wo 2011/037919 A1 I 0T 000 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

Co o
1 1d Intellectual P t t k) sy
(19) World Intellectual Property Organization /g5 1IN0 VAN VA 000 00O OO 01
International Bureau S,/ )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
31 March 2011 (31.03.2011) PCT WO 2011/037919 Al
(51) International Patent Classification: [US/US]; 213 N.W. 8th Street, Gainesville, Florida 32601
HOIM 4/04 (2006.01) HOIM 4/02 (2006.01) (Us).
(21) International Application Number: (74) Agents: INGERMAN, Jeffrey H. et al.; Ropes & Gray
PCT/US2010/049654 LLP, 1211 Avenue of the Americas, New York, New
. . York 10036-8704 (US).
(22) International Filing Date:
21 September 2010 (21.09.2010) (81) Designated States (unless otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(25) Filing Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ.
(26) Publication Language: English CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
L. DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(30) Priority Data: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
61/244,826 22 September 2009 (22.09.2009) Us KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
61/245,121 23 September 2009 (23.09.2009) Us ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(71) Applicant (for all designated States except US). G4 NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SYNERGETICS, INC. [US/US]; Three Expressway SE, 5G, 8K, SL, SM, ST, 8V, 8Y, TH, TJ, TM, TN, TR,
Plaza, Roslyn, New York 11577 (US). TT,TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(72) Inventors; and 84) Designateq States (unlgss othemise indicated, for every
(75) Inventors/Applicants (for US only): WEST, Jon K. [US/ kind of regional protection available): ARIPO (BW, GH,

US]; 1931 N.W. 47th Street, Gainesville, Florida 32605
(US). WEST, Daniel J. [US/US]J; 1931 N.W. 47th Street,
Gainesville, Florida 32605 (US). REGALADO, Julius
[US/US]; 1208 S.W. 1st Avenue, Gainesville, Florida
32601 (US). ZHOU, Xin [US/US]; 2026 N.W. 36th
Street, Gainesville, Florida 32605 (US). CLARK, Miles

GM, KF, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SL SK,

[Continued on next page]

(54) Title: HIGH PERFORMANCE ELECTRODES

1820
1824

(57) Abstract: Techniques, arrangements and compositions are provided
to incorporate nanostructured materials into electrodes for energy storage
devices. Materials such as, for example, carbon nanotubes, silicon

1802

. v %@% - nanowires, silicon carbide nanowires, zinc nanowires, and other materials
\ / %@/ may be used to modify electrode properties such as electronic conductivi-
‘ _ N < ty, thermal conductivity, or durability, for example. In some embodiments,
\j / nanostructured materials may be added to electrode formulations such as,
for example, slurries or powders. Nanostructured materials may be de-
\ / posited directly onto active material particles or electrode components. In
“ 3 >4 some embodiments, coatings may be used to assist in deposition.
U
1548 1840 1860

1goz 1824

)

=
PR \

%7’({/9% 1868./‘%\\(\@‘ i \:\:g
(i vy

FIG. 18



WO 2011/037919 A1 I 0000000 O OO

SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,  _ before the expiration of the time limit for amending the

GW, ML, MR, NE, SN, TD, TG). claims and to be republished in the event of receipt of
Published: amendments (Rule 48.2(h))

—  with international search report (Art. 21(3))



WO 2011/037919 PCT/US2010/049654

HIGH PERFORMANCE ELECTRODES

Cross-Reference to Related Applications

[0001] This application claims the benefit of United
States Provisional Application No. 61/244,826 filed

5 September 22, 2009, and United States Provisional
Application No. 61/245,121 filed September 23, 2009,
which are both hereby incorporated by reference herein

in their entireties.

Field of the Invention

10 [0002] The present invention relates to forming
electrodes, and more particularly to techniques for

forming electrodes containing nanostructured materials.

Background of the Invention

[0003] Electrodes are used to supply and remove
15 electrons from some medium, and are typically
manufactured from metals or metal alloys.
FElectrochemical cells use electrodes to facilitate
electron transport and transfer during electrochemical
interactions. Batteries, or electrochemical storage
20 devices, may use electrodes in both galvanic and

electrolytic capacities, corresponding to discharging
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or charging processes, respectively. Electrochemical
reactions generally occur at or near the interfaces of
an electrolyte and the electrodes, which may extend to
an external circuit through which electric power can be

5 applied or extracted. Electrodes are typically placed
in contact with current collectors in order to draw
and/or supply electrical power.
[0004] Mechanical and chemical processes are
typically used to manufacture electrodes that feature

10 desired performance metrics such as
charging/discharging rates or cycle life. These
performance metrics often depend on the materials that
are used. Moreover, some electrochemical materials
undergo volumetric change during charging or

15 discharging processes. For example, the volumetric
change between some active materials may be as much as
several hundred percent. This may impart substantial
Stresses and strains on the electrodes. Repeated
volumetric changes of these active materials may lead

20 to pulverization and reduced electrode cycle life.

Summary of the Invention

[0005] In view of the foregoing, techniques,
compositions, and arrangements are provided for
incorporating nanostructured materials into electrodes.

25 In some embodiments, nanostructured materials are added
to slurries or other mixtures to form electrodes. 1In
some embodiments, nanostructured materials are
deposited directly onto surfaces of electrode
components. In some approaches, the use of

30 nanostructured materials in electrodes may modify
properties of electrodes. For example, in some

embodiments, carbon nanotubes may be incorporated into
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electrodes to increase electronic conductivity, thermal
conductivity, durability, any other suitable property
or suitable combination of properties thereof.
Moreover, in some approaches, the use of nanostructured
materials in electrodes may reduce volumetric changes
during charging and discharging.

[0006] In some embodiments, a slurry may be prepared
by combining one or more active materials,
electronically conductive materials, binders, liguid
agents, or other suitable materials or suitable
combinations thereof. One or more of the components of
the slurry may be a nanostructured material including
nanostructured elements such as, for example,
nanoparticles (e.g., LiMPO,, LiMO,, in which "M" is any
suitable metal), nanowires (e.g., silicon nanowires,
zinc nanowires), single-walled or multi-walled
nanotubes (e.g., carbon nanotubes), closed fullerenes
(e.g., C60 buckminsterfullerene), any other suitable
nanostructured elements, any suitable nanostructured
composite elements or any suitable combinations or
arrays thereof. The slurry may be placed in contact
with or otherwise applied to an electrode component
such as, for example, a metalized foam, substrate, any
other electrode component or subassembly of components,
or any suitable combinations thereof. At least one
substantially contiguous layer of the slurry may be
formed on one more surfaces of the electrode component.
The layers may be uniform or non-uniform in thickness
and may be contiguous or non-contiguous on the one or
more surfaces of the electrode component. In some
embodiments, more than one contiguous layer may be
formed on a particular surface of the electrode

component. The slurry may be dried on the electrode
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component, forming an electrode. Drying may require
substantially all (i.e., all or almost all) of the
liquid agent to be removed from the at least one
contiguous layer of the slurry to leave a solid
material, which may remain in contact with the surface
of the electrode component. The electrode may be
sized, calendared, treated, or otherwise processed
before or after drying.

[0007] In some embodiments, a plurality of active
material particles may be modified with one or more
nanostructured materials. Active material particles
may be coated with any suitable material such as, for
example, iron (Fe), aluminum (Al), alumina (Al:03),
manganese salts, magnesium salts, silicon (Si), any
other suitable material or any suitable combination
thereof, to aid in forming nanostructures on the active
material particles. Deposition techniques (e.qg.,
chemical vapor deposition, physical vapor deposition,
electrophoresis) may be used to form nanostructured
materials on coated active materials. The deposition
technique may include introducing a precursor such as,
for example, hydrocarbons, hydrogen, silanes (e.qg.,
SiH,), inert species, or other suitable precursors or
mixtures thereof, to the coated particles.
Nanostructured materials may include arrays of
nanostructured elements such as, for example,
nanoparticles (e.g., LiFePO; nanoparticles), nanowires
(e.g., silicon nanowires, zinc nanowires), single-
walled or multi-walled nanotubes (e.g., carbon
nanotubes), closed fullerenes, any other suitable
nanostructured elements, any suitable nanostructured
composite elements or any suitable combinations

thereof. Active material particles that have been
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modified by deposition of nanostructured materials may
be included in a slurry, which may be applied to an
electrode component and dried to form an electrode.
[0008] In some embodiments, an electrode component
5 may be modified with one or more nanostructured

materials. Electrode components may be coated with any
suitable material, or combinations of materials, which
may act as a catalyst for deposition of nanostructured
materials. Deposition techniques (e.g., chemical vapor

10 deposition, physical vapor deposition, electrophoresis)
may be used to form nanostructured materials on coated
electrode components. The deposition technique may
include introducing a precursor such as, for example,
hydrocarbons, hydrogen, silanes (e.g., SiHy), inert

15 species, or other suitable precursors or mixtures
thereof, to the coated electrode component.
Nanostructured materials may include arrays of
nanostructured elements such as, for example,
nanoparticles (e.g., LiFePO; nanoparticles), nanowires

20 (e.g., silicon nanowires, zinc nanowires), single-
walled or multi-walled nanotubes (e.g., carbon
nanotubes), closed fullerenes, any other suitable
nanostructured elements, any suitable nanostructured
composite elements or any suitable combinations

25 thereof. Active materials may be added to electrode
components that have been modified by deposition of
nanostructured materials. In some embodiments, active
materials may be included in a slurry that is applied
to an electrode component and dried to form an

30 electrode. Active materials may be added before or

after modification of the electrode component.
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Brief Description of the Drawings

[0009] The above and other objects and advantages of
the invention will be apparent upon consideration of
the following detailed description, taken in
conjunction with the accompanying drawings, in which
like reference characters refer to like parts
throughout, and in which:

[0010] FIG. 1 shows a schematic cross-sectional view
of an illustrative structure of a bi-polar electrode
unit (BPU) in accordance with some embodiments of the
present invention;

[0011] FIG. 2 shows a schematic cross-sectional view
of an illustrative structure of a stack of BPUs of FIG.
1 in accordance with some embodiments of the present
invention;

[0012] FIG. 3 shows a schematic cross-sectional view
of an illustrative structure of a mono-polar electrode
unit (MPU) in accordance with some embodiments of the
present invention;

