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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 electrolyte
interface (SEl) on the anode and/or on the cathode is observed from the decomposition of
the electrolvie at the elecirolyte/elecirode interfaces. A loss of initial capacity of the lithium-
ion battery results from the consumption of lithium during the formation of this SE!. In addition,
the SEl layers formed are non-uniform and unstable, not efficient to passivate electrode
surfaces against degradation of the slectrode active materials due 1o a continuous
decomposition of the elecirolyte. SEI layers may suffer from physical cracks during battery
cycles, and lithium dendrites can appear and lead to short dircuits followed by thermal
runaway. Furthermore the SEl layers also create a barrier polential that makes the
intercalation of lithium ions in an electrode more difficult.

in current designs, lithium ion batteries have (lithium) metal oxide, phosphate or
fluoride coating {e.g. ALDy, LEMPG,, M=Nb, Zr, Al Ti, stc. or AIMFy M= W, Y, etc) at the
surface of electrode and/or electrode active material, by means of wet coating, dry coating
or sputtering of continuous films of metal oxide orfand phosphate in order {o stabilize the
interphase between electrode and electrolyte. Lithium-containing thin films are well-known
for their use as surface coating layers of electrode materials in lithium-ion battery
applications. Examples of lithium containing thin films include LIPON, lithium phosphate,
fithium borate, lithium borophosphate, lithium niobate, lithium titanate, lithium zirconium
oxides, stc. Surface coating of electrodes by ALDICVD techniques is a preferred means to
form an intended solid selectrolyte interface thin film, hence avoiding the formation of these
unstable layers. However, the vapor deposition of lithium-containing films is difficult to
implement due to the lack of suitabie lithium precursors for high volume manufacturing: most
are not volatile or stable encugh, they may contain undesirable impurities. Another important
application of interphase thin films is in the formation of sclid electrolyte materials used in
solid-state batteries. Solid-state batteries are solvent-free systems with longer lifetime, faster
charger time and higher energy density than conventiona!l lithium-ion batteries. They are
considerad as the next technology step in battery development. By ALD/CVD technigues,
uniform and conformal electrode/electrolyie interfacial thin films can even be oblained 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 anocde in lithium ion batieries development, providing
higher specific capacity (3800 mAh g} than Graphite anode (372 mAh g} with the same
potential ievel (0.2 V vs LiY/LI) as Graphite anode {(0.05 V vs Li*fLi). The main drawback of
silicon anodes is volume expansion up 1o 300% during charge/discharge, leading 1o the
destabilization of SE! and physical cracks in slectrodes.

The application of interphase thin films can be expanded to lithium metal anode
technology. Lithium metal anodes have been considerad as post lithium ion batteries (LIB)
since they could provide at least 3 times more theoretical capacity compared {o LIB. Lithium
metal has also been highlighted owing to its high capacity {10x that of Graphite), reduced
battery volume and process simplicity, However, uncontrolied lithium metal surface may lead
{0 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 identifying and developing metal oxide cathods materials. Among a wide range of layered
oxides, Ni-rich cathode materials like NMC (lithium nickel manganese cobalt oxide) and NCA
{lithium nickel cobalt aluminum oxide) are the most promising current candidates for practical
applications. However, nickel-rich cathode materials tend to become amorphous when a high
voltage s applied. One of the main drawbacks to these metal oxide materials, is the
consecutive dissolution of the transition metals, especially nickel, due o parasile reactions
of the cathode material with slectrolyte. This leads {o structural degradation of the cathode
active material along with gas (Oy) release at electrode/electrolyte interface during battery
charging. In addition, the dissolved nickel ions move (o the anode side, and its deposition on
anode surface provokes a rapid decomposition of SEl at the anode, finally leading to the
failure of the battery.

Spinel 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 manganese divalent ions (2 Mn® — Mn* + Mn?") during battery charge
process, which mostly occurs at slectrode/elecirolyte interface, then re-deposition on anocde
side and destruction of its SEI as through the same mechanism of Ni-rich cathode materials.

