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PROTECTION INTERFACES FOR LI-ION BATTERY ANODES

BACKGROUND
Field
[0001] Implementations of the present disclosure provide electrodes having

protective films formed thereon, high performance electrochemical devices, such as
primary and secondary electrochemical devices, including the aforementioned

protective films and electrodes, and methods for fabricating the same.

Description of the Related Art

[0002] Lithium (Li) ion batteries have played a role in the development of current
generation mobile devices, microelectronics and electric vehicles. A typical Li-ion
battery is made of a positive electrode (cathode), a negative electrode (anode), an
electrolyte to conduct ions, a porous separator membrane (electrical insulator)
between the two electrodes to keep them physically apart and the packaging.
Current Li-ion batteries have energy densities ranging around 650 Wh/l. Theoretical
specific capacity of the current anode (graphite) at 372 mAh/g limits enhancing the
energy density of the batteries. In comparison, a lithium metal anode offers a
theoretical specific capacity of 3860 mAh/g (~10 times that of graphite) and a silicon
anode offers 4200 mAh/g (~12 times that of graphite). To achieve energy densities
higher than 1000 Wh/I, high specific capacity electrodes such as lithium metal

anodes or silicon-graphite anodes are needed.

[0003] Lithium and silicon anodes face challenges arising from volumetric change
during battery cycling and formation of solid electrolyte interphase (SEI) due to
reactivity with electrolyte. The formed SEIl layer acts as a barrier layer to the
penetration of lithium ions and adversely affects the kinetics at the anode. This layer
is not static. As a result, with repeated cycling, the SEI layer is partially depleted and
re-formed leading to continued inefficiency. In a typical Li-ion battery, positive
electrode has lower specific capacity (typically about 50% of anode) of the two

electrodes. Since the cathode acts as the lithium source within the cell, lithium lost
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in the SEI formation at the anode comes from the lower capacity electrode, thus

adversely affecting the energy density.

[0004] One aspect of lithium anodes is the formation of dendrites during battery
charging. A new lithium surface is repeatedly formed and depleted during cycling,
which leads to the formation of an inefficient SEI layer with every deposition and
subsequent depletion. Along with the SEI based inefficiencies, the formation of
dendrites that grow all the way to the cathode resulting in thermal runaway have

plagued the safety of Li metal batteries.

[0005] In either of the above cases, the formation of a stable (chemically and
structurally) and conducting layer will greatly benefit the anodes. Approaches so far
have focused on utilizing one of two options. In one approach, a rigid ceramic layer,
which is ion conducting, is used to prevent the growth of dendrites and possible
formation of SEI. This approach has been attempted with various ceramic layers
such as Al20s. In another approach, an electronic conducting layer is used to
promote electronic conductivity. However, usage of a predominantly single

conduction layer typically leads to an increase in overall cell resistance.

[0006] Therefore, there is a need for improved protected films for protecting

electrodes.

SUMMARY

[0007] Implementations of the present disclosure provide electrodes having
protective films formed thereon, high performance electrochemical devices, such as
primary and secondary electrochemical devices, including the aforementioned

protective films and electrodes, and methods for fabricating the same.

[0008] In at least one implementation, a method is provided. The method
comprises forming a lithium metal film on a current collector. The current collector
comprises copper and/or stainless steel. The method further comprises forming a

protective film stack on the lithium metal film. Forming the protective film stack
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comprises forming a first protective film on the lithium metal film, wherein the first

protective film comprises LigTisO12.

[0009] In another implementation, an anode electrode structure is provided. The
anode electrode structure comprises a current collector comprising copper and/or
stainless steel. The anode electrode structure further comprises a lithium metal film
formed on the current collector. The anode electrode structure further comprises a
protective film stack formed on the lithium metal film. The protective film stack
comprises a first protective film formed on the lithium metal film, wherein the first

protective film comprises LigTisO12.

[0010] In yet another implementation, an energy storage device is provided. The
energy storage device comprises an anode electrode structure. The anode
electrode structure comprises a current collector comprising copper and/or stainless
steel. The anode electrode structure further comprises a lithium metal film formed
on the current collector. The anode electrode structure further comprises a
protective film stack formed on the lithium metal film. The protective film stack
comprises a first protective film formed on the lithium metal film, wherein the first
protective film comprises LigTisO12. The energy storage device further comprises a
cathode electrode structure. The energy storage device further comprises a solid
electrolyte film formed between the anode electrode structure and the cathode

electrode structure.

[0011] In yet another implementation, a method is provided. The method
comprises forming a lithium metal film on a current collector, wherein the current
collector comprises copper and/or stainless steel. The method further comprises
forming a protective film on the lithium metal film, comprising a lithium transition

metal dichalcogenide.

[0012] In yet another implementation, an anode electrode structure is provided.
The anode electrode structure comprises a current collector comprising copper

and/or stainless steel, a lithium metal film formed on the current collector, and a
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protective film formed on the lithium metal film. The first protective film comprises a

lithium transition metal dichalcogenide. .

[0013] In yet another implementation, a method is provided. The method
comprises forming a graphite-containing film on a current collector. The current
collector comprises copper and/or stainless steel. The method further comprises
forming a protective film stack on the graphite-containing film. Forming the
protective film stack comprises forming a first protective film on the graphite-

containing film. The first protective film comprises LigTizO12.

[0014] In yet another implementation, an anode electrode structure is provided.
The anode electrode structure comprises a current collector comprising copper
and/or stainless steel. The anode electrode structure further comprises a graphite-
containing film formed on the current collector. The anode electrode structure
further comprises a protective film stack formed on the graphite-containing film. The
protective film stack comprises a first protective film formed on the graphite-

containing film, wherein the first protective film comprises LigTisO12.

[0015] In yet another implementation, an energy storage device is provided. The
energy storage device comprises an anode electrode structure. The anode
electrode structure comprises a current collector comprising copper and/or stainless
steel. The anode electrode structure further comprises a graphite-containing film
formed on the current collector. The anode electrode structure further comprises a
protective film stack formed on the graphite-containing film. The protective film
stack comprises a first protective film formed on the graphite-containing film,
wherein the first protective film comprises LigTisO12. The energy storage device
further comprises a cathode electrode structure. The energy storage device further
comprises a solid electrolyte film formed between the anode electrode structure and

the cathode electrode structure.

[0016] In yet another implementation, a method is provided. The method
comprises forming a graphite-containing film on a current collector. The current

collector comprises copper and/or stainless steel. The method further comprises
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forming a protective film on the graphite-containing film. The protective film

comprises a lithium transition metal dichalcogenide.

[0017] In yet another implementation, an anode electrode structure is provided.
The anode electrode structure comprises a current collector comprising copper
and/or stainless steel. The anode electrode structure further comprises a graphite-
containing film formed on the current collector. The anode electrode structure
further comprises a protective film formed on the graphite-containing film, wherein

the protective film comprises a lithium transition metal dichalcogenide.

[0018] In yet another implementation, an energy storage device is provided. The
energy storage device comprises an anode electrode structure. The anode
electrode structure comprises a current collector comprising copper and/or stainless
steel. The anode electrode structure further comprises a graphite-containing film
formed on the current collector. The anode electrode structure further comprises a
protective film formed on the graphite-containing film, wherein the protective film
comprises a lithium transition metal dichalcogenide. The energy storage device
further comprises a cathode electrode structure. The energy storage device further
comprises a solid electrolyte film formed between the anode electrode structure and

the cathode electrode structure.

[0019] In yet another implementation, a method is provided. The method
comprises forming a lithium metal film on a current collector, wherein the current
collector comprises copper and/or stainless steel, and forming a protective film stack
on the lithium metal film, comprising forming a first protective film on the lithium
metal film, wherein the first protective film comprises lithiated lithium-titanium-oxide
(LTO).

[0020] In yet another implementation, an anode electrode structure is provided.
The anode electrode structure, comprising a current collector comprising copper
and/or stainless steel, a lithium metal film formed on the current collector, and a

protective film stack formed on the lithium metal film, comprising a first protective
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film formed on the lithium metal film, wherein the first protective film comprises
lithiated-LTO.

[0021] In yet another implementation, a method is provided. The method
comprises forming a graphite-containing film on a current collector, wherein the
current collector comprises copper and/or stainless steel, and forming a protective
film stack on the graphite-containing film, comprising forming a first protective film on
the graphite-containing film, wherein the first protective film comprises lithiated
lithium-titanium-oxide (LTO).

[0022] In yet another implementation, an anode electrode structure is provided.
The anode electrode structure comprises a current collector comprising copper
and/or stainless steel, a graphite-containing film formed on the current collector, and
a protective film stack formed on the graphite-containing film, comprising a first
protective film formed on the graphite-containing film, wherein the first protective film

comprises lithiated-LTO.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] So that the manner in which the above-recited features of the present
disclosure can be understood in detail, a more particular description of the
implementations, briefly summarized above, may be had by reference to
implementations, some of which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only typical implementations
of this disclosure and are therefore not to be considered limiting of its scope, for the

disclosure may admit to other equally effective implementations.

[0024] FIG. 1 illustrates a schematic cross-sectional view of one implementation
of an energy storage device incorporating an electrode structure formed according

to one or more implementations described herein;

[0025] FIG. 2 illustrates a cross-sectional view of one implementation of a dual-
sided anode electrode structure formed according to one or more implementations

described herein;
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[0026] FIG. 3 illustrates a cross-sectional view of one implementation of a dual-
sided anode electrode structure formed according to one or more implementations

described herein;

[0027] FIG. 4 illustrates a process flow chart summarizing one implementation of
a method for forming an anode electrode structure according to one or more

implementations described herein;

[0028] FIG. 5 illustrates a process flow chart summarizing one implementation of
a method for forming an anode electrode structure according to one or more

implementations described herein; and

[0029] FIG. 6 illustrates a schematic view of an integrated processing tool for
forming anode electrode structures according to one or more implementations

described herein.

[0030] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. ltis
contemplated that elements and features of one implementation may be beneficially

incorporated in other implementations without further recitation.

DETAILED DESCRIPTION

[0031] The following disclosure describes electrodes having protective films
formed thereon, high performance electrochemical devices, such as primary and
secondary electrochemical devices, including the aforementioned protective films
and electrodes, and methods for fabricating the same. Certain details are set forth
in the following description and in FIGS. 1-6 to provide a thorough understanding of
various implementations of the disclosure. Other details describing well-known
structures and systems often associated with electrochemical cells and batteries are
not set forth in the following disclosure to avoid unnecessarily obscuring the

description of the various implementations.
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[0032] Many of the details, dimensions, angles and other features shown in the
Figures are merely illustrative of particular implementations. Accordingly, other
implementations can have other details, components, dimensions, angles and
features without departing from the spirit or scope of the present disclosure. In
addition, further implementations of the disclosure can be practiced without several

of the details described below.

