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PROCESSES FOR FORMING METAL OXIDE THIN FILMS ON ELECTRODE
INTERPHASE CONTROL

Background of the Invention

During the first cycles of a lithium-ion battery, the formation of a solid alectrolyte
interface (SED on the ancde andfor on the cathode is observed from the decomposition of
the elecirolyie at the alectrolvte/electrode interfaces. A loss of initial capacity of the lithium-
ion battery results from the consumption of lithium during the formation of this SEIL In addition,
the SE! layers formed ars non-uniform and unsiable, not efficient to passivate electrods
surfaces against degradastion of the electrode active materials due o a conlinuous
decomposition of the electrolyte. SEI lavers may suffer from physical cracks during battery
cycies, and lithium dendrites can appear and lead to short circuits followed by thermal
runaway. Furthermore the SEI iavers also creale a barrier potential that makes the
intercalation of lithium ions in an slecirode more difficult

in current designs, ithium ion battenes have (lithium) metal oxide, phosgphate or
fluoride coating (€.g. ALDy, LEMPO,, M=Nb, Zr, Al T, efc. or AIMFy M= W, Y, etc) at the
surface of slectrods andfor alectrode active material, by means of wel coating, dry coating
ar sputtering of continuous films of metal oxide orfand phosphate in order to stabilize the
interphase betweaen eleclrode and elactrolyte.  Lithium-containing thin films are well-known
for their use as surface coating lavers of elecirode malerials in lithium-ion battery
applications. Examples of lithium containing thin films include LIPON, lithium phosphate,
Hthium borate, lithium borophosphate, lithium niobate, Hhium titanate, lithium zirconium
oxides, etc. Surface coating of electrodes by ALD/CVD techniques is a preferred means to
form an intendead solid electrolyte interface thin film, hence avoiding the formation of these
unstable layers. However, the vapor deposition of ithium-containing films is difficult to
implement due to the lack of suitable lithium precursors Tfor high volume manufacturing: most
are not valatile or stable encugh, they may contain undesirable impurities. Another important
apphication of interphase thin films is in the formation of solid electrolyte materiais used in
solid-state batleries. Solid-state batleries are solvent-free systems with longer lifetime, faster
charger time and higher ensrgy density than conventional lithium-ion batteries. They are
considerad as the next technology siep in battery development. By ALD/CVD techniques,
uniform and conformal electrode/sliectrolyie interfacial thin films can even be obtained on
complex architecturs like 3D batteries.

Silicon anodes are also in the scope of the application of interphase thin films. Silicon
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is considered as the next generation of anode in lithium ion batteries development, providing
higher specific capacity (3800 mAh ¢g) than Graphite anode (372 mAh g ') with the same
potential level (0.2 V vs LI/LD as Graphite anode {(0.05 V vs Li"/Li}. The main drawback of
silicon ancdes is volume expansion up io 300% during charge/discharge, leading 1o the
destabilization of SEl and physical cracks in electrodes.

The application of interphase thin films can be expanded to lithium metal anode
technology. Lithium metal anodes have been considered as post lithium ion batteries (LIB)
since they could provide at least 3 times more theoretical capacity compared to LIB. Lithium
metal has also been highiighted owing 1o its high capacity {10x that of Graphile), reduced
battery volume and process simplicity. However, uncontrolied lithium metal surface may lead
to the growth of Li dendrite, causing a short circuit, and eventually a fire.

For next generation cathode active materials, many researches have been focused
on dentifying and deveioping metal oxide cathode matenals. Among a wide range of layerad
oxides, Ni-rich cathode materials like NMC (Hithium nicksl manganese cobalt oxide) and NCA
{lithium nickel cobalt aluminum oxide) are the most promising current candidates for praclical
applications. However, nickel-rich cathode materials tend to become amaorphous when a high
voltage is applied. One of the main drawbacks (o these melal oxide materials, is the
consecutive dissolution of the transition metals, especially nickel, due to parasite reactions
of the cathode material with electrolyte. This leads to structural degradation of the cathode
active material along with gas (O} release at slectrode/slectrolyte interface during battery
charging. In addition, the dissolved nickel ions move (o the anode side, and iis deposition on
ancde surface provokes a rapid decomposition of SEI at the anode, finally leading o the
failure of the battery.

Sping!l cathode materials have been intensively investigated for their high rate
capability and low or zero cobalt content. One of main issues with spinel cathode materials
such as LMO {lithium manganese oxide}, LNMO (lithium nickel manganese oxide) is the
dissolution of mangansse divalent ions {2 Mn®* — Mn* + Mn®") during battery charge
process, which mostly occurs at electrode/electrolvie interface, then re-deposition on anode
side and destruction of its SE{ as through the same mechanism of Ni-rich cathode materiais.

