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VERTICAL CARBON NANOTUBE AND LITHIUM ION BATTERY
CHEMISTRIES

FIELD
[0001] This disclosure relates to lithium 1on (Li-10n) electrochemical cells (1.e., batteries),

particularly secondary (i.e., rechargeable) Li-10n batteries (LiBs).

BACKGROUND
[0002] LIBs have been a prominent means of storing electrical energy. Among secondary
batteries, LIBs offer several notable advantages such as high volume and gravimetric energy
density, long shelf life and a boarder temperature range of operation. The commercialization of
LIBs has enabled the realization of laptop computers and high performance smart phones.
[0003] Most of the current commercial Li-1on batteries are based on the combination of lithium
containing transition metal oxides as positive electrodes or cathodes, and carbonaceous materials
(especially graphite) as negative electrodes or anodes. So-constructed, the specific energy of
existing LIBs 1s still insufficient for many applications such as electric vehicles, plug-in hybrid
electric vehicles, and smart grid community systems due to the limited specific charge capacity
of the electrode matenials.
[0004] In order to significantly improve energy density of the LIBs, use of a silicon anode and a
Li2S cathode has been envisioned. Silicon has a theoretical charge capacity of 4,200 mAh/g
which 1s more than ten times higher than the current graphite anode which has a theoretical
capacity of 372 mAh/g. Due to its abundance, low cost, and high theoretical capacity, sulfur-
based materials has been considered as one of the most promising cathode. When compared to
toxic transition-metal compounds, sulfur 1s considered more environmentally friendly as well.
[0005] A silicon anode and L12S cathode chemistry yields a LIB with a theoretical specific
energy of 1550 Wh/kg, which 1s four times that of the theoretical specific energy of existing
LIBs. Nevertheless, sulfur cathodes and silicon anodes have shortcoming‘s that have prevented
their practical application.
[0006] A major drawback sulfur use 1s the formation during charge-discharge cycle of highly
soluble polysulfides species in liquid electrolytes. The result 1s in the so-called “shuttle effect”

that removes active material from the positive sulfur electrode and also damages or deactivates
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anode surface area. Moreover, sulfur-based batteries have low electronic conductivity with
associated 1nefficiencies.

[0007] A disadvantage of silicone anode use 1s the large volume change (>400%) that occurs
upon cycling. This 1ssue causes fractures, cracks and disconnection of silicon from current
collector, leading to loss of capacity during cycling. In addition, the volume change also causes
the 1rreversible and continuous formation of a solid electrolyte interface (SEI) film. This surface
film passivates the anode surface and prevents further decomposition of the electrolyte solution.
However, high volume changes experienced by silicon during electrochemical cycling can
continuously weaken and fracture the SEI layer, exposing fresh silicon to the electrolyte with
each cycle.

[0008] Efforts at protecting the active material from pulverization upon lithiation/delithiation the
nano structure (e.g., nanowire) support has proven effective in that regard. However, such action
increases the problem related to the constant breaking/re-forming of the SEI upon cycling due to
the increased surface area of the nanostructured materials. It has been suggested that a thin
carbon layer coated on the silicon particles could enhance the mechanical stability of the SEI and
improve the anode lifetime. However, the formation of a thin layer of carbon requires high
temperature annealing leading to the formation of silicon carbide, making a fraction of silicon
1nactive.

[0009] No overall solution has been 1dentified to date. Rather, the 1ssues noted above have
variously limited silicon anode and sulfur cathode LIBs such that they currently suffer rapid
capacity fading, poor cycle life, low system efficiency and/or large internal resistance.

[0010] It 1s also known that LIBs can present a safety 1ssues. Especially when more and more
energy 1s packed into a cell (as with a silicon anode and sulfur cathode chemistry), safety
becomes a priority. Many LIBs currently use organic solvent electrolytes which are volatile and
flammable. Thus, 1f the cell 1s overheated due to overcharging, internal shorting, physical
damage, or other failure mechanisms, it may undergo thermal runaway that can result in serious
hazards of fire and explosion. Attempts to improve the safety of these electrolytes have focused
on creating solid-state batteries using polymer or ceramic/glass solid electrolytes.

[0011] The most promising results have been obtained with systems based on blends between
poly(ethylene oxide) and L1 salts. However, these materials have very poor 1onic conductivities

which has limited their viability. Addition of 1onic liquids or ceramic fillers to the polymer
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electrolyte has shown significant enhancement of 1onic conductivity. Although, conductivity
values as high as 5x10- 4 S/cm have been achieved at room temperature, this remains too low to
compete with liquid electrolytes, thus limiting their application to high temperature operations.
Also, the increase of 1onic conductivity often results in decreasing mechanical properties of the
polymer electrolyte.

[0012] The embodiments hereof variously address the aforementioned performance and/or safety
considerations. As such, they present advantages as stated or as will be appreciated by those with

skill 1in the art in view of the below.