[0033] Some implementations described herein will be described below in
reference to a reel-to-reel coating system, such as TopMet™, SMARTWEB®,
TopBeam™ all of which are available from Applied Materials, Inc. of Santa Clara,
California. Other tools capable of performing vapor deposition processes (e.g.,
physical vapor deposition (PVD) processes, chemical vapor deposition (CVD)
processes, atomic layer deposition (ALD) processes) may also be adapted to benefit
from the implementations described herein. In addition, any system enabling the
vapor deposition processes described herein can be used to advantage. The
apparatus description described herein is illustrative and should not be construed or
interpreted as limiting the scope of the implementations described herein. It should
also be understood that although described as a reel-to-reel process, the

implementations described herein may be performed on discrete substrates.

[0034] As described herein, flexible substrates can be considered to include
among other things, films, foils, webs, strips of plastic material, metal, paper, or

»ou

other materials. Typically, the terms “web,” “foil,” “strip,” “substrate” and the like are

used synonymously.

[0035] In some implementations, the protective films described herein are used
with an energy storage device, such as a Li-ion battery or a solid-state battery. Li-
ion batteries, typically include a positive electrode (e.g., cathode), and a negative
electrode separated by a polymer separator with a liquid electrolyte. Solid-state
batteries typically include a positive electrode (e.g., cathode) and a negative
electrode (e.g., anode) but replace both the polymer separator and the liquid

electrolyte with an ion-conducting material.
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[0036] As described herein, LTO generally refers to any lithium titanium-based
oxide (e.g., LisaTisO12) having a spinel structure. As such, an LTO material generally
includes lithium, titanium, and oxygen, and, in certain embodiments, may include

other dopant atoms as well.

[0037] As described herein, lithiated-LTO generally refers to any lithium titanium-
based oxide that has undergone lithiation (e.g., Li7TisO12, LigTisO12). As such, an
LTO material generally includes lithium, titanium, and oxygen, and, in certain

embodiments, may include other dopant atoms as well.

[0038] Li-ion batteries play a vital role in the development of current generation
mobile devices, microelectronics and electric vehicles. Current Li-ion batteries have
energy densities ranging around 650 Wh/l. Theoretical specific capacity of the
current anode (e.g., graphite), which is at 372 mAh/g, limits enhancing the energy
density of the batteries. In comparison, a Li metal anode offers a theoretical specific
capacity of 3,860 mAh/g (~10 times that of graphite) and a silicon anode offers
4,200 mAh/g (~12 times that of graphite). Thus, to achieve energy densities higher
than 1,000 Wh/l, high specific capacity electrodes such as Li metal anodes or

Silicon-Graphite anodes are needed.

[0039] Li metal anodes and silicon anodes face challenges arising from
volumetric change during battery cycling, formation of solid electrolyte interphase
(SEI) due to reactivity with electrolyte. The formed SEI layer acts as a barrier layer
to Li ions and adversely affects the kinetics at the anode. The SEI layer is not static.
As a result, with repeated cycling, the SEI layer is partially depleted and re-formed
leading to continued inefficiency. In a typical Li-ion battery, the positive electrode
has a lower specific capacity (typically about 50% of anode) of the two electrodes.
Since the cathode acts as the lithium source within the cell, lithium lost during SEI
formation at the anode is supplied by the lower capacity electrode, thus adversely

affecting the energy density.

[0040] One problem with lithium anodes is the formation of dendrites during

battery charging. During cycling, a new lithium surface repeatedly forms and
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depletes on the lithium anode. This repeated formation and depletion leads to the
formation of inefficient SEI layer with every deposition and subsequent depletion.
Along with SEI based inefficiencies, dendrites that grow all the way to the cathode
result in thermal runaway, which has plagued the safety of Li metal batteries. In
either of the above cases, the formation of a stable (chemically and structurally) and
conducting layer will greatly benefit the anodes. So far, approaches have focused
on utilizing one of two options. In one approach, a ceramic/ion conducting rigid layer
prevents growth of dendrites and possible formation of SEI. This approach has also
been attempted with various ceramic layers such as Al2Os etc. In another approach,
an electronic conducting layer promotes electronic conductivity in the anode layer.
However, use of a predominantly single conduction layer leads to an increase in
overall cell resistance.

[0041] Using the implementations described herein, the deposited lithium metal,
either single-sided or dual-sided, can be protected during winding and unwinding of
the reels downstream. Deposition of one or more thin protective films as described
herein has several advantages. First, in some implementations, the one or more
protective films described herein provide adequate surface protection for shipping,
handling, and storage as well as avoiding surface reactions of lithium during device
integration. Second, in some implementations, the one or more protective films
described herein are compatible with lithium ions and reduce impedance for ions to
move across the protective film. Third, in some implementations, the one or more
protective films described herein are mixed conduction materials, which are both
electronic conducting and ion-conducting and thus may be incorporated into the
formed energy storage device. Fourth, in some implementations, the one or more
protective films described herein help suppress or eliminate lithium dendrites,
especially at high current density operation. Fifth, in some implementations, the use
of protective films described herein reduces the complexity of manufacturing

systems and is compatible with current manufacturing systems.

[0042] In some implementations, the protective films include materials selected

from lithium transition metal dichalcogenides, lithiated-LTO (e.g., LirTisO12,

10
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LigTisO12), or a combination thereof. The lithium transition metal dichalcogenide
may comprise a transition metal dichalcogenide having the formula MXz, wherein M
is selected from Ti, Mo, or W and X is selected from S, Se, or Te. In one example,
the ftransition metal dichalcogenide is selected from TiSz;, MoS»;, WS, or a
combination thereof. In another example, the lithium transition metal dichalcogenide
is selected from lithium-titanium-disulfide (e.g., LiTiS2), lithium-tungsten-disulfide

(e.g., LIWSy), lithium-molybdenum-disulfide (e.g., LiM0S3), or a combination thereof.

[0043] In some implementations, the protective film is a single-layer film. In other
implementations, the protective film includes multiple layers, such as a dual layer
protective film stack. The protective film stack comprises at least a first protective
film and a second protective film formed on the first protective film. In one example,
the first protective film comprises lithiated-LTO (e.g., LizTisO12 LigTisO12) and the
second protective film comprises a lithium transition metal dichalcogenide. In
another example, the first protective film comprises lithiated-LTO (e.g., Li7TisO12
LisTisO12) and the second protective film comprises a lithium-titanium-disulfide. In
some implementations, the protective film has a thickness of 100 nanometers or

less.

[0044] In some implementations, the protective film is formed on a negative
electrode structure. In one example, the negative electrode structure is a lithium
metal film. In another example, the negative electrode structure is a silicon film. In
another example, the negative electrode structure is a graphite-containing film. In

another example, the negative electrode structure is a silicon graphite film.

[0045] In some implementations, a protective film is formed by depositing a seed
layer, LTO (e.g., LiaTisO12), using a physical vapor deposition (PVD) process onto a
negative electrode structure. The seed layer is then reduced to lithiated-LTO (e.qg.,
e.g., LirTisO12 LigTisO12) either on contact with the lithium metal film or during

lithiation of a silicon and/or graphite film.

[0046] In some implementations, the protective film is deposited via atomic layer

deposition (ALD) by reacting the precursors for a targeted number of cycles based

11
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on the target protective film thickness. In one example, LiTiS2, TiS2 is deposited via

an ALD process using TiCls and H2S.

[0047] Not to be bound by theory, but it is believed that adopting such an
electrochemically active layer provides an interface above the Li/Si anode that
subjects the incoming Li ions to a surface potential that is higher than the voltage
where dendritic growth becomes an issue. In addition, the materials utilized in the
present disclosure are also capable of fast charging/discharging in their application
as anodes such that the materials do not introduce kinetic limitations into the

system.

[0048] FIG. 1 illustrates a schematic cross-sectional view of one implementation
of an energy storage device 100 incorporating an anode electrode structure having
one or more protective film(s) 180 formed according to implementations described
herein. In some implementations, the energy storage device 100 is a solid-state
energy storage device or a lithium-ion based energy storage device. The energy
storage device 100, even though shown as a planar structure in FIG. 1, may be
formed into a cylinder by rolling the stack of layers; furthermore, other cell
configurations (e.g., prismatic cells, button cells, or stacked electrode cells) may be
formed. The energy storage device 100 includes an anode electrode structure 110
and a cathode electrode structure 120 with a solid-electrolyte film 130 positioned
therebetween. In some implementations, where the energy storage device 100 is a
Li-ion energy storage device, the solid-electrolyte film 130 is replaced with a polymer
separator and a liquid electrolyte. The cathode electrode structure 120 includes a
cathode current collector 140 and a cathode film 150. The anode electrode
structure 110 includes an anode current collector 160, an anode film 170, and one or

more protective film(s) 180.

[0049] The cathode electrode structure 120 includes the cathode current collector
140 with the cathode film 150 formed on the cathode current collector 140. It should
be understood that the cathode electrode structure 120 may include other elements

or films.

12



WO 2020/256806 PCT/US2020/026013

[0050] The current collectors 140, 160, on the cathode film 150 and the anode
film 170, respectively, can be identical or different electronic conductors. In some
implementations, at least one of the current collectors 140, 160 is a flexible
substrate. In one example, the flexible substrate is a CPP film (i.e., a casting
polypropylene film), an OPP film (i.e., an oriented polypropylene film), or a PET film
(i.e., an oriented polyethylene terephthalate film). Alternatively, the flexible substrate
may be a pre-coated paper, a polypropylene (PP) film, a PEN film, a poly lactase
acetate (PLA) film, or a PVC film. Examples of metals that the current collectors
140, 160 may be comprised of include aluminum (Al), copper (Cu), zinc (Zn), nickel
(Ni), cobalt (Co), manganese (Mn), chromium (Cr), stainless steel, clad materials,
alloys thereof, and a combination thereof. In some implementations, at least one of
the current collectors 140, 160 is perforated. In some implementations, at least one
of the current collectors 140, 160 includes a polymer substrate (e.g., polyethylene
terephthalate (*PET”) coated with a metallic material). In one example, the anode
current collector 160 is a polymer substrate (e.g., a PET film) coated with copper. In
some implementations, the anode current collector 160 is a multi-metal layer on a
polymer substrate. The multi-metal layer can be a combination of copper,
chromium, nickel, etc. In some implementations, the anode current collector 160 is
a multi-layer structure that includes a copper-nickel cladding material. In one
example, the multi-layer structure includes a first layer of nickel or chromium, a
second layer of copper formed on the first layer, and a third layer including nickel,
chromium, or both formed on the second layer. In another example, the anode
current collector 160 is nickel coated copper. Furthermore, current collectors may
be of any form factor (e.g., metallic foil, sheet, or plate), shape and micro/macro

structure.

[0051] Generally, in prismatic cells, tabs are formed of the same material as the
current collector and may be formed during fabrication of the stack, or added later.
In some implementations, the current collectors extend beyond the stack and the
portions of the current collector extending beyond the stack may be used as tabs. In

one example, the cathode current collector 140 is aluminum. In another example,

13
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the cathode current collector 140 comprises aluminum deposited on a polymer
substrate (e.g., a PET film). In some implementations, the cathode current collector
140 has a thickness below 50 um more specifically, 5 uym or, even more specifically
2 im. In some implementations, the cathode current collector 140 has a thickness
from about 0.5 um to about 20 um (e.g., from about 1 um to about 10 uym; from
about 2 um to about 8 um; or from about 5 um to about 10 pm). In one example, the
anode current collector 160 is copper. In another example, the anode current
collector 160 is stainless steel. In some implementations, the anode current
collector 160 has a thickness below 50 ym more specifically, 5 um or, even more
specifically 2 um. In one example, the anode current collector 160 has a thickness
from about 0.5 um to about 20 um (e.g., from about 1 um to about 10 uym; from
about 2 um to about 8 um; from about 6 pm to about 12 um; or from about 5 pm to

about 10 um).