To addrass the interface issues betweaen electrolyte and cathode electrodes such as
transition metal dissolution, excessive glecirolyle decomposition, thin film deposition on
cathodes andfor cathode materials can be applied. For example, US853583282 discloses
wet coating of metal oxide {(AlxCz, BixOs, BaOa, ZrQs, MgO, Cr0s, Mgaix0a, Gax0a, SOz,
SnQy, CaQ, &0, BaO, TiOy, Fea0s, Mols, MoD,, Caly, Lax0s, Zn, LIAIO, or combinations
thereof) onte a cathode active material comprising Ni, Mn and Co. US9543581B2 describes
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dry coating of amorphous Al2O3 on precursor particles of cathode active materials comprising
Ni, Mn and Co slements. USS81422482 describes a LLPOWMN: coating using sputiering
method on cathode active materials comprising Mn. USS98378658B2 describes Hihium
phosphorus oxynitridse (LIPON) thin films coating using sputtering method on cathode active
materials comprising L, Mn, Ni, and oxygen containing compound with a dopant of at least
one of Ti, Fe, Ni, V, Cr, Cu, and Co. US910690182 describes AlOs thin films coating using
an aiomic layer deposition (ALD) method on cathode laminales and cathods active materials
comprising Co, Mn, V, Fe, &i, or &n and being an oxide, phosphate, silicate or a mixture of
two or more thereof, US10224540B2 describas Al:Os thin film coaling using ALD method on
a porous silicon anode. US1017736582 describes AIWEF or AWLFC; thin film coating onto
cathode active materials comprising LiCoQOz using ALD. US953100482 describas hybrid thin
fiims coating comprising the first layer of AlOsz, TiOz, Sn0q, Vols, MOy, Zr0s, Zn0, and the
second layer of fluonde-based coating, a carbide-based coating, and a nitnde-basead coating
using ALD method on anode materials group consisting of: lithium ftanate Lid+xTiBGC12,
where 0=x=3 (LTO), graphite, silicon, silicon-containing alloys, tin-containing alioys, and

combinations thereof.

Brief Summary of the Invention
The invention provides the following solutions to form an artificial interphase on an
glectrode to protect it from fast declining slectrochemical behaviors, by depositing Metal
Cxides Layers onto the cathode or cathode active materials by ALD or CVD. These Melal
Oxides Lavers reduce excessive decompaosition of elecirolyle at the electrode/electrolyie
interfaces during SEI formation, reducing capacity loss at the first cycles. The prasence of
such a Metal Oxides Layer also reduces the cathode active materials’ transition metai cation
dissolution, which is caused by parasite reactions between electrolyte and cathode active
materials, then iis re-deposition, on the anode. Electrochemical activity of the battery is
thereby improved. As discussed above, other typeas of films have been proposed, especially
pure metal oxides such as Alz0s. However this type of material behaves as an ion-insulator,
and therefore doas not allow the best slectrochamical performance of the rasulting cathode
and battery.
The invention may be further understood in relation {o the following non-limiting,
exempiary embodiments described as enumerated sentences:
1. A method of coating a cathode or 2 cathode aclive material with 2 metal oxide film,
the method comprising the steps of,
al. exposing the cathode or cathode aclive material 1o a chemical precursor

3
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vapor comprising a chemical precursor of the formula M(=NR#{OR")z(NR*%;) and an
oxXyQen source as an oxidizing co-reactant, wherein,

M is selected from Nb, Ta, orv,

Ra is selected from iPr, By, t-Am

Rb each is independently selected from Et, iPr, By, sBu, SPen, and

Re each is independently selected from Et or Me; and

b1. depositing the metal oxide film on the cathode or cathode active maierial.

The method of SENTENCE 1, wherein the step al. of exposing the cathode or
cathode active material (o a chemical precursor vapor and the step a2, of exposing
the cathode or cathode active material to a co-reactant, are seqguentially performed.
The method of SENTENCE 2, further comprising a step ati. of purging the chemical
precursor vapor prior to step a2, of exposing the cathode or cathode aclive material
to & co-reactant.
The method of SENTENCE 3, wherain the step b1, depositing the metal oxide film on
the cathode or cathode active material comprises an gtomic layer deposition step.
The method of SENTENCE 3, wherein the step b1, of depasiting the metal oxide film
on the cathode or cathode active material comprises a chemical vapor deposition
step.
The method of any one of SBENTENCEs 1-5, wherain the co-reactant is an oxygen
source such as O2, O3, H20, H202, NC, NO2Z, N2O or a NOx;, an oxygen-containing
silicon precursor, an oxygen-containing tn precursor, a phosphate such as
trimethyiphosphate, diethyl phosphoramidate, or a suifate.
The method of any one of SENTENCES 1-6, wherein the precursor is of the formula
M{=NR«YORP){NMsEl).
The method of any one of SENTENCEs 1-7, whersin for R® at least one is
independently selecied from sBu, SPen.
The method of any one of SENTENCESs 1-7, wherein the precursor is of the formula
M{=NR2}ORPL(NMeED and whearein for RP at least one is independeantly seiacted
from sBu, SPen.
The method of SENTENCE 8 or 9, wherein both RP are independently selected from
sBu, SPen.
The method of any one of SENTENCESs 1-10, wherein the metal oxide film produced
by step bt has an average atomic composition of Nb(yD:, O is oxygen, and D is any
othar atom(s), and wherein x=0.3-0.4, vy = 0.4-0.65 and z = 3.01-0.1.
The method of any one of SENTENCESs 1-11, wherein a temperature of the chemical
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13.

