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DEPCOSITION OF NOBLE METAL ISLETS OR THIN FILMS FORITS USE FOR
ELECTROCHEMICAL CATALYSTS WITH IMPROVED CATALYTIC ACTIVITY

Technical Field
The deposition of noble metal islets or thin films for its use for elecirochemical
catalysts with improved catalytic activity.

Background of the Invention

Pi-containing films are well-known for their applications to form surface coating
layers or films of catalytic matarials in fuel cell applications. Examples of Pi-containing films
inciude platinum metal, platinum oxide, platinum ruthenium alicys and compounds,
platinum titanium alloys and compounds, etc.

Polymer electrolyie membrane fuel cells (PEMFC) have a strong potential as power
sources for appiications such as zero emission vehicies. However, currently industrialized
or state-of-the-art PEMFCs suffer from different issues. One of the most technical and
economical important drawbacks is the quantity of expensive platinum andfor other
platinum group metals ruthenium, rhodium, palladium, osmium, and iridium (PGMs) in form
of islets, clusters or nanoparticies, which are used as catalysts in a membrane electrode
assembly (MEA) of a fuel cell. While the quantity of a PGM catalyst is mainly determined
by the power specification per unit cell in a fuel ceil stack, a significant addition of a PGM
catalyst leads to some deterioration processes and then to compromise the reliability of a
fuel cell during its lifetime. Typical deterioration processes are related to the loss of platinum
or a PGM material or loss of catalytically active surface area such as: platinum or PGM
particle dissolution and corrosion, platinum or PGM particle agglomeration, platinum or
PGM particle detachment from the carbon support, and other issues. At the same time, the
use of larger platinum or PGM particies requires a higher amount of platinum or PGM to be
usad, increasing the cost of the fusl cell.

in order to reduce the amount of Pt or PGM use, one may prefer the usage of
platinum or PGM nanoparticles, or islets, or nanodots {e.g., preferably of the size of less
than 20 nm, more preferably less than 10 nm, most preferably betweaen 2 nm and Snm).
Such platinum or PGM nanoparticles, or islets, or nanodots preferably consisting of one or
faw mondlayers of Pt, 80 as to maintain a large surface-to-volume ratio, and thus enabling
a large catalytic and/or electrochemical activity.

FProposed solutions to reduce the guantity of PGM include compounding the PGM
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with @ non-noble metal, covering Pt or PGM-containing metal or alloy on a non-noble core
material or the formation of a nano-structured thin film. Alloyed catalysts may provide an
improved catalytic aclivity although the alloyed catalysts can lead to consequential
detrimental deteriorations. In addition, the wel deposition techniques, iypically used o
prepare current and state-of-the-art catalysts, have limited scalability and limited control of
the nanoparticle’s morphology (size, shape) making the nanocparticles very sensitive o
degradation, dissolution, corrosion, and other issues. When Pt or PGM are deposited by
physical vapor deposition or sputtering, it resuits in non-uniform and non-conformal coatings
which necessarily impact fuel cell performance.

As a resuli, in order to prepare cost-effective amount of materials incorporating Pt
or PGM-containing nanoparticles, the industry has developed batch-type furnaces in order
{0 itreat large quaniilies of substrates, typically carbon-based, typically in the form of
powders, via vapor deposition so that the large aggregate surface areas {reated can lead
to uniformly distributed particles into the substrates or supports,. Significant efforts have
been undertaken {0 increase the number and types of vaporizable precursors that can be
available for such systems. However, there remain substantial chalienges in delivering
appreciable quantities of some of these matenals in a reliable fashion.

The deposition processes can be done in reactants treating fiat or quasi-fiat
surfaces, like single-substrate, batch, rolido-roll or spatial ALD reactors known 1o the man
of the art. The use of powder reactor, in combination of ALD or CVD techniques, is also
increasingly considered for performing uniform coatings on batieries’ elecirode active
materials. A vertical reaction chamber may be used s0 as to form a fluidized zone in which
the coating reactions occur. It has been observed that the powder particles in fluidized beds
fend to stick to each other forming larger particle blocks, agglomerates. In order {0 hinder
the formation of aggiomerales, a vibrating gas flow is used, a carefully selected gas flow
that vibrates is hence fed into the reaction chamber. According to the principle of Helmholtz
resonance, an incoming gas flow is forced over and into a cavity causing vibrations into the
outgoing gas flow. The culgoing vibrating gas flow is guided into the reaction chamber in
order {0 hinder the formation of agglomerates.

In particular for powder reactor coating, industry therefore needs Pt or PGM
precursors having a high vapor pressure, high stability and cost-effective preparation. At
this point of time, the Pt precursors leading to the highest vapor pressure and sufficient
stability is Pi{MeCp)Me3 and closely related molecules. Pi{MeCp)Me3 has a vapor
pressure of 0.053 Torr at 23°C. The synthesis of these molecules are complex, involving at
least 8 steps, making the preparation of the chemistry a significant economic challenge.
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Other proposed precursors with higher stability are platinum bis beta-diketonates such as
Pi{tmhd)2 and Pi(acac)2.

Brief Summary of the invention

Disclosed are novel platinum or PGM pracursors for depositing platinum or PGM-
containing films or islets, and methods of synthesizing the same and methods of using the
same. In particular, the disclosed precursors exhibit good volatility and high thermal
stability. The disclosed precursors are liquid below 100 °C, preferabily liquid at 50°C or less,
most preferably liquid at 20°C or less, which is suitable for deposition techniques such as
ALD and CVD applications in high specific surface surfaces such as powder, batch reactors.

The precursors are suitable for use in the deposition of a catalyst by vapor phase
deposition to form isiets or clusters or nanoparticles, or a thin film of a PGM covering in part
or in whole a substrate, optionally after a prior surface functionalization. The vapor phase
reaction may involve the use of PGM precursors in combination with H, O, N or F-containing
sources. The platinum-containing or PGM-containing nanoparticles, or islets, or nanodois
are preferably of the size of less than 20 nm, more preferably less than 10 nm, most
preferably between 2 nm and dnm. Such platinum or PGM nanoparticles, or islets, or
nancdots preferably consisting of one or few monociayers of Pt or PGM-containing material.

Brief Description of the Several Views of the Drawing

For a further understanding of the nature and objects for the present invention,
refarence should be made to the following detailed description, taken in conjunction with
the accompanying drawings, in which like elements are given the same or analogous
reference numbers and wherein:

Figure 1 shows a vacuum TGA for Pialiyl)(iPr-amd);

Figure 2 shows a vacuum TGA for Pt{allyh){iPrz Et-amd);

Figure 3 shows a vacuum TGA for Pi{alivh){iPr,nBu-amd); and

Figure 4 shows a vacuum TGA for Pialivh{(Bu Bt Me-amd).

Notation and Nomenclature
The following detailed description and claims utilize a number of abbreviations,
symbols, and terms, which are generally well known in the art. Certain abbreviations,
symbols, and terms are used throughout the following description and claims, and include:
As used herein, the indefinite arlicle “a” or “an” means one or more.
As used herein, "about” or "around” or “approximately” in the text or in a claim means
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+10% of the value stated.

As used herein, ‘rocom temperaiure” in the t&xt or in a claim means from
approximately 20°C to approximately 25°C.

The term ‘“ambient temperaturg” refers {o an environment temperature
approximately 20°C to approximately 25°C.

The term “subsiraie” refers o a material or materials on which a process is
conducted. The substrate may refer {0 a wafer having a material or materials on which a
process is conducted. The substrates may be any suitable wafer used in semiconductor,
photovoliaic, Tlat panel, or LCD-TFT device manufacturing. The substrate may also have
one or more layers of differing malerials already deposited upon it from a previous
manufacturing step. For example, the wafers may include silicon layers {e.g., crystalline,
amorphous, porous, efc.}, silicon containing layers {e.g., Si0», SiN, SION, SIiCOH, efc),
metal containing layers {e.g., copper, cobalt, tungsten, platinum, palladium, nickel,
ruthenium, gold, etc.) or combinations thereof. Furthermore, the substrate may be planar
or pattermned. The substrate may be an organic patiernad photoresist film. The substrate
may inciude layers of oxides which are used as dielectric materials in MEMS, 3D NAND,
MM, DRAM, or FeRam device applications (for example, Zr0» based materials, HiO: based
materials, TiO: based materials, rare earth oxide based materials, ternary oxide based
materials, etc) or nitride-based fims (for example, TaN, TiN, NbN) that are used as
electrodes. One of ordinary skill in the art will recognize that the terms "film” or “layer” used
herein refer 1o a thickness of some material laid on or spread over a surface and that the
surface may be a trench or a line. Throughout the specification and claims, the wafer and
any associated layers thereon are referred o as substrates.