[0052] The cathode film 150 or cathode may be any material compatible with the
anode and may include an intercalation compound, an insertion compound, or an
electrochemically active polymer. Suitable intercalation materials include, for
example, lithium-containing metal oxides, MoS», FeS», BiF3, FexOF4, MnO2, TiS,
NbSes, LiCoO2, LiNiO2, LIMNO2, LiMn20s, VeO1z and V20s. Suitable polymers
include, for example, polyacetylene, polypyrrole, polyaniline, and polythiophene. In
some implementations, the cathode film 150 or cathode is made from a layered
oxide, such as lithium cobalt oxide, an olivine, such as lithium iron phosphate, or a
spinel, such as lithium manganese oxide. Suitable lithium-containing oxides may be
layered, such as lithium cobalt oxide (LiCoOy), or mixed metal oxides, such as
LiNixC01-2xMnQ2, LiNIMNCoO2> (“NMC”), LiNiosMn1504, Li(Nio.sC00.15Al0.05)O2,
LiMn2Os4, and doped lithium rich layered-layered materials, wherein X is zero or a
non-zero number. Suitable lithium-containing phosphates may be iron olivine
(LiFePQs4) and its variants (such as LiFeuxMgxPQOs), LiIMOPOs, LICOPQs4, LiNiPQs,
LizsV2(PQa)s, LIVOPQs, LIMP2O7, or LiFessP207, wherein x is zero or a non-zero
number. Suitable lithium-containing fluorophosphates may be LiVPO4F, LIAIPO4F,
Lis\V(POas)2F2 LisCr(POas)2F2 Li2CoPO4F, or LizNiPO4F.  Suitable lithium-containing
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silicates may be Li2FeSiOs, Li2MnSiQOs, or Li2VOSIOs. One example of a suitable

non-lithium compound is NasV2(PQOa)2Fs.

[0053] The anode film 170 may be any material compatible with the cathode film
150. In some implementations, the anode film 170 has an energy capacity greater
than or equal to 372 mAh/g, preferably = 700 mAh/g, and most preferably = 1000
mAh/g. In some implementations, the anode film 170 is constructed from graphite,
silicon-containing graphite, lithium metal, lithium metal foil or a lithium alloy foil (e.g.
lithium aluminum alloys), or a mixture of a lithium metal and/or lithium alloy and
materials such as carbon (e.g. coke, graphite), nickel, copper, tin, indium, silicon,
oxides thereof, or a combination thereof. In some implementations, the anode film
170 comprises intercalation compounds containing lithium or insertion compounds
containing lithium. In one example, the anode film 170 is a lithium metal film. The

lithium metal film may be deposited using the methods described herein.

[0054] In some implementations, the anode film 170 has a thickness from about
10 um to about 200 um (e.g., from about 1 pm to about 100 um; from about 10 um
to about 30 um; from about 20 um to about 30 pm; from about 1 um to about 20 pm;

or from about 50 um to about 100 pm).

[0055] In some implementations, the one or more protective film(s) 180 is formed
on the anode film 170. In some implementations, the protective film(s) 180 include
materials selected from lithium transition metal dichalcogenides, lithiated-LTO (e.g.,
LizTisO12 LigTisO12), or a combination thereof. In some implementations, the lithium
transition metal dichalcogenide comprises a transition metal dichalcogenide having
the formula MXz, wherein M is selected from Ti, Mo, or W and X is selected from S,
Se, or Te. In one example, the transition metal dichalcogenide is selected from
TiS2, MoS2, WS2, or a combination thereof. In one example, the lithium transition
metal dichalcogenide is selected from lithium-titanium-disulfide (e.g., LiTiS2), lithium-
tungsten-disulfide (e.g., LIWSy), lithium-molybdenum-disulfide (e.g., LiM0S>), or a
combination thereof.
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[0056] In some implementations, the protective fiim(s) 180 is a single-layer film.
In other implementations, the protective film includes multiple layers, such as a dual
layer protective film stack. The protective film stack comprises at least a first
protective film and a second protective film formed on the first protective film. In one
example, the first protective film comprises lithiated-LTO (e.g., Li7TisO12 LigTisO12)
and the second protective film comprises a lithium transition metal dichalcogenide.
In another example, the first protective film comprises lithiated-LTO (e.g., LizTisO12
LigTisO12) and the second protective film comprises lithium-titanium-disulfide. In
some implementations, the protective film has a thickness of 100 nanometers or

less.

[0057] In some implementations, the one or more protective filim(s) 180 are
mixed conduction materials, which are both electronic conducting and ion-
conducting and thus may be incorporated into the formed energy storage device. In
some implementations, the one or more protective film(s) 180 are ion-conducting
films. In one example, the one or more protective film(s) 180 are permeable to at
least one of lithium ions and lithium atoms. In some implementations, the one or
more protective film(s) 180 provide surface protection of the anode film 170, which
allows for handling of the anode film in a dry room. In some implementations, where
the energy storage device 100 is a solid-state energy storage device, the one or
more protective film(s) 180 contribute to the formation of an improved SEI layer and
thus improve device performance. In some implementations, the one or more
protective film(s) 180 can be directly deposited on the anode film 170 by Physical
Vapor Deposition (PVD), such as evaporation (e.g., thermal or e-beam) or
sputtering, atomic layer deposition (ALD), a slot-die process, dip coating, a thin-film

transfer process, gravure coating or a three-dimensional lithium printing process.

[0058] In some implementations, each layer of the one or more protective film(s)
180 is a coating or discrete film having a thickness of 500 nanometers or less (e.g.,
from about 1 nm to about 400 nm; from about 25 nm to about 300 nm; from about 50
nm to about 200 nm; from about 100 nm to about 150 nm; from about 10 nm to

about 80 nm; or from about 30 to about 60 nanometers). In other implementations,
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each layer of the one or more protective film(s) 180 is a coating or discrete film
having a thickness of 100 nanometers or less (e.g., from about 5 nanometers to
about 100 nanometers; from about 5 nanometers to about 40 nanometers; from
about 10 nanometers to about 20 nanometers; or from about 50 nanometers to

about 100 nanometers).

[0059] In some implementations, the solid-electrolyte film 130 is a lithium-ion
conducting material. The lithium-ion conducting material may be a lithium-ion
conducting ceramic or a lithium-ion conducting glass. In one example, the Li-ion
conducting material is comprised of one or more of LiPON, doped variants of either
crystalline or amorphous phases of LirLasZr2012, doped anti-perovskite
compositions, argyrodite compositions (e.g., LisPSsBr, LisPSsCl, LizPSe, LisPSsl,
LisPOsCl), lithium-sulfur-phosphorous materials, Li2S-P2Ss, LitoGeP2S12, and LisPSa4,
lithium phosphate glasses, (1-x)Lil—(x)LiaSnS4, xLil—(1-x)LisSnS4, mixed sulfide and
oxide electrolytes (crystalline LLZO, amorphous (1-x)Lil—(X)LisSnSs mixture,
amorphous xLil—(1-x)Li4SnSa4), LizS(BF4)o5Clo.s, LiaTisOq2, lithium doped lanthanum
titanate (LATP), Liz2+2xZn1-xGeQOs, LiM2(PO4)s where M = Ti, Ge, Hf, for example. In
one example, x is between 0 and 1 (e.g., 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and
0.9).

[0060] FIG. 2 illustrates a cross-sectional view of one implementation of an
anode electrode structure 200 formed according to one or more implementations
described herein. Note in FIG. 2 that the anode current collector 160 is shown to
extend beyond the stack, although it is not necessary for the anode current collector
160 to extend beyond the stack, the portions extending beyond the stack may be
used as tabs. Although the anode electrode structure 200 is depicted as a dual-
sided electrode structure, it should be understood that the aspects described herein

also apply to single-sided electrode structures.

[0061] The anode electrode structure 200 has the anode current collector 160,
anode films 170a, 170b (collectively 170) formed on opposing sides of the anode

current collector 160. In some implementations, the anode film 170 is constructed
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from lithium metal, silicon, graphite, silicon-containing graphite, or a combination
thereof. In one example, the anode film 170 is a lithium metal film. In some
implementations, the anode film 170 has a thickness of 20 micrometers or less (e.q.,
from about 1 micrometer to about 20 micrometer). In some implementations, a first
protective film 210a, 210b (collectively 210) is formed on each of the anode films
170a, 170b. In one example, the first protective film 210 comprises a mixed
conduction material as described herein. In one example, the first protective film
210 comprises LigTisO12, a lithium transition metal dichalcogenide, or a combination
thereof. In some implementations, the first protective film 210 has a thickness of
100 nanometers or less (e.g., from about 5 nanometers to 100 nanometers; from
about 5 nanometers to about 40 nanometers; from about 10 nanometers to about 20
nanometers; or from about 50 nanometers to about 100 nanometers). In some
implementations, as depicted in FIG. 2, the first protective film 210 coats the
exposed surfaces (e.g., top surface and sidewalls) of the anode film 170 extending

to contact the anode current collector 160.

[0062] In some implementations, a second protective film 220a, 220b (collectively
220) is formed on each on the first protective film(s) 210. The second protective film
220 may comprise a mixed conduction material as described herein. The second
protective film 220 is different from the first protective film 210. In some
implementations, the second protective film 220 is permeable to at least one of
lithium ions and lithium atoms. In one example, the second protective film 220 is a
lithium transition metal dichalcogenide. In some implementations, the second
protective film 220 has a thickness of 100 nanometers or less (e.g., from about 5
nanometers to 100 nanometers; from about 5 nanometers to about 40 nanometers;
from about 10 nanometers to about 20 nanometers; or from about 50 nanometers to

about 100 nanometers).

[0063] In one example, the first protective film 210 comprises lithiated-LTO (e.g.,
Li7TisO12 LigTisO12) and the second protective film 220 is a lithium transition metal
dichalcogenide. In another example, the first protective film 210 comprises lithiated-
LTO (e.g., Li7TisO12 LigTisO12) and the second protective film 220 is LiTiS>.
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[0064] FIG. 3 illustrates a cross-sectional view of one implementation of an
anode electrode structure 300 formed according to implementations described
herein. Note in FIG. 3 that the anode current collector 160 is shown to extend
beyond the stack, although it is not necessary for the anode current collector 160 to
extend beyond the stack, the portions extending beyond the stack may be used as
tabs. Although the anode electrode structure 300 is depicted as a dual-sided
electrode structure, it should be understood that the implementations described

herein also apply to single-sided electrode structures.