14.

15.

precursor vapor and/or the cathode or cathode active material is from 100 degrees C
to 300 degrees C, mare preferably 125 degrees C 10 275 degrees C, even more
preferably 125 degrees C 1o 178 degrees C.

The method of any ong of SENTENCEs 1-12, wherein the mstal oxide film has an
average thickness of 80.02 nm to 10nm, preferably 0.1 nirm {o Snm, most preferably 0.2
to 2 nm.

The method of any one of SENTENCESs 1-13, wherein the cathode active material, or
the cathode active material in the cathode, is selected from the group consisting of )
layered oxides such as Ni-rich cathode materials like NMC (lithium nickel manganese
cobalt oxide) and NCA {ithium nickel cobait aluminum oxide); b) spinel cathode
materials such as LMO (lithium manganese oxide), LNMO (lithium nickel manganese
oxide), o) Olivine structured cathode materials, in particular the family of Cliving
phosphates such as LCP {lithium cobalt phosphate), LFP {(lithium iron phosphate),
LNP (lithium nicksl phosphate), and combinations thereof.

The method of any one of SENTENCEs 1-14, wherein one or more of steps at. and
bi. are performed from one to ten times, preferably one to three times, more
preferably only one timea.

. The method of SENTENCE 1-15 wherein a) the lemperature of the chemicgl

precursor vapor and/or the cathode or cathode active material s from 100 degrees C
to 300 degraes C, more preferably 125 degress C to 275 degrees C, b) the metal
oxide film has an average thickness of 0.02 nm to 10nm, preferably 0.1 nm to Snm,
moat preferably 0.2 10 2 nm; and ¢} the metal oxide film s at least 50% continuous
on g surface of the cathode or cathode active material, preferably 95% or more
continuous, more preferably 98% or more continuous.

Brief Description of the Several Views of the Drawings

For a further understanding of the nature and objects for the present invention,

reference should be made 1o the foliowing detailaed description, taken in conjunction with the

accompanying drawings, in which like elements are given the same or analogous refargnce

numbers and whereain:

FiG. 1 shows Photoelectron spectroscopy resulis for NbG thin films deposition on

NMCE22 powder using Nb{(=NIBU}NELNHT-BU)2 ("Nau2" /0 using a Powder ALD (FPALD)

reactor;

FiG. 2 shows a normalized C-rate performance for NbO thin films deposited on

NMCG22 powder using Nb(=NBW{NELYO-BU): /HO in a Powder ALD (PALD) reactor
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{normalization to their original discharge capacity at .2 C);

Fitz. 3 shows the iong term cycling performance for NbQO thin films deposited on
NMC522 powder using Nb(=NIBU}{NELNHO-Bu)2/H0 in a Powder ALD {(PALD) reactor; and

FIG. 4 shows an elsctron micrograph of NMC 811 powder coated with a fayer of NbQ
after 3 ALD cycles using the AL conditions described in the Examples herein below. The
layer is identified by the arrow with a section also bracketed by bars. The laver is visually
verified as continuous and conformal with a thickness of approximately 1.5nm - 2nm.
Conformal coverage and the Nb content of the layer were further verified by Energy-
Dispersive X-ray Spsctroscopy (not shown).

Detalled Description of the Invention

The disclosure provides solutions {o form an inferphase on an elecirode {0 protect it
from fast declining electrochemical behaviors. The electrode interphase is formed on the
cathode active material prior 1o or afisr Hs incorporation into a final cathode. The Metal
Oxides Layers are formed by Chemical Vapor Deposition (CVD) or Atomic Layer Deposition
(ALD) using the volatile chemical precursor genus M(=NR*{ORP)2(NR®), wherein:

M is sslected from Nb, Ta, or V,

R# is selected from iPr, 1Bu, t-Am

Rt gach is independantly selected from Et, iPr, {Bu, sBu, SPen, and
¢ gach is independently selectad from &t or Me.

These volgtile chemical precursors are supplied simultaneously, seguentially and/or
by pulses of the vapor phase of the precursor. The process exploits the unexpected
gfficiency of the genus to achieve improved Cathode performance after fewer than nine ALD
deposition cycles, preferably three or fewer cycles. This relatively low number of required
ALD cydles dramatically reduces the consumption of metals, such as Nb or Ta, and the time
required to process Cathodes or Cathode active materials.