SUMMARY
[0013] A first set of embodiments involves a solid polymer electrolyte for three-dimensional
(3D) battery architectures. The polymer electrolyte 1s a combination of a functionalized
poly(ethylene) oxide or poly(ethylene glycol) as poly(ethylene) oxide 1s referred to when its
molecular weight 1s below 20,000 g/mol (either way, PEG), a lithium salt, an 1onic liquid, and
graphene oxide as filler. The so-called “3D” batteries may share their architecture with those
described 1n US Patent Publication Number (USPPN) 2015/0010788 which are incorporated
herein by reference.
[0014] Other architectures and/or associated methods of manufacture as detailed below may be
used as well. These embodiments may also utilize or share the Silicon and Sulfur (1.e., S1/S) and
other associated chemistry described 1n the ‘788 publication also incorporated herein by
reference.
[001S] However configured, the polymer electrolyte serves several key roles or functions in the
system. Namely, 1t provides a means for the following, either alone or in combination depending
on the embodiment, to provide superior battery performance: (1) Li-1on transport between anode
and cathode; (2) a physical barrier between electrodes avoiding anode and cathode contact
(otherwise resulting in electrical path shorting); (3) insuring safety of the battery as the polymer
electrolyte does not contain volatile and flammable organic solvents; (4) accommodating volume
change of electrode by buffering stress and strain of electrodes; (5) preventing polysulfide
dissolution and a polysulfide shuttle mechanism; and (6) forming a stable SEI on anode surface
with the polymer possibly bonding to and thereby stabilizing S1 surface(s).
[0016] A second set of embodiments involves fabrication methods or processes for 3D battery

production. In one method, a microscale polymer structure 1s fabricated to separate interlaced or
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interleaved anode and cathode (i.e., negative electrode and positive electrode) current collector
structures. Placement of the interposed micro-structure polymer element(s) avoids electrical
shorting.

[0017] In another method, a dimensionally stable ceramic substrate 1s produced 1n order to
provide interlaced or interleaved anode and cathodes upon application of a conductive growth
substrate (e.g., Nickel) thereon for vertically-aligned carbon nanotube (VACNT) growth. Once
electrically active material 1s incorporated and/or deposited on the VACNTSs, a cell can be
assembled without electrical shorting (with or without the aforementioned micro-structure
insulation), with remaining gaps filled with a liquid or solid electrolyte.

[0018] A third set of embodiments involves compositions and methods using
poly(ethylene)oxide bis(azide) (PEO-N3) to form a stable SEI during cycling of the silicon
anode. With high Li 10on conductivity and good bonding to the silicon surface(s), the polymer
layer will protect the silicon while allowing good battery performance. Specifically, the thin
layer (e.g., from between about 10 nm to about 100nm) offers low resistivity (e.g., from about
103 to about 104 Q.cm) so battery performance 1s largely unaffected, while the polymer
effectively prevents electrolyte decomposition. These embodiments are advantageously
employed 1n connection with a VACNT architecture — whether employed 1n a 3D arrangement as
further elaborated upon below or a 2 dimensional (2D) arrangement.

[0019] A fourth set of embodiments involves compositions and methods 1n which a graphene
poly(lactic acid) (PLA) composite covers the cells’ cathode and/or anode material. As with the
third set of embodiments, these are advantageously employed 1in connection with a VACNT
architecture — whether employed 1n a 2D or 3D arrangement.

[0020] The subject chemistries, architectures, half cells and/or individual or unit cells
constructed therefrom, groups of cells, kits in which they are included (with and without
assembly), methods of use and manufacture are all included within the scope of the present
disclosure. Some aspects of the same are described above, and more detailed discussion 1s
presented 1n connection with the figures below. Other systems, devices, methods, features and
advantages of the subject matter described herein will be or will become apparent to one with
skill 1n the art upon examination of the following figures and Detailed Description.

[0021] It 1s intended that all such additional systems, devices, methods, features and advantages

be included within this description, be within the scope of the subject matter described herein,
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and be protected by the accompanying claims. In no way should the features of the example
embodiments be construed as limiting the appended claims, absent express recitation of those

features 1n the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] The details of the subject matter set forth herein, both as to 1ts structure and operation,
may be apparent by study of the accompanying figures, in which like reference numerals refer to
like parts. The components 1n the figures are not necessarily to scale, emphasis instead being
placed upon 1illustrating the principles of the subject matter. Moreover, all 1llustrations are
intended to convey concepts, where relative sizes, shapes and other detailed attributes may be
1llustrated schematically rather than literally or precisely.
[0023] Figs 1A-1C are top, side and perspective views of a 3D battery architecture embodiment.
[0024] Figs. 2A and 2B are electrolyte for the Fig. 1A-1C embodiment in paste and as-cured
solid form, respectively.
[0025] Fig. 3 1s a graph comparing the conductivity of solid polymer electrolyte embodiments.
[0026] Fig. 4 1s a detail side cross-section view of electrodes (anode or cathode) construction
applicable to various embodiments hereof.
[0027] Fig. 5 1s an optical microscope view of electrode elements.
[0028] Fig. 6 1s an optical microscope view with an inset detail at higher magnification of a
micro-structure insulation element.
[0029] Fig. 7 1s an optical microscope view showing an assembly of the elements 1n Figs. 5 and
6.
[0030] Fig. 8 1s a flowchart detailing manufacture methods of an embodiment including
components as described in connection with Figs. 5-7.
[0031] Fi1gs 9A and 9B are top views of ceramic substrates before and after nickel current
collector deposition thereon, respectively.
[0032] Fig. 10 1s a flowchart detailing manufacture methods of an embodiment including
components as described in connection with Figs. 9A and 9B.
[0033] Fig. 11 1s a flowchart detailling SEI production or manufacture with PEO-N3 1n another
embodiment.
[0034] F1g. 12 1s a graph of illustrating cycling of performance of a S-VACNT electrode with
and without a G/PLA trap.
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[0035] Figs. 13A and 13B are flowcharts detailing polysulfide trap type cathode and anode

production, respectively, with a graphene PLA composite.