[0013] FIG. 4 shows a schematic cross-sectional view
of an illustrative structure of a device containing two
MPUs of FIG. 3 in accordance with some embodiments of
the present invention;

[0014] FIG. 5 shows a diagram of illustrative
transport processes at an active interface in
accordance with some embodiments of the present
invention;

[0015] FIG. 6 shows an illustrative partial cross-
section schematic view of an active interface region in
accordance with some embodiments of the present

invention;
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[0016] FIG. 7 shows an illustrative electrode
structure with a cutaway section in accordance with
some embodiments of the present invention;
[0017] FIG. 8 shows side elevation views of two

5 illustrative electrode structures in accordance with
some embodiments of the present invention;
[0018] FIG. 9 shows an illustrative diagram of
nanostructured materials in accordance with some
embodiments of the present invention;

10 [0019] FIG. 10 shows an illustrative diagram of
nanostructured materials in accordance with some
embodiments of the present invention;

[0020] FIG. 11 is a flow diagram of illustrative
steps for forming electrodes in accordance with some

15 embodiments of the present invention;

[0021] FIG. 12 is a flow diagram of illustrative
steps for forming electrodes in accordance with some
embodiments of the present invention;

[0022] FIG. 13 is a flow diagram of illustrative

20 steps for forming modified particles in accordance with
some embodiments of the present invention;

[0023] FIG. 14 is a flow diagram of illustrative
steps for forming electrodes in accordance with some
embodiments of the present invention;

25 [0024] FIG. 15 is a flow diagram of illustrative
steps for forming electrodes in accordance with some
embodiments of the present invention;

[0025] FIG. 16 shows an illustrative side elevation

view of a slurry in contact with a substrate in

30 accordance with some embodiments of the present
invention;
[0026] FIG. 17 shows an illustrative top plan view

of the elements of FIG. 16, taken from line XVII-XVII,
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in accordance with some embodiments of the present
invention;

[0027] FIGS. 18 and 19 show illustrative particles
undergoing modification in accordance with some
embodiments of the present invention;

[0028] FIG. 20 shows an illustrative side elevation
view of an electrode component in contact with a
substrate in accordance with some embodiments of the
present invention;

[0029] FIG. 21 shows an illustrative top plan view
of the elements of FIG. 20, taken from line XXI-XXI, in
accordance with some embodiments of the present
invention; and

[0030] FIG. 22 shows several illustrative partial
cross-sectional views of an electrode component in
accordance with some embodiments or the present

invention.

Detailed Description of the Invention

[0031] The present invention provides techniques,
compositions, and arrangements for forming electrodes
and electrode structures that include nanostructured
materials. In some embodiments, the nanostructured
materials may be formed directly on electrodes or
electrode components. The nanostructured materials may
be active materials, electronically conducting
materials, any other suitable materials or any suitable
combinations thereof for use in energy storage devices
(ESDs). The electrode structures and assemblies of the
present invention may be applied to energy storage
devices such as, for example, batteries, capacitors or
any other energy storage device which may store or

provide electrical energy or current, or any



WO 2011/037919 PCT/US2010/049654

10

15

20

25

30

combination therecof. For example, the electrode
structures and assemblies of the present invention may
be implemented in a mono-polar electrode unit (MPU) or
a bi-polar electrode unit (BPU), and may be applied to
one or more surfaces of the MPU or BPU. It will be
understood that while the present invention is
described herein in the context of stacked energy
storage devices, the concepts discussed are applicable
to any intercellular electrode configuration including,
but not limited to, parallel plate, prismatic, folded,
wound and/or bipolar configurations, any other suitable
configurations or any combinations thereof.

[0032] In some embodiments, electrodes may contain
nanostructured materials to increase active interface
area, and to improve transport of molecules (e.qg.,
water), ions (e.g., hydroxyl anions), electrons, or any
combination thereof to the interface area. For
example, carbon nanotubes (CNTs) may be added to
electrodes to increase active interface area and
improve electronic conductivity. Electrochemical
reactions may occur at or near the interface area
between an active material, an electrolyte and an
electronically conducting component. Increased
interface area may allow increased charge or discharge
rates for electrochemical devices.

[0033] In some embodiments, electrodes may contain
nanostructured materials to reduce volumetric changes
during charging and discharging. Active materials may
be nanostructured to reduce material stresses and
strains that may develop from volumetric changes. For
example, silicon nanowires (SiNWs) may be used as an
active material (e.g., negative electrode material) in

a lithium-ion ESD to reduce volumetric changes during
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lithium uptake, removal, or both. In some embodiments,
electrodes containing SiNWs as an active material may
undergo reduced volumetric change as a result of
relative motion of the nanostructured material.

[0034] The present invention includes techniques,
compositions, and arrangements for forming
electronically conductive electrodes that include
nanostructured materials. In some embodiments, the
electrodes may be formed, for example, by combining
nanostructured materials, or materials with
nanostructured features, into a slurry which may
applied to an electrode component, such as an
electronically conductive substrate or metalized foam,
for example, and dried. In some embodiments, materials
may be modified, for example, by depositing
nanostructured materials onto suitable surfaces of
materials, particles, components, other surfaces, or
combinations of surfaces. In some embodiments, the
electrodes may be formed, for example, by depositing
nanostructured materials onto the surfaces of electrode
components such as electronically conductive substrates
or metalized foams, or other suitable components or
combinations of components. Active materials may be
introduced to the electrodes or electrode components
before, after, or during deposition of nanostructured
materials.

[0035] The invention will now be described in the
context of FIGS. 1-22, which show illustrative
embodiments.

[0036] FIG. 1 shows a schematic cross-sectional view
of an illustrative structure of BPU 100 in accordance
with some embodiments of the present invention.

Exemplary BPU 100 may include a positive active
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material electrode layer 104, an electronically
conductive, impermeable substrate 106, and a negative
active material electrode layer 108. Positive
electrode layer 104 and negative electrode layer 108
are provided on opposite sides of substrate 106.

[0037] FIG. 2 shows a schematic cross-sectional view
of an illustrative structure of a stack 200 of BPUs 100
of FIG. 1 in accordance with some embodiments of the
present invention. Multiple BPUs 202 may be arranged
into stack configuration 200. Within stack 200,
electrolyte layer 210 may be provided between two
adjacent BPUs, such that positive electrode layer 204
of one BPU is opposed to negative electrode layer 208
of an adjacent BPU, with electrolyte layer 210
positioned between the BPUs. A separator may be
provided in one or more electrolyte layers 210 to
electrically separate opposing positive and negative
electrode layers. The separator allows molecular and
ionic transfer between the adjacent electrode units,
but may substantially prevent electronic transfer
between the adjacent electrode units. As defined
herein, a "cell" or "cell segment" 222 refers to the
components included in substrate 206 and positive
electrode layer 204 of a first BPU 202, negative
electrode layer 208 and substrate 206 of a second BPU
202 adjacent to the first BPU 202, and electrolyte
layer 210 between the first and second BPUs 202. Each
impermeable substrate 206 of each cell segment 222 may
be shared by applicable adjacent cell segment 222.
[0038] FIG. 3 shows a schematic cross-sectional view
of an illustrative structure of MPU 300 in accordance
with some embodiments of the present invention.

Exemplary MPU 300 may include active material electrode
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layer 304 and electronically conductive, impermeable
substrate 306. Active material layer 304 may be any
suitable positive or negative active material.

[0039] FIG. 4 shows a schematic cross-sectional view
of an illustrative structure of a device containing two
MPUs of FIG. 3 in accordance with some embodiments of
the present invention. Two MPUs 300 having a positive
and negative active material, respectively, may be
stacked to form electrochemical device 400.

Electrolyte layer 410 may be provided between two MPUs
300, such that positive electrode layer 404 of one MPU
300 is opposed to negative electrode layer 408 of the
other MPU 300, with electrolyte layer 410 positioned
between the MPUs. A separator may be provided
electrolyte layers 410 to electrically separate
opposing positive and negative electrode layers.
Although not shown, in some embodiments two MPUs having
positive and negative active materials, respectively,
may be added to stack 200 of FIG. 2, along with
suitable layers of electrolyte, to form a bi-polar
energy storage device. Bi-polar ESDs and ESD stacks
are discussed in more detail in Ogg et al. U.S. Patent
No. 7,794,877, Ogg et al. U.S. Patent Application No.
12/069,793, and West et al. U.S. Patent Application No.
12/258,854, all of which are hereby incorporated by
reference herein in their entireties.

[0040] The substrates used to form electrode units
(e.g., substrates 106, 206, 406, and 416) may be formed
of any suitable electronically conductive and
impermeable or substantially impermeable material,
including, but not limited to, a non-perforated metal
foil, aluminum foil, stainless steel foil, cladding

material including nickel and aluminum, cladding
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material including copper and aluminum, nickel plated
steel, nickel plated copper, nickel plated aluminum,
gold, silver, any other suitable electronically
conductive and impermeable material or any suitable

5 combinations thereof. In some embodiments, substrates
may be formed of one or more suitable metals or
combination of metals (e.g., alloys, solid solutions,
plated metals). FEach substrate may be made of two or
more sheets of metal foils adhered to one another, in

10 certain embodiments. The substrate of each BPU may
typically be between 0.025 and 5 millimeters thick,
while the substrate of each MPU may be between 0.025
and 30 millimeters thick and act as terminals or sub-
terminals to the ESD, for example. Metalized foam, for

15 example, may be combined with any suitable substrate
material in a flat metal film or foil, for example,
such that resistance between active materials of a cell
segment may be reduced by expanding the conductive
matrix throughout the electrode.

20 [0041] The positive electrode layers provided on the
substrates to form the electrode units of the
invention(e.qg., positive electrode layers 104, 204 and
404) may be formed of any suitable active material,
including, but not limited to, nickel hydroxide

25 (N1 (OH),), nickel oxyhydroxide (NiOOH), zinc (Zn),
lithium iron phosphate (LiFePQO4), lithium manganese
phosphate (LiMnPO,;), lithium cobalt oxide (LiCo0O0;),
lithium manganese oxide (LiMnO,), any other suitable
material, or combinations thereof, for example. The

30 positive active material may be sintered and
impregnated, coated with a suitable binder (e.g.,
agueous, non-aqueous, organic, inorganic) and pressed,

or contained by any other suitable technique for
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containing the positive active material with other
supporting chemicals in a conductive matrix. The
positive electrode layer of the electrode unit may have
particles, including, but not limited to, metal hydride
(MH) , palladium (Pd), silver (Ag), any other suitable
material, or combinations thereof, infused in its
matrix to reduce swelling, for example. This may
increase cycle life, improve recombination, and reduce
pressure within the cell segment, for example. These
particles, such as MH, may also be in a bonding of the
active material paste, such as Ni(OH),, to improve the
electrical conductivity within the electrode and to
support recombination.