“Metal Oxides” and "Metal Oxide films” as used herein means a transition metal oxide
film having one or more additional slemeants such that the atomic ratio is MxQyDz, wherein
M = the aggregate portion of transition metal(s), O is Oxygen, and D is the aggregate portion
of other elements, such as Aluminum, Zinc, Tin, Carbon, Lithium, and Phosphorus.
Generally, x ranges from 10 to 80%, y ranges from 10 to 80%, and z ranges from
undetectabie to 10%, preferably from 0 to 5%.

Preferably, M is a transition metal that forms one or more stable ions that have
incompletely filled d orbitals. In particular, M is Nb, but may optionally further include one or
more of Ti, Zr, Hf, V, Ta, Cr, Mo, or W.
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The Metal Oxides films are formed by a CVD or ALD process to deposit the Metal
Oxides Layer anto the cathode active material prior o, al an intermediate manufacturing step
of the fingl cathode, or after iis incorporation into a final cathode. The Metal Oxides films
may be continuous films entirely coating the cathode active material such as by a powder
ALD of a powder cathode active material prior to inclusion in the cathode, The films may be
discontinuous, either by controlled deposition conditions to limit film growth or asz a result of
the cathode aclive material being incorporated in the cathode such that only part of its surface
is exposead {0 the CVD or ALD deposition process. Generally, the Metal Oxides fiims have
an average thickness of 0.125 to 10 nm, such 858 G125 nm to 1.25 nm, preferably 0.3 nm to
4 nm.

The Metal Oxide deposits may be deposited on an electrode such as those composed
of:

& g layer structured oxide, preferably a "NMUC” (8 lithium nickel manganase
cobalt oxide such as NMC811 (NiMnCo = 81:1) and aven more NMCBS5
(Ni:Mn:Co = 8:0.5:0.58)), a NCA (a lithium nickel cobalt aluminum oxide) or a
LNG {a lithium nickel oxide);

& a spingl, preferably a LNMO (& lithium nickel manganese oxide) or a LMC (a
ithium manganese oxide);

¢ an oliving {(lithium metal phosphate, with metal may be iron, cobalt,
manganesea);

s a form of carbon anode, such as graphite, doped or not;

& & silicon anode,

& 3 silicon-carbon anode

¢ g tin anocds,

& & silicon-tin ancde, or

& lithium metal.

The deposition may be done on an eleclrode active material powder, on elecirode
active material porous materials, on different shapes of electrode active materials, orin pre-
formed slectrodes in which the electrode active material may be alrsady associated with
conductive carbons and/or binders and may already be supported by a current coliector foil.

“Gathode”™ in lHhium jon battgries refers o the positive siscrode i an
electrochemical call (hattery} where the reduction of cathode meatenals {akes place hy
insartion of alectrons and lithium ions during charge. During discharge, cathods matarials
are oxidized by releasing olectrons and thium ions, LEhium ong move from cathode ©©

ancde or vice versa within an slsctrochemical call thvough siactrolyie, while slacstrons are
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transferred through an extemal circuit. Cathode s generally composed of cathode active
material (e, lithisted metal laverad oxide) and conductive carbon black agent {(acetyiene
Digck Super C85, Super M) and bindsr (PVDF, MO

“Cathode active materials”™ are the main slements in the composition of cathods
{positive electrods) for ballery celis. The cathods materials are, for example, coball, nicks!
and manganase in the arysial structure such as the lavered structure, forms a muti-metal
oxide matenal in which thium s inserted. The exampies of cathode aclive malsrials are
fayered lithivm nickel manganase cobalt oxide (LINIKMnyCozO2), sping! ithium manganess
oxide AMN204) and oliving Hthium ron phosphate (LiFePO4),

“Continuity” in relation {o a coating on a surface means the percentage of that surface
having any thickness of the coating material, Continuity is generally assessad optically by
imaging the coated matanal and gquantifying the groposition of surfacs coverad by the film o
not {n nm? for example), such as by a grid mapping of the surface. Eiscron mioroscapny may
be usad 1o image the surface. The amaount of coverags can be expressad intarms of percent
of the subsirate surface area. Finholss, gaps, or other discontinuities in the film will mean
the cortinuily is less than 100%

The Metal Oxides films are formed by a CVD or ALD process using the vapor(s) of
the volatile chemical precursor genus M{=NR3{QRP)(NR%) and optionally one or more other
chemical precursors that contribute to the final film formation. Any additional suitable
precurser(s) may be selscited for use based on their known applicability {o the formation of
Metal Oxides used for other applications.

A wide variety of optional precursors may be suitably used with Nau?2, under optimized
deposition conditions, o form Metal Oxides.