DETAILED DESCRIPTION

[0036] Various examples or embodiments are described below. Reference 1s made to these
examples 1n a non-limiting sense, as 1t should be noted that they are provided to illustrate more
broadly applicable aspects of the devices, systems and methods. Various changes may be made
to these embodiments and equivalents may be substituted without departing from the true spirit
and scope of the various embodiments. In addition, many modifications may be made to adapt a
particular situation, material, composition of matter, process, process act(s) or step(s) to the
objective(s), spirit or scope of the present invention. All such modifications are intended to be
within the scope of the present disclosure.

[0037] Before the present subject matter 1s described 1n detail, 1t 1s to be understood that this
disclosure 1s not limited to the particular example embodiments described, as such may, of
course, vary. It 1s also to be understood that the terminology used herein 1s for the purpose of
describing particular embodiments only, and 1s not intended to be limiting, since the scope of the
present disclosure will be limited only by the appended claims.

[0038] All features, elements, components, functions, acts and steps described with respect to
any embodiment provided herein are intended to be freely combinable and substitutable with
those from any other embodiment. If a certain feature, element, component, function, or step 1s
described with respect to only one embodiment, then 1t should be understood that that feature,
element, component, function, act or step can be used with every other embodiment described
herein unless explicitly stated or otherwise impossible. This paragraph therefore serves as
antecedent basis and written support for the introduction of claims, at any time, that combine
features, elements, components, functions, acts and steps from different embodiments, or that
substitute features, elements, components, functions, acts and steps from one embodiment with
those of another, even 1f the following description does not explicitly state, 1n a particular
instance, that such combinations or substitutions are possible. Conversely, the claims may be
drafted to exclude any optional element (e.g., any element not indicated as critical above). As
such, this statement 1s intended to serve as antecedent basis for use of such exclusive

77 ¢¢

terminology as “solely,” “only” and the like 1n connection with the recitation of claim elements,

or use of any other type of “negative” limitation directly or by implication through use of the
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term “consisting” regarding any given element. Express recitation of every possible combination

and substitution or elimination 1s overly burdensome and hereby covered.

First Set of Embodiments

[0039] In the first set of embodiments summarized above, a “high performance” polymer
electrolyte in described for use in conjunction with a 3D battery architecture that may be based
on a S1/S LIB battery chemistry. The polymer electrolyte 1s a combination of a functionalized
poly(ethylene glycol) (PEG), a lithium salt, an 1onic liquid, and graphene oxide as filler.

[0040] The overall combination exploits the advantageous energy characteristics of silicon and
sulfur while also taking lifetime and cost 1ssues into account. Moreover, the polymer electrolyte
provides safety due to the absence of toxic and unstable materials, as well as the absence of
flammable organic solvents.

[0041] F1gs. 1A-1C illustrate a basic configuration of a 3D S1/S battery 10 using a polymer
electrolyte. The cathode 12 and anode 14 are patterned 1n a comb-type configuration with comb
“teeth” or alternating “fingers” such that both electrode elements (1.e., anode and cathode) are 1n
the same plane when assembled 1n an interlaced fashion. The polymer electrolyte 16 fills the
space between the electrode surfaces (along with any optional micro-structure insulating features
as referenced below.)

[0042] In a full or complete assembly as shown 1n Figs 1A and 1B, these elements are housed or
set within a casing 18 and may further include current collector portions 20 upon which VNCTs
are set (1n this context, “set” means grown, adhered or otherwise attached thereto).

[0043] As shown, the electrodes are interlaced within the same plane. Alternatively, they may be
setup opposite to or facing one another.

[0044] The former arrangement places the electrode 12 and 14 surfaces or elements very close to
each other when interfit, thus reducing 1on diffusion lengths or distances. The interposed
polymer electrolyte 16 insures L1 10n transport in between anode and cathode, and acts a physical
barrier between the electrodes elements.

[0045] The electrolyte comprises or (optionally) consists of a combination of a functionalized
poly(ethylene glycol) (PEG), a lithium salt, an 1onic liquid, and graphene oxide as filler.
Electrolyte 16 1s prepared as a paste at room temperature as shown in Fig. 2A. It can be
introduced 1n the channels 22 of a 3D architecture 1n this slurry or paste form. It 1s then cured or

otherwise hardened to a solid state of matter.
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[0046] After cross-linking, the composition develops i1ts intended mechanical properties
converting from a paste to a state capable of performing as a stretchable free-standing film.
Outside the channels 1n a battery, this can be seen 1n Fig. 2B.