[0042] The negative electrode layers provided on the
substrates to form the electrode units of the invention
(e.g., negative electrode layers 108, 208, and 408) may
be formed of any suitable active material, including,
but not limited to, MH, cadmium (Cd), manganese (Mn),
Ag, carbon (C), silicon (Si), silicon-carbon
composites, silicon carbide (SiC), any other suitable
material, or combinations thereof, for example. The
negative active material may be sintered, coated with
an agueous binder and pressed, coated with an organic
binder and pressed, or contained by any other suitable
technique for containing the negative active material
with other supporting chemicals in a conductive matrix,
for example. The negative electrode side may have
chemicals including, but not limited to, Ni, Zn, Al,
any other suitable material, or combinations thereof,
infused within the negative electrode material matrix
to stabilize the structure, reduce oxidation, and
extend cycle life, for example.

[0043] Various suitable binders, including, but not
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limited to, organic carboxymethylcellulose (CMC),
Creyton rubber, PTFE (Teflon), polyvinylidene fluoride
(PVDF), any other suitable material or any suitable
combinations thereof, for example, may be mixed with or
otherwise introduced to the active material to maintain
contact between the active material and a substrate,
solid-phase foam, any other suitable component, or any
suitable combination thereof. Any suitable binders may
be included in slurries or any other mixtures to
increase adherence, cohesion or other suitable property
or combination thereof. In some embodiments, n-methyl-
2-pyrrolidone (NMP) may be used as ligquid agent (e.g.,
a solvent) in slurries.

[0044] The separator of each electrolyte layer of an
ESD may be formed of any suitable material that
electrically isolates its two adjacent electrode units
while allowing ionic transfer between those electrode
units. The separator may contain cellulose super
absorbers to improve filling and act as an electrolyte
reservoir to increase cycle life, wherein the separator
may be made of a polyabsorb diaper material, for
example. The separator may, thereby, release previously
absorbed electrolyte when charge is applied to the ESD.
In certain embodiments, the separator may be of a lower
density and thicker than normal cells so that the
inter-electrode spacing (IES) may start higher than
normal and be continually reduced to maintain the
capacity (or C-rate) of the ESD over its life as well
as to extend the life of the ESD.

[0045] The separator may be a relatively thin
material bonded to the surface of the active material

on the electrode units to reduce shorting and improve
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transport mechanics. This separator material may be
sprayed

on, coated on, pressed on, or combinations thereof, for
example. The separator may have a recombination agent
attached thereto. This agent may be infused within the
structure of the separator (e.g., this may be done by
physically trapping the agent in a wet process using a
polyvinyl alcohol (PVA or PVOH) to bind the agent to
the separator fibers, or the agent may be put therein
by electro-deposition), or it may be layered on the
surface by wvapor deposition, for example. The
separator may be made of any suitable material such as,
for example, polypropylene, polyethylene, any other
suitable material or any combinations thereof. The
separator may include an agent that effectively
supports recombination, including, but not limited to,
lead (Pb), Ag, platinum (Pt), Pd, any other suitable
material, or any suitable combinations thereof, for
example. In some embodiments, an agent may be
substantially insulated from (e.g., not contact) any
electronically conductive component or material. For
example, the agent may be positioned between sheets of
the separator material such that the agent does not
contact electronically conductive electrodes or
substrates. While the separator may present a
resistance if the substrates of a cell move toward each
other, a separator may not be provided in certain
embodiments of the invention that may utilize
substrates stiff enough not to deflect.

[0046] The electrolyte of each electrolyte layer of
an ESD may be formed of any suitable chemical compound
that may ionize when dissolved or molten to produce an

electrically conductive medium. The electrolyte may be
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a standard electrolyte of any suitable ESD, including,
but not limited to, NiMH and lithium-ion ESDs, for
example. The electrolyte in a lithium-ion based ESD
may include, for example, ethylene carbonate (C3H,03),
diethyl carbonate (CsH1q03), lithium hexafluorophosphate
(LiPFg), any other suitable lithium salt, any other
organic solvent, any other suitable material or any
suitable combination thereof. The electrolyte in a
NiMH based ESD may be, for example, an agueous
solution. The electrolyte may contain additional
suitable materials, including, but not limited to,
lithium hydroxide (LiOH), sodium hydroxide (NaOH),
calcium hydroxide (CaCH), potassium hydroxide (KOH),
any other suitable metal hydroxide, any other suitable
material, or combinations thereof, for example. The
electrolyte may also contain additives to improve
recombination, including, but not limited to, Pt, Pd,
any suitable metal oxides (e.g., Ag,;0), any other
suitable additives, or any combination thereof, for
example. The electrolyte may also contain rubidium
hydroxide (RbOH), or any other suitable material, for
example, to improve low temperature performance. The
electrolyte may be frozen within the separator and then
thawed after the ESD is completely assembled. This may
allow for particularly viscous electrolytes to be
inserted into the electrode unit stack of the ESD
before the gaskets have formed substantially fluid
tight seals with the electrode units adjacent thereto.
[0047] Electrodes may contain an electronically
conductive network or component. The electronically
conductive network or component may be an
electronically conductive foam (e.g., metal-plated

foam), collection of contacting electronically



WO 2011/037919 PCT/US2010/049654

10

15

20

25

30

conductive particles (e.g., sintered metal particles),
array of nanostructured material (e.g., array of CNTs),
any other electronically conductive material,
component, or network, or any suitable combinations
thereof. The electronically conductive network or
component may reduce ohmic resistance and may allow
increased interface area for electrochemical
interactions. For example, in stack 400 shown in FIG.
4, the interface between electrolyte 410 and positive
electrode layer 404, and the interface between
electrolyte 410 and negative electrode layer 408,
appear to be a planar, two dimensional surfaces. While
a planar interface may be employed in some embodiments
of energy storage devices, the electrode may also have
porous structure with substantially three-dimensional
surface. The porous structure may increase the
interface area between electrode and electrolyte, which
may therefore increase the achievable charge or
discharge rate. Active materials may be mixed with or
applied to the conductive component or network to
extend the interface over a greater surface area.
Electrochemical interactions may occur at the interface
between an active material, an electrolyte, and an
electronically conductive material.

[0048] The electronically conductive substrate may
be impermeable, preventing leakage or short circuiting
for example. In some arrangements, one Oor more pPorous
electrodes may be maintained in contact with a
substrate, as shown in FIGS. 1-4. This arrangement may
allow for electronic transfer among an external circuit
and the electrode.

[0049] FIG. 5 shows illustrative transport diagram

500 in accordance with some embodiments of the present
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invention. Electrons, ions, and molecules may be
transported to and from active interface 502, located
at the intersection of an active material,
electronically conductive material, and an electrolyte
phase. The charge and discharge rate of ESDs may
increase as the area of active interface 502 increases.
Active interface 502 may represent the active surface
area of active materials within ESDs. Electrochemical
reactions may occur at active interface 502. In some
embodiments, nanostructured materials may increase the
active surface area, thereby increasing charge and
discharge rates. Nanostructured materials may, for
example, increase transport rates by increasing active
surface area. In some embodiments, the use of
nanostructured materials may improve electrode
performance by improving properties such as, for
example, electronic conductivity, thermal conductivity,
durability, any other suitable property or any suitable
combinations thereof.

[0050] Electrons may be transported between
electronically conductive region 506 (e.g., metalized
foam, substrate 106, 206, 306, 406, or 416) and active
interface 502 along path 504, which may represent a
path through a contiguous, electronically conductive
material or combination of materials. Conduction
electrons may be transported between electronically
conductive region 506 and external circuit 510 along
path 508, which may represent a path through a
contiguous, electronically conductive material or
combination of materials (e.g., metal wires,
circuitry). Ions (e.g., hydroxyl anion, lithium
cation) may undergo transport (e.g., migration,

diffusion) between electrolyte region 516 (e.qg.,
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electrolyte 210, 410) and active interface 502 along
path 514, which may represent a path through a
substantially contiguous electrolyte material which may
be solid or liquid. For example, during charging or
discharging of lithium-ion-based ESDs, lithium cations
may be transported through an electrolyte to and from
active interfaces by diffusion, migration, or both.
Compounds may undergo transport between bulk compound
region 526 (e.g., bulk active material, bulk
electrolyte, bulk gas phase) and active interface 502
along path 524, which may represent a path through a
substantially contiguous medium or combination of
mediums which may allow suitable molecular transport
(e.g., electrolyte, active materials). For example,
during charging or discharging of NiMH-based ESDs,
water may diffuse to and from active interfaces due to
concentration gradients in an agqueous electrolyte. In
some embodiments, electrons, ions, compounds, or
suitable combinations thereof, may undergo transport
within the same material (e.g., mixed conductor) or
suitable combination of materials.

The term "bulk" as used herein shall refer to regions
of material away from nano-scale interfaces or
nanostructures (e.g., reservoirs, non-nanostructured
materials). The term "active interface" as used herein
shall refer to area or region in space at or near
interfaces in which electrochemical reactions
substantially occur. The term "transport" as used
herein shall refer to net spatial movement of
electrons, ions, atoms, molecules, particles, or
collections and combinations thereof, in response to
gradients in physical guantities (e.g., pressure,

concentration, temperature, electronic potential,
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chemical potential), including phenomenon such as
diffusion, migration, convection, surface diffusion,
and any other suitable mechanism.

[0051] FIG. 6 shows illustrative partial cross-
sectional schematic view of interface region 600 in
accordance with some embodiments of the present
invention. Interface region 600 may include substrate
608, active material 604, electronically conductive
material 606, and pore network 620. Active interface
602 (dotted region) may represent the area at or near
the intersection of active material 604, electronically
conductive material 606, and electrolyte (not shown,
but which may substantially fill pore network 620). In
some embodiments, active interface 602 may correspond
to, or represent a close-up view of, active interface
502 described in FIG. 5. It will be understood that an
illustrative, schematic two dimensional section
representation of a three dimensional porous solid,
such as that shown by FIG. 6, may not show some
connectivity of the solids (or pores) but that
connectivity may nonetheless exist.