The Preferred IVA metal precursors are:

& M{ORM with each R is indegpendently a C1-C6 carbon chain (inear or
branched), most preferably M(OMe}s, M{(QiFr)s, M{OtBu)4, M(CsBu)y

s M(NR'R?)s with each R" and R? are independenily a C1-0C6 carbon chain
(iinear or branched), most prefarably M{NMeao)., M{NMeEt)s, M{NER)

¢ MLNR'R?); with L represants an unsubstitutsd or substituted allyl,
cyclopentadienyl, pentadienyl, hexadienyl, cyclohexadienyl, cyciocheptadienyt,
cyciooctadieny! and sach R' and R? are indspendently a C1-C8 carbon chain
{lingar or branched), most preferably MCp{NMes)a, M{MeCp)(NMes)s,
M{EtCP)NEL)s, MCp*(NMez)s, MCp(NMez)s, M{(MeCpiNMes)s,
M{EICpYNEL)s, MCp™(NMaz)s, MEPrCpi{NMeaz)s, M(sBuCpi{NMe:)s,
MUIBUCPYNMe)z, N(secPenCpi{(NMez):, M(nPrCoX{NMe:)s

CA 03239281 2024-5-27



CA 03239281 2024-5-27

WO 2023/102107 PCT/US2022/051515

@

ML{OR)s with L represents an unsubstituted or substituted alivl.
cyclopantadienyl, pantadienyl, hexadiany!, cyclichexadienyl, cycloheptadienyl,
cyclooctadieny! and each R is independently a C1-C8 carbon chain (linear or
branched), most preferably MCp{OiPn., M{MeCp){CiPrz, M{EICpHOEDs,
MCp*(OED., M>IPrCpi{NMea)a, M(sBuCpi{NMes)s, MIBUCDNMeas)s,
Ni(secFenCp){(NMs,)s, M(nPrCp){(NMez)s

Freferred VA metal precursors are:

[ ]

M(OR)s with each R ig independently a C1-C8 carbon chain (linear or
branched), most preferably M{OEDS, M(OIPHS, MOIBUYS, M(OsBWS
M{NR1R?}; with each R' and R? are independently a C1-C6 carbon chain
(lingar or branched}, most preferably M{NMaez)s, M{NMeaEt)s, M{NEt)s
MUL{NR'R?), with x= 3 or 4, L represents an unsubstituted or substituted allyl,
cyclopentadieny!, pentadienyl, hexadienyl, cycichexadienyl, cycioheptadienyl,
cyciooctadieny! or a imide of the form N-R and each R' and R2 are
independently a C1-C8 carbon chain (linear or branched), most preferably
MCp{(NMez)s, M{(MeCp)(NMez)a, MEICp){NEtz):, MCp*(NMez)s,
M{=NtBu)(NMeg)s, M{=NIAM(NMez)s, M(=NIBulNEL)s, ME=NIBu(NEMe);,
M{=NIPr(NEtMe)s.

MENRULINRZRS), with x= 1 or 2, L represants an unsubstituted or
substituted alivl, cyclopentadienyl, pentadienyl, haexadisnyl, cycichexadienyl,
cycicheptadienyl, cyclooctadieny! and each R and R? and R are
independently a C1-C6 carbon chain, most preferably MCOp{(=NtBu){NMes)s,
M{MeCp){N=tBu}(NMeu):, M(EICR}N=tBu{(NMe:),, MCp*(=NtBu}{NMe:),,
MCp{(=NIBU}{NEtMe),, M{(MeCp)}{N=tBu{NEtMe),, M(EtCp}N=tBu)(NEtMe)=.
MLIOR), with x= 3 or 4, L reprasents an unsubstiiuted or substitutaed aliyl,
cyclopentadienyt, pentadienyl, hexadienyl, cyclochexadienyl, cycicheptadienyt,
cyclooctadienyl or a imide of the form N-R, with each R i8 independently a
{31-C6 carbon chain (linsar or branchad), most preferably MCOCp{GiPr);,
M{MeCp)(OiPris, MEICPHOE)s, MCp™OED:, M(=NIBUXOIPrs,
M{=NtAM{OiPr)s,

MLIORL(NR'R?), with x and v indspendently equal to 1 or 2, L represents an
unsubstituted or substituted alivl, cyclopentadienyl, pentadienyl, hexadienyi,
cyichexadienyl, cycloheptadieny!, cycicoctadieny! or a imids of the form N-R,
with each R is indepandeantly a C1-C8 carbon chain {inear or branchad),
most preferably MCp(QiP(NMe), M(MeCp)Y{OiPrn(NMes),
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M(EICPHOED(NMey), M(=NIBUW{OIPr):(NMez), M(=NIBW{OIPr}{NMes)s,
M{=NIBU}OIPr){(NMe:), MENIBUY{OIPH{(NEtMe), MENIBu)(OIPr(NEt:),
M{=NIBUYOED(NMeay), M=NIBU{(OEDANEMe), M(=NIBU}{OEU(NEDL),
M=NIPH(OIP2(NMe2), M=NIPH{OIP):{(NMe2)z, MENIPH{OIPH(NEtMe),
MEENIPH{GIPD2NED), MENIPO(OED(NMa:), M=NIPH{OEL(NEtMe), or
M{=NiPr){OE(NEL).