To address the interface issues between electrolvte and cathode electrodes such as
transition metal dissolution, excessive slectrolvte decomposition, thin film deposition on
cathodes andfor cathode materials can be applied. For example, US8535832B2 discloses
wet coating of metal oxide (AlOs, BiaQs, B2Qs, Zr0z, MgO, Crz0s, MgAlDOs, Gax0s, SiO:,
Sn0y, Cal, SO, Bal, TiO,, Fea0s, MaOs, MoO., Cals, Lax0s, ZnO, LIAIO; or combinations
thereof) onto a cathode active material comprising Ni, Mn and Co. USS543581B2 describes
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dry coating of amorphous A0z on precursor particies of cathode active materials comprising
Ni, Mn and Co elements. US9614224B2 describes a Li,POMn: coating using sputtering
method on cathode active materiais comprising Mn. USS837668582 describes lithium
phosphorus oxynitride (LIPON) thin films coating using sputtering method on cathode active
materials comprising Li, Mn, Ni, and oxygen containing compound with a dopant of at least
one of Ti, Fe, Ni, V, Cr, Cu, and Co. USS19880182 describes AlOs thin films coating using
an atomic layer deposition (ALD) method on cathode laminates and cathode active materials
comprising Co, Mn, V, Fe, Si, or &n and being an oxide, phosphate, silicate or a mixiure of
two or more thereof. US1022454082 describes AlzOs thin film coating using ALD method on
a porous silicon anode. US10177365RB2 describes AIWFy or AIWF,C; thin film costing onio
cathode active materials comprising LiCoQO; using ALD. US853100482 describes hybrid thin
films coating comprising the first layer of AlzOs, TiOs, 5n0;z, Vo0s, MO, Zr0s, Zn0, and the
sacond layer of fluoride-based coating, a carbide-based coaling, and a nitride-based coating
using ALD method on ancde materials group consisting of: lithium titanate Li(d+x)TiB0O12,
whare 0Sx=3 (LTO), graphite, silicon, silicon-containing alloys, tin-containing alloys, and
combinations thersof.

Brief Summary of the invention
The invention providas the foliowing sciutions to form an artificial interphase on an
electrode to protect it from fast declining electrochemical behaviors, by depositing Metal
Oxides Layers onto the cathode or cathode active materials by ALD or CVD. These Mestal
Oxides Lavers reduce excessive decomposition of electrolyte at the electrodefelectrolyie
interfaces during SEI formation, reducing capacity loss at the first cycles. The presence of
such a Metal Oxides Layer also reduces the cathode active materials’ transition metal cation
dissolution, which is caused by parasite reactions between electrolyte and cathode active
materials, then its re-deposition, on the ancde. Eleclrochemical activity of the batlery is
thereby improved. As discussed above, other types of films have been proposed, especially
pure metal oxides such as Al:0s. However this type of material behaves as an ion-insulator,
and therefore does not allow the best elecirochemical performance of the resulting cathode
and batiery.
The invention may be further understood in relation to the following non-limiting,
exemplary embodiments described as enumerated sentences:
1. A method of coating a cathode or a cathode active material with a2 metal oxide film,
the method comprising the steps of.
al. exposing the cathode or cathode aclive material {0 a chemical precursor
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vapor comprising a chemical precursor of the formula M{=NR#{QOR"):(NR%) and an
oxygen source as an oxidizing co-reactant, wherein:

M is selected from Nb, Ta, or vV,

Ra is selected from iPr, By, t-Am

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

Rc each is independently selected from Et or Me; and

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

The method of SENTENCE 1, wherein the step a1, of exposing the cathode or
cathode active material 1o a chemical precursor vapor and the step a2, of exposing
the cathode or cathode active material to a co-reactant, are sequentially performed.
The method of SENTENCE 2, further comprising a step atl. of purging the chemical
precursor vapor prior {o step a2, of exposing the cathode or cathode active material
to & co-reactant.
The method of SENTENCE 3, wherein the step b1, depositing the metal oxide film on
the cathode or cathode active material comprises an atomic layer deposition siep.
The method of SENTENCE 3, wherein the step b1. of depositing the metal oxide film
on the cathode or cathode active material comprises a chemical vapor deposition
step.
The method of any one of SENTENCEs 1-5, wherain the co-reactant s an oxygen
source such as 02, O3, H20, H202, NC, NO2Z, N20 or a NOx; an oxygen-coniaining
silicon precursor, an oxygen-containing iin precursor, a phosphate such as
frimethyiphosphate, disthyl phosphoramidate, or a sulfate.
The method of any one of SENTENCEs 1-6, wherein the precursor is of the formula
M{=NR*}{OR"){NMeEl).
The method of any one of SENTENCEs 1-7, wheraein for R® at least one is
independently selected from sBu, SPen.
The method of any one of SENTENCESs 1-7, wherein the precursor is of the formula
M(=NR2}(ORP),(NMeEt) and wherein for R° at least one is independently selectad
from sBu, SPen.