[0047] The process of preparation of the polymer electrolyte and 1ts incorporation to electrodes
system may be accomplished without the use of organic solvents. Once the subject electrodes are
assembled 1nto a mold, the polymer electrolyte can be incorporated.

[0048] In one example, all the compounds are mixed together at about 60°C or more (e.g., up to
about 80°C as a maximum at which the azide function of optionally associated components
elaborated upon below start to decompose) until the mixture 1s homogeneous (i.e., utilizing the
low melting temperature of poly(ethylene glycol) of less than about 60°C). The mixture 1s then
poured on top of electrode system 24 seen 1n Fig. 1C.

[0049] Because of 1ts fluidity at temperature of at least about 60°C, the polymer electrolyte
mixture 1s able infuse into the electrodes system. This process may be performed under vacuum
or 1inert (e.g., noble gas or N2) atmosphere.

[0050] The polymer electrolyte 1s subsequently cured. Curing by ultraviolet (UV) light, furnace
or oven heat and/or microwave energy leads to the cross-linking of the polymer and a significant
increase of mechanical strength. The mechanical properties (e.g., flexibility, elastic and/or
deformability) of the polymer electrolyte can be optimized by varying the components ratios.
Example compounds include PEOyLiTFSIXBMPTEFSI with y molar ratio EO/L1 and x molar
ratto BMP/L1 where PEO=Poly(ethylene) oxide, LiTFSI=Bis(trifluoromethylsulfonyl) lithium
salt and BMPTFI (1onic liquid)= 1-Butyl-1-Methylpyrrolidinium
Bis(trifluoromethylsulfonyl)imide and Y can vary from 10 to 20 and x from O to 4. With x=0 the
polymer electrolyte film 1s non sticky, stiff and not stretchable. Examples of such compounds

tested for conductivity as presented 1n Fig. 3 are represented in the table below:

Example | PEOyLITFSIxBMPTFSI Compositions | Properties after UV Crosslinking
A PEO1sLAiTFSILBMPTFSI clear, stretchable, moderately tacky
B PEO1sLiITFSI BMPTFSI clear, stretchable, moderately tacky
C PEO7LAiTFSI,BMPTFSI clear, stretchable, slightly tacky
D PEO20L1TFSI2LBMPTFSI clear, stretchable, not tacky
TABLE 1
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In any case, the selected materials work together in synergy.

[0051] Namely, upon curing, the functional groups of PEG undergo crosslinking that results in a
significant increase of mechanical properties (per above). The incorporation of different
combinations of salts (e.g., per above) and/or 10onic liquid (e.g., 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMI-TFSI), N-methyl N-propylpiperidinium
bis(trifluoromethanesulfonyl imide (MPP-TFSI), N-butyl, N-propylpyrrolidinium
bis(trifluoromethanesulfonyl )imide (BMP-TFSI), N-butyl, N-propylpyrrolidinium
tris(pentafluoroethyl)trifluorophosphate (BMP-FAP) and N-butyl, N-propylpyrrolidinium
bis(fluorosulfonyl)imide (BMP-FSI) and/or as presented in USPPN 20150380767 incorporated
by reference herein 1n 1ts entirety) significantly enhances significantly the 1onic conductivity of
the polymer electrolyte. Graphene oxide (GO) sheets have superior mechanical properties and
strongly interact with PEG increasing the tensile strength of the polymer electrolyte.
Additionally, GO oxygen groups facilitate 1on transport and improve 1onic conductivity. Thus,
this particular polymer electrolyte possesses both very good mechanical properties and good
1onic conductivity.

[0052] An example of 10nic conductivity as a function of temperature of several composition of
polymer electrolyte (examples A-D represented in Table 1 above) 1s presented Fig. 3. As shown,
1onic conductivity close to ] mS/cm can be achieved at room temperature which 1s considered
high for a solid electrolyte. By way of comparison glass-ceramic electrolytes have 1onic
conductivity in the range of 10 to 10™* S/cm and PEO based electrolytes have conductivity in
the range of 10 S/cm.

[0053] Still, the conductivity remains about one order of magnitude lower than typical liquid
electrolyte such as conventional 1M lithium hexafluorophosphate in ethylene carbonate/dimethyl
carbonate (1M L1PF6 in EC/DMC). Together with the selected battery architecture and optional
S1/S chemistry, secondary batteries with very good performance (e.g., as elaborated upon below).
[0054] The 3D architecture allows for short 10n transport lengths between the active material(s)
through the electrolyte. Example distances (per below) result 1n fast 1on transport from anode to
cathode and vice versa. Considering a 3D S1/L12S battery architecture with 500 um high
VACNTs configured 1n various interlaced electrode “finger” widths with electrolytes of different
conductivities (1.e., ImS/cm with the subject polymer electrolyte and 10mS/cm with 1M LiPF6

liquid electrolyte), the following values were modeled:
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Finger Width (um) | Electrolyte Power Density (W/L) | Energy Density (Wh/L)
23 110nr1188/f c?rln 11776600000 740
>0 110r1r*1nSS/f cgln 667788000 210
200 llonrilSS/f czln 6633000 1109
TABLE 2