Freferred ViA metal precursors are:

e M(OR)s with each R is independentiy a C1-C8 carbon chain {linear or
branched), most preferably M{OED:, M(OIFNs, M(OtBu)s, M{CsBu)s

s  M{NR'R}s with each R! and R? are independently a C1-C8 carbon chain
(lingar or branched}, most preferably M{NMaezls, M{NMealt)s, M{NEt2)s

s MINRTR?LL, with x and v being independently equal to 1 1o 4, L represenis
an unsubstituted or substituted allyl, cyclopentadienyi, pentadienyl,
hexadienyl, cycichexadienyl, cyciohsptadieny!, cyclooctadieny! or a imide of
the form N-R and each R! and R? are independently a C1-C8 carborn chain
(linear or branched), most preferably MCp{(NMez)z, M(MeCp){(NMez)a,
M{EICp)NEL), MCp*(NMe:2): M{ENBuh:(NMes):, M{=NtAM{(NMe:)s,
M{=NtBU)(NEt2)2

s  MORL(NRIRE) L, ML with x, v and z being independently equaitc Oto 4, L
represents an unsubstituted or substituted allvl, cyciopentadienyl,
pentadienyl, hexadienyl, cyclohexadienyl, cycloheptadienyl, cyclooctadienyd
or & imide of the form N-R, with each R is independently a C1-C6 carbon
chain {inear or branched), most preferably MCp(GiPH:, MMeCpi{OiFns,
M{EICPHOEDs, M{=NIBUR(OIPr):z, MENAM){(OIPr):, M{ENBU){OBU):,
M=NIPH(OtBU)2, MENIBURQIPr,, M(ENIPH{OiPr..

& M{=Olxly, with x, v and z peing independently equal o 0 to 4, L represents
an unsubstituted or substituted allyi, cyclopentadienyi, pentadienyl,
hexadienyl, cyciohexadienyl, cycloheptadienyl, cyciooctadienyl, amide or a
imide of the form N-R, with each R is independently a C1-C6 carbon chain
(iinear or branched), most preferably M{(=0){OiBu)2, M{(=0)(0iPr):,

M= OsecBu),, M{(=0On{OsacPen),, M(=0)(NMes)s, M{=ORINER),,
M{=O)(NiPr)2, M{=0R(NnPrz)z, M(=0)2{NEiMe)2, M(=0)z(NPenz)z.
The Metal Oxides fiims may be formed using one member of the volatile chemical
Crecurser ganus as a single precursaor or it a combination with ona or more other precursors,
in either case optionally with an oxidizing co-reactant (if needed or desired). One of skill in

10
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the art is able o select the appropriate additional precursor(s) and co-reactanis from those

known in the art to produce the Metal Oxides fiims with the desired composition when used

under optimized deposition conditions (¢ “tune” the composition of e metal oxides.

Exemplary guidance on various precursor options include:

®

Cxygen may come from an O-source such as Oy, Gs, HaO, HaGe, NO, NOZ,
N2O or a NOx

Cxygen may come from a dopant source such as an oxygen-containing silicon
precursor, as an oxygen-containing tin precursor, a phosphate such as
trimethyiphosphate, diethyl phosphoramidate, or a sulfate.

Nitrogen may come from a N-source such as Nz, NiHa, NoH,, NaH4-containing
mixtures, an atkyl hydrazine, NO, NO2, N20O ora NOx

Nitrogen may come from a dopant source such as an nitrogen-containing
gilicon pracursor, as an nitregen-containing iin precursor, or a phasphata such
as diethyl phosphoramidate,

Carbon may come from a C-sowrce such as an hydrocarbon, carbon-
containing silicon precursor, a carbon-containing lin precursor, a carbon-
containing boron precursor, 8 carbon containing aluminum precursor, a
carbon-containing phosphorus  precursor, a phosphate  such  as
frimethyiphosphate, diethyl phosphoramidate, or a sulfate,

Silicon may come from a Si-source such as a silane or a sllicon-containing
organcmetallic precursor.

Tin may come from a Sn-souwrce such as a stannane or a tin-containing
arganometallic precursor.

Aluminum may come from an Al-source such as an alane, including alkyl
alanes, or an aluminum-containing crganometailic precursor,

Fhosphorus may come from a phosphing, including an organic phosphing or
a phosphate such as trimethyiphosphate or diethy! phosphoramidate.

Sulfur may come from a S-source such as & sulfur, 58, H2G, H282, 802, an
organic sulfite, a suiphate, or a sulfur-containing organometallic precursor.
The first row transition metals may come from known organometallics or other
precursors suitable for use in vapor deposition.