The term "wafer” or “patterned wafer” refers {0 a wafer having a stack of films on a
subsirate and at least the top-most film having topographic features that have been created
in steps pricr to the deposition of the indium containing film.

The tarm "nanodol” means a discreie deposit of e.g. Pt having a maximal cross-
sectional dimension from 1 nanometer {o 100 nanometers. Nano dots are most often
roughly hemispherical or roughly circular, but may be any shape, including irregular shaped
formations.

Note that herein, the terms “film” and “layer” may be used interchangeably. It is
understood that a film may correspond {o, or reiated to a layer, and that the layer may refer
o the film. Furthermore, one of ordinary skill in the art will recognize that the terms “film” or
“layer” used herein refer {0 a thickness of some material laid on or spread over a surface

and that the surface may range from as large as the entire wafer {0 as small as a trench or
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aline.

“Cathode” in lithium ion balleries refers {o the positive electrode in an
glectrochemical cell {battery) where the reduction of cathode materials takes place by
insertion of elecirons and lithium ions during charge. During discharge, cathode materials
are oxidized by releasing electrons and lithium ions. Lithium ions move from cathode 1o
anode or vice versa within an electrochemical cell through electrolyte, while electrons are
transferred through an exdemnal circuit. Cathode is generally composed of cathode active
material (i.e. lithiated metal layered oxide) and conductive carbon black agent {acelyiene
black Super C85, Super P) and binder (PVDF, CMC).

“Cathode active materials” are the main elements in the composition of cathode
{positive electrode) for batlery cells. The cathode materials are, for example, cobalt, nickel
and manganese in the crystal structure such as the layered structure, forms a multi-metal
oxide material in which lithium is inserted. The examples ¢f cathode active materials are
layered lithium nickel manganese cobalt oxide {(LINDMnyCoz(02), spinel lithium manganese
oxide {(LiMn204) and olivine lithium iron phosphate (LiFePO4).

Note that herein, the terms "deposition temperature” and “substrate temperature”
may be used interchangeably. it s understood that a substrate temperature may
correspond to, or be relaied to a deposition temperature, and that the deposition
temperature may refer {0 the substrate temperature.

Note that herein, the terms “precursor” and “depaosition compound” and "deposition
gas” may be used interchangesably when the precursor is in a gasecus state at room
femperaturs and ambient pressure. it is understood that a precursor may correspond 1o, or
be related to a deposition compound or deposition gas, and that the deposition compound
or deposition gas may refer {0 the precursor.

The standard abbreviations of the elements from the periodic table of slements are
used herein. It should be understood that elements may be referred to by these abbreviation
{e.g., Si refers {o silicon, N refers to nitrogen, O refers to oxygen, C refers to carbon, H
rafers 1o hydrogen, F refars to fluoring, efc).

As used herein, the term “hydrocarbon” refers to a saturated or unsaturated function
group containing exclusively carbon and hydrogen atoms. As used herein, the term “alkyl
group” refers to saturated funclional groups containing exclusively carbon and hydrogen
atoms. An alkyl group is one type of hvdrocarbon. Further, the term “alkyl group” refers (o
lingar, branched, or cyclic alkyl groups. Examples of linear alkyl groups include without
fimitation, methyl groups, ethyl groups, propyl groups, butyl groups, etc. Examples of
branched alkyls groups include without limitation, t-butyl. Examples of cyciic alkyl groups
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inciude without limitation, cyclopropyl groups, cyclopentyl groups, cyclohexy! groups, efc.

As used herein, the abbreviation “Me” refers {0 a methyi group,; the abbreviation *EU
refers to an ethyl group; the abbreviation “Pr” refers to any propyt group (i.e., n-propyt or
isopropyh); the abbreviation “iPr” refers to an isopropyl group; the abbreviation "Bu” refers
{0 any bulyl group {(n-butyl, iso-butyl, tert-butyl, sec-buiyl), the abbreviation “IBu" refersto a
feri-butyl group; the abbreviation "sBu” refers to a sec-bulyl group, the abbrevigtion “iBu”
refers to an iso-butyl group; the abbreviation “Ph” refers to a phenyl group; the abbreviation
“Arm” refers to any amyl group (iso-amyl, sec-amyl, tert-amyl); the abbreviation "Cy” refers
{0 a cyclic hydrocarbon group {cyclobutyl, cyclopentyl, cyclohexyl, etc); the abbreviation
“Ar” refers 1o an aromatic hydrocarbon group {(phenyl, xylyvl, mesityl, ete); the abbreviation
“amd” refers to an amidinats structure.

Ranges may be expressed herain as from about one particular valus, and/or to about
another particular valus. When such a range is expressed, it is 1o be understood that
ancther embodiment is from the one particular value andfor 1o the other particular value,
along with all combinations within said range. Any and all ranges recited herein are inclusive
of their endpoints (i.e., x=1 1o 4 or xranges from 1 10 4 includes x=1, x=4, and x=any number
in baetween), irrespective of whether the term “inclusively” is used.

Reference herein to “one embodiment” or "an embodiment” means that a particular
feature, structure, or characteristic described in connection with the embodiment may be
inciuded in at least one embodiment of the invention. The appearances of the phrase "in
one embodiment” in various places in the specification are not neceassarily all referring fo
the same embodiment, nor are separate or allermnative embodiments necessarily mutually
exclusive of other embodiments. The same applies to the term “implementation.”

As used herein, the term “independently” when used in the context of describing R
groups shouid be understood {o denote that the subject R group is not only independently
selected relative 1o other R groups bearing the same or different subscripts or superscripts,
but is also independently selected relative 10 any additional species of that same R group.
For exampla in the formula MR, (NR2ZR3Y 4., where xis 2 or 3, the two or three R groups
may, bul need not be identical to each other or to R? or to R® Further, it should be
understood that unless specifically stated otherwise, values of R groups are independent
of each other when used in different formuias.

As used in this application, the word “exemplary” is used herein to mean serving as
an example, instance, or illustration. Any aspect or design described herein as “exemplary”
is not necessarily to be construed as preferred or advantageous over other aspects or
designs. Rather, use of the word exemplary is intended to present concepis in a concrete
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fashion.

Additionally, the term "or’ is infended {o mean an inclusive “or rather than an
exclusive "or’. That is, uniess specified otherwise, or clear from context, “X employs A or
B’ is intended to mean any of the natural inclusive permutations. That s, if X employs A, X
empioys B; or X empioys both A and B, then "X employs A or B is salisfied under any of
ihe foregoing instances. In addition, the articles “a” and "an” as used in this application and
the appended claims should generally be consirued to mean “one or more” unless specified
otherwise or clear from context {o be directed {o a singular form.

"Comprising” in a claim is an open fransitional term which means the subseguently
identified claim elements are a nonexclusive listing {i.e., anything eise 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 to mean fumnishing, supplying, making available, or
preparing something. The step may be performed by any actors in the absaence of express
language in the claim {o the contrary.

Hapticity is when two or more contigucus atoms in a chemical structure form a
coordinated ligand with a metal. Haptic ligands are dencted by the Greek symbole sta
followed by the number of aloms participating in the coordinated ligand. nd- for example
means a five atom coordinated ligand while n3- means a three atom ligand.

Some ligands can form different Hapticities. Cyclopentadieny! ligands for example
can be n1- nS- or n3- and are often separated as a special subcategory of metal igands.

Detailed Description of the Invention

Precursors

The disclosed precursors are liguid below 100 °C, preferably liquid at 50°C or less,
most preferably liquid at 20°C or less, which is suitable for deposition techniques such as
ALD and CVD applications in high specific surface surfaces such as powder, batch reactors.

Precursors disclosed herein are defined by the following chemical genus definitions:

M{LINL2)x where:
- Mrepresent Pt or other PGM element and
- L1 can be a nb- ligand excluding cyclopentadieny! such as a pentadieny!, a

~
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cyclohexadienyl, a cycloheptadienyl, pyrrolyl, a heterocyciic ligand.