10. The method of SENTENCE 8 or 9, wherein both R® are independently selected from

sBu, SPen.

11. The method of any one of SENTENCESs 1-10, wherein the metal oxide film produced

by step b1, has an average atomic composition of Nb\GyD:, O is oxygen, and D is any
other atom({s), and wherein x=0.3-04, y = 0.4-0685 and 2= 0.01-0.1.

12. The method of any one of SENTENCESs 1-11, wherein a temperaiure of the chemical
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precursor vapor andfor the cathode or cathode active material is from 100 degreses C
to 300 degrees C, more preferably 125 degrees C o 275 degrees €, even more
preferably 125 degrees C 10 175 degrees C.

13. The method of any one of SENTENCEs 1-12, wherein the metal oxide film has an
average thickness of 0.02 nm to 10nm, preferably 0.1 nim {o 8nm, most preferably 0.2
to 2 nm.

14. 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 a)
layered oxides such as Ni-rich cathode materials like NMC {(lithium nickel manganese
cobalt oxide) and NCA (lithium nickel cobalt aluminum oxide), b) spinel cathode
materials such as LMO (lithium manganese oxide), LNMO (lithium nickel manganese
oxide); ¢ Olivine structured cathode materials, in particular the family of Olivine
phosphates such as LCP (lithium cobalt phosphate), LFP {lithium iron phosphate),
LNP (lithium nickel phosphate), and combinations thereof.

15. The method of any one of SENTENCEs 1-14, wherein one or more of steps at. and
b1, are performed from one to ten times, preferably one fo three times, more
preferably only one time.

18. The method of SENTENCE 1-16, wherein a) the temperature of the chemical
precursor vapor andfor the cathode or cathode active material is from 100 degrees C
to 300 degrees C, more preferably 128 degrees C o 275 degrees C; b) the metal
oxide film has an average thickness of 0.02 nm to 10nm, preferably 0.1 nm to Snm,
most preferably 0.2 to 2 nm; and ¢) the metal oxide film is 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 10 the foliowing detailed description, taken in conjunction with the
accompanying drawings, in which like elements are given the same or analogous reference
numbers and wherein:

FIG. 1 shows Photoelectron spectroscopy results for NbC thin films deposition on
NMCB22 powder using Nb(=NIBu}{NELXO-Bu), ("Nau2"yH0 using a Powder ALD (PALD)
reactor;

FIG. 2 shows a normalized C-rate performance for NbO thin films deposited on
NMCE22 powder using Nb(=NBU}NELYO-BuU): HO in a Powder ALD (PALD) reactor
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{normalization {o their original discharge capacity at .2 C,

FIG. 3 shows the long term cycling performance for NbO thin films deposited on
NMC822 powder using Nb(=NIBu}NELHO-BUY. /H0 in a Powder ALD (PALD) reactor, and

FIG. 4 shows an electron micrograph of NMC 811 powder coated with a layer of NbO
after 3 ALD cycles using the AL conditions described in the Examples herain below. The
layer is identified by the arrow with a section also brackeied by bars. The layer 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 Spectroscopy {not shown).

Detailed Description of the Invention

The disclosure provides solutions to form an interphase on an elecirode to profect it
from fast declining electrochemical behaviors. The elecirode interphase is formed on the
cathode active material prior to or after s incorporation into a final cathode. The Metal
Oxides Layers are formed by Chemical Vapor Deposition {CVD) or Atomic Laver Deposition
{ALDY using the volatile chemical precursor genus M{(=NR#{ORP)(NRS:), wherein:

M is selected from Nb, Tg, or vV,

Re is selected from iPr, 1By, t-Am

R each is independently selectad from Ef 1Py, tBu, sBu, SPen, and
¢ each is independently selected from Et or Me,

These volatile chemical precursors are supplied simultangously, sequentially andfor
by pulses of the vapor phase of the precursor. The process exploits the unexpected
sfficiency of the genus to achieve improved Cathode performance after fewer than nine ALD
deposition cycles, preferably three or fewer cvcles. This relatively low number of required
ALD cycles 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 Oxdde films” as used herein means a transition metal oxide
fiirn having one or more additional elemants such that the atomic ratio is MxOyDz, wherein
M = the aggregate portion of fransition 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 rangas from 10 to 80%, y ranges from 10 to 80%, and z rangss from
undetectable to 10%, preferably from 0 to 5%.

