





US 10,128,496 B2

17
FIG. 10a shows the cycling results for porous Si—C
anode at 100% depth-of-discharge (DOD) and C/2 and C/20
discharge rates. FIG. 105 shows the charge and discharge
profiles at cycles 1, 30, and 50. The capacity retention was
~96% after 50 cycles, thus demonstrating that this anode
may be developed to meet the high cycle life demands for
various Li-ion battery applications. In contrast, even at a
low-rate (C/20) cycling regime, the capacity of a standard
non-porous Si nanoparticle anode (~25 nm in diameter),
which was evaluated as a control sample, fades rapidly to
44% of its initial value after only 45 cycles (FIG. 10¢).
The embodiments of the present invention described
above are intended to be merely exemplary and those skilled
in the art shall be able to make numerous variations and
modifications to it without departing from the spirit of the
present invention. All such variations and modifications are
intended to be within the scope of the present invention as
defined in the appended claims.

What is claimed is:
1. A porous material suitable for use in an anode, the
porous material being prepared by a method comprising the
steps of:
(a) forming a bi-continuous microemulsion, the bi-con-
tinuous microemulsion comprising a polymer A, a
polymer B, and a di-block polymer A-B;
(b) solidifying the bi-continuous microemulsion to form a
solid bi-continuous microemulsion;
(c) removing either, but not both, of the polymer A or the
polymer B from the solid bi-continuous microemul-
sion, whereby a porous template is produced;
(d) impregnating the porous template with a mixture
comprising active anode particles and a carbon-form-
ing precursor;
(e) treating the impregnated porous template so that the
carbon-forming precursor is converted to a carbon
matrix, whereby the active anode particles are embed-
ded in the carbon matrix, and so that the polymer B and
the di-block polymer A-B are eliminated, leaving voids
where the polymer B and the di-block polymer A-B
were previously, the voids creating an interconnected
network of pores that is substantially continuous in all
three dimensions.
2. A battery, the battery comprising:
(a) an anode, the anode comprising
(1) an anode coating, the anode coating comprising
(A) the porous material of claim 1; and
(B) a binder;

(ii) a substrate, the anode coating being disposed on the
substrate;

(b) a cathode;

(c) a separator, the separator positioned between the
anode and the cathode; and

(d) an electrolyte.

3. The battery as claimed in claim 2 wherein at least one
of polymer A and polymer B is selected from the group
consisting of polyisoprene (PI), polystyrene (PS), polyeth-
ylene (PE), poly(ethylene-alt-propylene) (PEP), poly(ethyl-
ene oxide) (PEO), polypropylene (PP), polyethylethylene
(PEE), poly(dimethylsiloxane) (PDMS), poly(methylmeth-
acrylate) (PMMA), and poly(L-lactide) (PLLA).

4. The battery as claimed in claim 2 wherein the di-block
polymer A-B is selected from the group consisting of
polystyrene-block-polyisoprene  (PS-PI), poly(ethylene-
block-ethylene-alt-propylene) (PE-PEP), polyethylethylene-
block-poly(dimethylsiloxane) (PEE-PDMS), polyethylene-
block-poly(ethylene oxide) (PE-PEO), polystyrene-block-
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poly(methylmethacrylate) (PS-PMMA), poly styrene-block-
poly(ethylene oxide) (PS-PEO), and poly styrene-block-
poly(L-lactide) (PS-PLLA).

5. The battery as claimed in claim 2 wherein the bi-
continuous microemulsion comprises about 45% polymer A
by volume, about 45% polymer B by volume, and about
10% di-block polymer A-B by volume.

6. The battery as claimed in claim 2 wherein the active
anode particles are made of at least one material selected
from the group consisting of carbon-coated silicon, silicon-
coated carbon, carbon doped with silicon, silicon doped with
carbon, alloys of carbon and silicon, germanium, germa-
nium oxide, carbon-coated germanium, germanium-coated
carbon, carbon doped with germanium, germanium doped
with carbon, alloys of carbon and germanium, tin, tin oxide,
carbon-coated tin, tin-coated carbon, carbon doped with tin,
tin doped with carbon, tin-silicon alloy, indium, antimony,
bismuth, lead, and lead oxide.

7. The battery as claimed in claim 2 wherein the active
anode particles have a particle size of about 0.005 to 30 pm.

8. The battery as claimed in claim 7 wherein the active
anode particles have a particle size of about 0.005 to 0.5 pm.

9. The battery as claimed in claim 2 wherein the carbon-
forming precursor is at least one member selected from the
group consisting of polyacrylonitrile, phenolic resins, car-
bohydrate materials, petroleum and coal tar pitches.

10. The battery as claimed in claim 2 wherein said treating
step comprises pyrolysis.

11. The battery as claimed in claim 2 wherein the carbon
matrix comprises at least one of amorphous carbon and
crystalline carbon.