Alternatively, considering a 2D S1/L128 battery architecture (1.e., with facing electrode planes) of

agiven thickness with the respective solid electrolyte options, the following values were modeled:

Thi]ii{elf :;S)(}im) Electrolyte Power Density (W/L) Enez%z; hI/)f;lSitY
> 1101?1188/;: :111 229922000 685
0 IIOHILSS/;: ;ln 110033000 900
=00 llonrlnss/; (gln 88990 1170
TABLE 3

In both cases, the values obtained were for models including an electrolyte thickness of 25 um,
with electrolyte thickness being the gap between fingers in the 3D case, and electrode thickness

being equal to height of the CNT represented in Table 3 1n the case of the 2D example.

Second Set of Embodiments

[00SS] 3D electrode architectures and processes for their fabrication are contemplated (though
not necessarily) for use in connection with the solid electrolytes described above. Electrode
arrangement 1s one of the key considerations in making a battery. Whereas current Li-1on
batteries with 2D geometries need large footprint areas to achieve large capacities, 3D battery
architectures have the advantage of using the out-of-plane dimension. This can increase the areal
capacity by increasing the amount of electrode material within a given footprint area. It may also
improve electrochemical properties by allowing for more accessible surfaces with shorter 1on
diffusion distances.

[0056] Example electrode architectures are illustrated in Fig. 4. Silicon 26 and sulfur 28 may

provide the active electrode material. VACNT structures 30 provide a scaffold and (optional)

- 10 -
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agraphene enclosures 32, respectively. When employed in the configuration shown 1n Figs. 1A-
1C, this allows (e.g., silicon and sulfur) battery chemistry to expand and contract freely during
the charging and discharging cycles.

[0057] Embodiments hereof include two new 3D battery fabrication processes for production
with high aspect ratio electrode elements such as shown 1n Figs 1A-1C and 4. By “high aspect
ratio,” what 1s meant 1s between 2 and about 25 1n which maximum VACNT height may be
about 500 um with width of given fingers from about 25 to about 200 um.

[0058] The subject processes allow separated and independent preparation of each electrode.
This 1s advantageous because the incorporation of the different anode and cathode active
materials into each VACNT arrays involves different approaches.

[0059] In both processes, cathode and anode structures are patterned in a specific structure
allowing the electrodes to be interdigitated with alternating anode and cathode. Examples of this
configuration are presented Figs. 1A-1C and 5-7.

[0060] When assembled, the electrodes are in the same plane (optionally, along with their
substrate support surfaces) but situated without touching each other. The electrodes have
sufficient channel space or gap 22 between them as shown 1n Fig. 1C and 4 to accommodate the
stress and strain induced by volume change during charge-discharge cycles (i.e., even with a S1/S
chemistry) while high power density may be achieved by maintaining short electron and 1on
transport lengths 1n the active material (typically, less than 100 um) and 1n the electrolyte
(typically, less than 100 um and preferably down to about 30 um).

[0061] In these embodiments, the shape of the included current collector dictates the shape of
both cathode and anode. The fabrication process may start by separating the current collectors,
machining them from a single piece of material. Contact-free high speed laser or electric
discharge machining (EDM) techniques may be used to make a precise electrodes. Alternatively,
individual (vs. paired) pieces may be machined.

[0062] As shown in Fig. 5, Stainless Steel (SS) coated with Nickel (N1) and catalyst (not shown)
may be used as current collector(s) 20 1n an assembled battery structure. In this example, each
current collector “finger” element 1s 1.44 cm length and 335 um width and configured for a
channel 22 between interleaved portions of about 30um:.

[0063] Notably, the Nickel (N1), 1f desired for catalytic properties or otherwise, can be deposited

on the stainless steel (using well-known microfabrication techniques such as lithography,
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physical vapor deposition (PVD) or electroplating) before or after cutting. With the addition of a
catalyst, VACNT scaffolds (not shown in Fig. 5) are then directly grown on the patterned current
collector by CVD deposition technique. S1 and S (or L12S) may be incorporated separately into
VACNT scaftold on each electrode. Then graphene (or graphene and PLA composite) may be
used to wrap or coat S/VACNT and S/VACNT (or L12S/VACNT). Notably, the use of VACNT
scaffolds allow the use of very thick films of silicon and sulfur active materials (e.g., up to
several mm), without escalating their internal electrical resistance or affecting power density.
[0064] For electrical insulation between the current collector portions upon assembly, micro-
structure polymer element(s) may be used. Photolithography techniques may be used to fabricate
a micro-structured “mold” using epoxy-based photoresist (e.g., SU-8/2002/2100 or SU-
8/2002/2150). This element will be used to separate the anode and cathode (e.g., fitting into the
example 30um channel or gap referenced above). The photolithography process, used for
photoresist patterning generally includes spin coating, soft bake, near UV exposure,
development, and post-bake.

[006S] The SU-8 microstructure may be formed on a glass or silicon oxide substrate or any type
of non-conductive substrate. For good adhesion to substrate and an overall high aspect ratio
microstructure (e.g. on the order of about 5 to about 25) SU-8/2002 may be used as a base layer
followed by application of SU-8 2100 or 2150.