Preferably, M i3 a transition metal that forms one or more stable ions that have
incompletely filled d orbitals. In particular, M is Nb, but may oplionally further include one or
more of Ti, Zr, Hf, V, Ta, Cr, Mo, orW.
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The Metal Oxides films are formed by a CVD or ALD process (o deposit the Metal
Oxides Layer onto the cathode active material prior to, at an intermediate manufacturing step
of the final cathode, or after iis incorporation into a final cathode. The Melal 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 as 3 result of
the cathode active material being incorporated in the cathode such that only part of its surface
is exposed to the CVD or ALD deposition process. Generally, the Metal Oxides films have
an average thickness of 0.125 10 10 nm, such as 0.125 nm to 1.25 nm, preferably 0.3 nm {o
4 nim.

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

e a layer structured oxide, preferably a "NMC” {a iithium nickel manganese
cobalt oxide such as NMC811 (NEMmCo = 8:1:1) and aven more NMOCBES
{(NiMn:Co = 9:0.5:0.5)), a NCA {a lithium nickel cobalt aluminum oxide) or a
LNO {a lithium nickel oxide);

e 7 spinel, preferably a LNMO (a lithium nickel manganese oide) or a LMQ (a
lithium manganese oxide),

¢ an olivine {(lithium metal phosphate, with metal may be iron, cobalt,
mangansasa),

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

& a silicon anodes,

& 2 silicon-carbon anode

s atin anode,

& a silicon-tin anode, or

e lithium metal.

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

“Gathode™ In lithium ifon batteries refers o the posiive eslectrode In an
slactrochemical call (hattery) where the reduction of cathods materials takes place by
nsertion of electrons and lithium ions during charge. During discharge, cathode materials
are oxidized by releasing slectrons and Hthium fons, Lithium jons move from cathode o

anode or vice verss within an slectrochemics! cell through slectrolvie, while slectrons are
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transfarred through an external circuit, Cathode is generally composed of cathode active
material (e lithiated metal laverad oxide) and conductive carbon black agent {acelylene
black Super CB5, Super ) and binder (PVDF, CMCY

‘Cathode active materials” are the main slemeants in the composition of cathods
{posaitive slectrode) Tor battery cells. The cathode matarials are, for exampls, cobalt, nicket
and manganssas in the crysial structure such as the layered structure, forms a mulli-metal
oxide matsrial in which lithium is inserted. The exampies of cathode active materials are
layered Hthium nickel manganess cobalt oxide (LiNsddnyCozQ02), spina! lHum manganese
oxide (LMn204) and oliving lithium ron phosphate (LiFePO4).

"Continuity” in relation to a coating on a surface means the perceriage of that surface
having any thickness of the coating material. Continully is generally assassed optically by
imaging the coated material and quantifying the proposition of surface coverad by the film or
not {in nm? for example), such as by a grid mapping of the swfacs. Electron microscopy may
be usad fo image the swrface. The amount of coverage can be exprassad in terms of percent
of the substrale surface area. Pinholes, gaps, or oiher discontinuities in the film will meaan
tha continuity 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){ORP)z(NR®,) and optionally one or more cther
chemical precursors that contribute {o the final film formation.  Any additional suitable
pracursor(s) may be selected for use basead on their known applicability to the formation of
Metal Oxides used for other applications.

A wide variety of optional precursors may be suitably used with Nau2, under optimized
deposition conditions, o form Metal Oxides.