[0052] Electrons may undergo transport between
active interface 602, electronically conductive
material 606 (e.g., electronic conduction region 506 of
FIG. 5), and electronically conductive substrate 608
(e.g., electronic conduction region 506 of FIG. 5) wvia
conduction path 610 (e.g., path 504 of FIG. 5). Ions
may undergo transport between active interface 602 and
the bulk electrolyte, which resides in pore network
620, via transport path 612 (e.g., path 514 of FIG. 5).
For example, hydroxyl anions (OH") may diffuse or
migrate to and from active interface 602 via

illustrative transport path 612 in pore network 620
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which may be substantially filled with aqgqueous
electrolyte. Any suitable ions, or combination of
ions, in any suitable electrolyte may undergo transport
along illustrative path 612. Compounds may undergo
transport between active interface 602 and one or more
of active material 604 (via transport path 616), bulk
electrolyte (via path 614) which may reside in pore
network 620, a gas phase region containing gaseous
materials (not shown), any other material or region of
material, or any suitable combination thereof. For
example, water molecules may undergo transport to and
from active interface 602 via diffusion along
illustrative path 614 in pore network 620 which may be
substantially filled with aqueous electrolyte. Any
suitable compounds, or combination of compounds, in any
suitable medium may undergo transport along
illustrative path 614. Transport paths 610, 612, and
614 are illustrative, and are meant to represent
nominal paths by which transport may occur. It will be
understood that the actual paths of electrons, ions,
and compounds may not follow these illustrative paths.
It will also be understood that an illustrative,
schematic two dimensional section representation of a
three dimensional porous solid, such as that shown by
FIG. 6, may not show some connectivity of the solids
(or pores) but that connectivity may nonetheless exist.
[0053] FIG. 7 shows illustrative electrode structure
700 with a cutaway section in accordance with some
embodiments of the present invention. Electrode
structure 700 may include porous electrode 702 and non-
porous substrate 706. Electrode 702 and substrate 706
may share interface 710 as a plane of contact.

Interface 610 represents the plane or path in space
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where at least two components, materials or suitable
combination thereof meet in contact. The term
"interface”™ as used herein describes the substantially
planar area of contact between a slurry and a

5 substrate, a solid foam and a substrate, any two
suitable components, any suitable component and a non-
solid phase, or any other plane of contact between two
distinct materials or components. Although shown as a
planar disk geometry, electrode structure 700 may have

10 any suitable shape, curvature, thickness (of either
layer), relative size (among substrate and foam),
relative thickness (among substrate and foam), any
other property or any suitable combination thereof.
FElectrode 702 may include one or more electronically

15 conductive components (e.g., metals), one or more
active materials (e.g., Ni(OH);,), one or more binders,
one or more nanostructured materials, any other
suitable materials or any combination thereof. In some
embodiments, active materials may be introduced to

20 electrode 702 following assembly or creation of
structure 700. In some embodiments, nanostructured
materials may be introduced to electrode 702 following
assembly or creation of structure 700.
[0054] Active materials may undergo significant

25 volumetric expansion or contraction as a result of
charging or discharging. The volumetric change may
result from material phase transitions, intercalation
of atoms or molecules within an active material, or
other physical or chemical processes, or combinations

30 thereof. For example, the volumetric change between
active material silicon (Si) and lithium-silicon
complexes (e.g., Li; 4Si) formed from lithium insertion

and removal may be several hundred percent.
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[0055] FIG. 8 shows side elevation views of
illustrative electrode structures 800 and 850 in
accordance with some embodiments of the present
invention. Illustrative electrode 802 of electrode
structure 800 may undergo a volumetric change, which
may result in a size increase to outline 812.
Substrate 806 may not undergo substantial volumetric
change, which may cause stresses and strains to develop
during volumetric change of the electrode. Repeated
expansion and contraction may lead electrode 802 to
crumble or otherwise lose structural integrity.
Repeated expansion and contraction may also lead
electrode 802 to suffer reduced electronic
conductivity, as the electronically conductive network
in the electrode may be interrupted. Illustrative
electrode 852 of electrode structure 850 may include
nanostructured particles. The presence of
nanostructured materials in electrode 852 may reduce
volumetric changes of electrode 852 (as shown by
outline 862), relative to electrode 802, during
charging and discharging. The presence of
nanostructured materials (e.g., carbon nanotubes,
silicon nanowires) in electrode 852 may allow relative
motion and volumetric changes amongst regions within
electrode 852, which may reduce the stresses and
strains that develop throughout electrode 852. In some
embodiments, reduction of stresses and strains within
an electrode may cause, for example, a reduction in
deformation, cracking, pulverization, leaking, and any
other failure modes or combinations thereof, of
electrode components. In some embodiments,

incorporation of a nanostructured material an electrode
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may improve the durability and cycle life of the
electrode during charging and discharging processes.
[0056] FIG. 9 shows illustrative diagram 900 of
nanostructured materials in accordance with some

5 embodiments of the present invention. The array of
nanostructured material shown in diagram 900 may
include one or more of nanostructured element 902.
Nanostructured element 902 may be a nanoparticle (e.qg.,
LiFePO4, LiMnPO,, LiMnO, nanoparticle), nanowire (e.qg.,

10 SiNW, ZnNW, SiC nanowire), single-walled or multi-
walled nanotube (e.g., CNT), closed fullerene (e.qg.,
C60 buckminsterfullerene), any other nanostructured
element or any suitable combination thereof. In some
embodiments, nanostructured element 902 may be a unit

15 cell of a thin layer of nanostructured material,
arranged into an array. For example, in some
embodiments, nanostructured element 902 may be one unit

cell of a graphene sheet, and a suitable array of these

unit cells may collectively be a graphene sheet. One
20 or more nanostructured elements 902 may be arranged in
any orientation, or distribution of orientations. An

array of nanostructured elements %902 may include
elements with any suitable shape and size distribution.
[0057] FIG. 10 shows illustrative diagram 1000 of

25 nanostructured materials in accordance with some
embodiments of the present invention. Diagram 1000 may
include one or more of nanostructured material 1030
(including illustrative nanostructured elements 1002
and 1003), coating 1040 (of coating material 1004),

30 bulk surface 1050 (of bulk material 1006), and
environment 1020. In some embodiments, bulk material
1006 may be coated with coating material 1004, which

may assist in forming nanostructured elements such as,
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for example, nanostructured element 1002. In some
embodiments, coating material 1004 may act as a
catalyst for deposition of nanostructured material
1030. In some embodiments, a coating material may not
be used, and nanostructured material 1030 may be
deposited directly onto bulk surface 1050.

[0058] Nanostructured elements may be arranged in
any suitable orientation, or distribution of
orientations, as shown by the different orientations of
nanostructured elements 1002 and 1003. In some
embodiments, plasma-enhanced chemical wvapor deposition
(CVD) may be used to form nanostructured elements with
a particular orientation (e.g., normal to the coating
surface). In some embodiments, more than one
nanostructured material may be deposited, and different
nanostructured materials may have different
orientations. For example, in some embodiments, SiNWs
may be deposited onto a bulk Si surface, substantially
normal to the bulk surface. An additional layer of
CNTs may then be deposited among the SiNW array,
substantially parallel to the bulk surface. Any
suitable nanostructured material or combination of
nanostructured materials, having any suitable
orientations, may be deposited onto coating 1040 or
bulk surface 1050.

[0059] In some embodiments, environment 1020 may be
controlled during deposition of nanostructured material
1030. For example, in some embodiments, environment
1020 may be a reducing gaseous environment that may
include hydrocarbons, hydrogen, silanes, inert gases,
any other suitable gases or combinations thereof.
Gaseous environments may include a precursor material

which may deposit onto coating 1040 or bulk surface
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1050. 1In some embodiments, environment 1020 may be a
liquid. The liquid may include, for example, suspended
nanoparticles, nanowires, nanotubes, or other suitable
nanostructured elements which may be deposited (e.g.,
by electrophoresis) onto coating 1040 or bulk surface
1050. 1In some embodiments, environment 1020 may be a
supercritical fluid, which may include a suitable
precursor. Environment 1020 may include any suitable
environmental conditions (e.g., temperature, pressure,
composition) controlled by any suitable process
schedule (e.g., flowrate, ramp times, hold times).
[0060] FIG. 11 shows illustrative flow diagram 1100
for forming electrodes in accordance with some
embodiments of the present invention. At process step
1102 shown in FIG. 11, a slurry may be prepared
including, for example, active materials (e.g., SiNWs,
LiFePO,, MH, Ni(OH),), electronically conductive
particles (e.g., CNTs, metal particles), one or more
liquid agents (e.g., organic solvent, water, alcohol,
NMP), binders (e.g., PTFE, PVDF), graphitic carbon,
amorphous carbon, any other suitable materials, or any
suitable combinations thereof. In some embodiments,
the active materials may be particles with any suitable
shape or size distribution. The electronically
conductive particles may have any suitable shape or
size distribution. In some embodiments, the
electronically conducting particles and the active
material particles may not necessarily be of the same
size and shape. Process step 1102 may include mixing,
blending, stirring, sonicating, ball milling, grinding,
sizing (e.g., sieving), drying, any other suitable
preparation process or any suitable combination

thereof. For example, in some embodiments, process
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step 1102 may entail preparing a slurry including Si
particles, carbon particles, an NMP aqueous solution,
and PVDF particles to form a slurry. In some
embodiments, for example, process step 1102 may entail

5 preparing a slurry including LiFePO, particles, carbon
particles, an NMP aqueous solution, and PVDF particles
to form a slurry. The slurry prepared in accordance
with process step 1102 may include any suitable
combination of materials.

