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COMPOSITE STRUCTURES CONTAINING
HIGH CAPACITY POROUS ACTIVE
MATERIALS CONSTRAINED IN SHELLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation and claims pri-
ority to U.S. application Ser. No. 14/928,576, titled “COM-

POSITE STRUCTURES CONTAINING HIGH CAPAC-
ITY POROUS ACTIVE MATERIALS CONSTRAINED IN
SHELLS,” filed Oct. 39, 2015, which 1s a divisional of and
claims priority to U.S. application Ser. No. 13/277,620
(1ssued as U.S. Pat. No. 9,209,456) also titled “COMPOS-
ITE STRUCTURES CONTAINING HIGH CAPACITY
POROUS ACTIVE MATERIALS CONSTRAINED IN
SHELLS,” filed Oct. 20, 2011, which claims the benefit
under 35 U.S.C. §119(e) of U.S. Provisional Patent Appli-
cation No. 61/406,049, also titled “COMPOSITE STRUC-
TURES CONTAINING HIGH CAPACITY POROUS
ACTIVE MATERIALS CONSTRAINED IN SHELLS”
filed on Oct. 22, 2010, all of which are incorporated herein
by reference 1n their entireties.

BACKGROUND

[0002] The commercial demand {for high capacity
rechargeable electrochemical cells 1s strong. Many areas,
such as aerospace, medical devices, portable electronics, and
automotive, would benefit from cells having higher gravi-
metric and/or volumetric capacities. Lithium 1on technology
has already provided substantial improvements 1n this
regard. However, to date, the technology has been primarily
constrained to low capacity graphite based negative elec-
trodes. Graphite has a theoretical capacity of only 372
mAh/g during lithiation and its practical capacity 1s even
lower.

[0003] Silicon, germanium, tin, and many other materials
have been proposed as replacements of or additives to
graphite of their high lithiation capacities. For example, the
theoretical capacity of silicon 1s estimated to be about 4,200
mAh/g. However, many of these high capacity materials
have not been widely adopted because of their poor cycle
life performance, which generally results from substantial
volumetric changes during lithiation. Silicon, for example,
swells by as much as 400% when 1t 1s lithiated to 1its
theoretical capacity. Volume changes of such magnitudes
cause considerable stresses 1n high capacity active material
structures and their solid electrolyte iterphase (SEI) layers
and typically result in mechanical fractures and pulveriza-
tion of the electrode structures and significant capacity
tading of the electrochemical cell.

SUMMARY

[0004] Provided are novel electrode material composite
structures containing high capacity active materials formed
into porous base structures. The structures also include
shells that encapsulate these porous base structures. During
lithiation of the active material, the shell mechamcally
constrains the porous base structure. The shell allows
lithium 101ns to pass through but prevents electrolyte solvents
from interacting with the encapsulated active matenal. In
certain embodiments, the shell contains carbon, while the
porous base structure contains silicon. Although silicon
tends to swell during lithiation, the porosity of the base
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structure or, more generally, availability of the void space
inside the shell helps to accommodate this additional volume
within the shell without breaking 1t or substantially increas-
ing the overall size of the overall electrode material com-
posite structure. This allows integration of the composite
structures 1nto various types of battery electrodes and
cycling high capacity active materials without damaging the
clectrodes’ 1internal structures and deteriorating cycling
characteristics of batteries.

[0005] FElectrode material composite structures described
herein may be used 1n an electrode of a lithium 10n cell. In
certain embodiments, an electrode material composite struc-
ture includes a porous base structure having a high capacity
active material and a shell encapsulating the porous base
structure. The shell mechanically constrains the porous base
structure and allows passage of lithrum 1ons through the
shell during lithiation and delithiation of the high capacity
active material while substantially preventing one or more
clectrolyte solvents from interacting with the high capacity
active material encapsulated within the shell. The porosity of
the porous base structure decreases during lithiation of the
high capacity active material and increases during delithia-
tion of the high capacity active material. In certain embodi-
ments, the electrode material composite structure 1s a part of
the negative electrode material or 1s a negative electrode
active material. The high capacity active material may
include one or more of the following matenals: crystalline
silicon, amorphous silicon, silicon oxides, silicon oxyni-
trides, tin containing materials, sulfur containing materials,
and germanium containing materials. The shell may include
one or more ol the following materials: carbon, lithium
phosphorous oxynitride (Li1PON), titanium oxide, silicon
oxide, aluminum oxide, tin, copper, tin alloys, and copper
alloys.