The Preferred IVA metal precursors are:

¢ M(OR): with each R is independently a C1-C8 carbon chain (linear or
branched), most preferably M(CMe)s, M{QiFr), M(OtBu)4, M{OsBu),

s M(NR'R?); with each R' and R? are independently a C1-C8 carbon chain
{iinear or branched), most preferably M{NMeao):, M(NMeE, M(NEt)4

# ML{NR'R?); with L represents an unsubstituted or substituted aliyl,
cyclopentadienyl, pentadienyl, hexadienyl, cyclohexadienyl, cycloheptadienyt,
cyclooctadieny! and each R and R? are indepandently & C1-C8 carbon chain
(iinear or branched), most preferably MCp(NMes)s, M{(MeCp){NMez)s,
M{EICPHNEL)s, MCp*(NMeo)s, MCp(NMes)s, M(MeCp)(NiMez)s,
M(EICPHNEL)s, MCp*(NMez)s, MIPrCp)(NMe:)s, M{sBuCp)(NMez)s,
MOIBUCP)NMes)s, N(secPenCpi{NMez)s, M(nPrCpi{NMez)s
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ML{OR); with L represents an unsubstiluied or substituted aliyl.
cyclopentadienyl, peniadienyl, hexadienyl, cyclohexadienyl, cyclohepiadienyl,
cyclooctadieny! and each R is independently a C1-06 carbon chain (linear or
branched), most preferably MCp{OiPr):, M{MeCp){(OiPr)s, M{EICpY(OE;,
MCp*(OE)s, MIPrCpi(NMaz)a, M{sBuCp){(NMes)s, MABuCp){NMea)s,
N(secPenCp)NMe, s, M(nPrCp)(NMeg)s

Preferred VA metal precursors are:

(]

M{OR)s with sach R is independently & C1-C8 carbon chain (linear or
branched), most preferably M{OEDS, M{OIPNS, M{OBW)S, M{OsBUWS
M(NRIR®)5 with each R' and 2 are independently a C1-C8 carbon chain
{linear or branched), most preferably M(NMes)s, M(NMaEls, M(NEL)s
ML{NRTRY), with x= 3 or 4, L represents an unsubstituted or substituted aliyl,
cyclopentadienyl, pentadieny!, hexadieny!, cyclohexadienvl, cycloheptadienyl,
cyclooctadieny! 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):, M{(MeCp)(NMez):, M(EICp)(NElz)s, MCp*(NMez)s,
M{=NIBu)(NMez)s, M(=NIAMI(NMez)a, MENIBU)(NER):, MENBUW(NEMa);,
M{=NiPr{NEiMe)a.

M{=NRULINRZRS) with x= 1 or 2, L represents an unsubstituted or
substituted aliyi, cyclopentadienyl, pentadienyl, hexadienyl, cyclohexadienyi,
cycloheptadienyt, cyclooctadienyl and sach R* and R?2 and R® are
independently a C1-C8 carbon chain, most preferably MCp{=NIBuy{(NMes)s,
M{MeCp)(N=tBu}(NMe:):, MEICPYN=tBu}{NMez)z, MCp*(=NtBu}(NMez).,
MCp(=NIBu)(NEtMe)2, M(MeCp)}{N=tBu)}{NEtMe}2, M(EtCp){N=tBu)}{(NEtMe)..
ML{OR), with x= 3 or 4, L represents an unsubstituted or substituted aliyl,
cyclopentadienyl, pentadienyl, hexadienyl, cyclohexadienyl, cycloheptadienyt,
cyclooctadienyl or a imide of the form N-R, with each R is independently a
C1-C8 carbon chain (linear or branchad), most preferably MCp(GiFr)s,
M(MeCp){OiPr)s, M{EtCpY{OED;, MCp*(OEL):, M(=NIBUXGiPr)s;,
M{=NtAM){OiPr)s,

MLIORLNR'R?), with x and vy independently equal to 1 or 2, L represents an
unsubstituted or substituted ailyl, cyclopentadienyl, pentadienyl, hexadienyl,
cyichexadienyl, cycloheptadienyl, cycicoctadienyt or a imide of the form N-R,
with each R is independently a C1-C8 carbon chain (linear or branched),
most preferably MOp(OIP{NMez), M{MeCp){OiPr{(NMey),
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M(EICPYHOED(NMey), M{(=NIBu}(OiPr)(NMez), M(=NIBU(OIPr{NMe:)z,
M(=NIBU{OIPr(NMe:), MENIBUW(OIPH(NEMe), MENIBU{OIPH(NEL),
M{=NtBu}(OE):(NMey), M(=NIBu}{OEt(NEtMe), M(=NtBu}{OEL)(NEYL),
M{=NIPr{OIiP2(NMez), M(=NIPH{OIPrz{NMes):, M{=NIPI{OIPr(NEtMe),
MENIPrHH{OIP(NEL), MENIPH(OED(NMey), M=NIPrH{OE{NEtMe), or
M{=NIPr{OE(NEbL).