[0065] The anode electrode structure 300 has the anode current collector 160
and anode films 170a, 170b (collectively 170) formed on opposing sides of the
anode current collector 160. In some implementations, the anode film 170 is
constructed from lithium metal, silicon, graphite, silicon-containing graphite, or a
combination thereof. In one example, the anode film 170 is a lithium metal film. In
some implementations, the anode film 170 has a thickness of 20 micrometers or
less (e.g., from about 1 micrometer to about 20 micrometer). In some
implementations, a protective film 310a, 310b (collectively 310) is formed on each of
the anode films 170a, 170b. In some implementations, the protective film 310
comprises a mixed conduction material as described herein. In one example, the
protective film 310 comprises lithiated-LTO (e.g., Li7TisO12 LigTisO12), a lithium
transition metal dichalcogenide, or a combination thereof. In some implementations,
the protective film 310 has a thickness of 100 nanometers or less (e.g., from about 5
nanometers to 100 nanometers; from about 5 nanometers to about 40 nanometers;
from about 10 nanometers to about 20 nanometers; or from about 50 nanometers to
about 100 nanometers). In some implementations, as depicted in FIG. 3, the
protective film 310 coats the exposed surfaces (e.g., top surface and sidewalls) of

the anode film 170 extending to contact the anode current collector 160.

[0066] FIG. 4 illustrates a process flow chart summarizing one implementation of
a method 400 for forming an anode electrode structure according to
implementations described herein. The anode electrode structure may be the anode

electrode structure 200 depicted in FIG. 2. At operation 410, a substrate is
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provided. In some implementations, the substrate is a continuous sheet of material
650 as shown in FIG. 6. In one example, the substrate is the anode current collector
160. Examples of metals that the substrate may be comprised of include aluminum
(Al), copper (Cu), zinc (Zn), nickel (Ni), cobalt (Co), manganese (Mn), chromium
(Cr), stainless steel, clad materials, alloys thereof, and a combination thereof. In
one example, the substrate is copper material. In another example, the substrate is
a stainless steel material. In some implementations, the substrate is perforated.
Furthermore, the substrate may be of any form factor (e.g., metallic foil, sheet, or

plate), shape and micro/macro structure.

[0067] In some implementations, the substrate is exposed to a pretreatment
process, which includes at least one of a plasma treatment or corona discharge
process to remove organic materials from the exposed surfaces of the current
collector. The pretreatment process is performed prior to film deposition on the

substrate.

[0068] At operation 420, an anode film is formed on the substrate. In some
implementations, the anode film is the anode film 170 and the substrate is the anode
current collector 160. In one example, the anode film is formed on a copper current
collector. In another example, the anode film is already present on the substrate or
“‘prefabricated.” If an anode film is already present on the substrate, a lithium metal
film may be formed on the anode film. If an anode film is not present, the anode
metal film may be formed directly on the substrate. In some implementations, the
anode film is constructed from lithium metal, silicon, graphite, silicon-containing
graphite, or a combination thereof. In some implementations, the anode film has a
thickness of 20 micrometers or less (e.g., from about 1 micrometer to about 20

micrometer).

[0069] In some implementations, the anode film is a lithium metal film. Any
suitable lithium metal film deposition process for depositing thin films of lithium metal
may be used to deposit the thin film of lithium metal. Deposition of the thin film of

lithium metal may be by PVD processes, such as evaporation (e.g., thermal
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evaporation or e-beam), a slot-die process, a transfer process, or a three-
dimensional lithium printing process. The chamber for depositing the thin film of
lithium metal may include a PVD system, such as an electron-beam evaporator, a
thermal evaporator, or a sputtering system, a thin film transfer system (including
large area pattern printing systems such as gravure printing systems) or a slot-die

deposition system.

[0070] At operation 430, a first protective film is formed on the anode film. With
reference to FIG. 2, the first protective film may be the first protective film 210 and
the anode film may be anode film 170. In some implementations, the first protective
film comprises a mixed conduction material as described herein. In some
implementations, the first protective film comprises lithiated-LTO (e.g., Li7TisO12
LigTisO12), a lithium transition metal dichalcogenide, or a combination thereof. In
some implementations, the first protective film is deposited by a PVD process, such
as sputtering or evaporation (e.g., thermal evaporation or e-beam), a chemical vapor
deposition process, an atomic layer deposition process, or a three-dimensional
lithium printing process. In some implementations, the first protective film has a
thickness of 500 nanometers or less (e.g., from about 1 nm to about 400 nm; from
about 25 nm to about 300 nm; from about 50 nm to about 200 nm; from about 100
nm to about 150 nm; from about 10 nm to about 80 nm; or from about 30 to about 60
nanometers). In some implementations, the first protective film has a thickness of
100 nanometers or less (e.g., from about 5 nanometers to 100 nanometers; from
about 10 nanometers to about 20 nanometers; or from about 50 nanometers to

about 100 nanometers).

[0071] In some implementations, the first protective film comprises LTO (e.qg.,
LisTisO12), which is deposited on the anode film via a PVD process. The LTO (e.g.,
LisTisO12) film may be exposed to a lithiation process to form the lithiated-LTO (e.g.,
Li7TisO12 LigTisO12) film. In one example, the lithiation process occurs during the first
cycle charge of the energy storage device of which the protected anode film is a

part. In another example, the LTO (e.g., LisTisO12) film is deposited on a lithium
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metal film, the LTO (e.g., LisTisO12) film is reduced by interaction with the lithium
metal film to form the lithiated-LTO (e.g., Li7TisO12 LigTisO12) film.

[0072] In some implementations, the first protective film comprises a lithium
transition metal dichalcogenide. In one example, the transition metal dichalcogenide
is deposited on the anode film via a PVD process. In another example, the
transition metal dichalcogenide is deposited on the anode film via a CVD or ALD
process. In some implementations, the deposited transition metal dichalcogenide is
exposed to a lithiation process to form the lithium transition metal dichalcogenide. In
one example, the lithiation process occurs during the first cycle charge of the energy
storage device of which the protected anode film is a part. In another example
where the transition metal dichalcogenide is deposited on a lithium metal film, the
transition metal dichalcogenide is reduced by interaction with the lithium metal film to

form the lithium transition metal dichalcogenide.

[0073] In some implementations, the transition metal chalcogenide film is
deposited using a PVD process having an RF power source coupled to a target.
The target is typically composed of the materials of the transition metal chalcogenide
film. For example, a titanium-sulfide alloy target, a tungsten-sulfide target, or a
molybdenum-sulfide target. The plasma may be generated from a non-reactive gas
such as argon (Ar), krypton (Kr), or nitrogen. In one example, a plasma is generated
from argon gas having a flow rate within a range from about 30 standard cubic
centimeters (sccm) to about 200 sccm, such as about 100 sccm to about 150 sccm.
RF power may be applied to the target at a power level within a range from about 50
W to about 4,000 W, for example, about 1,000 W to about 3,000 W, such as about
2000 W. The deposition chamber may be pressurized from about 0.1 mTorr to
about 500 mTorr. In one example, the deposition chamber is pressurized from
about 0.1 mTorr to about 100 mTorr, for example, from about 10 mTorr to about 30
mTorr, such as 25 mTorr. The substrate may be electrically “floating” and have no
bias. In one example, the deposition process of operation 430 is performed at a
deposition temperature from about 50 °C to about 400 °C, for example, from about
100 °C to about 200 °C, such as about 120 °C.
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[0074] In some implementations, the plasma is generated using a DC power
source coupled to the alloy target. The substrate may be electrically “floating” and
have no bias. In one example, plasma is generated from an argon gas having a flow
rate within a range from about 30 standard cubic centimeters (sccm) to about 200
sccm, such as about 100 sccm to about 150 sccm. In one example, a DC power is
applied to the target at a power level within a range from about 50 W to about 5,000
W, from about 1000 W to about 3000 W, for example between about 1000 W to
about 2000 W, such as about 2000 W. The deposition chamber may be pressurized
from about 0.1 mTorr to about 500 mTorr. In one example, the deposition chamber
is pressurized from about 0.1 mTorr to about 100 mTorr, for example, from about 10
mTorr to about 30 mTorr, such as 25 mTorr. In one example, the deposition
process of operation 430 is performed at a deposition temperature from about 50 °C
to about 400 °C, for example, from about 100 °C to about 200 °C, such as about 120
°C.

[0075] In some implementations, the transition metal dichalcogenide is deposited
using an ALD process. In one example, the ALD process comprises (a) flowing a
first precursor gas comprising a transition metal into a processing region, (b) purging
the processing region; (c) flowing a second precursor gas comprising a
chalcogenide into the processing region to form the transition metal chalcogenide
film; (d) purging the processing region; and (e) optionally repeating (a)-(d) until the
transition metal dichalcogenide film achieves a targeted thickness. In one example
where the transition metal dichalcogenide is TiS2, the TiS: film is formed by (a)
flowing TiCls into a processing region, (b) purging the processing region, (c) flowing
H2S into the processing region to form the TiS> film, (d) purging the processing
region, and (e) repeating (a)-(d) until the TiSz film achieves a targeted thickness. In
one example, (a)-(d) are performed in a different order, for example, (c) flowing H>S
into the processing region to form the TiS: film, (b) purging the processing region,
(a) flowing TiCls into a processing region, (d) purging the processing region, and (e)

repeating until the TiS> film achieves a targeted thickness.
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[0076] At operation 440, a second protective film is formed on the first protective
film.  With reference to FIG. 2, the second protective film may be the second
protective film 220 and the first protective film may be the first protective film 210. In
some implementations, the second protective film comprises a mixed conduction
material as described herein. In some implementations, the second protective film
comprises lithiated-LTO (e.g., LirTisO12, LigTisO12), a lithium transition metal
dichalcogenide, or a combination thereof. The second protective film is a different
film than the first protective film formed at operation 430. In some implementations,
the second protective film is deposited by a PVD process, such as sputtering or
evaporation (e.g., thermal evaporation or e-beam), a chemical vapor deposition
process, an atomic layer deposition process, or a three-dimensional lithium printing
process. In some implementations, the second protective film has a thickness of
500 nanometers or less (e.g., from about 1 nm to about 400 nm; from about 25 nm
to about 300 nm; from about 50 nm to about 200 nm; from about 100 nm to about
150 nm; from about 10 nm to about 80 nm; or from about 30 to about 60
nanometers). In other implementations, the second protective film has a thickness
of 100 nanometers or less (e.g., from about 5 nanometers to 100 nanometers; from
about 10 nanometers to about 20 nanometers; or from about 50 nanometers to

about 100 nanometers).

[0077] In some implementations, the second protective film has a thickness in a
range of 1 nanometer to 3,000 nanometers (e.g., in the range of 10 nanometers to
600 nanometers; in the range of 50 nanometers to 100 nanometers; in the range of
50 nanometers to 200 nanometers; in the range of 100 nanometers to 150
nanometers). In other implementations, the second protective film 220 has a
thickness of 500 nanometers or less (e.g., from about 1 nm to about 400 nm; from
about 25 nm to about 300 nm; from about 50 nm to about 200 nm; from about 100
nm to about 150 nm; from about 10 nm to about 80 nm; or from about 30 to about 60
nanometers). In other implementations, the second protective film 220 has a

thickness of 100 nanometers or less (e.g., from about 5 nanometers to 100
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nanometers; from about 10 nanometers to about 20 nanometers; or from about 50

nanometers to about 100 nanometers).