- L2 can be an H, an alkyl group, an alivl group, NQO, & halide, an atkoxids, an
amide, an alkoxycarbyl, an aminocarbyl, a beta-diketonale, a beta-diketoiminate, a
ketoiminate, a formamidinate, an amidinate, a guanidinale, a carbon chain, a carbyl

- xrepresents the number of L2 ligands

- Each L2 can be identical or different

- Each L2 can independently be an ionic or neutral ligand

M{L3}L4)x where:

- Mrepresent Pt or other PGM element and

- L3 can be anb- ligand such as a cyclopentadianyl figand.

- L4 can be an H, a C2-C6 alkyl group, NO, a halide, an alkoxide, an amide, an
alkoxycarbyl, an aminoccarbyl, a beta-diketonate, a beta-diketoimide, a formamidinate, an
amidinate, a guanidinate,

- X represents the number of L4 ligands

- Each L4 can be identical or different

- Each L4 can independently be an ionic or a neutral ligand

M{LS}L8)x where:

- Mrepresent Pt or other PGM element and

- L5 can be a n3- ligand such as an allyl ligand.

- L8 can be an H, a C2-C6 alkyl group, NO, a halide, an alkoxide, an amide, an
alkoxycarbyl, an aminocarbyl, pentadienyl, a cycichexadienyl, a cyclioheptadienyl, pyrrolvi,
a heterocyelic ligand, a bela-diketonate, a beta-diketoimide, a formamidinate, an amidinaie,
a guanidinate,

- xrepresents the number of LE ligands

- Each L8 can be identical or different

- Each L8 can independently be an ionic or neutral ligand

For one preferred subgenus of M{LE}LE)x, L5 is an allyl ligand and L8 is an

amidinate ligand:
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whergin each of R1, R2, R3, R4, RS, R6, R7, and R8 are independently selected from H; a
C1-C8 linear, branched, or cyclic alkyl group, a C1-C6 linear, branched, or cyclic alkyisilyl
group (monge, bis, or tris alkyl), a C1-C8 linear, branched, or cyclic alkylamino group; or a
C1-C6 lingar, branched, or cyclic flucroalkyl group.

The disclosed PGM precursors exhibit good volatility and thermal stability.
Moreover, the disclosed PGM precursors may be liguid or low melting point solids. The low
melting point of the disclosed phosphorus-containing platinum or PGM precursors may be
<100 °C, preferably less than 50 °C, more preferably approximately 20 °C. The disclosed
PGM precursors are convenient to use for ALD and CVD applications.

The disclosed PGM precursors may have chelating functionalities in order fo
decrease their melting point and increase their volatility. More specifically, nitrogen or
oxygen chelating functionalities for instance were introduced as neutral donors for
electronic and steric properties of the PGM precursors. The coordination sphere of the
disclogsed PGM precursors is thus more saturated and less prompt to oligomerization.
Hence, when ALD or CVD processes are targeted, the vapors of the disclosed PGM
precursors may be deliverad into a deposition reactor more effectively, thereby reducing
the deposition time and leading to the deposited films or islets having high uniformity and
conformality.

The disclosed PGM precursors may be synthesized by unknown or known synthetic
methoeds. The disclosed PGM precursors may be used in a chemical deposition method,
such as ALD or CVD, individually or in mixtures, different platinum precursors, and metal
precursor(s) in selution or not in solution to form Plcontaining films or islets such as Pt
metal, platinum ruthenium glloys, platinum titanium alloys, platinum ruthenium compounds,
platinum titanium compounds, etc.

Preferably, the disclosed PGM precursors have suitable properties for vapor
deposition methods, such as vapor pressure ranging from approximately 0.1 Torr at 23 °C
to approximately 1,000 Torr at 23 °C, a melting point below 20 °C {preferably being in liquid
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form at room temperature) and more preferably below -20 °C to prevent freezefthaw issues,
and exhibiting 0% by volume or vv 10 1% vfiv decompaosition per week at the temperature
reguired {0 obtain a usable vapor pressure (1-100 Torn).

While the disclosed PGM precursors are ideally liquids and vaporized in bubblers or
direct liquid injection systems, the use of solid precursors for ALDICVD precursor
vaporization is also possible using sublimators such as ones disclosed in PCT Fublication
WOZ009/087509 to Xu et al. Alternatively, solid precursors may be mixed or dissolved in a
solvent {0 reach a usable melting point and viscosity for usage by Direct Liquid Injection
systems. While the disclosed PGM precursors are ideally liquids, solid precursors for liquid
phase deposition taechniques such as spray coating, siit coating and spin on depaosition, may
be mixad or dissolvad in a solvent 1o reach a usable malling point and viscosity for flowing
the precursor solutions into the reactor.

To ensure process reliability, the disclosed PGM precursors may be purified by
continuous or fractional batch distiliation or sublimation prior to use 10 a purity ranging from
approximately 93% by weight or wiw to approximately 100% wiw, preferably ranging from
approximately 99% wiw {0 approximately 98.998% whw, more preferably, ranging from
approximately 99% wiw {o approximately 100% wiw. One of ordinary skill in the art will
recognize that the purity may be determined by 1H NMR or gas or liquid chromatography
with mass spectrometry. The Pt-containing film or islet forming compaositions may contain
any of the following impurities: oxygen, hydroxide, fluoring, nitrogen, hydrogen,
phosphorus, halogenated metal compounds.,  Preferably, the total quantily of these
impurities is below 0.1% wiw. The purified composition may be produced by
recrystallization, sublimation, distillation, andfor passing the gas or liguid through a suitable
adsorbent, such as 4A molecular sieves.

The disclosed Pt-containing film or islet forming compaositions preferably contain less
than 5% vfv, preferably less than 1% viv, more preferably less than 0.1% viv, and even
more preferably tess than 0.01% viv of any of its analogs or other reaction products. This
ambodiment may provide better process repeatability. This embodiment may be produced
by distillation or other purification technigues known in the art.

The concentration of frace metals and metailoids in the purified PGM film or islet
forming composition may each range independently from approximately 4 ppbw o
approximately 100 ppbw, and more preferably from approximately G ppbw to approximately
10 ppbw. These metal or metalloid impurities include, but are not limited o, Aluminum{Al},
Arsenic(As), Barium{Ba}, Beryliium({Be), Bismuth({Bi}, Cadmium(Cd), Calcium(Ca),
Chromium{Cr), Cobalt{Co}, Copper{Cu), Gallium(Ga), Germanium (Ge), Hafnium{Hf,

10
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Zirconium{Zn, Indium{in}, lron{Fe), Lead(Pb), Magnesium(Mg), Manganess{(Mn),
Tungsten(W), Nickel(N), Potassium(K}, Sodium{Na)}, Strontium(Sr), Thorium({Th), Tin{Sn),
Titanium(TH, Uranium{U), Vanadium(V} and Zinc{Zn). The concentration of X (where X =
Cl Bry in the purified PGM film or isiet forming composition may range beiween
approximately O ppmw and approximately 100 ppmw and more preferably between

approximately O ppmw {0 approximatsly 10 ppmw.

Deposition Processes

Also disclosed are methods of using the disciosed PGM film or islet forming
compositions for vapor depositions such as ALD or CVD technigues. The disclosed
methods provide for the use of the PGM film or islet forming compositions for deposition of
PGM-containing films or islets. The disclosed methods may be useful in the manufaciure of
electrochemical catalysts materials in fuel cell industry.

The disclosed methods for forming a PGM-containing layer on a substrate include:
placing a substrate in a reactor, delivering into the reactor a vapor of the disclosed PGM-
containing film or islet forming compaosition, and contacting the vapor with the substrate
{and typically directing the vapor {0 the substrate) to form a PGM-containing layer, islet or
nancdot on the surface of the substrate.