Preferred VIA metal precursors are:

e M{OR}s with each R is independently a C1-C8 carbon chain {linear or
branched), most preferably M(OEL)s, M(QIF)s, M{OCtBu)s, M(OsBujs

& M{NR'R?) with each R' and R? are independently a C1-C8 carbon chain
{linear or branched), most preferably M(NMesls, M{(NMaEs, M(NEL)s

s M(NR'RZ,L, with x and y being indepsndently equal to 1 to 4, L represents
an unsubstituted or substituted allyl, cyclopentadienyi, pentadienyi,
hexadienyl, cyclohexadienyl, cycloheptadienyl, cyclooctadieny! or a imide of
the form N-R and each R and R? are independently a C1-C8 carbon chain
{linear or branched), most preferably MCp(NMez)a, M{MeCp){NMaz)s,
MEICRYNEL):, MCp*(NMe:2)s M(=NBU(NMeaa ), MENIAM(NMe:)s,
M{=NIBU}NE1)2

¢ M{ORLNRIRZLL, ML with x, v and z being independently equal to G to 4, L
rapresents an unsubstituted or substituted allvl, cyclopentadienyi,
pentadienyl, hexadienvl, cyclohexadienyl, cycloheptadienyl, cyclooctadienyl
or a imide of the form N-R, with each R is independently a C1-C8 carbon
chain (lingar or branched), most preferably MCp{OiPr)s, M{MaCp{QiFr)s,
M(EtCp)OEs, M(=NtBu{OiPr)z, M{=NtAmM)(OiPr)z, M{(=NtBu)2(CiBu)z,
M{=NIPn(OtBu)s, M{=NIBUR{QiPr),;, M(ENIPH(OIP):.

e M{=0O)xily, with X, ¥ and z being independently equal io 0 to 4, L represents
an unsubstituted or substituted allyl, cyclopentadienyi, pentadienyi,
hexadienyl, cyciohexadienyl, cyclohaptadienyl, cyclooctadieny!, amide or a
imide of the form N-R, with each R is independently a C1-C6 carbon chain
{linear or branched), most preferably M(=0),(0tBu)2, M{=0)z(0CiPr),
M{=0)(OsecBulz, M(=0)(CsecPen)s, M(=0)(NMez)z, M{=0)(NEt),,
M{=O)(NiPr2), M(=03{(NnPr)z, M(=0)z(NEiMe):, M(=0{NPenz)z.

The Metal Oxides films may be formed using one member of the volatile chemical
precursor genus as a single precursor or in a combination with one 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 to select the appropriate additional precursor(s) and co-reactanis from those

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

under optimized deposition conditions to “tune” the composition of the metal oxides.

Exemplary guidance on various precursor options include:

(-]

Cxygen may come from an O-source such as Oy, Os, HzO, HaO2, NO, NOZ,
N20O or a NOx

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

Nitrogen may come from a N-source such as Nz, NHa, NaHa, NaoH4-containing
mixtures, an alkyl hydrazine, NO, NO2, N20 or a NOx

Nitrogen may come from a dopant source such as an nitrogen-coniaining
silicon precursor, as an nitrogen-containing tin precursor, or a phosphate such
as diethy! phosphoramidate.

Carbon may come from a C-source such as an hydrocarbon, carbon-
containing silicon precursor, a carbon-containing tin precursor, a carbon-
containing boron precursor, @ carbon containing aluminum precursor, a
carbon-containing  phosphorus  precursor, &  phosphate  such  as
frimethyiphosphate, digthyl phosphoramidate, or a sulfate.

Silicon may come from a Si-source such as a silane or a silicon-containing
organometallic precursor.

Tin may come from a Sn-source such as a stannane or a tin-containing
organometallic precursor.

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

Phosphorus may come from a phosphine, including an organic phosphine or
a phosphate such as trimethyviphosphate or diethyl phosphoramidate.

Sulfur may come from a S-source such as a sulfur, 88, H2S, H282, 802, an
organic suifite, a suiphate, or a sulfur-containing crganometallic precursor.
The first row transition metals may come from known organometallics or other

precursors suitable for use in vapor deposition.