12. An anode coating, the anode coating comprising:

(a) the porous material of claim 1; and

(b) a binder.

13. The battery of claim 2 wherein the binder is at least
one member selected from the group consisting of car-
boxymethyl cellulose (“CMC”), CMC in combination with
styrene-butadiene copolymer (SBR), -poly(acrylic acid)
(PAA), acrylonitrile-butadiene copolymer latex, polyacryl-
amide in combination with carboxylated styrene-butadiene
copolymer, polyacrylamide in combination with carboxy-
lated styrene-acrylate copolymer, poly(tetrafluoroethylene)
(PTFE), poly(vinylidene fluoride) (PVDF), poly(vinylidene
fluoride-co-hexafluoropropylene), styrene-butadiene copo-
lymer (SBR), acrylonitrile-butadiene copolymer (NBR),
carboxymethyl cellulose (CMC), polyacrylic, polyethylene
oxide, polyimide, poly(vinyl pyrrolidone) (PVP), polyure-
thanes and polyamides.

14. The battery of claim 2 further comprising an electri-
cally-conductive additive.

15. The battery of claim 14 wherein the electrically-
conductive additive is at least one member selected from the
group consisting of carbon black, acetylene black, natural
and synthetic graphite, coke, Ketchen black, channel black,
furnace black, lamp black, carbon fiber, graphene sheets,
single-, double-, and multi-walled carbon nanotubes, metal-
lic particles, conductive metal oxides, and electronically
conductive polymers.

16. The battery of claim 14 wherein the electrically-
conductive additive may have at least one shape selected
from the group consisting of spheres, rods, ellipsoids, bead-
like strings, plates, sheets, and branched structures.

17. The battery of claim 14 wherein the electrically-
conductive additive has one or more of length, width, height,
thickness, and diameter ranges of about 0.001 to 30 pm.

18. The battery of claim 14 wherein the porous material
constitutes about 20-92%, by weight, of the anode coating,
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aqueous or non-aqueous solvents may include, but are not
limited to, polyurethanes or polyamides.

The ranges of weight percentages for the components in
anode coating layer 102 may be as follows: 20-92% by
weight of porous anode material 103, 0.1-70% by weight of
conductive additive 104, and 2-25%, preferably 2-10%, by
weight of binder 105.

Substrate 101 may function to provide a rigid backing for
anode coating layer 102, as well as to provide electrical
conductivity to anode 100 (for an external circuit). Materials
suitable for use as substrate 101 may comprise a metal foil,
such as copper foil, but may also comprise a film, mesh,
perforated sheet, foam, wires, laminates, tubes, particles, or
multi-layer structures. Besides copper, substrate 101 may
also comprise a copper alloy, aluminum, stainless steel,
titanium, nickel, nickel alloy, chromium, tungsten, metal
nitrides, metal carbides, metal oxides, carbon, carbon fiber,
graphite, graphene, conductive polymers, or a combination
thereof. A preferred thickness range for substrate 101 is
about 1 to 50 pm.

Referring now to FIG. 2, there is schematically shown one
embodiment of a lithium-ion battery constructed according
to the teachings of the present invention, the lithium-ion
battery being represented generally by reference numeral
200.

Lithium-ion battery 200 may comprise an anode 206, a
cathode 210, and a separator 220. Anode 206 may comprise
a substrate 201 and an anode coating layer 202. Substrate
201 may be identical or similar to substrate 101. Anode
coating layer 202 may be identical or similar to anode
coating layer 102 and may comprise a porous anode material
203, a conductive additive 204, and a binder 205. Porous
anode material 203, conductive additive 204, and binder 205
may be identical or similar to porous anode material 103,
conductive additive 104, and binder 105, respectively.

Cathode 210 may comprise a cathode coating 212 and a
substrate 211. Substrate 211 may function to provide a rigid
backing for cathode coating layer 212, as well as to provide
electrical conductivity to cathode 210 (for an external cir-
cuit). Substrate 211 for cathode 210 may comprise alumi-
num foil, but may also comprise a substrate identical or
similar to substrate 101. A preferred thickness range for
substrate 211 is about 1 to 50 pum.

Cathode coating layer 212 may comprise a cathode mate-
rial 213, which may comprise a standard cathode material
for a lithium-ion battery. Materials suitable for use as
cathode material 213 may include, but are not limited to,
LiCo0,, LiFePO,, LiMnO,, LiNiO,, LiMn,0,, LiCoPO,,
LiNi, 5Co,/3Mn, ;0,, LiNi,Co,AL,O,, LiFe,(SO,),, LiFe,
(80,);, high-voltage spinel, LiNi, sMn, sO,, carbon fluo-
ride, metal fluoride, sulfur, or a combination thereof. Doped
and non-stoichiometric variations of these porous cathode
materials may also be used. Examples of dopant materials
may include, but are not limited to, elements from Groups 111
and V of The Periodic Table of Elements, such as boron,
aluminum, gallium, indium, thallium, phosphorous, anti-
mony, and bismuth. Other dopant materials may include, but
are not limited to, selenium and sulfur.