The methods may include forming a bimetal-containing layer on a substrate using
the vapor deposition process and, more apecifically, for deposition of PtRu, PiTilayers. The
disclosed methods may be useful in the manufacture of fuel cells,

The disclosed PGM-containing film or islet forming compositions may be used to
deposit PGM-containing films, nanodots or islets using any deposition methods known to
those of skill in the art. Examples of suitable deposition methods include chemical vapor
deposition (CVD) or atomic fayer deposition (ALD) with or without plasma treatment, or a
Hguid-based deposition. Exemplary CVD methods inciude thermal CVD, pulsed CVD
(PCVD), low pressure CVD (LPCVD), sub-atmospheric CVD (SACVD) or atmospheric
prassure CVD (APCVD), hot-wire CVD or hot filament CVD (also known as cat-CVD, in
which a hot wire serves as an energy source for the deposition process), hot wall CVD, cold
wall CVD, aerosol assisted CVD, direct liguid injection CVD, combustion CVD, hybrid
physical-CVD, metalorganic CVD, rapid thermal CVD, photo-initigted CVD, laser CVD,
radicals incorporated CVD, plasma enhanced CVD (PECVD) including but not limited {o
flowable PECVD, and combinations thereof. Exemplary ALD methods include thermal ALD,
plasma enhanced ALD (PEALD), spatial isolation ALD, temporal ALD, selective or not ALD,
hot-wire ALD (HWALD), radicals incorporated ALD, and combinations thereof. Super critical

11
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fluid deposition may aiso be used. The deposition method is preferably ALD, PE-ALD, or
spatial ALD in order to provide suitable step coverage and film thickness control. Liquid-
based deposition are exemplified by spin-on deposition (S0OD), spray deposition, dip-
coating, slit-coating.

The vapor of the PGM-containing film or islet forming composition is generated and
then introduced into a reaction chamber containing a subsirate. The temperature and the
pressure in the reaction chamber and the temperature of the subsiraie are held at
conditions suitable for vapor deposition of at least part of the PGM-containing precursor
onto the subsirale. In other words, after introduction of the vaporized compaosition into the
reaction chamber, conditions within the reaction chamber are adjusted such that at igast
part of the precursor is deposited onto the substrate to form the PGM-containing layer, islat
or nanodot. One of ordinary skill in the art will recognize that “at least part of the precursor
is deposited” means that some or all of the precursor reacts with or adheres to the substrate.

The reaction chamber or reactor may be any enclosure or chamber of a devica in
which deposition methods take place, such as, without limitation, a parallel-plate type
reactor, a cold-wall type reactor, a hot-wall type reactor, a single-wafer reactor, a mulli-
wafer reactor, or other such types of deposition systems. All of these exemplary reaction
chambers are capable of serving as an ALD or CVD reaction chamber. The reaction
chamber may be mainiained at a pressure ranging from about 0.5 mTorr 1o about 20 Torr
for alb ALD and subatmospheric CVD.  Subatmospheric CVD and atmospheric CVD
pressures may range up (o 760 Torr (atmospheare). In addition, the temperature within the
reaction chamber may range from a temperalure below room temperaturg, such as about
0°C, to gbout 800 °C. Preferably, the temperature within the reaction chamber may range
from about 15 °C to about 400 °C. More preferably, the temperature within the reaction
chamber may range from about 20 °C to about 300 °C. One of ordinary skill in the art will
recognize that the temperature may be optimized through mere experimentation {o achieve
the desired result.

The temperature of the reactor may be controlled by either controlling the
temperature of the substrate holder or controlling the temperature of the reactor wall
Devices used to cool or heat the substrate are known in the art. The reactor wall is heated
{0 a sufficient temperature to obtain the desired film or islet at a sufficient growth rate and
with desired physical state and compaosition. A non-limiting exemplary femperature range
o which the reactor wall may be heated includes from approximately 20 °C {o approximately
800 °C. When a plasma deposition process is utilized, the deposition temperature may
range from approximately 20 °C to approximately 550 °C.  Aliernatively, when a thermal
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process is performed, the deposition temperature may range from approximately 50 °C io
approximately 800 °C.

Allernatively, the subsirate may be heated to a sufficient temperature to obtain the
desired PGM-containing film, islet or nanodot at a sufficient growth rate and with desired
physical state and composition. A non-imiting exemplary temperaiure range o which the
substrate may be heated includes from room temperaiure {o approximately 800 °C.
Preferably, the temperature of the substrate remains less than or equal to 500 °C.

The reactor containg one or more subsirates onio which the films, nanodots or isleis
will be deposited. A substrate is generally defined as the material on which a process is
conducted. The substrates may be any suitable substrate used in semiconductor or lithium
battery industry. Examples of suitable substrates include wafers or supports, such as
silicon, silica, glass substrates. The support may have one or more layers of differing
materials deposited on it from a previous manufacturing step. For example, the supports
may include silicon layers {crysialling, amorphous, porous, efe.}, silicon oxide layers, silicon
nitride layers, silicon oxy nitride lavers, carbon doped silicon oxide (SiICOH) layers, or
combinations thereof. The disclosed PGM precursors used in the fuel cell industry may be
deposited on powders made of graphite, doped graphite, especially Si-doped graphite,
silicon and silicon alloys, or graphile made of metallic oxides. The underlying materials
may include such as a graphene, nanotubes, glassy carbons, a graphitic or amorphous
carbon, efc. The substrates may be planar, spherical, rounded or patterned, or may not
have reqular structures (see above). For example, the layer may be an underlying materials
made of hydrogenated carbon, for example CHy, wherein x is greater than zerc. The
preferred underlying materials are a graphitic or amorphous carbon, a graphens,
nanctubes, or glassy carbons.

The disciosed processes may deposit the PGM-containing layer directly on the
support or directly on one or more than one of the layers on top of the support. The substrate
may be patterned or may include complex tridimensional structures. For example, a
conformal PGM-containing fiim, such as Pimetal, may be deposited using any ALD/ICVD
technigue on a substrate having an aspect ratic ranging from approximately 201 to
approximaiely 1000:1. Furthermore, one of ordinary skill in the ant will recognize that the
terms “film” or "layer’ used herein refer to a thickness of some material laid on or spread
over a surface and that the surface may be a trench or a line. Throughout the specification
and claims, the wafer and any associated layers thereon are referred to as substrates. In
many instances though, the preferred substrate utiized may be selected from hydrogenated
carbons, silicon-based carbons, or Si type subsirates.
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The disclosed PGM-containing film forming compositions may be supplied sither in
neat form or in a blend with a suitable solvent, such as toluene, ethyl benzene, xylens,
mesitylene, decane, dodecane, oclane, hexane, pentane, tertiary amines, acetone,
tetrahydrofuran, ethanol, ethylmethylketone, 14-dioxane, or others. The disclosed
compositions may be present in varying concentrations in the solvent. For example, the
resuiting concentration may range from approximately 0.05M to approximately 2 M.

The neat or blended PGM-containing film forming compositions are delivered inio a
reactor in vapor form by conventional means, such as tubing andfor flow maters. The
compaosition in vapor form may be produced by vaporizing the neat or blended composition
through a conventional vaporization step such as direct vaporization, distiliation, by
bubbling, or by using a sublimator such as the one disclosed in PCT Publication
WO2009/087609 to Xu ef al. The neat or blended composition may be fed in liquid staie to
a vaporizer where it is vaporized before it is introduced into the reactor. Alternatively, the
neat or blended composition may be vaporized by passing a carriar gas into a container
containing the composition or by bubbling of the carrier gas into the composition. The carrier
gas may include, but is not limited to, Ar, He, or Nz, and mixtures thereof. Bubbling with a
carrier gas may alse remove any dissolved oxygen present in the neatl or blended
composition. The carrier gas and compaosition are then introduced inlc the reacior as a
Vapor.

If necessary, the container may be heated to a temperature that permits the PGM-
containing film forming composition {0 be in its liquid phase and to have a sufficient vapor
pressure. The confainer may be maintained at temperatures in the range of, for example,
0-150 “C. Thosge skilled in the art recognize that the temperature of the container may be
adiusted in a known manner to confrol the amount of PGM-containing film forming
composition vaporized.

in addition to the disclosed PGM precursors, a reactant or a co-reaciant may also
be introduced into the reactor. The co-reactant may be an oxygen-containing gas for Pi-
containing film deposition. The oxygen-containing gas includes, but is not limited {o,
oxidizers such as, Qs 0O, MO, ftrimethyphosphate, an alkyiphosphate, an
alkylphosphinimine, RuQ,4, NO, NzO, H20», O radicals, or combinations thereof, preferably
Cs or O, Typically, O:/02 mixlures are used for high temperature (e.¢., approximatsly 500
°C or higher) oxide deposition. In addition, the co-reactani may also be Fa, NF3, NoFs, FNO,
CiF, CIF3 or another interhalogen.