[0066] Fig. 6 shows a SU-8 micro-structure element 40 on a silicon oxide wafer made by
lithography technique. The width of each “line” to fit in gap 22 1s 10 um and the overall
thickness 1s about 250 um. This thickness 1s coordinated with current collector 20 thickness of
about 25 um to about 250 um. In other words, one placed or emplaced as shown in Fig. 7, the
microstructure element or elements insulate the electrode substrates or current collectors from
electrical shorting as typically matching the thickness of the stainless steel current collector.
Moreover, the polymer micro-structure or micro-structured element 40 separate the base of the
electrode, alone. Above their mutual (planar) surface electrolyte separates the VACNTSs 30 and
associated active material 26, 28 and/or encasing 32. Electrical resistance of the SU-8 material
element 40 example 1s 2.8x1016 Q.cm.

[0067] Fig. 8 details processes 1in connection with the above. The process 100 begins at 102.

Along one line of action, at 104, the mold micro-structure element(s) reference above are made.
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[0068] Along the other line, the current collector portions are cut at 106, optionally as described
above. At 108, VACNTs are grown on the substrate or current collector electrode portions.
[0069] For the anode “side” or part of a battery, S1 may be incorporated 1n the CNT scaffold at
110. For the cathode side, L12S may be incorporated in 1ts CNTs at 112.

[0070] At 114, the anode and the cathode are assembled together with the micro-structure
“mold” element(s). At 116, this subassembly 1s filled with polymer electrolyte as described
above (or otherwise) and/or be encapsulated therewith. Although not illustrated, a housing and
various electrical connections can then be applied (e.g., as i1llustrated 1n connection with Figs. 1A
and 1B).

[0071] In another example of this set of embodiments, the fabrication process involves cutting a
ceramic (e.g., Al2O3) substrate with a defined pattern (e.g., in the aforementioned “comb” or
“brush” shape) by laser cutting or otherwise. Such an approach 1s illustrated in Fig. 9A with the
ceramic substrate pieces 50, 52 inserted into each other. Fig 9B shows two pieces of ceramic
substrate after nickel current collector 20 material deposition. Use of the ceramic or a non-
conductive polymer such as polydimethylsiloxane (PDMS) as a substrate offers the following
potential advantages including: 1) dimensional stability, 2) resistance to warping from cutting, 3)
the ability to achieve finer feature resolution and/or 4) no heat-effected zone.

[0072] Again, VACNT scaffolds can then be grown on the patterned current collector(s) by
CVD deposition technique. S1 and L12S can also be incorporated separately into VACNT
scaffolds on each side of cut electrodes. Then, graphene may be used to wrap or cote the
VACNTs. Finally, as above, the electrodes (cathode and anode) are inserted into each other.
[0073] In more detail per Fig. 10, once process 120 starts at 122, 1t involves cutting the ceramic
substrate at 124. The substrate 1s then coated or patterned with metal (e.g., Nickel). At 128,
VACNTs are grown upon the patterned metal that will serve as a current collector over the
ceramic substrate.

[0074] Active material 1s incorporated 1n the VACNTSs at 130 and 132, as above. Optionally, at
134, the loaded VACNTSs may be enclosed 1n a graphene film at 336 and 138.

[0075] The anode and cathode are then assembled (without the need for a separating micro-
structure mold) at 140 and filled with (optionally) polymer electrolyte at 142. Per above, the
polymer electrolyte may then be cured. Moreover, the electrodes may be encapsulated, as above,

and/or other final battery manufacture acts or steps completed such as encasing the structure, etc.
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Third Set of Embodiments

[0076] A third set of embodiments involves producing a stable SEI pre-formed on a silicon
anode (e.g., as 1n coating 32 on anode 14 1n Fig. 4) using poly(ethylene)oxide bis(azide) (PEO-
N3) polymer. A thin (e.g., between about 2 nm and 100 nm) protective layer on the silicon
surface 26 so-produced contributes to high performance and good cyclability lithium 1on
batteries (e.g., a maintaining a capacity of 80% of the theoretical value has been obtained over 10
cycles).

[0077] After application (e.g., as further described below) and curing, the azide functional
agroups of the polymer are converted to highly reactive nitrene radicals, resulting 1n the
crosslinking of the polymer and in a significant increase of 1ts mechanical properties. These
mechanical properties can be enhanced by incorporating into the polymer matrix a small amount
(e.g., about 1 to about 2% by weight of the overall composition) of graphene, 1onic liquids, or
small organic molecules. Thus, the polymer layer can help to accommodate volume change of
the silicon electrode (i.e., 1t buffers stress and strain of electrodes).

[0078] Another important feature of azide groups 1s their abilities to bond to silicon surfaces
when they undergo UV irradiation. This feature protects the silicon surface and prevents further
decomposition of the electrolyte each cycle. Together, these features or aspects provide a
polymer layer forming a stable SEI during cycling of the silicon anode. The subject polymer also
provides high lithium 10n conductivity (e.g., about ImS/cm). Notably, poly(ethylene)oxide-based
polymers are widely used in solid-state lithium 10on batteries because of their well-known high
1onic conductivity. Accordingly, while the polymer layer protect the silicon surface, it also allow
lithium 10n transport to and from the anode material.