[0078] In one example, the first protective film formed during operation 430
comprises lithiated-LTO (e.g., Li7TisO12, LigTisO12) and the second protective film

formed during operation 440 comprises lithium-titanium-disulfide.

[0079] FIG. 5 illustrates a process flow chart summarizing one implementation of
a method 500 for forming an anode electrode structure according to one or more
implementations described herein. The anode electrode structure may be the anode
electrode structure 300 depicted in FIG. 3. At operation 510, a substrate is
provided. In some implementations, the substrate is a continuous sheet of material
650 as shown in FIG. 6. In one example, the substrate is the anode current collector
160. Examples of metals that the substrate may be comprised of include aluminum
(Al), copper (Cu), zinc (Zn), nickel (Ni), cobalt (Co), manganese (Mn), chromium
(Cr), stainless steel, clad materials, alloys thereof, and a combination thereof. In
one example, the substrate is copper material. In another example, the substrate is
stainless steel. In some implementations, the substrate is perforated. Furthermore,
the substrate may be of any form factor (e.q., metallic foil, sheet, or plate), shape

and micro/macro structure.

[0080] In some implementations, the substrate is exposed to a pretreatment
process, which includes at least one of a plasma treatment or corona discharge
process to remove organic materials from the exposed surfaces of the current
collector. The pretreatment process is performed prior to film deposition on the

substrate.

[0081] At operation 520, an anode film is formed on the substrate. In some
implementations, the anode film is the anode film 170 and the substrate is the anode
current collector 160. In one example, the anode film is formed on a copper current
collector. In another example, the anode film is already present on the substrate or
“‘prefabricated.” If an anode film is already present on the substrate, a lithium metal

film may be formed on the anode film. If an anode film is not present, the anode
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metal film may be formed directly on the substrate. In some implementations, the
anode film is constructed from lithium metal, silicon, graphite, silicon-containing
graphite, or a combination thereof. In some implementations, the anode film has a
thickness of 20 micrometers or less (e.g., from about 1 micrometer to about 20

micrometer). Any suitable method may be used to deposit the anode film.

[0082] At operation 530, a protective film is formed on the lithium metal film. With
reference to FIG. 3, the protective film may be the protective film 310 and the anode
film may be the anode film 170. In some implementations, the protective film
comprises a mixed conduction material as described herein. In some
implementations, the protective film comprises lithiated-LTO (e.g., LizTisO12,
LigTisO12), a lithium transition metal dichalcogenide, or a combination thereof. In
some implementations, the protective film is deposited by a PVD process, such as
sputtering or evaporation (e.g., thermal evaporation or e-beam), a chemical vapor
deposition process, an atomic layer deposition process, or a three-dimensional
lithium printing process. In some implementations, the protective film has a
thickness of 500 nanometers or less (e.g., from about 1 nm to about 400 nm; from
about 25 nm to about 300 nm; from about 50 nm to about 200 nm; from about 100
nm to about 150 nm; from about 10 nm to about 80 nm; or from about 30 to about 60
nanometers). In other implementations, the protective film has a thickness of 100
nanometers or less (e.g., from about 5 nanometers to 100 nanometers; from about
10 nanometers to about 20 nanometers; or from about 50 nanometers to about 100

nanometers).

[0083] FIG. 6 illustrates a schematic view of a flexible substrate coating
apparatus 600 for forming anode electrode structures according to implementations
described herein. The flexible substrate coating apparatus 600 may be a
SMARTWEB®, manufactured by Applied Materials, adapted for manufacturing
lithium anode devices according to the implementations described herein. The
flexible substrate coating apparatus 600 can be used for manufacturing lithium
anodes, and particularly for protective film stacks for lithium anodes as described

herein. The flexible substrate coating apparatus 600 is constituted as a roll-to-roll
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system including an unwinding module 602, a processing module 604 and a winding
module 606. The processing module 604 comprises a plurality of processing
modules or chambers 610, 620, 630 and 640 arranged in sequence, each
configured to perform one processing operation to the continuous sheet of material
650 or web of material. In some implementations, as depicted in FIG. 6, the
processing chambers 610-640 are radially disposed about a coating drum 655.
Arrangements other than radial are contemplated. For example, in some

implementations, the processing chambers is positioned in a linear configuration.

[0084] In some implementations, the processing chambers 610-640 are stand-
alone modular processing chambers wherein each modular processing chamber is
structurally separated from the other modular processing chambers. Therefore,
each of the stand-alone modular processing chambers, can be arranged,
rearranged, replaced, or maintained independently without affecting each other.
Although four processing chambers 610-640 are shown, it should be understood
that any number of processing chambers may be included in the flexible substrate

coating apparatus 600.

[0085] The processing chambers 610-640 may include any suitable structure,
configuration, arrangement, and/or components that enable the flexible substrate
coating apparatus 600 to deposit a lithium anode device according to
implementations of the present disclosure. For example, but not limited to, the
processing chambers may include suitable deposition systems including coating
sources, power sources, individual pressure controls, deposition control systems,
and temperature control. The chambers may be provided with individual gas
supplies. The chambers may be separated from each other for providing a good
gas separation. The flexible substrate coating apparatus 600 is not limited in the
number of deposition chambers. For example, the flexible substrate coating

apparatus 600 may include 3, 6, 12, or more processing chambers.

[0086] The processing chambers 610-640 typically include one or more

deposition units 612, 622, 632, and 642. The one or more deposition units may be
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selected from a CVD source, an ALD source, a PECVD source, and a PVD source.
In some implementations, the one or more deposition units can include an
evaporation source (thermal evaporation or e-beam), a sputter source, such as, a
magnetron sputter source, DC sputter source, AC sputter source, pulsed sputter
source, radio frequency (RF) sputtering, or middle frequency (MF) sputtering. For
instance, MF sputtering with frequencies in the range of 5 kHz to 100 kHz, for
example, 30 kHz to 50 kHz, can be provided. The one or more deposition units can
include an evaporation source. The evaporation source may be a thermal
evaporation source or an electron beam evaporation. In one example, the
evaporation source is a lithium (Li) source. Further, the evaporation source may
also be an alloy of two or more metals. The material to be deposited (e.g., lithium)
may be provided in a crucible. The lithium is evaporated by thermal evaporation

techniques or by electron-beam evaporation techniques.

[0087] Any of the processing chambers 610-640 of the flexible substrate coating
apparatus 600 may be configured for performing deposition by sputtering, such as
magnetron sputtering. As used herein, “magnetron sputtering” refers to sputtering
performed using a magnet assembly, that is, a unit capable of a generating a
magnetic field. The magnet assembly may include a permanent magnet. In one
example, the permanent magnet is arranged within a rotatable target or coupled to a
planar target in a manner such that the free electrons are trapped within the
generated magnetic field generated below the rotatable target surface. In one

example, the magnet assembly is coupled to a planar cathode.

[0088] Magnetron sputtering may also be realized by a double magnetron
cathode, such as, but not limited to, a TwinMag™ cathode assembly. The cathodes
in the processing chamber may be interchangeable. Thus, a modular design of the
apparatus is provided which facilitates optimizing the apparatus for particular
manufacturing processes. The number of cathodes in a chamber for sputtering
deposition is chosen for optimizing an optimal productivity of the flexible substrate

coating apparatus 600.
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[0089] In some implementations, one or more of the processing chambers 610-
640 are operable for performing sputtering without a magnetron assembly. One or
more of the processing chambers 610-640 are operable for performing deposition by
other methods, such as, but not limited to, chemical vapor deposition, atomic laser
deposition or pulsed laser deposition. One or more of the processing chambers
610-640 are operable for performing a plasma treatment process, such as a plasma

oxidation or plasma nitridation process.

[0090] In some implementations, the processing chambers 610-640 are operable
to process both sides of the continuous sheet of material 650. Although the flexible
substrate coating apparatus 600 is operable to process the continuous sheet of
material 650, which is horizontally oriented, the flexible substrate coating apparatus
600 may be operable to process substrates positioned in different orientations, for
example, the continuous sheet of material 650 may be vertically oriented. In some
implementations, the continuous sheet of material 650 is a flexible conductive
substrate. In some implementations, the continuous sheet of material 650 includes
a conductive substrate with one or more layers formed thereon. In one example, the

conductive substrate is a copper substrate.

[0091] The flexible substrate coating apparatus 600 further comprises a transfer
mechanism 652. The transfer mechanism 652 may comprise any transfer
mechanism capable of moving the continuous sheet of material 650 through the
processing region of the processing chambers 610-640. The transfer mechanism
652 comprises a common transport architecture. In one example, the common
transport architecture comprises a reel-to-reel system with a common take-up reel
654 positioned in the winding module 606, the coating drum 655 positioned in the
processing module 604, and a feed reel 656 positioned in the unwinding module
602. The take-up reel 654, the coating drum 655, and the feed reel 656 may be
individually heated. The take-up reel 654, the coating drum 655 and the feed reel
656 are individually heated using an internal heat source positioned within each reel
or an external heat source. The common transport architecture may further

comprise one or more auxiliary transfer reels 653a, 653b positioned between the
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take-up reel 654, the coating drum 655, and the feed reel 656. Although the flexible
substrate coating apparatus 600 is depicted as having a single processing region, in
some implementations, the flexible substrate coating apparatus 600 has separated
or discrete processing regions for each individual processing chamber 610-640. For
implementations having discrete processing regions, modules, or chambers, the
common transport architecture may be a reel-to-reel system where each chamber or
processing region has an individual take-up-reel and feed reel and one or more
optional intermediate transfer reels positioned between the take-up reel and the feed

reel.

[0092] The flexible substrate coating apparatus 600 comprises the feed reel 656
and the take-up reel 654 for moving the continuous sheet of material 650 through
the different processing chambers 610-640. In one example, the first processing
chamber 610 and the second processing chamber 620 are each operable to deposit
a portion of an anode film (e.g., a lithium film, a graphite film, a silicon film, or a
silicon-graphite film). The third processing chamber 630 is operable to deposit a first
protective film (e.g., LisTisO42 or a lithium transition metal dichalcogenide). The
fourth processing chamber 640 is operable to deposit a second protective film (e.g.,

LigTisO12 or a lithium transition metal dichalcogenide) over the first protective film.

[0093] In some implementations, processing chambers 610-620 are operable for
depositing an anode film on the continuous sheet of material 650. Any suitable
lithium deposition process for depositing thin anode films may be used to deposit the
thin film of lithium metal. In one example, deposition of the anode film is by PVD
processes, such as evaporation (e.g., thermal evaporation or e-beam), a CVD
process, an ALD process, a slot-die process, a transfer process, a lamination
process or a three-dimensional lithium printing process. The chambers for
depositing the anode film of lithium metal may include a PVD system, such as a
thermal evaporator, an electron-beam evaporator, a CVD system, an ALD system, a
thin film transfer system (including large area pattern printing systems such as

gravure printing systems), a lamination system, or a slot-die deposition system.
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[0094] In some implementations, the third processing chamber 630 is configured
for forming a lithiated-LTO film or a lithium transition metal dichalcogenide film on
the anode film. The lithiated-LTO film or the lithium transition metal dichalcogenide
film may be deposited using PVD techniques or ALD techniques as described
herein. In some implementations, the fourth processing chamber 640 is configured
for forming a lithium fluoride film on the chalcogenide film. The chambers for
depositing the lithium fluoride film may include a PVD system, such as a thermal
evaporator, an electron-beam evaporator, a CVD system, an ALD system, a thin film
transfer system (including large area pattern printing systems such as gravure

printing systems), a lamination system, or a slot-die deposition system.