Examples

Examples 1-8: Deposition and slectrochemical performances of NbQ thin films deposited
using Nau2/H0 on NMCE22 powder at 250°C

11
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Experimental conditions for depositffilm formation:
The number of cycles on NMCE822 electrodes or NMC powder are typically limited {o
20 ALD cycles, corresponding to about 1.5 to 4 dngstroms, a thickness insufficient to perform
fim composition. Such characterizations were therefore performed on films deposited with
Os after 300 ALD cycles on blank silicon wafers. The corresponding growth rate and film
composition by X-ray Photoelectron Spectrometer (XPS) are:
e GPC~298A Nb ~387%, O ~54.8%, C: ~3%, N: ~2%, 5i ~1.4%
¢ The refractive index of these films is 2.38.
Depositions were performed on NMCG622 powder using a fluidized bed reactor in the
following experimental conditions:

ALD conditions for ALD

Reactor set temperature 250 °C
Reactor pressure ~40 Torr
Cycle # 121319 ¢y

Precursor & gas

MNautilus2 canister Temp. 100 °C
Nautilus2 canister Press. 50 Tomr

N2 bubbling in Nautilus2 20 scom
QO3 FR 20 scom
NZ pushipurge ~120 scom

Puise sequence

Nautilus2 (Z scom) 900 sec
Furge 1040 sec
H20 180 sec
Purge 1040 sec

Loaded subsirats
5g of NMC822 powder

The chemical precursor in these examples is NbENIBU{NELRXO-BU)z ("Nau2”).
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Electrochemical characterizations:
Experimental conditions:
Battery celi conditions:
« (Cathode material: NMCB22
o~ 5 mglem? lnading
No calendering
« Coating material: Nb2Os
o Precursor Nautilus?
o Co-reactant: Qz or HO
o Dep. T=250C
o Powder reactor P < 40 torr
Coated powder quantity: 5 g
o Reactor filling: x %
« Membrana: Celgate 2400
« Neat electrolyte: 1M LiPFs
in EC:EMC{1:1wl)
« Anode material. Li metal

Measurement conditions:
o Temperature: 26°C
« 3 pre-cycles at 0.2C, then 1C
+  Voltage: 3.0~43V, CC

As seen in Figure 1, the guantity of Niobium deposited as Niobium Oxide increases
from ona ALD cycle {o 2-3 ALD cycles and the dramatically increases with nine ALD cycles.
The effect of these Niobium Oxide deposits are shown in Figures 2 and 3. Battery
performance is significantly enhanced compared {0 an uncoated control. However, quite
unexpectedly, a single ALD cycle produces the best results although 2-3 cycles are close to
the same. ¢ ALD cycles does still improve performance compared o the control, but not as
well as 1-3 cycles. Normally, ALD coatings for Cathode active materials requires 5-20 ALD
cycles for optimal benefit. Nau2 surprisingly enables a low ALD cycle process that requires
much less fime and much lower precursor quantities per unit of cathode active materials.
This will result in significant cost savings in industrial use.

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

Ozone results were the same as with water, demonstrating that the low cycle number
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deposition was not substantiaily influenced by the oxidizer used.

Similar TGA and BDTA properties were measured for the Ta analog
Ta(=NIBu}(NELNC-iBu). Depositions at 200 cycles with Os on a silicon wafer, likewise
produces similar resuls as seen for Nb(=NIBU}{NELYO-Bu). At 275 degreses C, growth
rate was 4.89 angstrom/cycle with a composition Ta: 32.8%, O §8.5%, and C: 8.1%. Based
on these results, it is expecied that 1-9 cycles of ALD for cathode or cathode material coating

will produce benefits in electrode performance similar 1o those demonstrated for Nau2 above.

Vhile the invention has been described in conjunction with specific embodiments
thereof, it is evident that many altermnatives, 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 alemeants disclosed and may be practiced in the absence of an
element not disclosed. Furthermore, if there is language referring to order, such as first and
sacond, it should be understood in an exemplary sense and not in a limiting sensea. For
exampie, it can be recognized by those skilled in the art that certain steps can be combined
inte a single step.

The singular forms “&”, "an” and “the” inciude 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 nonexclusive listing (e, anything else may be additionally
included and remain within the scope of “comprising.” “Comprising” is defined herein as
necessarily encompassing 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 o mean furnishing, supplying, making available, or
preparing someathing. The step may be performed by any actor in the absence of exprass
language in the claim to the conirary.

Optional or optionally means that the subsequently described event or circumsiances
may or may not cccur. The description includes instances where the event or circumstance
occurs and instances where it does not oceur.