10 [0061] Process step 1103 may include preparing an
electrode component onto which the slurry of process
1102 may be applied. The electrode component may
include an electronically conductive substrate, an
electronically nonconductive substrate, a metalized

15 foam, any other suitable components, a subassembly of
one or more components (e.g., metalized foam and
substrate subassembly), and any suitable combinations
thereof. Process step 1103 may include preparation
steps such as cleaning the electrode component,

20 adjusting the surface finish of the electrode component
(e.g., polishing, roughening), etching the surface of
electrode component, adjusting the size or shape of the
electrode component (e.g., cutting, grinding,
splitting, drilling, machining), any other suitable

25 preparation steps or any suitable combination thereof.
[0062] At process step 1104 shown in FIG. 11, the
slurry of process step 1102 may be applied to one or
more surfaces of the electrode component of process
step 1103. Process step 1104 may include doctor-

30 blading, spin coating, screen printing, any other
suitable slurry application technique or any suitable
combination thereof. In some embodiments one or more

molds of any suitable shape may be used to maintain the
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slurry of process step 1102 in a particular shape on
the electrode component of process step 1103. For
example, a rectangular prism mold in contact with a
substrate may be used to maintain the slurry of process
step 1102 in a rectangular prism shape while preventing
the slurry of process step 1102 from flowing or
otherwise deforming. In some embodiments, the slurry
of process step 1102 may be dried prior to application
to the electrode component. In some embodiments, a
slurry may be tape-cast, dried, sized, any other
suitable preparation step and any suitable combination
thereof, prior to application to the electrode
component. Application of a dried slurry to the
electrode component may include bonding, or otherwise
adhering the dried slurry to the electrode component.
[0063] At process step 1106 shown in FIG. 11, the
slurry in contact with the electrode component may be
dried (e.g., some fraction or substantially all of one
or more liquid components may be removed). Drying
process 1106 may impart rigidity to the residual
components (e.g., remaining slurry components). In
some embodiments, drying process 1106 may allow for the
residual components to maintain shape such that the
mold, if used, may be removed. In some embodiments,
drying process 1106 may form a gas-filled porous
network throughout the dried slurry. In some
embodiments, drying process 1106 may include heating,
immersing the electrode component and slurry in a
prescribed gaseous environment (e.g., heated argon),
any other suitable drying process or combination
thereof. Process step 1106 may be skipped in some

embodiments, such as, for example, embodiments in which
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the slurry is dried prior to application to the
electrode component.

[0064] The electrode component in contact with the
dried slurry of process 1106, may be sized, shaped, or
both, in accordance with process step 1108. Process
step 1108 may include punching (with any suitable die
and press), bending, folding, trimming, shaving,
calendering, machining, any other suitable sizing or
shaping technique, or any suitable combinations
thereof. In some embodiments, process step 1108 may be
omitted. For example, in some embodiments the
electrode component may be sized or formed as desired
at process step 1103, and further sizing or shaping may
not be desired at process step 1108.

[0065] Process step 1110, as shown in FIG. 11, may
include further processing of the electrode component.
Process step 1110 may include chemical treatment such
as, for example, applying a hydrophobic coating (e.g.,
PTFE) to the electrode component. Application of a
hydrophobic coating may reduce flooding (e.g., buildup
of liquid water) within the porous electrode. Process
step 1110 may include chemical vapor deposition (CVD),
physical wvapor deposition (PVD), any other deposition
technique or any suitable combination thereof, of one
or more suitable materials to the surface of the
electrode component. In some embodiments, process step
1110 may include, for example, sintering, charging
discharging, any other suitable processing or any
suitable combination thereof. Process step 1110 may
include techniques to adjust the surface properties of
the electrode component.

[0066] FIG. 12 shows illustrative flow diagram 1200

for forming electrodes in accordance with some
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embodiments of the present invention. The processes of
flow diagram 1200 may include modifying the surface of
electrode components, which may increase interface
area, electronic conductivity, porosity, any other
suitable property or any suitable combination thereof.
[0067] Process step 1202, as shown in FIG. 12, may
include preparing an electrode component. The
electrode component may include an electronically
conductive substrate, an electronically nonconductive
substrate, a metalized foam, any other suitable
components, a subassembly of one or more components
(e.g., metalized foam and substrate subassembly), and
any suitable combinations thereof. Process step 1202
may include preparation steps such as cleaning the
electrode component, adjusting the surface finish of
the electrode component (e.g., polishing, roughening),
etching the surface of electrode component, adjusting
the size or shape of the electrode component (e.g.,
cutting, grinding, splitting, drilling, machining), any
other suitable preparation steps or any suitable
combination therecof. In some embodiments, process step
1202 may include coating the surface of the electrode
component with a catalyst, deposition substrate, any
other suitable material or any suitable combination
thereof.

[0068] A base matrix may be formed on the surface of
the electrode component in accordance with process step
1204, as shown in FIG. 12. The base matrix may be an
array of nanostructured material (e.g., CNT array, SiNW
array, ZnNW array), which may have, for example, an
increased surface area relative to the electrode
component without the base matrix. Process step 1204

may include chemical wvapor deposition (CVD), plasma-
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enhanced CVD, physical vapor deposition (PVD), any
other suitable deposition technique or any suitable
combination thereof, of one or more suitable materials
to the surface of the electrode component, thereby
forming the base matrix.

[0069] A second material may be introduced to the
base matrix of the electrode component as shown by
process step 1206 of FIG. 12. Process step 1206 may
include chemical wvapor deposition (CVD), physical vapor
deposition (PVD), any other deposition technigque or any
sulitable combination thereof, of one or more suitable
materials to the base matrix. The second material may
be an active material, an electronically conductive
material, a nanostructured material, any other suitable
material, and any suitable combinations thereof. For
example, in some embodiments, process step 1204 may
include depositing an array of CNTs onto an electrode
component, and process step 1206 may include depositing
an array of SiNWs onto the base matrix of CNTs. 1In
some embodiments, for example, process step 1204 may
include depositing an array of SiNWs onto an electrode
component, and process step 1206 may include depositing
an array of CNTs on the base matrix of SiNWs.

[0070] The electrode component may be sized, shaped,
or both, in accordance with process step 1208, as shown
in FIG. 12. Process step 1208 may include punching
(with any suitable die and press), bending, folding,
trimming, shaving, calendering, machining, any other
suitable sizing or shaping technique, or any suitable
combinations thereof. In some embodiments, process
step 1208 may be not be included. For example, in some
embodiments the electrode component may be sized or

formed as desired at process step 1202, and further
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sizing or shaping may not be desired at process step
1208.
[0071] Process step 1210, as shown in FIG. 12, may
include further processing of the electrode component.
5 Process step 1210 may include chemical treatment such
as, for example, applying a hydrophobic coating (e.g.,
PTFE) to the electrode component. Application of a
hydrophobic coating may reduce flooding (e.g., buildup
of liquid water) within the porous electrode. Process
10 step 1210 may include chemical wvapor deposition (CVD},
physical wvapor deposition (PVD), any other deposition
technique or any suitable combination thereof, of one

Oor more sultable materials onto the surface of the

electrode component. Process step 1210 may include
15 techniques to adjust the surface properties of the
electrode component. In some embodiments, process step

1210 may include sintering, charging, discharging, any
other suitable processing technique, and any suitable
combination thereof applied to the electrode component.

20 [0072] FIG. 13 shows illustrative flow diagram 1300
for modifying active particles in accordance with some
embodiments of the present invention. Active material
particles may be coated with a material at process step
1302 of FIG. 13. Any suitable active material may be

25 coated, including both negative electrode active
materials and positive electrode active materials.
Process step 1302 may include coating the active
material particles with a material such as, for
example, nickel (Ni), iron (Fe), aluminum (Al), alumina

30 (A1,03), manganese salts, magnesium salts, Si, any other
suitable material or any suitable combination thereof,
to aide in forming nanostructures on the active

material particles. The coating material may be
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dissolved in a liquid solution, which may be applied to
the active material particles. The ligquid solution may
be any suitable liquid such as, for example, an acid
solution. Process step 1302 may include immersion,
electroplating, electroless plating, electrophoresis,
sputtering, atomic layer deposition, chemical solution
deposition (e.g., sol-gel process), CVD, PVD, any other
suitable coating technique or any suitable combination
thereof. 1In some embodiments, process step 1302 may
not be used. For example, in some embodiments, the
active material particles may be Si particles, and no
coating may be desired. In some embodiments, the
active material particles may be Si particles, and a
coating material of CNTs may be desired. The active
material particles and coating material may include any
suitable material or combination of materials. Process
step 1302 may include sizing, cleaning, etching, or
other processing technique to prepare active material
particles for application of the coating material.
[0073] Coated particles may be processed at process
step 1304. Process step 1304 may include sizing (e.qg.,
sieving), sintering, annealing, agglomerating, drying,
any other suitable processing technique or any suitable
combination therecof. For example, in some embodiments,
coated particles may be heated in a prescribed gaseous
environment (e.g., inert, reducing) to improve
durability, improve adherence, increase coating
material grain size, any other suitable coating
property or any suitable combinations thereof.

[0074] Nanostructured materials may be deposited
onto coated particles in accordance with process step
1306. Process step 1306 may include CVD, plasma-
enhanced CVD, PVD, any other suitable technique for
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depositing nanostructured materials or any suitable
combination thereof. Process step 1306 may include
placing the coated particles in a deposition chamber,
controlling the environment of the coated particles
(e.g., maintaining a reducing environment), heating the
coated particles, any other suitable technique for
depositing a nanostructured material onto particles or
any suitable combination thereof. Process step 1306
may include providing a gas phase precursor to the
deposition chamber. The gas phase precursor may
include, for example, a hydrocarbon, carbon monoxide,
silane, any other suitable precursor or any suitable
combination therecof. The gas phase precursor may be
combined with any suitable gaseous material such as,
for example, hydrogen, inert species (e.g., helium),
any other suitable gas species or any suitable
combination therecof. For example, in some embodiments,
a gas mixture of hydrogen and one or more hydrocarbons
may be introduced to particles in a deposition chamber,
which may be maintained between 300 and 1200 degrees
centigrade. In some embodiments, the precursor may be
a solid phase material that may undergo thermal, laser,
or other suitable treatment, or combinations thereof,
to release material into the vapor phase. In some
embodiments, the precursor material may be included in
solution such as, for example, a supercritical mixture.
In some embodiments, a suspension (e.g., solid
particles in a liquid medium) including nanostructured
material may be applied to coated particles to deposit
nanostructured material onto the coated particles. For
example, in some embodiments, electrophoresis may be
used to apply nanostructured materials contained in a

solution to the coated particles. Any suitable
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precursor, additional material, deposition temperature
(e.g., ramp temperature, soak temperature), deposition
pressure, other process control and any suitable
combination thereof, may be used to deposit
nanostructured materials onto particles.