[0095] In operation, the continuous sheet of material 650 is unwound from the
feed reel 656 as indicated by the substrate movement direction shown by arrow 608.
The continuous sheet of material 650 may be guided via one or more auxiliary
transfer reels 653a, 653b. It is also possible that the continuous sheet of material
650 is guided by one or more substrate guide control units (not shown) that shall
control the proper run of the flexible substrate, for instance, by fine adjusting the

orientation of the flexible substrate.

[0096] After uncoiling from the feed reel 656 and running over the auxiliary
transfer reel 653a, the continuous sheet of material 650 is then moved through the
deposition areas provided at the coating drum 655 and corresponding to positions of
the deposition units 612, 622, 632, and 642. During operation, the coating drum 655
rotates around axis 651 such that the flexible substrate moves in the direction of
arrow 608.
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[0097] Implementations:

[0098] Clause 1. A method, comprising forming a lithium metal film on a current
collector, wherein the current collector comprises copper and/or stainless steel, and
forming a protective film stack on the lithium metal film, comprising forming a first
protective film on the lithium metal film, wherein the first protective film comprises
LigTisO12.

[0099] Clause 2. The method of clause 1, wherein forming the protective film
stack on the lithium metal film further comprises forming a second protective film on
the first protective film, the second protective film comprising a lithium transition

metal dichalcogenide.

[00100] Clause 3. The method of clause 2, wherein the lithium transition metal
dichalcogenide comprises a transition metal dichalcogenide having the formula MXz,

wherein M is selected from Ti, Mo, or W and X is selected from S, Se, or Te.

[00101] Clause 4. The method of clause 3, wherein the transition metal

dichalcogenide is selected from TiS2, MoS2, WS,, or a combination thereof.

[00102] Clause 5. The method of any of clauses 1 to 4, forming the first protective
film on the lithium metal film comprises depositing a LisTisO12 film on the lithium

metal film via a physical vapor deposition (PVD) process.

[00103] Clause 6. The method of clause 5, further comprising exposing the

LisTisO12 film to a lithiation process to form the LigTisO12 film.

[00104] Clause 7. The method of clause 5, wherein the LisTisO12 film is reduced to
form the LigTisO12 film.

[00105] Clause 8. The method of any of clauses 2 to 7, wherein the lithium
transition metal dichalcogenide is selected from lithium-titanium-disulfide, lithium-

tungsten-disulfide, lithium-molybdenum-disulfide, or a combination thereof.
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[00106] Clause 9. The method of any of clauses 2 to 8, wherein forming the lithium
transition metal dichalcogenide comprises depositing a TiS2 film on the LisTisO12 film
or the LigTisO+2 film via a chemical vapor deposition process and exposing the TiS>
film to a lithiation process to form a LiTiS2 film on the LisTisO12 film or the LigTisO12

film.

[00107] Clause 10. The method of clause 9, wherein depositing the TiS2 film
on the LisTisO12 film or the LigTisOq2 film comprises (a) flowing TiCls into a
processing region, (b) purging the processing region, (c) flowing H>S into the
processing region to form the TiS2 film, (d) purging the processing region, and (e)

repeating (a)-(d) until the TiS: film achieves a targeted thickness.

[00108] Clause 11. The method of any of clauses 1 to 10, wherein the first

protective film has a thickness of 100 nanometers or less.

[00109] Clause 12. The method of clause 11, wherein the second protective

film has a thickness of 100 nanometers or less.

[00110] Clause 13. An anode electrode structure, comprising a current
collector comprising copper and/or stainless steel, a lithium metal film formed on the
current collector, and a protective film stack formed on the lithium metal film,
comprising a first protective film formed on the lithium metal film, wherein the first

protective film, wherein the first protective film comprises LigTisO12.

[00111] Clause 14. The anode electrode structure of clause 13, wherein the
protective film stack further comprises a second protective film formed on the first
protective film, the second protective film comprising a lithium transition metal

dichalcogenide.

[00112] Clause 15. The anode electrode structure of clause 14, wherein the
lithium transition metal dichalcogenide comprises a transition metal dichalcogenide
having the formula MXz, wherein M is selected from Ti, Mo, or W and X is selected

from S, Se, or Te.
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[00113] Clause 16. The anode electrode structure of clause 15, wherein the
transition metal dichalcogenide is selected from TiS2, MoSz2, WS>, or a combination

thereof.

[00114] Clause 17. The anode electrode structure of any of clauses 13 to 16,

wherein the first protective film has a thickness of 100 nanometers or less.

[00115] Clause 18. The anode electrode structure of any of clauses 14 to 17,

wherein the second protective film has a thickness of 100 nanometer or less.

[00116] Clause 19. An energy storage device, comprising the anode
electrode structure of any of clauses 13 to 18, a cathode electrode structure, and a
solid electrolyte film formed between the anode electrode structure and the cathode

electrode structure.

[00117] Clause 20. The energy storage device of clause 19, wherein the
solid electrolyte film is comprised of one or more of: LiPON, doped variants of either
crystalline or amorphous phases of LirLasZr2012, doped anti-perovskite
compositions, argyrodite compositions, lithium-sulfur-phosphorous materials, Li2S-
P2Ss, LitoGeP2S12, and LisPSa4, lithium phosphate glasses, (1-x)Lil—(x)LisSnSa4, xLil—
(1-x)LisSnS4, mixed sulfide and oxide electrolytes (crystalline LLZO, amorphous (1-
X)Lil—(x)LiaSnS4 mixture, amorphous XLil—(1-x)LisSnS4), LizS(BF4)05Clos, LiaTizO12,
lithium doped lanthanum titanate (LATP), Li2+2xZn1-xGeQs, LiTi2(PO4)3, LiHf2(POa)s,

LiGe2(PQOs)s, and a combination thereof.

[00118] Clause 21. A method, comprising forming a lithium metal film on a
current collector, wherein the current collector comprises copper and/or stainless
steel; and forming a protective film on the lithium metal film, comprising a lithium

transition metal dichalcogenide.

[00119] Clause 22. The method of clause 21, wherein the lithium transition
metal dichalcogenide comprises a transition metal dichalcogenide having the
formula MX;, wherein M is selected from Ti, Mo, or W and X is selected from S, Se,

orTe.
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[00120] Clause 23. The method of clause 22, wherein the transition metal

dichalcogenide is selected from TiS2, MoS2, WS,, or a combination thereof.

[00121] Clause 24. The method of any of clauses 21 to 23, wherein the
lithium transition metal dichalcogenide is selected from lithium-titanium-disulfide,

lithium-tungsten-disulfide, lithium-molybdenum-disulfide, or a combination thereof.

[00122] Clause 25. The method of any of clauses 21 to 24, wherein forming
the protective film comprises depositing a TiSz film on the lithium metal film, and
exposing the TiS2 film to a lithiation process to form the lithium-titanium-disulfide
film.

[00123] Clause 26. The method of clause 25, wherein depositing the TiS2
film on the lithium metal film comprises (a) flowing TiCls into a processing region, (b)
purging the processing region, (c) flowing HxS into the processing region to form the
TiS2 film, (d) purging the processing region, and (e) repeating (a)-(d) until the TiS2
film achieves a targeted thickness.

[00124] Clause 27. The method of any of clauses 21 to 26, wherein the

protective film has a thickness of 100 nanometers or less.

[00125] Clause 28. An anode electrode structure, comprising a current
collector comprising copper and/or stainless steel, a lithium metal film formed on the
current collector, and a protective film formed on the lithium metal film, comprising a
first protective film formed on the lithium metal film, wherein the first protective film

comprises a lithium transition metal dichalcogenide.

[00126] Clause 29. The anode electrode structure of clause 28, wherein the
lithium transition metal dichalcogenide comprises a transition metal dichalcogenide
having the formula MXz, wherein M is selected from Ti, Mo, or W and X is selected

from S, Se, or Te.
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[001271 Clause 30. The anode electrode structure of clause 29, wherein the
transition metal dichalcogenide is selected from TiS2, MoSz2, WS>, or a combination

thereof.

[00128] Clause 31. The anode electrode structure of any of clauses 28 to 30,
wherein the lithium transition metal dichalcogenide is selected from lithium-titanium-
disulfide, lithium-tungsten-disulfide, lithium-molybdenum-disulfide, or a combination

thereof.

[00129] Clause 32. The anode electrode structure of any of clauses 28 to 31,

wherein the protective film has a thickness of 100 nanometers or less.

[00130] Clause 33. An energy storage device, comprising the anode
electrode structure of any of clauses 28 to 32, a cathode electrode structure, and a
solid electrolyte film formed between the anode electrode structure and the cathode

electrode structure.

[00131] Clause 34. The energy storage device of clause 33, wherein the
solid electrolyte film is comprised of one or more of: LiPON, doped variants of either
crystalline or amorphous phases of LirLasZr2012, doped anti-perovskite
compositions, argyrodite compositions, lithium-sulfur-phosphorous materials, Li2S-
P2Ss, LitoGeP2S12, and LisPSa4, lithium phosphate glasses, (1-x)Lil—(x)LisSnSa4, xLil—
(1-x)LisSnS4, mixed sulfide and oxide electrolytes (crystalline LLZO, amorphous (1-
X)Lil—(x)LiaSnS4 mixture, amorphous XLil—(1-x)LisSnS4), LizS(BF4)05Clos, LiaTizO12,
lithium doped lanthanum titanate (LATP), Li2+2xZn1-xGeQs, LiTi2(PO4)3, LiHf2(POa)s,

LiGe2(PQOs)s, and a combination thereof.

[00132] Clause 35. A method, comprising forming a graphite-containing film
on a current collector, wherein the current collector comprises copper and/or
stainless steel and forming a protective film stack on the graphite-containing film,
comprising forming a first protective film on the graphite-containing film, wherein the

first protective film comprises LigTisO12.
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[00133] Clause 36. The method of clause 35, wherein forming the protective
film stack on the graphite-containing film further comprises forming a second
protective film on the first protective film, the second protective film comprising a

lithium transition metal dichalcogenide.

[00134] Clause 37. The method of clause 36, wherein the lithium transition
metal dichalcogenide comprises a transition metal dichalcogenide having the
formula MX;, wherein M is selected from Ti, Mo, or W and X is selected from S, Se,

orTe.

[00135] Clause 38. The method of clause 37, wherein the transition metal

dichalcogenide is selected from TiS2, MoS2, WS,, or a combination thereof.

[00136] Clause 39. The method of any of clauses 35 to 38, wherein forming
the first protective film on the graphite-containing film comprises depositing a
LisTisO12 film on the graphite-containing film via a physical vapor deposition (PVD)

process.

[00137] Clause 40. The method of clause 39, further comprising exposing

the LisTisO12 film to a lithiation process to form the LigTisO12 film.