Ranges may be expressed herein as from about one particular value, andior io about
another particular value. When such arange is expressed, it is to be understood that another
embodiment is from the one particular value andfor (o the other particular value, along with

14
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all combinations within said range.
Ali references identified herein are each hereby incorporated by reference into this
application in their entireties; as well as for the specific information for which each is cited.

18



WO 2023/102107 PCT/US2022/051515

CLAIMS

1. A method of coating a cathode or a cathode active material with a metal oxide film,
the method comprising the steps of:
al. exposing the cathode or cathode active material {0 a chemical precursor
vapor comprising a precursor of the formula M(=NRI{ORP)(NR%) and an oxygen
source as an oxidizing co-reactant, and
o1, depositing the metal oxide film on the cathode or cathode active material,
wherein:
M is selected from Nb, Ta, or vV,
R® is salected from iPr, 1By, -Am
Re each is independently selected from Et, iPr, tBu, sBu, SPen, and
Re gach is independently selected from Ef or Me.

2. The method of clam 1, wherein the precursor s of the formula
M{=NR2{OR"{NMeE1}.

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

M{=NR{ORM(NMeEt) and wherein for R® at least one is independently salected from sBuy,
SPer.

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

8. The method of claim 1, wherein the precursor is Nb{=NIBu}NELXO-tBu),,
Nb(=NIBU}{NEL)(O-1Bu), Ta=NIBUY{NEL){O-1Bu), Ta(=NIBU)}{NEL)(O-1Bu), and mixtures
thereof.

7. The method of claim 1, wherein the siep a1, of exposing the cathode or cathode active

material o a chemical precursor vapor and the step a2, of exposing the cathode or cathode
active malerial 1o a co-reactant, are sequentially performed.
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8 The method of claim 2, further comprising a step ali of purging the chemical
precursor vapor prior {0 step a2, of exposing the cathode or cathode active material to a co-
reactant.

8. The meathod of claim 3, wherein the step b1, depositing the metal oxide film on the
cathode or cathode active material comprises an atomic layer deposition step.

10. The method of claim 3, wherein the step b1, of depositing the meatal oxide film on the
cathode or cathode aotive 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 02, 03, H20, H202, NO, NO2, N20O or a NOxX, an oxygen-containing silicon
precursor, an oxygen-containing tin precursor, a phosphate such as trimethyiphosphate,
disthyl phosphoramidate, or a sulfate.

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 NoOyD:, O is oxygen, and D is any other atom(s),
and wherein x=0.3-04, y= 040865 andz~= 0.01-0.1.

13,  The method of any one of claims 1-12, wherein a {emperature of the chemical
precursor vapor and/or the cathode or cathode active material is from 100 degrees C 1o 300
degrees C, more preferably 125 degrees C to 275 degrees C, even more prefarably 125

degrees C to 175 degrees C.

14.  The method of any one of claims 1-13, wherein the metal oxide film has an average
thickness of 0.02 nm to 10nm, preferably 0.1 nm to 5nm, most preferably 0.2 to 2 nm.

15, The method of any ong of claims 1-14, wherein the cathode aclive material, or the
cathode active material in the cathode, is selected from the group consisting of a) layered
oxides such as Ni-rich cathode materials ke NMC (lithium nickel mangansese cobalt oxide)
and NCA (lithium nickel cobalt aluminum oxide); b) spinel cathode materials such as LMO
{lithium manganese oxide), LNMO {lithium nicke! manganese oxide); ¢} Olivine structured
cathode materials, in particular the family of Olivine phosphates such as LCP {lithium cobalt
phosphate), LNP (lithium nickel phosphate), LFP (lithium iron phosphate), and combinations
thereof.
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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 {0 ten times, preferably ona to three imes,

17.  The method of claim 16, wherein a) the temperaiure of the chemical precursor vapor
andfor the cathode or cathode active material is from 100 degrees C {o 300 degrees C, more
preferably 125 degrees C to 175 degrees C; b} the metal oxide film has an average thickness
of 0.02 nm to 10nm, preferably 0.1 nm to 5nm, most preferably 0.2 to 2 nm; and ¢) the metal
oxide film is at least 50% continuous on a surface of the cathode or cathode active material,
preferably 85% or more continuous, more prefarably 88% or more continuous.

18