[0006] In certain embodiments, the porous base structure
maintains at least some porosity at any point during lithia-
tion and delithiation of the high capacity active matenial. For
example, the porous base structure may retain a porosity of
at least about 10% when the high capacity active material 1s
lithiated to at least about 75% of 1ts theoretical lithiation
capacity. In certain embodiments, the shell undergoes sub-
stantially no plastic deformation during lithiation and del-
ithiation of the high capacity active material. The electrode
material composite structure may include additional porous
base structures. In these situations, the same shell may
encapsulate more than one porous base structure. For
example, a shell may form an integral encapsulating body
around the multiple porous base structures. In specific
embodiments, at least two porous base structures contact
one another within the electrode material composite struc-
ture. In the same or other embodiments, the shell may
clectrically integrate multiple porous base structures.

[0007] In certain embodiments, the electrode material
composite structure has an average principal dimension of
between about 50 nanometers and 30 micrometers. The shell
may have an average thickness of between about 1 nano-
meter and 100 nanometers. In certain embodiments, an
intermediate layer 1s positioned between the porous base
structure and shell. The high capacity active material of the
porous base structure may include silicon, such as porous
silicon, while the shell may include carbon. In the same or
other embodiments, the shell may include at least one
material that 1s not presented 1n the porous base structure. In
certain embodiments, a volume ratio of the porous base
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structure to the shell 1s at least about ten. That 1s electrode
material composite structures on average have ten times less
of shell materials by volume than porous base materials,
such as high capacity active materials.

[0008] Provided also 1s an electrode including an electro-
chemically active composite structure having a porous base
structure and a shell encapsulating the porous base structure.
The porous base structure includes a high capacity active
maternial. The shell mechanically constrains the porous base
structure and allows passage of lithrum 1ons through the
shell during lithiation and delithiation of the high capacity
active material while substantially preventing one or more
clectrolyte solvents from interacting with the high capacity
active matenial encapsulated within the shell. The porosity of
the porous base structure decreases during lithiation of the
high capacity active material and increases during its del-
ithiation. The electrode also includes a conductive substrate
supporting the electrochemically active composite structure
and maintaining electronic communication with the high
capacity active material of the porous base.

[0009] In certain embodiments, the electrode also includes
a binder material supporting the electrochemically active
composite structure on the conductive substrate. In the same
or other embodiments, the shell of the electrochemically
active composite structures attaches the electrochemically
active composite structure to the conductive substrate. For
example, the shell may form an integral body with a layer of
a shell material formed on a surface of the conductive
substrate. In certain embodiments, the porous base structure
1s 1 direct contact with the conductive substrate. For
example, the porous base structure may be substrate rooted
to the conductive substrate. The porous base structure 1s
growth rooted to the conductive substrate.

[0010] Provided also 1s a lithium 1on cell including a
negative electrode having an electrochemically active com-
posite structure. The electrochemically active composite
structure includes a porous base structure having a high
capacity active material and a shell encapsulating the porous
base structure. The shell mechanically constrains the porous
base structure and allows passage of lithitum 1ons through the
shell during lithiation and delithiation of the high capacity
active material while substantially preventing one or more
clectrolyte solvent from interacting with the high capacity
active matenial encapsulated within the shell. The porosity of
the porous base structure decreases during lithiation of the
high capacity active material and increases during its del-
ithiation. The lithum i1on cell also includes a positive
clectrode and electrolyte. The electrolyte provides 1omnic
communication between the negative and positive elec-
trodes and includes the lithium 1ons. In certain embodi-
ments, the electrolyte includes one or more of the following,
clectrolyte solvents: a carbonate, a nitrite, an ester, an amide,
and a phosphate. The shell may be substantially imperme-
able to the one or more electrolyte solvents. The shell forms
an SFEI layer its exterior surface, which is separated from the
porous base structure by the shell.