[0079] A process 150 for forming the polymer layer may be accomplished as illustrated in Fig.
11 without applying high temperature (e.g., about 80°C or less). Specifically, at 152, PEO-N3 1s
dissolved 1n an organic solution. Then, at 154 silicon anode 1s dip coated into the PEO-N3
solution. At 156, the thin (e.g., between about 10 um to 100 um, more preferably 10 um to 20
um) polymer layer 1s subsequently cured. UV light, convective heat (e.g. at about 250°C) or

microwave may be used for curing.

Fourth Set of Embodiments

[0080] In yet another set of embodiments, a so-called “polysulfide trap” 1s produced for lithium-

sulfur batteries. An example lithium sulfur cell includes a lithium-containing anode, a cathode
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and a separator between the lithium-containing anode and the sulfur-containing cathode. To
prevent a loss of active material and stop the migration of polysulfides to the anode side, the
sulfur active material 28 electrode (cathode) 12 1s (at least partially) covered with a graphene and
thermoplastic polymer (e.g., poly(lactic acid) (PLA)) composite layer 32 as in Fig. 4. The
ographene and PLA composite layer shows effective lithium polysulfide traps to prevent the
shuttle mechanism (i.e., dissolution of lithium polysulfides 1n the electrolyte) that would
otherwise occur 1n the battery. Previous problems resulting in poor cycle life, low specific
capacity and low energy efficiency in sulfur batteries are addressed with a cathode comprising a
composite of sulfur and VACNTSs coated or covered with the graphene and PLA composite. The
VACNTs are employed to enhance the conductivity of S-based cathodes whereas the graphene
and PLA composite assists or altogether prevents dissolution of polysulfides into the electrolytes
and mimimizes fracture of sulfur particles within the graphene and PLA enclosures. Stated
otherwise, the graphene and PLA 1s an 1deal trap for polysulfide due to flexible structure of
agraphene sheets. Likewise, the graphene sheets may contribute to PLA chain confinement effects
leading to improvement in stiffness and strength.

[0081] During the charge-discharge cycles, the graphene and PLA composite enclosures prevent
a direct contact between electrolyte and polysulfides formed in the VACNTSs. Thus, dissolution
of polysulfides into the electrolyte can be avoided (as noted above) whilst simultaneously
allowing electrochemical reaction to occur. This activity ultimately improves the battery cycle
life, improves overall capacity and minimizes fading in capacity of the S-VACNT as seen 1n data
with the G/PLA trap 160 versus without at 158 1n Fig. 12. Clearly, a much higher initial capacity
and overall capacity 1s observed, with no appreciable decay observed after 10 cycles when a
G/PLA trap 1s applied. In addition, the graphene enclosures also reduce internal resistance of the
VACNTSs to ultimately improve the overall battery efficiency.

[0082] Fig. 13A illustrates a process 162 for such cathode preparation. At 164, molten sulfur
and sulfur containing solutions are prepared. They are used, at 166, to infuse sulfur via melting
from above and flowing into the VACNT interstices while allowing some inter-space between
the coated CNTs so that electrolyte can pass through). As sulfur has a very good affinity with
carbon, the CNT are easily coated, allowing each individual CNT to be coated. A successful

sulfur infusion process results in a change of between about 300% to about 350% by weight of

the VACNT structure (or a ratio of sulfur to VACNT of about 60%). Once the VACNT scattolds
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are infused by sulfur, the grapheme and PLA composite encapsulates the VACNTSs at 168 (via
dipping, spin coating or otherwise).

[0083] Different concentration of graphene and PLA solution are obtained by dissolving the
agraphene and PLA pellets or wire into chlorinated solvent, typically, with a goal of obtaining a
G/PLA coating with 1% to 10% by weight of S1. The graphene and PLA solution 1s deposited on
the VACNTY/S electrodes by spin coating, drop casting or spraying coating methods.

[0084] The same method may be used 1n preparing the battery anode. In such embodiments, the
coating 32 for each of the anode 14 and cathode 12 described with respect to Fig. 4 includes the
agraphene and PLA composite. In one particular example embodiment, that coating 32 includes
only the graphene and PLA composite and no other material. Hybridizing a S1-VACNT anode
with graphene and PLA provides a solution for utilizing the high theoretical capacity of S1 while
avoiding structural damage due to the extremely large volume change.

[0085] Such a coating may be applied over a stable SEI layer formed per above. Except in this
case, 1n process 170 of Fig. 13B, Silicone 1s incorporated in the anode, at 172, by CVD or
another technique. Then the S1-VACNT cathode 1s encapsulated with the graphene and PLA

composite at 174.

Embodiment Variations

[0086] The subject methods, including methods of use and/or manufacture, may be carried out 1n
any order of the events which 1s logically possible, as well as any recited order of events.
Furthermore, where a range of values 1s provided, 1t 1s understood that every intervening value,
between the upper and lower limit of that range and any other stated or intervening value in the
stated range 1s encompassed within the invention. Also, 1t 1s contemplated that any optional
feature of the inventive embodiments or variations described may be set forth and claimed
independently, or in combination with any one or more of the features described herein.