[00138] Clause 41. The method of any of clauses 35 to 40, wherein the
lithium transition metal dichalcogenide is selected from lithium-titanium-disulfide,

lithium-tungsten-disulfide, lithium-molybdenum-disulfide, or a combination thereof.

[00139] Clause 42. The method of any of clauses 35 to 41, wherein forming
the lithium transition metal dichalcogenide comprises depositing a TiS2 film on the
LisTisO12 film or the LigTisO42 film via a chemical vapor deposition process and
exposing the TiSz film to a lithiation process to form a LiTiSz film on the LisTisO12 film
or the LigTisO12 film.

[00140] Clause 43. The method of clause 42, wherein depositing the TiS2
film on the LisTisO12 film or the LigTisO12 film comprises (a) flowing TiCls into a

processing region, (b) purging the processing region, (c) flowing H>S into the
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processing region to form the TiS2 film, (d) purging the processing region, and (e)

repeating (a)-(d) until the TiS: film achieves a targeted thickness.

[00141] Clause 44. The method of any of clauses 35 to 43, wherein first

protective film has a thickness of 100 nanometers or less.

[00142] Clause 45. The method of any of clauses 36 to 43, wherein the

second protective film has a thickness of 100 nanometer or less.

[00143] Clause 46. The method of any of clauses 35 to 45, wherein the

graphite-containing film further comprises silicon.

[00144] Clause 47. An anode electrode structure, comprising a current
collector comprising copper and/or stainless steel, a graphite-containing film formed
on the current collector, and a protective film stack formed on the graphite-
containing film, comprising a first protective film formed on the graphite-containing

film, wherein the first protective film comprises LigTisO12.

[00145] Clause 48. The anode electrode structure of clause 47, wherein the
protective film stack further comprises a second protective film formed on the first
protective film, the second protective film comprising a lithium transition metal

dichalcogenide.

[00146] Clause 49. The anode electrode structure of clause 48, wherein the
lithium transition metal dichalcogenide comprises a transition metal dichalcogenide
having the formula MXz, wherein M is selected from Ti, Mo, or W and X is selected

from S, Se, or Te.

[00147] Clause 50. The anode electrode structure of clause 49, wherein the
transition metal dichalcogenide is selected from TiS2, MoSz2, WS>, or a combination

thereof.

[00148] Clause 51. The anode electrode structure of any of clauses 47 to 50,

wherein the first protective film has a thickness of 100 nanometers or less.
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[00149] Clause 52. The anode electrode structure of any of clauses 48 to 51,

wherein the second protective film has a thickness of 100 nanometers or less.

[00150] Clause 53. The anode electrode structure of any of clauses 47 to 52,

wherein the graphite-containing film further comprises silicon.

[00151] Clause 54. An energy storage device, comprising the anode
electrode structure of any of clauses 47 to 53, a cathode electrode structure, and a
solid electrolyte film formed between the anode electrode structure and the cathode

electrode structure.

[00152] Clause 55. The energy storage device of clause 54, wherein the
solid electrolyte film is comprised of one or more of: LiPON, doped variants of either
crystalline or amorphous phases of LirLasZr2012, doped anti-perovskite
compositions, argyrodite compositions, lithium-sulfur-phosphorous materials, Li2S-
P2Ss, LitoGeP2S12, and LisPSa4, lithium phosphate glasses, (1-x)Lil—(x)LisSnSa4, xLil—
(1-x)LisSnS4, mixed sulfide and oxide electrolytes (crystalline LLZO, amorphous (1-
X)Lil—(x)LiaSnS4 mixture, amorphous XLil—(1-x)LisSnS4), LizS(BF4)05Clos, LiaTizO12,
lithium doped lanthanum titanate (LATP), Li2+2xZn1-xGeQs, LiTi2(PO4)3, LiHf2(POa)s,

LiGe2(PQOs)s, and a combination thereof.

[00153] Clause 56. A method, comprising forming a graphite-containing film
on a current collector, wherein the current collector comprises copper and/or
stainless steel and forming a protective fiim on the graphite-containing film,

comprising a lithium transition metal dichalcogenide.

[00154] Clause 57. The method of clause 56, wherein the lithium transition
metal dichalcogenide comprises a transition metal dichalcogenide having the
formula MX;, wherein M is selected from Ti, Mo, or W and X is selected from S, Se,

orTe.

[00155] Clause 58. The method of clause 57, wherein the transition metal

dichalcogenide is selected from TiS2, MoS2, WS,, or a combination thereof.
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[00156] Clause 59. The method of any of clauses 56 to 58, wherein the
lithium transition metal dichalcogenide is selected from lithium-titanium-disulfide,

lithium-tungsten-disulfide, lithium-molybdenum-disulfide, or a combination thereof.

[00157] Clause 60. The method of any of clauses 56 to 59, wherein forming
the protective film comprises depositing a TiS2 film on the graphite-containing film,
and exposing the TiSz film to a lithiation process to form the lithium-titanium-disulfide

film.

[00158] Clause 61. The method of clause 60, wherein depositing the TiS2
film on the graphite-containing film comprises (a) flowing TiCls into a processing
region, (b) purging the processing region, (c) flowing H2S into the processing region
to form the TiS2 film, (d) purging the processing region, and (e) repeating (a)-(d) until

the TiSz film achieves a targeted thickness.

[00159] Clause 62. The method of any of clauses 56 to 61, wherein the

protective film has a thickness of 100 nanometers or less.

[00160] Clause 63. The method of any of clauses 56 to 62, wherein the

graphite-containing film further comprises silicon.

[00161] Clause 64. An anode electrode structure, comprising a current
collector comprising copper and/or stainless steel, a graphite-containing film formed
on the current collector, and a protective film formed on the graphite-containing film,

wherein the protective film comprises a lithium transition metal dichalcogenide.

[00162] Clause 65. The anode electrode structure of clause 64, wherein the
lithium transition metal dichalcogenide comprises a transition metal dichalcogenide
having the formula MXz, wherein M is selected from Ti, Mo, or W and X is selected

from S, Se, or Te.

[00163] Clause 66. The anode electrode structure of clause 65, wherein the
transition metal dichalcogenide is selected from TiS2, MoSz2, WS>, or a combination

thereof.
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[00164] Clause 67. The anode electrode structure of any of clauses 64 to 66,
wherein the lithium transition metal dichalcogenide is selected from lithium-titanium-
disulfide, lithium-tungsten-disulfide, lithium-molybdenum-disulfide, or a combination

thereof.

[00165] Clause 68. The anode electrode structure of any of clauses 64 to 67,

wherein the protective film has a thickness of 100 nanometers or less.

[00166] 69.The anode electrode structure of any of clauses 64 to 68, wherein the

graphite-containing film further comprises silicon.

[00167] Clause 70. An energy storage device, comprising the anode
electrode structure of any of clauses 64 to 69, a cathode electrode structure, and a
solid electrolyte film formed between the anode electrode structure and the cathode

electrode structure.

[00168] Clause 71. The energy storage device of clause 70, wherein the
solid electrolyte film is comprised of one or more of: LiPON, doped variants of either
crystalline or amorphous phases of LirLasZr2012, doped anti-perovskite
compositions, argyrodite compositions, lithium-sulfur-phosphorous materials, Li2S-
P2Ss, LitoGeP2S12, and LisPSa4, lithium phosphate glasses, (1-x)Lil—(x)LisSnSa4, xLil—
(1-x)LisSnS4, mixed sulfide and oxide electrolytes (crystalline LLZO, amorphous (1-
X)Lil—(x)LiaSnS4 mixture, amorphous XLil—(1-x)LisSnS4), LizS(BF4)05Clos, LiaTizO12,
lithium doped lanthanum titanate (LATP), Li2+2xZn1-xGeQs, LiTi2(PO4)3, LiHf2(POa)s,

LiGe2(PQOs)s, and a combination thereof.

[00169] Clause 72. A method, comprising forming a lithium metal film on a
current collector, wherein the current collector comprises copper and/or stainless
steel, and forming a protective film stack on the lithium metal film, comprising
forming a first protective film on the lithium metal film, wherein the first protective film

comprises lithiated lithium-titanium-oxide (LTO).

[00170] Clause 73. The method of clause 72, wherein forming the protective

film stack on the lithium metal film further comprises forming a second protective film
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on the first protective film, the second protective film comprising a lithium transition

metal dichalcogenide.

[00171] Clause 74. The method of clause 73, wherein the lithium transition
metal dichalcogenide comprises a transition metal dichalcogenide having the
formula MX;, wherein M is selected from Ti, Mo, or W and X is selected from S, Se,
orTe.

[00172] Clause 75. The method of clause 74, wherein the transition metal

dichalcogenide is selected from TiS2, MoS2, WS,, or a combination thereof.

[00173] Clause 76. The method of any of clauses 72 to 75, forming the first
protective film on the lithium metal film comprises depositing a LTO film on the

lithium metal film via a physical vapor deposition (PVD) process.

[00174] Clause 77. The method of clause 76, further comprising exposing
the LTO film to a lithiation process to form the lithiated-LTO film.

[00175] Clause 78. The method of clause 76, wherein the LTO film is
reduced to form the lithiated-LTO film.

[00176] Clause 79. The method of any of clauses 73 to 78, wherein the
lithium transition metal dichalcogenide is selected from lithium-titanium-disulfide,

lithium-tungsten-disulfide, lithium-molybdenum-disulfide, or a combination thereof.

[00177]  Clause 80. The method of any of clauses 73 to 79, wherein forming
the lithium transition metal dichalcogenide comprises depositing a TiS2 film on the
LTO film or the lithiated-LTO film via a chemical vapor deposition process and
exposing the TiS: film to a lithiation process to form a LiTiS2 film on the LTO film or
the lithiated-LTO film.

[00178] Clause 81. The method of clause 80, wherein depositing the TiS2
film on the LTO film or the lithiated-LTO film comprises (a) flowing TiCls into a

processing region, (b) purging the processing region, (c) flowing H>S into the
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processing region to form the TiSz film, (d) purging the processing region, and (e)

repeating (a)-(d) until the TiS: film achieves a targeted thickness.

[00179] Clause 82. The method of any of clauses 72 to 81, wherein the first

protective film has a thickness of 100 nanometers or less.

[00180] Clause 83. The method of clause 82, wherein the second protective

film has a thickness of 100 nanometers or less.

[00181] Clause 84. An anode electrode structure, comprising a current
collector comprising copper and/or stainless steel, a lithium metal film formed on the
current collector, and a protective film stack formed on the lithium metal film,
comprising a first protective film formed on the lithium metal film, wherein the first

protective film comprises lithiated-LTO.

[00182] Clause 85. The anode electrode structure of clause 84, wherein the
protective film stack further comprises a second protective film formed on the first
protective film, the second protective film comprising a lithium transition metal

dichalcogenide.

[00183] Clause 86. The anode electrode structure of clause 85, wherein the
lithium transition metal dichalcogenide comprises a transition metal dichalcogenide
having the formula MXz, wherein M is selected from Ti, Mo, or W and X is selected

from S, Se, or Te.

[00184] Clause 87. The anode electrode structure of clause 86, wherein the
transition metal dichalcogenide is selected from TiS2, MoSz2, WS>, or a combination

thereof.