[0011] Provided also 1s a method of fabricating an elec-
trode for use 1n a lithium 10n cell. The method may mvolve
providing porous base structures having a high capacity
active material and forming one or more shells over the
porous base structures to encapsulate thus high capacity
active material. The one or more shell mechanically con-
strains the porous base structure and allows passage of
lithium 10ns through the shell during lithiation and delithi-
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ation of the high capacity active material while substantially
preventing one or more electrolyte solvents from interacting
with the high capacity active material encapsulated within
the shell. The porosity of the porous base structure decreases
during lithiation of the high capacity active material and
increases during 1its delithiation. The method may also
involve mixing the porous base structures encapsulated 1n
the shells 1n a binder to form a slurry and coating the slurry
onto a conductive substrate.

[0012] In certain embodiments, forming one or more
shells involves attaching the porous base structures to a
conductive substrate. This operation may start with provid-
ing the porous base structures on a conductive substrate and
then forming a shell, a portion of which may form as a layer
over the conductive substrate thereby attaching the porous
base structures to the conductive substrate. The porous base
structures may be formed by reducing fumed silica at a
temperature of less than about 700° C. and/or by etching
silicon structures. Porous base structures may be formed
from metallurgical grade silicon. One or more shells may be
tformed by chemical vapor deposition of a carbon-containing
material on the porous base structures. In other embodi-
ments, forming the one or more shells may 1volve carbon-
1zing a polymer precursor.

[0013] These and other embodiments are described further
below with reference to the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 1s a schematic representation of a cross
sectional view of an electrode material composite structure,
in accordance with certain embodiments.

[0015] FIG. 2A 1s a schematic representation of a cross
sectional view of an electrode material composite structure
having multiple porous base structures encapsulated by the
same shell, 1n accordance with certain embodiments.

[0016] FIG. 2B 1s a schematic representation of a cross
sectional view of an electrode material composite structure
having multiple substrate rooted porous base structures, in
accordance with certain embodiments.

[0017] FIG. 2C 1s a schematic representation of a cross
sectional view of an electrode material composite structure
having multiple porous base structures formed over template
structures, 1n accordance with certain embodiments.

[0018] FIG. 3 i1s a process flowchart corresponding to a
method of fabricating an electrode containing electrode
material composite structures, in accordance with certain
embodiments.

[0019] FIG. 4 1s a top schematic view of an illustrative
clectrode arrangement, 1n accordance with certain embodi-
ments.

[0020] FIG. 5 1s a side schematic view of an illustrative
clectrode arrangement, 1n accordance with certain embodi-
ments.

[0021] FIGS. 6A-6B are top schematic views and a per-
spective schematic view of an round wound cell, 1n accor-
dance with certain embodiments.

[0022] FIG. 7 1s a top schematic view of a prismatic
wound cell, in accordance with certain embodiments.

[0023] FIGS. 8A-8B are a top schematic view and a

perspective schematic view of an electrode stack, 1n accor-
dance with certain embodiments.

[0024] FIG. 9 1s a schematic cross-section view of an
electrochemical cell, 1n accordance with embodiments.
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[0025] FIGS. 10A-10D are scanning electron microscopy
(SEM) and transmission electron microscopy (I'EM) images
of silicon nanowires produced by electrochemical etching
processes.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS

L1

[0026] In the following description, numerous specific
details are set forth 1n order to provide a thorough under-
standing of the presented concepts. The presented concepts
may be practiced without some or all of these specific
details. In other instances, well known process operations
have not been described 1n detail so as to not unnecessarily
obscure the described concepts. While some concepts will
be described 1n conjunction with the specific embodiments,
it will be understood that these embodiments are not
intended to be limiting.

[0027] While high capacity electrochemically active mate-
rials may improve capacity of electrochemical cells, many of
these materials exhibit substantial volume changes during
battery cycling, such as swelling during lithiation and con-
tracting during delithuation. For example, silicon can swell
as much as 400% during lithiation to its theoretical capacity
of about 4200 mAh/g 1 a L1, ,S1 structure. Volume changes
of this magnitude can cause pulverization of the internal
electrode structures, losses of electrical connections with the
clectrode, and capacity fading of the cell.