[0087] Though the invention has been described 1n reference to several examples, optionally
incorporating various features, the invention 1s not to be limited to that which 1s described or
indicated as contemplated with respect to each variation of the invention. Various changes may
be made to the invention described and equivalents (whether recited herein or not included for
the sake of some brevity) may be substituted without departing from the true spirit and scope of

the 1nvention.
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[0088] Reference to a singular item includes the possibility of a plurality of the same 1tems
present. More specifically, as used herein and 1n the appended claims, the singular forms “a,”
“an,” “said,” and “the” include plural referents unless specifically stated otherwise. In other
words, use of the articles allow for "at least one" of the subject item 1n the description above as
well as the claims below.

[0089] Likewise, use of the term “comprising” in the claims shall allow for the inclusion of any
additional element--irrespective of whether a given number of elements are enumerated in the
claim, or the addition of a feature could be regarded as transforming the nature of an element set
forth 1n the claims. Except as specifically defined herein, all technical and scientific terms used
herein are to be given as broad a commonly understood meaning as possible while maintaining
claim validity. In any case, the breadth of the different inventive embodiments or aspects

described herein 1s not to be limited to the examples provided and/or the subject specification,

but rather only by the scope of the 1ssued claim language.
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CLAIMS

1. An electrochemical cell comprising:

an anode comprising a first substrate supporting carbon nanotubes incorporating a first
active material;

a cathode comprising a second substrate supporting carbon nanotubes incorporating a
second active material; and

a solid polymer structure provided as electrical insulation between the first and second
substrates:

a separate solid polymer provided as electrolyte between the carbon nanotubes of each of

the anode and cathode.

2. The electrochemical cell of claim 2, wherein the first and second substrates comprise

stainless steel.

3. A method of electrochemical cell manufacture comprising;

forming an anode comprising first substrate supporting carbon nanotubes incorporating a
first active material;

forming an cathode comprising second substrate supporting carbon nanotubes
incorporating a second active matenial;

forming a solid polymer insulator configured to closely fit between said anode and
cathode substrates; and

assembling the anode, cathode and solid polymer insulator into a close-fit relationship.

4. The method of claim 3, wherein the solid electrolyte shape 1s formed by photo
lithography.
5. The method of claim 3, further comprising filling between the anode and the cathode

with a polymer electrolyte paste.

6. The method of claim 5, further comprising curing the polymer electrolyte to a solid state.
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7. The method of claim 5, further comprising filling between the anode and cathode after

the assembling.

8. The method of claim 5, wherein the polymer electrolyte comprises functionalized

poly(ethylene glycol), a lithium salt, an 10nic liquid, and graphene oxide.

9. An electrochemical cell comprising:

an anode comprising a first ceramic substrate supporting carbon nanotubes incorporating
a first active matenal;

a cathode comprising a second ceramic substrate supporting carbon nanotubes
incorporating a second active material; and

a solid electrolyte provided between the anode and cathode.

10. The electrochemical cell of claim 9, further comprising metal patterned on the first and

second substrates.

11. The electrochemical cell of claim 10, wherein the ceramic 1s Al20s.

12. A polymer electrolyte comprising: functionalized poly(ethylene glycol), a lithium salt, an

1onic liquid, and graphene oxide as filler.

13. A method of manufacturing an electrochemical cell comprising:
applying a polymer electrolyte comprising functionalized poly(ethylene glycol), a lithium
salt, an 10n1c liquid, and graphene oxide as filler between electrodes as a paste; and

curing the paste to a solid polymer.

- 10 -



CA 03005768 2018-0b-17

WO 2017/127694 PCT/US2017/014359

14. A anode portion of an electrochemical cell comprising:
a silicon-incorporating anode; and
a poly(ethylene)oxide bis(azide) solid electrolyte interface (SEI) layer on the silicon-

incorporating anode.

15.  An electrochemical cell comprising:

an anode comprising a first assembly of carbon nanotubes supporting a silicon active
material and encased 1n poly(ethylene)oxide bis(azide);

a cathode comprising a second assembly of carbon nanotubes supporting a second active
material; and

an electrolyte provided between the anode and cathode.

16. The electrochemical cell of claim 15, wherein the second active material 1s sulfur.

17. A portion of an electrochemical cell comprising:
a graphene and poly(lactic acid) (PLA) layer formed on at least one of a battery anode

and cathode.

18.  An electrochemical cell comprising:

an anode comprising a first assembly of carbon nanotubes incorporating a first active
material;

a cathode comprising a second assembly of carbon nanotubes incorporating a second
active material;

an electrolyte provided between the anode and cathode; and

at least one of the anode and the cathode having individual ones of the carbon nanotubes

supporting active material encased 1n a graphene and PLA composite.

19. The electrochemical cell of any of claims 1-11 or 18, wherein the first active materials

comprises silicon and the second active material comprises sulfur.

20. The electrochemical cell of claim 19, including lithium 10ns and enclosed 1n a housing.
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