[00185] Clause 88. The anode electrode structure of any of clauses 84 to 87,

wherein the first protective film has a thickness of 100 nanometers or less.

[00186] Clause 89. The anode electrode structure of any of clauses 85 to 88,

wherein the second protective film has a thickness of 100 nanometer or less.
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[00187] Clause 90. An energy storage device, comprising the anode
electrode structure of any of clauses 84 to 89, a cathode electrode structure, and a
solid electrolyte film formed between the anode electrode structure and the cathode

electrode structure.

[00188] Clause 91. The energy storage device of clause 90, wherein the
solid electrolyte film is comprised of one or more of: LiPON, doped variants of either
crystalline or amorphous phases of LirLasZr2012, doped anti-perovskite
compositions, argyrodite compositions, lithium-sulfur-phosphorous materials, Li2S-
P2Ss, LitoGeP2S12, and LisPSa4, lithium phosphate glasses, (1-x)Lil—(x)LisSnSa4, xLil—
(1-x)LisSnS4, mixed sulfide and oxide electrolytes (crystalline LLZO, amorphous (1-
X)Lil—(x)LiaSnS4 mixture, amorphous XLil—(1-x)LisSnS4), LizS(BF4)05Clos, LiaTizO12,
lithium doped lanthanum titanate (LATP), Li2+2xZn1-xGeQs, LiTi2(PO4)3, LiHf2(POa)s,

LiGe2(PQOs)s, and a combination thereof.

[00189] Clause 92. A method, comprising forming a graphite-containing film
on a current collector, wherein the current collector comprises copper and/or
stainless steel, and forming a protective film stack on the graphite-containing film,
comprising forming a first protective film on the graphite-containing film, wherein the

first protective film comprises lithiated lithium-titanium-oxide (LTO).

[00190] Clause 93. The method of clause 92, wherein forming the protective
film stack on the graphite-containing film further comprises forming a second
protective film on the first protective film, the second protective film comprising a

lithium transition metal dichalcogenide.

[00191] Clause 94. The method of clause 93, wherein the lithium transition
metal dichalcogenide comprises a transition metal dichalcogenide having the
formula MXs, wherein M is selected from Ti, Mo, or W and X is selected from S, Se,

orTe.

[00192] Clause 95. The method of clause 94, wherein the transition metal

dichalcogenide is selected from TiS2, MoS2, WS,, or a combination thereof.
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[00193] Clause 96. The method of any of clauses 92 to 95, wherein forming
the first protective film on the graphite-containing film comprises depositing a LTO

film on the graphite-containing film via a physical vapor deposition (PVD) process.

[00194] Clause 97. The method of clause 96, further comprising exposing
the LTO film to a lithiation process to form the lithiated-LTO film.

[00195] Clause 98. The method of any of clauses 94 to 97, wherein the
lithium transition metal dichalcogenide is selected from lithium-titanium-disulfide,

lithium-tungsten-disulfide, lithium-molybdenum-disulfide, or a combination thereof.

[00196] Clause 99. The method of any of clauses 95 to 98, wherein forming
the lithium transition metal dichalcogenide comprises depositing a TiS2 film on the
LTO film or the lithiated-LTO film via a chemical vapor deposition process, and
exposing the TiS: film to a lithiation process to form a LiTiS2 film on the LTO film or
the lithiated-LTO film.

[00197]  Clause 100. The method of clause 99, wherein depositing the TiS2
film on the LTO film or the lithiated-LTO film comprises (a) flowing TiCls into a
processing region, (b) purging the processing region (c) flowing H2S into the
processing region to form the TiS2 film, (d) purging the processing region, and (e)

repeating (a)-(d) until the TiS: film achieves a targeted thickness.

[00198] Clause 101. The method of any of clauses 92 to 100, wherein first

protective film has a thickness of 100 nanometers or less.

[00199] Clause 102. The method of any of clauses 93 to 100, wherein the

second protective film has a thickness of 100 nanometer or less.

[00200] Clause 103. The method of any of clauses 92 to 102, wherein the

graphite-containing film further comprises silicon.

[00201] Clause 104. An anode electrode structure, comprising a current

collector comprising copper and/or stainless steel, a graphite-containing film formed
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on the current collector, and a protective film stack formed on the graphite-
containing film, comprising a first protective film formed on the graphite-containing

film, wherein the first protective film comprises lithiated-LTO.

[00202] Clause 105. The anode electrode structure of clause 104, wherein the
protective film stack further comprises a second protective film formed on the first
protective film, the second protective film comprising a lithium transition metal

dichalcogenide.

[00203] Clause 106. The anode electrode structure of clause 105, wherein the
lithium transition metal dichalcogenide comprises a transition metal dichalcogenide
having the formula MXz, wherein M is selected from Ti, Mo, or W and X is selected

from S, Se, or Te.

[00204] Clause 107. The anode electrode structure of clause 106, wherein the
transition metal dichalcogenide is selected from TiS2, MoSz2, WS>, or a combination

thereof.

[00205] Clause 108. The anode electrode structure of any of clauses 104 to

107, wherein the first protective film has a thickness of 100 nanometers or less.

[00206] Clause 109. The anode electrode structure of any of clauses 104 to

108, wherein the second protective film has a thickness of 100 nanometers or less.

[00207] Clause 110. The anode electrode structure of any of clauses 104 to

109, wherein the graphite-containing film further comprises silicon.

[00208] Clause 111. An energy storage device, comprising the anode
electrode structure of any of clauses 104 to 110, a cathode electrode structure, and
a solid electrolyte film formed between the anode electrode structure and the

cathode electrode structure.

[00209] Clause 112. The energy storage device of clause 111, wherein the

solid electrolyte film is comprised of one or more of: LiPON, doped variants of either
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crystalline or amorphous phases of LirLasZr2012, doped anti-perovskite
compositions, argyrodite compositions, lithium-sulfur-phosphorous materials, Li2S-
P2Ss, LitoGeP2S12, and LisPSa4, lithium phosphate glasses, (1-x)Lil—(x)LisSnSa4, xLil—
(1-x)LisSnS4, mixed sulfide and oxide electrolytes (crystalline LLZO, amorphous (1-
X)Lil—(x)LiaSnS4 mixture, amorphous XLil—(1-x)LisSnS4), LizS(BF4)05Clos, LiaTizO12,
lithium doped lanthanum titanate (LATP), Li2+2xZn1-xGeQs, LiTi2(PO4)3, LiHf2(POa)s,

LiGe2(PQOs)s, and a combination thereof.

[00210] In summary, some of the benefits of the present disclosure include the
efficient integration and deposition of protective or interfacial films on anode films,
such as lithium films, graphite films, or silicon-graphite films, to enhance energy
density, cycle life and safety. In some implementations, the protective films are
down selected from higher voltage materials (e.g., materials having a voltage
greater than 1.5 volts). In some implementations, the protective films include
LigTisO12 and/or lithium transition metal dichalcogenides. In some implementations,
the protective films are formed by depositing films comprising LisTisO42 or transition
metal dichalcogenides (e.g., WS», TiSz, and MoS2). Upon interaction with lithium,
both the LisTisO12 and the transition metal dichalcogenides are respectively reduced
to LisTisO12 and/or lithium transition metal dichalcogenides both of which offer fast
lithium-ion transport, while reducing SEI formation with liquid electrolyte. The
aforementioned protective films also experience minimal volume change upon
lithiation, which prevents dimensional changes and/or cracking at the protective
interface of the protective film. Additionally, LigTisO12 is compatible with the oxide
family of solid state electrolytes and lithium-titanium-disulfide is compatible with

sulfide solid state electrolytes for future integration.

[00211] When introducing elements of the present disclosure or exemplary

L] L]

aspects or implementation(s) thereof, the articles “a,” “an,” “the” and “said” are

intended to mean that there are one or more of the elements.
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[00212] The terms “comprising,” “including” and “having” are intended to be
inclusive and mean that there may be additional elements other than the listed

elements.

[00213] While the foregoing is directed to implementations of the present
disclosure, other and further implementations of the disclosure may be devised
without departing from the basic scope thereof, and the scope thereof is determined

by the claims that follow.
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Claims:

1. A method, comprising:
forming a lithium metal film on a current collector, wherein the current
collector comprises copper and/or stainless steel; and
forming a protective film stack on the lithium metal film, comprising:
forming a first protective film on the lithium metal film, wherein the first

protective film comprises LigTisO12.

2. The method of claim 1, wherein forming the protective film stack on the
lithium metal film further comprises forming a second protective film on the first
protective film, the second protective film comprising a lithium transition metal

dichalcogenide.

3. The method of claim 2, wherein the lithium transition metal dichalcogenide
comprises a transition metal dichalcogenide having the formula MXz2, wherein M is

selected from Ti, Mo, or W and X is selected from S, Se, or Te.

4. The method of claim 3, wherein the transition metal dichalcogenide is

selected from TiS2, MoS;, WS, or a combination thereof.
5. The method of claim 1, wherein forming the first protective film on the lithium
metal film comprises depositing a LisTisO12 film on the lithium metal film via a

physical vapor deposition (PVD) process.

6. The method of claim 5, further comprising exposing the LisTisO12 film to a

lithiation process to form the LigTisO12 film.

7. The method of claim 5, wherein the LisTisO42 film is reduced to form the
LigTisO12 film.

49



WO 2020/256806 PCT/US2020/026013

8. The method of claim 2, wherein the lithium transition metal dichalcogenide is
selected from lithium-titanium-disulfide, lithium-tungsten-disulfide,  lithium-

molybdenum-disulfide, or a combination thereof.

9. The method of claim 2, wherein forming the lithium transition metal
dichalcogenide comprises:

depositing a TiS2 film on the LisTisO12 film or the LigTisO12 film via a chemical
vapor deposition process; and

exposing the TiS: film to a lithiation process to form a LiTiS2 film on the
Li4TisO12 film or the LigTisO12 film.

10. The method of claim 9, wherein depositing the TiS: film on the LisTisO12 film
or the LigTisO12 film comprises:

(a) flowing TiCls into a processing region;

(b) purging the processing region;

(c) flowing H2S into the processing region to form the TiS» film;

(d) purging the processing region; and

(e) repeating (a)-(d) until the TiS: film achieves a targeted thickness.

11. The method of claim 10, wherein the first protective film has a thickness of
100 nanometers or less.

12. The method of claim 11, wherein the second protective film has a thickness of

100 nanometers or less.

13.  An anode electrode structure, comprising:
a current collector comprising copper and/or stainless steel;
a lithium metal film formed on the current collector; and
a protective film stack formed on the lithium metal film, comprising:
a first protective film formed on the lithium metal film, wherein the first

protective film comprises LigTisO12.
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14. The anode electrode structure of claim 13, wherein the protective film stack
further comprises a second protective film formed on the first protective film, the

second protective film comprising a lithium transition metal dichalcogenide.
15.  The anode electrode structure of claim 14, wherein the lithium transition metal

dichalcogenide comprises a transition metal dichalcogenide having the formula MXz,

wherein M is selected from Ti, Mo, or W and X is selected from S, Se, or Te.
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