[0075] In some embodiments, particles resulting from
process step 1306 may have modified properties such as,
for example, composition, electronic conductivity,
thermal conductivity, surface area, surface morphology,
size, any other suitable modified property or any
combination thereof. In some embodiments, the modified
particles resulting from process step 1306 may be used
as active material particles in the slurry of process
step 1102 of FIG. 11.

[0076] In some embodiments, all or some of the
techniques of flow diagram 1300 may be repeated in any
order to form more than one array of nanostructured
materials on active material particles. Any suitable
combination of active materials, coatings,
nanostructured materials, other suitable materials or
combination thereof may be used in accordance with the
techniques of flow diagram 1300.

[0077] FIG. 14 shows illustrative flow diagram 1400
for forming electrodes in accordance with some
embodiments of the present invention. Process step
1402 may include introducing active materials to
electrode components. Any suitable active material may
be introduced to the electrode component, including
negative electrode active materials, positive electrode
active materials, or both (e.g., BPU). The electrode
component may include an electronically conductive
substrate, an electronically nonconductive substrate, a

metalized foam, any other suitable components, a
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subassembly of one or more components (e.g., metalized
foam and substrate subassembly), and any suitable
combinations thereof. In some embodiments, the active
material may be applied to the electrode component as a
slurry (e.g., the process described in flow diagram
1100 of FIG. 11). 1In some embodiments, the active
material may be applied to the electrode component as a
nanostructured material. For example, process step
1402 may include CVD, plasma-enhanced CVD, PVD, any
other suitable technique for depositing nanostructured
materials or any suitable combination thereof. Process
step 1402 may include cleaning, etching, sintering, any
other preparation technique or any suitable combination
thereof, for introducing an active material to an
electrode component.

[0078] The electrode component may be coated with a
material at process step 1404 of FIG. 14. Process step
1404 may include coating the electrode component with a
material such as, for example, Ni, Fe, Al, Al,O;3,
manganese salts, magnesium salts, Si, any other
suitable material or any suitable combination thereof,
to aide in forming nanostructures on the electrode
component. The coating material may be dissolved in a
liquid solution, which may be applied to the active
material particles. The liquid solution may be any
suitable liguid. Process step 1404 may include
immersion, electroplating, electroless plating,
electrophoresis, sputtering, atomic layer deposition,
chemical solution deposition (e.g., sol-gel process),
CVvD, PVD, any other suitable coating technique or any
suitable combination therecof. In some embodiments,
process step 1404 may not be used. The electrode

component, active material, and coating material may
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include any suitable material or combination of
materials. Process step 1404 may include sizing,
cleaning, etching, or other processing technique to
prepare the electrode component for application of the
coating material.

[0079] The coated electrode component may be
processed at process step 1406. Process step 1406 may
include sintering, annealing, drying, any other
suitable processing technique or any suitable
combination therecof. For example, in some embodiments,
the coated electrode component may be heated in a
prescribed gaseous environment (e.g., inert, reducing)
to improve durability, improve adherence, increase
coating material grain size, any other suitable coating
property or any suitable combinations thereof.

[0080] Nanostructured materials may be deposited
onto the coated electrode component in accordance with
process step 1408. Process step 1408 may include CVD,
plasma-enhanced CVD, PVD, any other suitable technique
for depositing nanostructured materials or any suitable
combination thereof. Process step 1408 may include
placing the electrode component in a deposition
chamber, controlling the environment of the coated
electrode component (e.g., maintaining a reducing
environment), heating the coated electrode component,
any other suitable technique for depositing a
nanostructured material onto the electrode component or
any suitable combination thereof. Process step 1408
may include providing a gas phase precursor to the
deposition chamber. The gas phase precursor may
include, for example, a hydrocarbon, carbon monoxide,
silane, any other suitable precursor or any suitable

combination thereof. The gas phase precursor may be
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combined with any suitable gaseous material such as,
for example, hydrogen, inert species (e.g., helium),
any other suitable gas species or any suitable
combination therecof. For example, in some embodiments,
5 a gas mixture of hydrogen and one or more hydrocarbons
may be introduced to the coated electrode component in
a deposition chamber, which may be maintained between
300 and 1200 degrees centigrade. In some embodiments,
the precursor may be a solid phase material that may
10 undergo thermal, laser, or other suitable treatment, or
combinations thereof, to release material into the
vapor phase. In some embodiments, the precursor
material may be included in solution such as, for
example, a supercritical mixture. In some embodiments,
15 a suspension (e.g., solid particles in a liquid medium)
including nanostructured material may be applied to a
coated electrode component to deposit nanostructured
material onto the coated electrode component. For
example, in some embodiments, electrophoresis may be
20 used to apply nanostructured materials contained in a
solution to an electrode component. Any suitable
precursor, additional material, deposition temperature
(e.g., ramp temperature, soak temperature), deposition
pressure, other process control and any suitable
25 combination thereof, may be used to deposit
nanostructured materials onto an electrode component.
[0081] The modified component that may result from
process step 1408 may include an electronically
conductive network (e.g., metalized foam, CNT array),
30 an active material, a current collector (e.qg.,
substrate, tab), any other suitable component or any
suitable combination thereof. The modified component

that may result from process step 1408 may be termed an
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electrode, BPU, MPU, electrode subassembly, or any
other suitable designation.
[0082] For example, in some embodiments, an active
material including metal hydrides (MHs) may be

5 introduced to an electrode component including a Ni
foam and an electronically conductive substrate, in
accordance with process step 1402. The active material
may be included in a slurry which is applied to the
electrode component (e.g., the slurry described in

10 process step 1102 of FIG. 11). The active material and
electrode component may be sintered in accordance with
process step 1402. The electrode component and MH may
be coated with a catalyst material in accordance with
process step 1404. The catalyst material coating may

15 be dried and sintered in accordance with process step
1406. The coated electrode component and MH may be
placed in a CVD oven, and a hydrocarbon/hydrogen
gaseous precursor may be introduced to the CVD oven at
a temperature between 300 and 1600 degrees centigrade.

20 An array of CNT may be deposited onto the coated
electrode component and MH at process step 1408. The
array of CNTs may modify one or more properties of the
electrode component, including, for example, electronic
conductivity, thermal conductivity, surface area, any

25 other suitable property or any combination thereof.
This exemplary process in accordance with flow diagram
1400 is illustrative and is meant to illustrate some
embodiments of the present invention, and not to limit
the scope of the present invention.

30 [0083] FIG. 15 shows illustrative flow diagram 1500
for forming electrodes in accordance with some
embodiments of the present invention. An electrode

component may be coated with a material at process step
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1502 of FIG. 15. 1In some embodiments, process step
1502 may correspond to process step 1404 of FIG. 14.
Process step 1502 may include coating the electrode
component with a material such as, for example, Ni, Fe,
Al, Al,0;, manganese salts, magnesium salts, Si, any
other suitable material or any suitable combination
thereof, to aide in forming nanostructures on the
electrode component. The coating material may be
dissolved in a liquid solution, which may be applied to
the active material particles. The ligquid solution may
be any suitable liquid. Process step 1502 may include
immersion, electroplating, electroless plating,
electrophoresis, sputtering, atomic layer deposition,
chemical solution deposition (e.g., sol-gel process),
CVvD, PVD, any other suitable coating technique or any
suitable combination therecof. In some embodiments,
process step 1502 may not be used. The electrode
component, active material, and coating material may
include any suitable material or combination of
materials. Process step 1502 may include sizing,
cleaning, etching, or other processing technique to
prepare the electrode component for application of the
coating material.

[0084] The coated electrode component may be
processed at process step 1504. Process step 1504 may
include sintering, annealing, drying, any other
suitable processing technique or any suitable
combination therecof. For example, in some embodiments,
the coated electrode component may be heated in a
prescribed gaseous environment (e.g., inert, reducing)
to improve durability, improve adherence, increase
coating material grain size, any other suitable coating

property or any suitable combinations thereof.
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[0085] Nanostructured materials may be deposited
onto the coated electrode component in accordance with
process step 1506. In some embodiments, process step
1506 may correspond to process step 1408 of FIG. 14.
Process step 1506 may include CVD, plasma-enhanced CVD,
PVD, electrophoresis, any other suitable technique for
depositing nanostructured materials or any suitable
combination thereof. Process step 1506 may include
placing the electrode component in a deposition
chamber, controlling the environment of the coated
electrode component, heating the coated electrode
component, ablating a solid phase precursor, thermally
treating a solid phase precursor, any other suitable
technique for depositing a nanostructured material onto
the electrode component or any suitable combination
thereof. Process step 1506 may include providing a gas
phase precursor to the deposition chamber, a solid
phase precursor, or a precursor that may be included in
solution. Any suitable precursor, additional material,
deposition temperature (e.g., ramp temperature, soak
temperature), deposition pressure, other process
control and any suitable combination thereof, may be
used to deposit nanostructured materials onto an
electrode component.

[0086] Process step 1508 may include introducing
active materials to a modified electrode component. In
some embodiments, process step 1508 may correspond to
process step 1402 of FIG. 14. Any suitable active
material may be introduced to the electrode component,
including negative electrode active materials, positive
electrode active materials, or both (e.g., BPU). The
electrode component may include an electronically

conductive substrate, an electronically nonconductive
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substrate, a metalized foam, any other suitable
components, a subassembly of one or more components
(e.g., metalized foam and substrate subassembly), and
any suitable combinations thereof. In some
embodiments, the active material may be applied to the
electrode component as a slurry (e.g., the process
described in flow diagram 1100 of FIG. 11). In some
embodiments, the active material may be applied to the
electrode component as a nanostructured material. For
example, process step 1508 may include CVD, plasma-
enhanced CVD, PVD, any other suitable technique for
depositing nanostructured materials or any suitable
combination thereof. Process step 1508 may include
cleaning, etching, sintering, any other preparation
technique or any suitable combination thereof, for
introducing an active material to an electrode
component.