The disclosed vapor deposition processes {e.g., ALD, CVD) typically include a step
10 remove excess co-reactant from the deposition surface by providing a purge step, either
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by purging a reactor with an inert gas, or passing the substrate in a sector under high
vacuum and/or a carrier gas curiain. The co-reactants listed above may be ireated by
plasma, in order to decompaose the co-reactant into its radical form. Nz may also be utilized
as a reducing agent when treated with plasma. For instance, the plasma may be generated
with a power ranging from about 50 W to about 500 W, preferably from about 100 W io
about 200 W. The plasma may be generated or present within the reactor ifself.
Alternatively, the plasma may generally be at a location removed from the reactor, for
instance, in a remotely located plasma system. One of skill in the art will recognize methods
and apparatus suitable for such plasma treatment.

The disclosed PGM-containing film, nanodot or islet forming composition and one or
more co-reactants may be infroduced into the reaction chamber simultaneously (e.g., CVD),
sequentially (e.g., ALD), orin other combinations. For example, the PGM-containing film or
islet forming compaosition may be introduced in one pulse and two additional reactants may
be introduced together in a separate pulse (&.g., modified ALD). Alternatively, the reaction
chamber may already contain the co-reaciant prior to introduction of the disclosed PGM-
containing film or islet forming compaosition. The co-reactant may be passed through a
plasma system localized or remolely from the reaction chamber, and decomposed {0
radicals. Alternatively, the PGM-containing film, nanodot or islet forming composition may
ke infroduced 1o the reaction chamber continuously while other reactants are introduced by
pulse (e.g., pulsed-CVD). In each example, a pulse may be followed by a purge or
evacuation step to remove excess amounts of the component introduced. In each example,
the pulse may last for a time period ranging from about 4.01 s {o about 10 s, alternatively
from about 0.3 s to about 3 s, aliematively from about 0.5 s to about 2 5. In ancther
alternative, the PGM-containing film, nanodot, or islet forming composition and one or more
co-reactants may be simultansously sprayed from a shower head under which a suscaptor
hoiding several subsirates is spun (e.g., spatial ALD).

In one non-imiting exemplary ALD type process, the vapor phase of a PGM-
containing film, nanodot, or islet forming composition is introduced into the reaction
chamber, where at least pant of the PGM-containing precursor reacts with a suitable
substrate, such as C, 3i, SiO., AlzOs, efc., 1o form an adsorbed PGM-containing layer,
nancdot, or islet. Excess composition may then be removed from the reaction chamber by
purging and/cr evacugting the reaction chamber. Hz or NH3 is intreduced into the reaction
chamber where it reacts with the adsorbed PGM-containing layer in a selfdimiting manner.
Any exceass Ha or NHs is removed from the reaction chamber by purging and/or evacuating
the reaction chamber. This two-step process may provide the desired film thickness or may
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be repeated untii a film having the necessary thickness has been obtained.

Alternatively, if the desired PGM-containing film, nanodot, or islet containg a second
glement {e.g., PtM, where M is P, Ru, Ti, Ga, Ge, As, B, Ta, Hf, Nb, Mg, Al Sr, Y, Ba, Ca,
As, Sk, Bi, Sn, Pb, Co, lanthanides, or combinations therecf), the two-step process above
may be foliowed by introduction of a vapor of a second precursor into the reaction chamber,
The second precursor will be selected based on the nature of the PGM-M film or islet being
deposited. After infroduction into the reaction chamber, the second precursor is contacted
with the substrate. Any excess second pracursor is removed from the reaction chamber by
purging and/or evacuating the reaction chamber. Once again, Hy or NHs; may be introduced
into the reaction chamber to react with the second precursor. Excess Hp or NHz is removed
from the reaction chamber by purging and/or evacuating the reaction chambaer. If a desired
film or islet thickness has been achieved, the process may be terminated. However, if a
thicker film or islet is desired, the entire four-step process may be repeated. By alternating
ihe provision of the PGM precursor, second precursar, and Hy or NHs, a film of desired
composition and thickness may be deposited.

The disclosed PGM-containing film, nanodot, or islet forming compaositions may
contain any of the following impurities: undesired co-generic spacies, solvents; chiorinated
metal compounds; or other reaction products. in one aliemnative, the total guantity of these
impurities is below 0.1% wiw.

Solvents, such as hexane, pentane, dimethy! ether, or aniscle, may be used in the
precursor's synthesis. The concentration of the solvent in the disclosed Si-coniaining
precursors may range from approximately 0% wiw {0 approxdimately 5% wiw, preferably
from approximately 0% wiw to approximately 0.1% w/iw. Separation of the solvents from the
precursor may be difficudt if both have similar boiling points.  Cooling the mixture may
produce solid precursor in liquid solvent, which may be separated by filtration.  Vacuum
distillation may also be used, provided the precursor product is not heated above
approximaiely its decomposition point.

in one alternative, the disclosed PGM-containing film, nanodot, or islet forming
compositions contain less than 5% viv, preferably less than 1% viv, more preferably less
than 0.1% viv, and even more preferably less than 0.01% viv of any of its undesired co
genearic species, reactants, or other reaction products. This alternative may provide better
process repeatability. This alternative may be produced by distillation of the disclosed PGM
Precursors.

In ancther altemnative, the disclosed PGM-containing film, nanodot, or islet forming
compositions may contain between 5% viv and 50% viv of one or more of congeneric PGM-

=
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containing precursors, reaciants, or other reaction products, particularly when the mixture
provides improved process parameters or isolation of the target compound is {oo difficult or
gxpensive. For example, a mixiure of two FGM-containing precursors may produce a
stable, liguid mixture suitable for vapor deposition.

Also disclosed are methods or processes for forming PGM-containing layers, islets,
or nanodots on a substrate using an ALD or CVD process in a reaction chamber. The
disclosed PGM precursors may be used {o deposit Pl-containing films or islets using ALD
or CVD methaods known to those of skill in the art.

The disclosed vapor deposition processes using the disclosed PGM-containing
precursors may be performed for substrates having a temperature range from
approximately 20 °C {o approximately 750 °C, more preferably from 50 °C to approximately
300 °C.

The substrate exposure time in the disclosed vapor deposition processes {s.g., ALD,
CVD) using the disclosed precursors may range from 1 millisecond to 5§ minutes, preferably
from 1 second to 80 seconds. The co-reactant exposure time in the disclosed ALD
processes using the disclosed precursors may range from 1 millisecond o 1 minute,
preferably from 100 milliseconds to 30 seconds,

The pressure in the reaction chamber is held at conditions suitable for the PGM-
containing precursor to react with the surface. For instance, the pressure in the chamber
may be held batween approximately 0.1 mTorr and approximately 1000 Torr, preferably
between approximately 0.1 Tomr and approximately 400 Torr, more preferably between
approximately 1 Torr and approximately 100 Tor, even more preferably between
approximately 1 Torr and approximately 10 Torr.

The temperature of the reactor chamber may be controlled by either conirolling the
femperaturs of the substrate holder or controlling the temperature of the reactor wall.
Devices used {0 heat the substrate are known in the arl. The reactor wall is heated to a
sufficient temperature to obtain the desired film at a sufficient growth rate and with desired
physical state and compaosition. A non-imiting exemplary temperature range to which the
reactor wail may be heated includes from approximately 26 °C to approximately 1000 °C,
preferably from approximately 50 °C to approximately 400 °C. Alternatively a non-limiting
exemplary temperature 1o which the reactor wall may be heated includes approximately 50
°C or higher. When a thermal process is performed, the deposition temperature may range
from approximately 20 °C {o approximately 800 °C, preferably from approximateiy 850 °C to
approximately 350 °C, more preferably from approximately 100 °C to approximately 300
°C.
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The disclosed PGM precursors and the co-reactanis may be infroduced into the
reactor either sequentially (ALD) or simultansocusly (CVD). The reactor may be purged with
an inert gas between the introduction of the precursor and the introduction of the co-
reactant. Alfernatively, the substrate may be moved from one area for precursor exposure
to another area for co-reactant exposure {Spatial ALD).