Examples

Examples 1-8: Depuosition and electrochemical performances of NbQ thin films deposited
using Nau2/H0 on NMCG22 powder at 250°C

CA 03239281 2024-5-27
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Experimental conditions for depositfilm formation:
The number of cycles on NMCB22 elactrades or NMC powder are typically imited to
20 ALD cycies, corresponding to about 1.5 to 4 angstroms, a thickness insufficient to perform
film composition. Such characterizations were thersfore performed on films deposited with
Gs after 300 ALD cycles on blank silicon wafers, The corresponding growth rate and film
composition by X-ray Photoelectron Spectrometer (XPS) are:
e GPC ~2.96 A Nb ~38.7%, O ~54.8%, C: ~3%, N: ~2%, 5i ~1.4%
e The refractive index of these films is 2.38.
Depositions were performed on NMCG22 powder using a fluidized bed reacior inthe

following experimental conditions:

ALD conditions for ALD

Reactor set temperature 250 ¢C
Reactor prassurs ~40 Tory
Cycle # 112i3/18 cy

Frecursor & gas

Nautilus2 canister Temp. 100 °C
Nautilus2 canister Press. 50 Torr

N2 bubbling in Nautilus2 20 scom
O3 FR 20 scom
N2 pushipurge ~120 scom

Fulse sequence

Nautilus2 (2 scoem) 200 sec
Furge 1040 sec
H20 180 sec
Purge 1040 sec

Loaded substrate
5g of NMC822 powder

The chemical precursor in these examples is Nb{=NBUW{NELRNO-Bu): ("Nau2”).

12
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Electrochemical characterizations:
Experimental conditions:
Battery celi conditions:
+« Cathode materigll NMCB22
s~ 5 mgiom? loading
No calendering
=« Coating material. Nb2Qs
o Precursor: NautilusZ
o Co-reactant. Oz or H20
o Dep. T=250°C
o Powder reactor P < 40 torr
Coated powder quantity: 5 g
o Reactor filling: X %
« Membrang: Celgate 2400
+ Neat slectrolyte: 1M LiPFs
in ECEMC{11wh)
« Anode materiall Li metal

Measurement conditions:
o Temperature: 26°C
«  3pre-cycles at 020, then 1C
»  Voltage: 3.0~43V, CC

As seean in Figure 1, the quantity of Niobium deposited as Niobium Oxide increassas
from one ALD cycle 1o 2-3 ALD cycles and the dramatically increases with nine ALD cycles.
The effect of these Nioblum Oxide deposiis are shown in Figures 2 and 3. Battery
performance is significantly enhanced compared {o an uncoated control. However, guite
unexpectedly, a single ALD cycle producss the best results although 2-3 cycles are close to
the same. 9 ALD cycles does still improve performance compared o the control, but not as
well as 1-3 cycies. Normally, ALD coatings for Cathode active materials requires 5-20 ALD
cycigs for optimal benefit. Nau2 surprisingly enables a low ALD cycle process that requires
much less time and much lower precursor guantities per unit of cathode active materiais.
This will result in significant cost savings in industrial use.

The same conditions and tests were uysed for ALD using Ozone in place of water. The

Ozone results were the same as with water, demonstrating that the low cycle number

13
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deposition was not substantially influenced by the oxidizer used.

Similar TGA and BDTA properfies were measured for the Ta analog
Ta(=NIBu}{NELXC-Bu). Depositions at 200 cycies with Oz on g silicon wafer, likewise
produces similar resulls as seen for NR(=NIBU}NELHO-Bu),. At 275 degrees C, growth
rate was 4.89 angstrom/cycie with a composition Ta: 32.8%, O 58.5%, and C: 8.1%. Based
on these resuits, itis expeciad that 1-9 cvcles of ALD for cathode or cathode material coating

will produce benefits in electrods performance similar to those demonstratad for Nau2 above.

Wihile the invention has been describad in conjunction with specific embodiments
thergof, it is evident that many alternatives, modifications, and variations will be apparent to
those skilled in the art in light of the foregoing description. Accordingly, it is intended o
embrace all such alternatives, modifications, and variations as fall within the spirit and broad
scope of the appended claims. The present invention may suitably comprise, consist or
consist essentially of the slements disciosed and may be practiced in the absence of an
element not disclosed. Furthermore, if there is language referring to order, such as first and
second, it should be understood in an exemplary sense and not in a limiting sense. For
example, it can be recognized by those skilled in the art that certain steps can be combined
into a single sten.

The singuiar forms “&", "an” and “the” include plural referents, unless the context
clearly dictates otherwise.

*Comprising” in a claim is an open transitional term which means the subsequently
identified claim slements are a nonexciusive listing (e, anything else may be addilionaily
included and remain within the scope of “comprising.” “Comprising” i3 defined hergin as
necassarily esncompassing the more limited transitional terms “consisting essentially of and
‘consisting of”; “comprising” may therefore be replaced by “consisting essentially of or
‘consisting of” and remain within the expressly defined scope of "comprising”.

“Providing” in a claim is defined 10 mean furnishing, supplying, making available, or
preparing someathing. The step may be performed by any actor in the absance of express
languags in the claim to the contrary.

Optional or optionally means that the subseqguently described event or circumstances
may or may not occur. The description incdludes instances where the event or circumstance
occurs and instances where it does not oceur.