[0087] For example, in some embodiments, one or more
surfaces of an electrode component including a Ni foam
rigidly affixed to an electronically conductive
substrate may be coated with a catalyst in accordance
with process step 1502. The coated electrode component
may be sintered in accordance with process step 1504.
The coated electrode component may be placed in a CVD
oven, and a hydrocarbon/hydrogen precursor may be
introduced to the CVD oven at a temperature between 600
and 1200 degrees centigrade. An array of CNTs may be
deposited onto the coated electrode component at
process step 1506. An active material including, for
example, Ni(OH), may be added to the modified electrode
component as a slurry (e.g., the slurry described in
process step 1102 of FIG. 11), which may be dried in

accordance with process step 1508. The array of CNTs
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may provide a base matrix (e.g., as described in
process step 1204 of FIG. 12) for application of the
active material (e.g., Ni(CH),;). This exemplary process
in accordance with flow diagram 1500 is illustrative
and i1s meant to illustrate some embodiments of the
present invention, and not to limit the scope of the
present invention.

[0088] It will be understood that the steps of flow
diagrams 1100-1500 of FIGS. 11-15 are illustrative.
Any of the steps of flow diagrams 1100-1500 may be
modified, omitted, rearranged, combined with other
steps of flow diagrams 1100-1500, or supplemented with
additional steps, without departing from the scope of
the present invention.

[0089] An illustrative process for making an
electrode structure in accordance with some embodiments
of the present invention will be discussed further in
the context of FIGS. 16 and 17.

[0090] FIG. 16 shows an illustrative side elevation
view of slurry 1602 in contact with substrate 1606 in
accordance with some embodiments of the present
invention. Shown in FIG. 17 is an illustrative top
plan view of the elements of FIG. 16, taken from line
XVITI-XVII of FIG. 16 in accordance with some
embodiments of the present invention. Slurry 1602 is
shown in contact with substrate 1606 at interface 1610.
Substrate 1606 and slurry 1602 may have any suitable
shape, cross-section shape, curvature (e.g., dome
shaped), thickness (of either layer 1606 and 1602),
relative size (among substrate and composite material),
relative thickness (among substrate and composite
material), any other property or any suitable

combinations thereof. In some embodiments, slurry 1602



WO 2011/037919 PCT/US2010/049654

10

15

20

25

30

may include the slurry discussed above in process steps
1102 and 1104 of FIG. 11. In some embodiments, slurry
1602 may include the dried slurry discussed above in
process step 1106 of FIG. 11. Slurry 1602 may include
any material or suitable combination of materials.
[0091] FIG. 18 shows illustrative processes for
modifying particles in accordance with some embodiments
of the present invention. Illustrative particle 1800
may include active material 1802 as shown in FIG.
18(I). Active material 1802 may be positive active
material, any other suitable materials or any
combinations thereof, or active material 1802 may be
negative active material, any other suitable materials
or any combinations thereof. Although shown
illustratively as spherical, particle 1800 may have any
suitable shape or size, or both, and may belong to and
be representative of a collection of active material
particles having any suitable size and shape
distribution. In some embodiments, particle 1800 may
be porous, nonporous, cenospherical (e.g., hollow), any
other morphological designation, or any suitable
combination thereof.

[0092] Coating material 1824 may be introduced to
particle 1800 (e.g., by process 1302 of FIG. 13),
forming coated particle 1820, as shown in FIG. 18 (II).
Coated active material 1802 may correspond
substantially to active material 1802. Coating
material 1824 may include Fe, Al, Al.,0;, manganese
salts, magnesium salts, Si, any other suitable material
or any suitable combination thereof, to aide in forming
nanostructures on the coated particles. In some
embodiments, coating material 1824 may cover

substantially all of the surface of active material
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1822. 1In some embodiments coating material 1824 may
cover part of the surface of active material 1802. The
coating formed by coating material 1824 may be
contiguous or non-contiguous. The layer of coating
material 1824 may be any suitable thickness.

[0093] Nanostructured material 1846 may be deposited
onto the surface of coated particle 1820, to form
modified particle 1840 (e.g., as described by process
step 1306 of FIG. 13), as shown in FIG. 18(III).
Nanostructured material 1846 resides on coating
material 1824 which may partially or substantially
fully coat the surface of active material 1802.
Nanostructured material 1846 may be any suitable
material or combination of materials, and may have any
suitable orientation or distribution of orientations.
For example, in some embodiments, nanostructured
material 1846 may include an array of CNTs arranged
substantially parallel to the surface of coating
material 1824. In some embodiments, for example,
nanostructured material 1846 may include an array of
ZnNWs arranged substantially normal to the surface of
coating material 1824. In some embodiments,
nanostructured material 1846 may include more than one
material. For example, in some embodiments, an array
of SiNWs may be deposited on coating material 1824, and
an array of CNTs may be deposited on top of the array
of SiNWs. Any suitable number of nanostructured
materials, arrays of nanostructured materials, layers,
or suitable combinations thereof may be deposited onto
particle 1820 in any suitable order to form modified
particle 1840,

[0094] Modified particle 1840 may be combined with

other modified particles, other particles or both, as
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shown by modified particle collection 1860 in FIG.
18(IV). Modified particle collection 1860 may include
modified particles 1840 and particles 1870, which may
include, for example, polymer particles, active
material particles, electronically conductive particles
(e.g., metal particles, CNTs), any other suitable
particles or any suitable combinations thereof.
Modified particle collection 1860 may be a slurry, and
may include a liquid agent (not shown in FIG. 18).
Modified particle collection 1860 may have modified
properties relative to a collection of non-modified
particles such as, for example, increased electronic
conductivity, increased thermal conductivity, increased
surface area, increased inter-particle contact area
(e.g., contact area 1868 of FIG. 18), any other
suitable property or combination thereof. Modified
particle collection 1860 may be included in the slurry
of flow diagram 1100 of FIG. 11.

[0095] FIG. 1% shows illustrative processes for
modifying particles in accordance with some embodiments
of the present invention. Illustrative particle 1900
includes active material 13902 as shown in FIG. 18(I).
Active material 1902 may be any suitable positive
active material or negative active material, or any
suitable combination of materials thereof. Although
shown illustratively as spherical, particle 1900 may
have any suitable shape and size, or both, and may
belong to and be representative of a collection of
active material particles having any suitable size and
shape distribution. In some embodiments, particle 1900
may be porous, nonporous, cenospherical (e.g., hollow),
any other morphological designation, or any suitable

combination thereof.
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[0096] Nanostructured material 1946 may be deposited
onto the surface of active material particle 1900, to
form modified particle 12840 (e.g., as described by
process step 1306 of FIG. 13), as shown in FIG. 19(II).
Nanostructured material 1946 may reside on the surface
of active material 1902. Nanostructured material 1946
may be any suitable material or combination of
materials, and may have any suitable orientation or
distribution of orientations. For example, in some
embodiments, nanostructured material 1946 may include
an array of CNTs arranged substantially parallel to the
surface of active material 1802. In some embodiments,
for example, nanostructured material 1946 may include
an array of SiNWs arranged substantially normal to the
surface of active material 1802. In some embodiments,
nanostructured material 1946 may include more than one
material. For example, in some embodiments, an array
of ZnNWs may be deposited on active material 1802, and
an array of CNTs may be deposited on top of the array
of ZnNWs. Any suitable number of nanostructured
materials, arrays of nanostructured materials, layers,
or suitable combinations thereof may be deposited onto
particle 1900 in any suitable order to form modified
particle 1940.

[0097] Modified particle 1940 may be combined with
other modified particles, other particles or both, as
shown by modified particle collection 1960 in FIG.
13(IT1I). Modified particle collection 1960 may include
modified particles 1940 and particles 1970, which may
include, for example, polymer particles, active
material particles, electronically conductive particles
(e.g., metal particles, CNTs), any other suitable

particles or any suitable combinations thereof.
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Modified particle collection 1860 may be a slurry, and
may include a liquid agent (not shown in FIG. 19).
Modified particle collection 1960 may have modified
properties relative to a collection of non-modified
5 particles such as, for example, increased electronic

conductivity, increased thermal conductivity, increased
surface area, increased inter-particle contact area
(e.g., contact area 1968 of FIG. 18), any other
suitable property or combination thereof. Modified

10 particle collection 1960 may be included in the slurry
of flow diagram 1100 of FIG. 11.
[0098] FIG. 20 shows an illustrative side elevation
view of electrode component 2002 in contact with
substrate 2006 in accordance with some embodiments of

15 the present invention. Shown in FIG. 21 is an
illustrative top plan view of the elements of FIG. 20,
taken from line XXI-XXI of FIG. 20 in accordance with
some embodiments of the present invention. Electrode
component 2002 is shown in contact with substrate 2006

20 at interface 2010. Substrate 2006 and electrode
component 2002 may have any suitable shape, cross-
section shape, curvature (e.g., dome shaped), thickness
(of either layer 2006 and 2002), relative size (among
substrate and composite material), relative thickness

25 (among substrate and composite material), any other
property or any suitable combinations thereof. In some
embodiments, electrode component 2002 may include the
slurry discussed above in process steps 1102 and 1104
of FIG. 11. In some embodiments, electrode component

30 2002 may include the dried slurry discussed above in
process step 1106 of FIG. 11. Electrode component 2002
may include any other suitable material, or any

sultable combination of materials.
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[0099] FIG. 22 shows several illustrative partial
cross-sectional views of an electrode component in
accordance with some embodiments of the present
invention. FIG. 22(I) shows a close-up view of
illustrative electrode component 2200 which may be a
subassembly which may include metalized foam 2204 and
substrate 2206. Metalized foam 2204 may include pore
network 2210, which may impart porosity. In some
embodiments, electrode component 2200 may correspond
substantially to the electrode component of flow
diagrams 1100 of FIG. 11, 1200 of FIG. 12, 1400 of FIG.
14 or 1500 of FIG. 15. 1In this illustrative example,
FIG. 22(I) may show the interface region between
metalized foam 2204 and substrate 2206 for convenience.
[0100] FIG. 22(II) shows a close-up view of
illustrative coated electrode component 2220, which may
be a subassembly which may include metalized foam 2204
and substrate 2206. Coating 2222 may cover some
surfaces of electrode component 2200, forming coated
electrode component 2220. Coating 2222 may include any
suitable material such as, for example, Fe, Al, Al,0;3,
manganese salts, magnesium salts, Si, any other
suitable material or any suitable combination thereof,
to aide in forming nanostructures on the active
material particles. Coating 2222 may correspond
substantially to the coating of flow diagrams 1400 of
FIG. 14 or 1500 of FIG. 15. As shown in illustrative
FIG. 22(II), coating 2202 may coat more than one
surface, including both exterior (e.g., boundary) and
interior (e.g., surfaces along pore network 2210)
surfaces.