Depending on the particular process parameters, deposition may take place for a
varying length of time. Generally, deposition may be allowed {o continue as long as desired
or necassary to produce a film with the necessary thickness, Typical film ihicknesses may
vary from an atomic monolayer to several hundreds of microns, depending on the specific
deposition process, preferably between 0.5 and 100 nm, more preferably between 1 and
53 nm. The deposition process may also be performed as many imes as nacessary o
obtain the desired film.

in one non-limiting exemplary ALD type process, the vapor phase of the disclosed
PGM-containing precursor is infroduced into the reactor, whare the PGM-containing
precurscr physi- or chemisorbs on the substrate. Excess composition may then be removed
from the reactor by purging and/or evacuating the reactor. A desired gas {for example, O2)
is introduced into the reactor where it reacts with the physi- or chemisorped precursor in g
self-imiting manner. Any excess reducing gas is removed from the reacior by purging
andfor evacuating the reactor. If the desired film is 8 PGM-containing film, this two-step
process may provide the desired film thickness or may be repeated untii a film having the
necessary thicknass has been obtained. The Pt-containing films, nanodots or islets formed
by the disclosed PGM-containing precursors through vapor deposition process include Pt
PtOx, PixRuy, PtxRuyQz, PixTivOz, efc.

Selected Embodiments and Working Examples

ML THL2)x includes as examples:

o Pt{dmpdiMe3, Ptchd)Me3, Pi{Me2-chd)Me3, Pi{Me2-chd)EtMe2, Pl{pyriMa3,
Pd{dmpd)Me3, Pd(chd)Me3, Pd{Me2-chdiMe3, Pd(Me2-chd)EiMe2, Pd{pyriMe3;

o Pt{dmpdi(NC), PH{chdi(NO), Pi(Me2-chd)(NO), PHpyri(NOC),  Pd{dmpd){NO),
Pd{chd){NO), Pd(Me2-chd){(NO), Pd{pyry{NOy;

o Ptdmpd)(iPr-amd}, Pichd)(iFPr-amd), PH{Me2-chd}(iFr-amd), Pi{pyr}{iPr-amd),
Pd(dmpdi(iFr-amd), Pd{chd){iPr-amd), Pd(MeZ-chd){iPr-amd), Pd{pyr){iFr-amd);

e Pt{dmpd)(tmhd)}, Pt{chd){tmhd), Pi{Me2-chd){tmhd}, Pt{pyri{tmhd),
Pd{dmpd)(imhd), Pd{chd){imhd), Pd{Me2-chd){tmhd), Pd(pyr)(tmhd);
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s Pi{dmpd)(hfac), Pi{chdi(hfac), Pi{Me2-chd){hfac), Pi{pyri(hfac), Pd{dmpd){hfac),
Pdichd}{hfac), Pd{Me2-chd)(hfac), and Pd{pyr(hfac).
o “dmpd” = 2 4-dimethylpentadienyl

Example 1. Syntheasis of P2 4-dimethylpentadieny!)Mes

in a Schienk flask charged with [PtMeslls (2.9 g, 2 mmol) in THF (20 mL), was added
K{dmpd} (1.0 g, 8 mmol) dissolved in THF (10 mL). The reaction mixture was stirred for 30
mins at room temperature. Evaporation of volatiles gave oily sticky solid. After extraction
with hexane (30 mL)} o remove insoluble salt, the volatiles were removed under reduced
pressure to obtain the brownish olly solid. This was purified by sublimation o give pale
yeliow solid.

1H NMR (400 MHz, CsDs): 5.22 (s, 1H, CH on dmpd), 2.65 (or s, 2H, CHH on dmpd), 2.21
{1, 2H, Jow = 15.7 Hz, CHH on dmpd), 1.8 (br, 3H, Pt-CHa), 1.73 (t, 6H, JPt-H = 4.5 Hz, CH:
on dmpd), 0.71 (brt, 8H, Pt-CHz).

Prophetic example of the use of Pi{dmpd)Me;
{Deposition conditions)

Using Pi{dmpdiMes thus synthesized in combination of HxO andior Os as the
reaction gas, platinum nanodots can be formed on the substrate by an ALD method under
the following conditions.

A cylinder filled with PH{dmpdiMe: is heated to 90°C., bubbled with 100 scom of No
gas (pulse A) and infroduced into the reaction chamber, and H» i3 supplied with 50 scom of
Nz gas (The step of introducing info the reaction chamber by pulse B is performed
alternately with a 4 second purge step using 200 scom of N» as the purge gas.) 12 cycles
are performed on a carbon powder having a substrate temperature of 150°C in an ALD
chamber at a pressure of about 20 torr. As a result, platinum nanodots are obtained at 150
*C.

M{LINL4)x includes as examples:

FHEICpXaliyh),  PHEICpY1-Me-aliyl), PHEICp(2-Me-allyl),  PA(EICp)aliy]),
PA(EICpY{1-Me-allyl), PA(EICp(2-Me-allyl), PYECP)NO), PJECPHNO), PHECp)(iPr-
amd), PHEICpiPr-amd), PUEICpHimhd), PAECpithmd), PYECpihfac), and
Pd(E{Cp)(hfac).
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Prophstic example of the synthesis of PH{EICpi{alivi)

In a Schienk flask charged with [P{aliyhCils in THF, is added K(EtCp} dissolved in
THF. The reaction mixture is stirred for 30 mins at room temperature. Evaporation of
volatiles gives an oily solid. After extraction with hexane {0 remove insoluble sait, the
volatiles are removed under reduced pressure 1o obtain the oil. This is purified by vacuum
distillation to give pale yellow liquid.

H NMR (400 MHz, CsDs): 5.75-5.80 (m, 4H, Cp-H), 4.05-3.80 (m, 1H, CH on allyl},
3.53 (id, 2H, Jern = 29.7 Hz, CHH on aliyl), 2.35 (g, 2H, Jun = 7.5 Hz, CH-CHa), 2.04 (id,
2H, Jeen = B4.2 Hz, CHH on alivl), 1.10 (8, 3H, Jun = 7.5 Hz, CHCHs)

Prophetic example of the use of PH{EICp){alivl)
{Deposition conditions)

Using PY{ECp)(alivl)y thus synthesized in combination of H0O andior Os as the
reaction gas, platinum nanocdots can be formed on the substrate by the ALD method under
the following conditions.

A cylinder filled with PYEICp)alivl) is heated to 80¢C., hubbled with 100 scom of Na
gas (pulse A) and infroduced into the reaction chamber, and Hs is supplied with 50 scom of
N> gas (The step of intreducing into the reaction chamber by pulse B is performed
alternately with a 4 second purge step using 200 scom of Nz as the purge gas.) 12 cycles
are performead on a carbon powdsr having a substrate temperature of 150 °C in an ALD
chamber at a pressure of about 20 forr. As a result, platinum nancdots are oblained at 150
°C.

M{LSYLE includes as examples:

Pi(aliyl{iPr-amd), Pilally)(iPry,Et-amd),  Pialiyl{iPro,nBu-amd), PYNOXalivl),
Pi(allyl¥{hfac), Pt(allyh{tmhd), Pd(aliyi{iPr-amd}, Pd(ally{(NO), Pd(aliyl}(hfac), and
Pd(allyli{tmhd).

Prophetic example of the use of Pt{aliyl}{hfac)
{Depaosition conditions)
Using Pi{aliyl}{hfac) in combination of H2Z0 and/or O3 as the reaction gas, platinum
nanodotscan be formed on the substrate by the ALD method under the foliowing conditions.
A cylinder filled with Pi{ally)(hfac) is heated to 80 oC., hubbled with 100 scom of N2
gas {puise A} and infroduced into the reaction chamber, and H2 is supplied with 50 scom
of N2 gas (The step of introducing into the reaction chamber by pulse B) was performed
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alternately with a 4 second purge step using 200 scoem of N2 as the purge gas. 12 cycles
weare performed on a carbon powder having a substrate temperature of 180 °Cinan ALD
chamber at a pressure of about 20 torr. As a resuit, platinum nanodots were obtained at
150 °C.