Ranges may be exprassed herain as from about one particular value, andior to about
another particular value, When such arange is expressad, it is 10 be undersiood that another
embodiment is from the one particular vaius and/or to the other particular value, along with

14
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all combinations within said rangs.
Al referenceas identified herein are each hereby incorporated by reference into this
application in their entireties; as weil as for the specific information for which each is cited.

CA 03239281 2024-5-27
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CLAIMS

1. A method of coating a cathode or a cathode aclive material with a metal oxide film,
the method comprising the steps of
al. exposing the cathode or cathode acltive matenial to a chemical precursor
vapor comprising a precursor of the formula M(ENRIY(ORPR(NRS) and an oxygen
SOUICE as an oxidizing co-reactant, and
b1, depositing the meatal oxide film on the cathode or cathode active material,
wharein:
M is selected from Nb, Ta, or vV,
R? is selscted from iPr, tBu, t-Am
R each is independeantly selecied from Et, iPr, tBu, sBu, SPen, and

Rt gach is independently selected from Et or Me.

2. The wmethod of daim 1, wherein the precursor is of the formula
M{=NR2}{OR)2(NMeE1).

3. The method of claim 1, wherein for RP at least one is independently selecied from
sBu, SPen.
4. The method of dam 1, wherein the precursor is of the formula

M{=NR}{ORM(NMeEL and wherein for R® at least one is independently selected from sBuy,
SPen.

5. The method of claims 3 or 4, wherein both R® are independently selected from sBu,
SPen.

6. The meathod of claim 1, wherein the precursor is NB{ENIBu}NELYO-1BU),,
Nb{(=NIBUW{NEL)(O-BU), Ta{=NtBU}{NEL)}{O-1Bu),, Ta(=NIBUW}{NEL)(O-BY), and mixtures
thereof.

7. The method of cigim 1, wherein the step a1, of exposing the cathode or cathode active
material to a chemical precursor vapor and the step a2, of exposing the cathode or cathode

active material to a co-reactant, are sequentially performed,

18
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. The method of claim 2, further comprising a step ati. of purging the chemical
DrEcursor vapor prior 1o step a2, of exposing the cathode or cathode active material 1o a ¢o-
reactant.

9. The method of claim 3, wherein the step b1, depositing the metal oxide film on the

cathode or cathode active material comprises an atomic laver deposition step.

10. The method of claim 3, whersin the step b1, of depasiting the meatal oxide film on the
cathode or cathode active material comprises a chemical vapor deposition step.

11. The method of any one of claims 1-5, wherein the co-reactant is an oxygen source
such as O2, O3, HM20, H202, NG, NGC2Z2, NZ20 or a NOx, an oxvgen-containing silicon
precursor, an oxygen-containing tin precursor, a phosphate such as trimethyiphosphate,
diethy! phosphoramidate, or a sulfats.

12. The method of any one of claims 1-11, wherein the metal oxide film produced by step
b1. has an average atomic composition of NbOD,, O is oxygen, and D is any other atom({s),
and wherein x = 0.3-04, y = 0.4-065 and z = 0.01-0. 1.

13 The meathod of any one of claims 1-12, whearein a temperature of the chamical
precursor vapor and/or the cathode or cathode active material is from 100 degrees C to 360
degrees C, more preferably 125 degrees C 10 275 degress C, even more preferably 125
degrees C 1o 175 degrees C.

14. The method of any one of claims 1-13, whersin the metal oxide film has an average

thickness of 0.02 nm o 10nm, preferably 0.1 nm to Snm, most preferably 0.2 to 2 nm.

15 The method of any one of claims 1-14, wherein the cathode aclive material, or the
cathode active material in the cathode, is sslected from the group consisting of a) laysred
oxides such as Ni-rich cathode materials like NMG (lithium nickel mangansese cobalt oxide)
and NCA (lithium nickel cobalt aluminum oxide); b) spinel cathode materials such as LMO
(ithium manganese oxide), LNMO dithium nickel manganese oxide); ¢) Clivine structured
cathode materials, in particular the Tamily of Olivine phosphates such as LCP {lithium cobalt
phosphate), LNP (ithium nickel phosphate), LFP {ithium iron phosphate); and combinations
thereof.

CA 03239281 2024-5-27
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16. The method of any one of claims 1-15, wherein one or more of steps at. and b1, are

performed from one 1o fen times, preferably one (o three imeas,

17. The method of claim 18, wherein a) the temperature of the chemical precursor vapor
and/or the cathode or cathode active matenal is from 100 degrees C to 300 degrees C, more
preferably 125 degrees C to 178 degrees C, b) the metal oxide film has an average thickness
of C.02 nm to 10nm, preferably 0.1 nm to &nm, most preferably 0.2 o 2 nm; and ¢) the metal
oxide film is at least 80% continuous on a surface of the cathode or cathode active material,
preferably £5% or more continuous, more praferably 98% or more continuous.

18
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