Cathode coating layer 212 may further comprise a con-
ductive additive 214 and a binder 215. Conductive additive
214, which may be identical or similar to conductive addi-
tive 104, may be interspersed among cathode material 213
to enhance electrical conductivity. Binder 215, which may
be identical or similar to binder 105, may function in
cathode coating layer 212 to promote greater adhesion
among cathode material 213 and conductive additive 214, as
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well as to promote greater adhesion of cathode material 213
and conductive additive 214 to substrate 211.

Anode coating layer 202 and cathode coating layer 212
may be adhered to opposing sides of separator 220. Sepa-
rator 220 may be a porous or non-porous material that is
electrically insulating and allows the transport of lithium
ions between anode 206 and cathode 210. Examples of
materials suitable for use as separator 220 may include, but
are not limited, micro-porous polyethylene (PE) mem-
branes, micro-porous polypropylene (PP) membranes,
micro-porous trilayer membranes (e.g., PP/PE/PP), Celgard
2400, glass fibers, or PTFE. The thickness range for sepa-
rator 220 may be about 12 to 40 um.

Electrolyte may be imbibed within the pores or voids of
separator 220 and may comprise a liquid, solid, or a gel.
Examples of suitable liquid electrolytes may include, but are
not limited to, cyclic and linear carbonate, such as ethylene
carbonate (EC), diethyl carbonate (DEC), propylene carbon-
ate (PC), fluoroethylene carbonate (FEC), butylene carbon-
ate (BC), dimethyl carbonate (DMC), methyl ethyl carbon-
ate (MEC), methyl propyl carbonate (MPC), dipropyl
carbonate (DPC), methyl butyl carbonate (MBC), dibutyl
carbonate (DBC), vinylethylene carbonate (VEC). Suitable
liquid electrolytes may also include ethers, such as tetrahy-
drofuran (THF), 2-methyltetrahydrofuran, 1,4-dioxane, 1,2-
dimethoxyethane (DME), 1,2-diethoxyethane, 1,2-dibu-
toxyethane, and methyl propionate. Suitable liquid
electrolytes may also include esters, nitriles, lactones,
amides, organic phosphates, sulfones, and any combinations
of the above-mentioned materials. A suitable gel electrolyte
may include a mixture of lithium-containing salt, polymer,
and liquid solvent. In the case of a gel electrolyte, the liquid
solvent may swell but may not dissolve the polymer matrix.

The liquid or gel electrolyte may contain a lithium-
containing salt dissolved in a non-aqueous organic solvent
or a polymer gel. Examples of suitable lithium salts may
include, but are not limited to, LiPFy, LiClO,, LiBF,,
lithium bis(oxalato)borate (LiBOB), LiN(CF;50,),, LiN
(C,FsS0,),, LiASF,, LiC(CF;S80,);, LiCF,;SO;, LiPF,
(CF;),, LiPF;(C,Fy);, LiPF;(CF,);, LiPF;(iso-C4F.)s,
LiPF,(iso-C,F,), or a combination thereof. The total con-
centration of lithium salt in a liquid non-aqueous solvent
may range from about 0.3-2.5M, preferably about 0.70-
1.5M. The lower salt concentration may be limited by
conductivity of the electrolyte solution, while the upper salt
concentration may be dictated by lithium salt solubility and
viscosity of the resulting electrolyte solution.

A suitable solid electrolyte may comprise a lithium-
containing salt mixed (or dispersed) within a solid polymer
matrix. Examples of suitable solid electrolytes may include,
but are not limited to, polymer electrolytes, such as poly-
ethylene oxide (PEO) and its copolymers, fluorine-contain-
ing polymers and copolymers (e.g., polytetrafluoroethylene
(PTFE), poly(vinylidene fluoride) (PVDF), and poly(vi-
nylidene  fluoride-co-hexafluoropropylene) (PVDF-co-
HFP), chlorinated polymers (e.g., polyvinylidene chloride)
and their copolymers, polyacrylonitrile (PAN), acrylate
polymers, and a combination of the above-mentioned mate-
rials. A solid electrolyte may also function as a separator.

According to another aspect of the invention, there is
provided a method for fabricating a porous anode material,
the method comprising the steps of forming a bi-continuous
micro-emulsion (BME), removing one polymer in the solid
BME to form a porous BME template, impregnating the
BME template with an anode material precursor, and pyro-
lyzing the anode material precursor to form the porous
anode material.
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