Synthesis of PH{aliyi}{Pr-amd}

in a Schlenk flask charged with N,N’-diisopropylcarbodiimide (0.51 g, 4.0 mmol) and
10 mbL of THF, was added Meli (1.0 M, 4.0 mL, 4.0 mmol} al room temperature and the
resulting midure was stirred for 3 hours to obtain Li{iPr-amd) solution. In a separaie Schienk
flask charged with [PallyDCl4 (1.1 g, 1.0 mmal) in 10 mb of THF, was added Li{iPr-amd)
solution at room temperature and the resulting mixiure was stirred for 30 minutas o obtain
cloudy vellow solution. All the volatiles were removed under reduced pressure 1o give pale
yeliow solid that was extracted with 10 mbL of pentane. All the volatiles from the vellow-
brown pentane solution wers removed under reduced pressure at room temperature {0 give
a crude solid. White solid was collectad in a Schienk flask cooled to -186 °C by heating the
flask containing crude solid up to 80 °C under dynamic vacuum {~10 Pa). The yield was 1.2
g (3.1 mmol, 77%). mp: 70-80 °C (by DTA)

TH NMR (CeDs, 400 MHz): 3.8-3.6 (m, 34, CHH'CHCHH and CHCHCH:), 3.5-3.2
(sept, 2H, 20 = 6.2 Hz, Jpun = 83.8 Hz, CHMez), 2.0-1.7 (d, 2H, 3J = 9.4 Hz, Jpn = 77.8 Hz,
CHHCHCHHY, 1.40 (s, 3H, Me on amd), 1.10(d, 6H, J = 86.2 Hz, CHMe»), 0.98 (d, 6H, J =
8.2 Hz, CHMez)

TG measurement was carried out under the following measurement conditions:
sample weight: 27.81 mg, atmosphere: N2 at 1 atm, and rate of temperature increase: 10.0
*Cimin. Temperature that 50% of the compound mass had evaporated was 185 °C. Vacuum
TG measuremeant was carried out under delivery conditions, under the following
measurement conditions: sample weight: 25.32 myg, atmosphere: N2 af 20 mbar, and rate
of temperature increase: 10.0 *C/imin. TG measurement was carried out under delivery
conditions into the reactor (about 20 mbar). Temperature that 50% of the compound mass

had evaporated was 126 °C. Resuits are charted in Figure 1.

Prophetic example of the use of Pi{alivi}{Pr-amd}
{Deposition conditions)

Using Pt(aillyhi(iPr-amd) in combination of Hz, Oz andfor O: as the reaction gas,
platinum nanodots can be formed on the substrate by the ALD method under the following
conditions. Vapors of Paliyh(iPr-amd), flown at a rate of 2 scem for 60s, would be
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introduced into the a fluidized powder reactor, alternatively with Ho (30 scom) and Nz gas
for 40s {pulse B). These precursor pulses are separated with a 60 second purge step using
30 scom of N2 as the purge gas. 12 cycles were performed on a carbon powder having a
substrate temperature of 50 to 200 °C in an ALD chamber at a pressure of about 20 torr.
As a result, platinum nanodots are expected 1o be oblained at temperaturas ranging from
50 to 300 °C.

Synthesis of PHallyi}{iPr:, El-amd)

In a Schienk flask charged with N, N'-diisopropyicarbodiimide (0.51 g, 4.0 mmol) and
10 mb of THF, was added EtLi (0.5 M, 8.0 miL, 4.0 mmol) at room {emperature and the
resuiting mixture was stirred for 3 hours o obtain Li(iPre, Ef-amd) solution. In a separate
Schienk flask charged with [Pt{aliyliClls (1.1 g, 1.0 mmol) in 10 mL of THF, was added
Li{iPry, Et-amd) solution at room temperature and the resulting mixture was stirred for 1 hour
o obtain cloudy orange-brown solution. All the volatiles were removed under reduced
pressure {o give ocher solid that was extracted with a mixture of 10 mb of pentane and 10
mL of toluene. All the volatiles from the yellow solution were removed under reduced
pressure at room temperature {0 give a crude oil. Pale yellow solid was collected in a
Schienk flask cooled to -196 °C by heating the flask containing crude oil up to 80 °C under
dynamic vacuum {(~10 Pa). The vield was 0.85 g (1.7 mmal, 42%). mp: 50-80 °C (by DTA).

H NMR (Csls, 400 MHz): 3.7-3.5 (m, 3H, CHH' CHCHH' and CHCHCHy), 3.6-3.2
(sept, 2H, 3 = 6.2 Hz, Jpwy = 89.0 Hz, CHMe2), 1.95-1.7 (m, 4H, Jpun = 77.6 Hz, CHCHs
and CHACHCHHY, 1.11 (d, 8H, J=86.2 Hz, CHMa,), 0.99 {d, 6H, J=86.2 Hz, CHMez}, 0.¢5
{{, 3 =77 Hz)

TG measurement was carried out under the following measurement conditions:
sample waight: 25.10 mg, atmosphere: N2 at 1 atm, and rate of temperature increase: 10.0
*Cimin. Temperature that 50% of the compound mass had evaporated was 198 °C. Vacuum
TG measursment was carried out under delivery conditions, under the foliowing
measurament conditions: sample weight: 27.84 mg, atmosphere: N2 at 20 mbar, and rate
of temperature increase: 10.0 *C/min. TG measurement was carried out under delivery
conditions into the reactor (about 20 mbar). Temperature that 50% of the compound mass

had evaporated was 135 °C. Resuils are charted in Figure 2.

Prophetic example of the use of PH{allyl}{iPry, Et-amd)
(Deposition conditions)
Using PHalivh{iPrz, Et-amd) in combination of M., 0o andfor O3 as the reaction gas,
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platinum nanodots can be formed on the substirate by the ALD method under the following
conditions, Vapors of P{alivl}{(iPr., Et-amd), flown al a rale of 2 scem for 60s, would be
introduced into the a fluidized powder reactor, alternatively with Mz {30 scom) and N gas
for 40s {(pulse B). These precursor pulses are separated with a 60 second purge step using
30 scom of N2 as the purge gas. 12 cycles were performed on a carbon powder having a
substrate temperature of 50 to 200 °C in an ALED chamber at g pressure of about 20 forr.
As a result, platinum nanodots are expected to be obtained at temperatures ranging from
50 o 300 °C.

Synthesis of Pi{alivi}{Pr:, nBu-amd)}

In a Schienk flask charged with NN -diisopropylcarbodiimide (0.51 g, 4.0 mmal) and
10 mbL of THF, was added nBuli (16 M, 2.5 mL, 4.0 mmol) at room temperature and the
resuiting mixture was stirred for 3 hours 1o obtain Li(iPre, nBu-amd) solution. In & separats
Schienk flask charged with [Pi{aliyDClls (1.1 g, 1.0 mmol) in 10 mbL of THF, was added
Li(iPrz nBu-amd) soiution at room temperature and the resulting mixture was stirred for 30
minutes o oblain cloudy brown solution. All the volatiles were removed under reduced
pressure to give brown oil that was exiracted with 10 mlb of pentane. All the volatiles from
the brown solution were removed under reduced pressure at room femperaiure 1o give a
crude oil. Pale yellow liquid was collected in a Schienk flask cooled o -196 °C by heating
the flask containing crude off up to 90 °C under dynamic vacuum (~10 Pa). The yield was
1.38 g (3.3 mmol, 82%). mp: below room temperature.

H NMR (CeDs, 400 MH2z): 3.7-3.5 (m, 3H, CAH'CHCHH and CHCHCH), 3.6-3.3
(sept, 2H, 3 = 6.2 Hz, Jpen = 80,1 Hz, CHMez), 1.98-1.7 {m, 4H, CHCHCHCH: and
CHHTHCHH), 1.5-1.4 (m, 2H, CHCHCHCHs), 1.3-1.2 (m, 2H, CHzCHCHCHa), 1.13
(d, 8H, J = 8.2 Hz, CHMsa), 1.00 (d, 8H, J = 62 Hz, CHMey), 0.80 (t, 3J = 7.3 Hz,
CHoCHCHaCHa)

TG measurement was carried cut under the following measuremsnt conditions:
sampla waight: 25.85 mg, atmosphere: N2 at 1 atm, and rate of temperature increase: 10.0
*Cimin. Temperature that 50% of the compound mass had evaporated was 205 °C. Vacuum
TG measurement was carried out under delivery conditions, under the foliowing
measurement conditions: sample weight: 26 .53 mg, almosphere: N2 at 20 mbar, and rate
of temperature increase. 10.0 *C/min. TG measurement was carried out under delivery
conditions into the reactor (about 20 mbar). Temperature that 50% of the compound mass
had evaporatad was 146 °C. Resulls are charted in Figure 3.
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Prophetic example of the use of PH{aliyl}{iPr.,nBu-amd)
{Deposition conditions)

Using Pi(allyh{iPrs, nBu-amd) in combination of H, 02 andfor Os as the reaction gas,
platinum nanodots can be formed on the substirate by the ALD method under the following
conditions. Vapors of Pt(aliyl}{Pr, nBu-amd), flown at a rate of 2 scom for 60s, would be
introduced into the a fluidized powder reactor, alternatively with Hz (30 scom) and Np gas
for 40s (pulse B). These precursor pulses are separated with a 60 second purge siep using
30 scom of Np as the purge gas. 12 cycles were performed on a carbon powder having a
substrate temperature of 50 to 200 °C in an ALD chamber at a pressure of about 20 torr.
As a result, platinum nanodots are expecied to be obtained at temperatures ranging from
50 to 300 °C.