[0101] FIG. 22(III) shows a close-up view of

illustrative modified electrode component 2240, which
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may include coated electrode component 2220.
Nanostructured material 2248 may be deposited on some
surfaces of coated electrode component 2220, forming
modified electrode component 2240. The deposition of
nanostructured material 2248 may correspond
substantially to the deposition steps discussed in flow
diagrams 1300 of FIG. 13, flow diagrams 1400 of FIG. 14
or 1500 of FIG. 15. Nanostructured material 2248 may
include any suitable type of nanostructured elements
including, for example, nanoparticles, nanowires,
single-walled or multi-walled nanotubes, closed
fullerenes, any other suitable nanostructured elements,
any suitable nanostructured composite elements or any
suitable combinations or arrays thereof. Although
shown as being substantially normal to the surfaces of
coated electrode component 2220, nanostructured
material 2248 may include nanostructured elements
having any suitable size, shape, orientation
distributions. It will also be understood that an
illustrative, schematic two dimensional section
representation of a three dimensional porous solid,
such as that shown by FIG. 22, may not show some
connectivity of the solid (or pores) but that
connectivity may nonetheless exist.

[0102] It will be understood that the foregoing is
only illustrative of the principles of the invention,
and that wvarious modifications may be made by those
skilled in the art without departing from the scope and
spirit of the invention. It will also be understood
that various directional and orientational terms such
as "horizontal" and "vertical,"™ "top" and "bottom" and
"side," "length" and "width" and "height" and

"thickness," "inner" and "outer," "internal" and
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"external," and the like are used herein only for
convenience, and that no fixed or absolute directional
or orientational limitations are intended by the use of
these words. For example, the devices of this
invention, as well as their individual components, may
have any desired orientation. If reoriented, different
directional or orientational terms may need to be used
in their description, but that will not alter their
fundamental nature as within the scope and spirit of
this invention. Those skilled in the art will
appreciate that the invention may be practiced by other
than the described embodiments, which are presented for
purposes of illustration rather than of limitation, and
the invention is limited only by the claims that

follow.



WO 2011/037919 PCT/US2010/049654

10

What 1s Claimed is:

1. A method for forming an electrode, the

method comprising:

combining active material particles,
electronically conductive particles, and a liguid agent
to form a slurry, wherein at least one of the active
material particles and the electronically conductive
particles comprises a nanostructured material;

placing in contact the slurry with an
electrode component; and

drying the slurry to form the electrode.

2. The method of claim 1, wherein the

nanostructured material comprises silicon nanowires.

3. The method of claim 1, wherein the
active material particles comprise lithium iron

phosphate (LiFeP0O4) particles.

4, The method of claim 1, wherein the

nanostructured material comprises carbon nanotubes.

5. A method comprising:

introducing a coating material to the
surface of active material particles to form coated
particles; and

depositing a nanostructured material
from a vapor-phase precursor onto the surface of the
coated particles to form modified particles, wherein
the coating material acts as a catalyst for deposition

of the nanostructured material.

6. The method of claim 5, further

comprising:
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combining the modified particles, an
electronically conductive material, and a ligquid agent
5 and form a slurry;
placing in contact the slurry with an
electrode component; and

drying the slurry to form an electrode.

7. The method of claim 5, wherein the

nanostructured material comprises carbon nanotubes.

8. The method of claim 5, wherein the

nanostructured material comprises silicon nanowires.

9. The method of claim 5, wherein the

vapor-phase precursor comprises a hydrocarbon.

10. The method of claim 5, wherein the

vapor-phase precursor comprises silane.

11. A method comprising:
introducing a coating material to one or
more surfaces of an electrode component; and
depositing a nanostructured material
5 from a vapor-phase precursor onto the one or more
surfaces of the electrode component, wherein the
coating material acts as a catalyst for deposition of

the nanostructured material.

12. The method of claim 11, wherein the
second nanostructured material comprises carbon

nanotubes.

13. The method of claim 11, wherein the
second nanostructured material comprises silicon

nanowires.
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14. The method of claim 11, wherein the
electrode component comprises an electronically

conductive foam.

15. The method of c¢laim 11, wherein the
electrode component comprises an electronically

conductive substrate.

16. The method of claim 11, wherein the

electrode component comprises an active material.

17. The method of claim 11, wherein the

vapor-phase precursor comprises a hydrocarbon.

18. The method of claim 11, wherein the

vapor-phase precursor comprises silane.

19. An electrode formed by a method
comprising:
introducing a coating material to one or
more surfaces of an electrode component; and
5 depositing a nanostructured material
from a vapor-phase precursor onto the one or more
surfaces of the electrode component, wherein the
coating material acts as a catalyst for deposition of

the nanostructured material.

20. The electrode of claim 19, wherein the
method further comprises introducing an active material

to the electrode component.

21. An electrode formed by a method

comprising:
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introducing a coating material to the
surface of active material particles to form coated
5 particles;
depositing a nanostructured material
from a vapor-phase precursor onto the surface of the
coated particles to form modified particles, wherein
the coating material acts as a catalyst for deposition
10 of the nanostructured material;
combining the modified particles, an
electronically conductive material, and a ligquid agent
and form a slurry;
placing in contact the slurry with an
15 electrode component; and
drying the slurry to form a
substantially solid layer in contact with the electrode

component.

22. An electrode comprising:

an impermeable, electronically
conductive substrate;

an electronically conductive network

5 provided on one side of the electronically conductive

substrate; and

an active material in contact with the
electronically conductive network, wherein at least one
of the active material and the electronically

10 conductive network comprises a nanostructured material.
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INTERNATIONAL SEARCH REPORT

International application No

PCT/US2010/049654

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO1M4/04
ADD. HO1M4/02

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HOIM

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 2007/004728 A1l (SHOWA DENKO KK [JP]; 1,2,4
TAKEUCHI MASATAKA [JP]; SOTOWA CHIAKI
[JP]) 11 January 2007 (2007-01-11)
page 1, line 15 - line 20

page 3, line 14 - line 26

page 5, line 11 - line 15

page 5, line 25 - line 26

page 6, line 7 - line 21

page 15, line 1ine 25

page 17, line line 23

page 23, line 19 - line 28

page 29, line 19 - line 21

page 34, line 18 - page 36, line 16
examples 1-7

N
~ W
[ I

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of ancther
citation or other special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
m%r.llts, rs{uch combination being obvious to a person skilled
in the art.

"&" document member of the same patent family

Date of the actual completion of the international search

3 December 2010

Date of mailing of the international search report

28/02/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Fernandez Morales, N
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Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

EP 1 583 168 A2 (MOLTECH CORP [US])

5 October 2005 (2005-10-05)

paragraph [0096]

example 3

WO 2008/115168 A2 (A123 SYSTEMS INC [US];
WILKINS RONNIE [US]; GOZDZ ANTONI S [US]:
SHIAO) 25 September 2008 (2008-09-25)
paragraph [0079] - paragraph [0081]

US 2009/226635 Al (LEBLANC PATRICK [CA] ET
AL) 10 September 2009 (2009-09-10)
paragraph [0031] - paragraph [0035]

WO 00/36674 A2 (MOLTECH CORP [US]; XU ZHE
SHENG [US]; SKOTHEIM TERJE A [US]; GERONOV
Y) 22 June 2000 (2000-06-22)

example 9

WO 2008/138003 Al (UNIV CALIFORNIA [US];
LIU GAO [US]; BATTAGLIA VINCENT S [US]:
ZHENG HO) 13 November 2008 (2008-11-13)
claims 13, 14

US 2004/160156 Al (OHATA TSUMORU [JP] ET
AL) 19 August 2004 (2004-08-19)

paragraph [0005]

US 2006/154141 Al (SALOT RAPHAEL [FR] ET
AL) 13 July 2006 (2006-07-13)

paragraph [0051]

1,2,4

1,3

1,3

1,4

1.4

1,4
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cited in search report date member(s) date

WO 2007004728 Al 11-01-2007 US 2009123850 Al 14-05-2009

EP 1583168 A2 05-10-2005  NONE

WO 2008115168 A2 25-09-2008 CN 101627494 A 13-01-2010
EP 1999817 A2 10-12-2008
JP 2009538495 T 05-11-2009
KR 20090035659 A 10-04-2009
US 2010075225 Al 25-03-2010

US 2009226635 Al 10-09-2009  CA 2717204 Al 11-09-2009
WO 2009109053 Al 11-09-2009
EP 2266155 Al 29-12-2010
KR 20100120237 A 12-11-2010

WO 0036674 A2 22-06-2000 AU 2481300 A 03-07-2000
CN 1334971 A 06-02-2002
DE 69906814 D1 15-05-2003
DE 69906814 T2 11-03-2004
EP 1151487 A2 07-11-2001
JP 2002532854 T 02-10-2002
us 6302928 Bl 16-10-2001
US 2001034934 Al 01-11-2001

WO 2008138003 Al 13-11-2008  CN 101689633 A 31-03-2010
US 2010167118 Al 01-07-2010

US 2004160156 Al 19-08-2004 CN 1523691 A 25-08-2004

US 2006154141 Al 13-07-2006  CN 1822417 A 23-08-2006
EP 1675207 Al 28-06-2006
FR 2880197 Al 30-06-2006
JP 2006185917 A 13-07-2006
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BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-4

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-4

A method for forming an electrode, the method comprising:
combining active material particles, electronically
conductive particles, and a liquid agent to form a slurry,
wherein at Teast one of the active material particles and
the electronically conductive particles comprises a
nanostructured material; placing in contact the slurry with
an electrode component; and drying the slurry to form the
electrode.

2. claims: 5-21

A method comprising: introducing a coating material to one
or more surfaces of an electrode component; and depositing a
nanostructured material from a vapor-phase precursor onto
the one or more surfaces of the electrode component, wherein
the coating material acts as a catalyst for deposition of
the nanostructured material.

3. claim: 22

An electrode comprising: an impermeable, electronically
conductive substrate; an electronically conductive network
provided on one side of the electronically conductive
substrate; and an active material in contact with the
electronically conductive network, wherein at least one of
the active material and the electronically conductive
network comprises a nanostructured material.
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