Synthesis of Pt{aliyi}{{Bu Et, Me-amd)

In a Schienk flask charged with 1-tert-Butyl-3-sthyicarbodiimide (0.51 g, 4.0 mmol)
and 10 mbL of THF, was added Meli (1.0 M, 4.0 mL, 4.0 mmol) at room temperature and
the resulting mixture was stirred for 3 hours o obtain Li(tBu Et Me-amd) solution. In a
separate Schienk flask charged with [Pi(ally)Clls (1.1 g, 1.0 mmadl) in 10 mb of THF, was
added Li(iPr-amd) solution at room temperaiure and the resulting mixture was stirred for 30
minutes o oblain cloudy brown solution. All the volatiles were removed under reduced
pressure to give brown oif which was extracted with a mixture of 10 miL of pentane and 10
mbL of ioluena. All the volatiles from the yellow solution were removed under reduced
pressure at room temperature to give a crude solid. Slightly yellow solid was collected in a
Schienk flask cooled fo -196 °C by heating the flask containing crude solid up to 80 °C under
dynamic vacuum {~10 Pa). The vield was 0.80 g (2.0 mmol, 50%). mp: 70-80 °C (by DTA).

H NMR (CsDs, 400 MHz) 3838 {m, 1H, CHCHCH:), 3.8-35 {m, 2H,
CHHCHCHH), 3.2-2.9 (m, 2H, CHCHs)Y, 2.0-1.7 {m, 2H, Jpwn = 78.5 Hz, CHH'CHCHMHY,
1.48 (s, 3H, CHson amd), 1.25 (s, 8H, C(CHala), 1.08 (¢, 20 = 7.1 Hz, CHCH3)

TG measurement was carried out under the foliowing measurement conditions:
sample weight: 25.76 mg, aimosphere: N2 at 1 atm, and rate of temperature increase: 10.0
*C/min. Temperature that 50% of the compound mass had evaporated was 184 °C. Vacuum
TG measurement was carried oul under delivery conditions, under the following
measurement conditions: sample weight: 24.93 mg, atmosphere: N2 at 20 mbar, and rale
of temperature increase: 10.0 *Cimin. TG measurement was carried out under delivery
conditions into the reacior (about 20 mbar). Temperature that 50% of the compound mass
had evaporated was 135 °C. Resuits are charted in Figure 4.
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Prophetic example of the use of Pt{allyl}i{iBu,E{, Me-amd}
{Deposition conditions)

Using PialiyD{Buy Et, Me-amd) in combination of Hy, 02 andfor O as the reaction
gas, platinum nanodots can be formed on the subsirate by the ALD method under the
following conditions, Vapors of P{alivh{tBu Et, Me-amd}, flown at a rate of 2 scem for 680s,
would be infroduced into the a fluidized powder reactor, alternatively with H: (30 scem) and
Nz gas for 40s (pulse B). These precursor pulses are separated with a 60 second purge
step using 30 scom of Np as the purge gas. 12 cycles were performed on a carbon powder
having a substrate temperature of 50 to 200 °C in an ALD chamber at a pressure of about
20 torr. As aresult, platinum nanodots are expected {6 be oblained at temperaturas ranging
from 50 o 300 °C.
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CLAIMS:

1.

A chemical having one of the following formulae in which M represents a Platinum

group element:
a) MLD{L2)xy wherein:

5.

b)

)
i)

L1 is a n5- ligand excluding cyclopentadienyl,

each L2 is independently selected from an H, an alkyl group, an allyl group,
NQO, a halide, an alkoxide, an amide, an alkoxycarbyl, an aminccarbyi, a beta-
diketonale, a bsia-dikeloiminate, a keloiminate, a formamidinate, an
amidinate, a guanidinate, or a carbonyl, and

i) x¢ represents the number of L2 ligands;
M(L3){L4)xe wherein:

i
i)

L3 is a cyciopentadienyl ligand,

each L4 is independently selected from an H, a C2-C8 alkyl group, NO, a
halide, an alkoxide, an amide, an alkoxycarbyl, an aminocarbyl, a beta-
diketonate, a beta-diketoimide, a formamidinate, an amidinate, or a
guanidinate, and

i) X2 represents the number of L4 ligands;
M{LS)}(LEpn wherein:

)
it}

LS is a n3- ligand,
each LB is independently selected from an H, a C2-C8& alkyl group, NC, a
halide, an alkoxide, an amide, an alkoxycarbyl, an aminocarbyi, pentadienyi,
a cyclohexadienyl, a cycloheptadienyl, pyrrolvi, a heterocyclic ligand, a beta-
diketonale, a beta-dikeloimide, a formamidinate, an amidinale, or a
guanidinate, and

i) X represents the number of L8 ligands.

The chemical of claim 1 having the formula M{LIHLZ) x4

The chemical of claim 1 having the formula M{L3}L4)xz.

The chemical of claim 1 having the formula M({LSYLE)xa.

The chemical of claim 1 having the formula M{L3)(L6&p: wherein L5 is an allyl ligand,

LS is an amidinaie ligand and Xz = 1.
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i i e
R‘:.
whersin each of Ry, Ry, Rs, Re, Rs, Rs, Ry, and Rg are independently selected from H; a Cy-
Cs linear, branched, or cyclic alky! group; a Ci-Ce, branched, or cyclic alkyisilyl group (maono,
bis, or fris alkyl); a C1-Cs linear, branched, or cyclic alkylamino group; or a C-Cs linear,

branched, or cyclic fiuoroalkyl group.

8. The chemical of claim 5 having a formula selected from Pt{ailyh{/Pr-amd),
Pi{ally}{(iPre, Et-amd), Pi(ally){(iPry, El-amd), or P{aliyh{iPr.,nBu-amd), Pi{ally){fBu El Me-
amd).

7. A composition comprising one or more of the chemicals of any one of claims 1-6.

8. A method for depositing a Platinum Group Metal containing film, islet or nanodot,
the method comprising the steps of!
a) providing a gasecus or vapor phase comprising one or more of the chemicals of
any one of claims 1-6, optionally in the form of the composition of claim 7, and
b) depositing the film, islet or nanodot onto a substrate.

) The method of claim 8 comprising depositing the film, isiet or nanodot by atomic
layer deposition or chemical vapor deposition.

10 The method of claim 8 comprising depositing the film, islet or nanocdot by atomic
layer deposition.

11. The method of any one of claims 8-10, wherein a deposition temperature is from
about 0 °C to about 800 °C, preferably, from about 15 °C to about 400 °C, more preferably
from about 20 °C 1o about 300 °C.

12. The method of any one of claims 8-11, wherein the substrate is a cathode or g
cathode aclive material,
13. The method of claim 12, wherein the substrate is a cathode aclive material.

27



10

WO 2023/102063 PCT/US2022/051428

14, The method of claim 13, wherein the cathode active material, or the cathode aclive
material in the cathode, is selected from the group consisting of a) layered oxides such as
Ni-rich cathode materials like NMC (lithium nickel mangansse cobalt oxide) and NCA
{lithium nickel coball aluminum oxide); b} spinel cathode materials such as LMQO {lithium
manganese oxide), LNMQO (lithium nickel manganese oxide); ¢) Clivine structured cathode
materials, in particular the Tamily of Olivine phosphates such as LCF (lithium cobalt
phosphate), LNP (lithium nickel phosphate); and combinations theraof,

15, The method of any one of claim 8-14, further comprising a step of providing an
oxidizing co-reactant such as 02, O3, H20, H202, NO, N2, N2O or a NOx; an oxygen-
containing silicon precursor, an oxygen-coniaining tin precursor, a phosphate such as
trimethyiphosphate, disthyl phosphoramidate, or a suifate.
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