[0028] Without being restricted to any particular theory, 1t
1s believed that lithiation-delithiation cycles correspond to
large tensile stresses in the high capacity active material
structures, which causes cracking and other forms of
mechanical damage within these structures and internal
clectrode structures 1n general. As a result, electrodes fab-
ricated with high capacity active materials may experience
pulverization of the active material structures 1f these struc-
tures are larger than certain fracture limits for such materi-
als, e.g., a few hundreds of nanometers for silicon. These
mechanical fractures may lead to losses of electrical con-
nections within the electrodes, and portions of the active
material may become disconnected and electrochemically
idle resulting in capacity fading. Additional problems may
appear from high capacity active material structures dam-
aging theiwr solid electrolyte interface (SEI) layers when
these structures swell during lithiation and contract during,
delithiation. The SEI layers may continue to break and
self-repair long after formation cycling and contribute to
additional capacity fading by thickening the overall SEI
layer, consuming lithium and electrolyte solvents, and other
reasons.

[0029] Proposed are novel electrode material composite
structures that include porous base structures containing
high capacity active materials and shells encapsulating these
porous base structures. The shells are designed to mechani-
cally constrain the porous bases during lithiation-delithia-
tion cycling. While the shells allow lithium 1ons to pass
through, they prevent electrolyte solvents and/or other elec-
trolyte components from interacting with the high capacity
active materials. As such, the porous base structures gener-
ally do not form SEI layers and remain protected by the
shell. Instead, an SEI layer may be formed on the exterior
surface of the shell that 1s exposed to all electrolyte com-
ponents. Even though the high capacity active material may
swell mnside the shell during lithiation, the porosity of the
porous base structures may be suflicient to accommodate
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additional volume. In general, the shell has suflicient unoc-
cupied space within the porous based structure and 1n
between the porous base structures and the shell available to
accommodate swelling of the high capacity active material
corresponding to operating lithiation limits of the high
capacity active material. This space may come from pores of
the porous base structure and, in certain embodiments, from
volds between the shell and base structures. The available
space 1s partially or fully occupied during lithiation and then
forms again during delithiation. There may be some redis-
tribution of available space inside the shells, e.g., between
pores and voids, during cycling.

[0030] A brief description of an example may help to
provide better understanding of various structural and func-
tional features. A porous base structure may include silicon,
while the corresponding shell may include carbon. Porous
silicon structures may be formed using silica as a starting
material or etching silicon particles. Carbon shells are then
formed over these porous silicon structures resulting in
clectrode material composite structures. These composite
structures may be integrated into negative electrodes during
formation of the carbon shells such that the carbon shells are
used for attaching the composite structures to the conductive
substrate. Alternatively, these composite structures may be
integrated into negative electrodes after formation of the
carbon shells, for example, by mixing the composite struc-
tures together with a polymer binder into slurry and coating
the slurry onto a conductive substrate. During lithiation,
s1licon swells 1inside the carbon shells, but the porosity of the
silicon base structures 1s suflicient to accommodate this
swelling. The 1nitial porosity may be selected such that there
1s still some porosity or, more generally, free space remain-
ing inside the shell when silicon 1s lithiated to 1ts operating
capacity. It should be noted that an operating capacity does
not always correspond to the theoretical capacity of the
selected active material. For example, an electrode contain-
ing these porous silicon structures may be lithiated only to
between about 1500 mAh/g and 3000 mAh/g. In certain
embodiments, a shell may contribute to the overall capacity
of the composite structures.

[0031] Returning to the previous example, when silicon
lithiates and swells 1t generally becomes soiter. On the other
hand, when carbon lithiates, 1t becomes harder and more
resistant to mechanical stresses 1n additional to substantially
retaining 1ts 1nitial volume. As such, the carbon shell
becomes more capable of constraining the swelling silicon
base structure, while soften lithiated silicon more readily
redistributes within the shell and occupies available free
spaces. Lithiation levels, porosity, shell thickness, and other
parameters may be selected such that the shell does not
break or collapse during cycling. During discharge, silicon
contracts and may form pores and/or void inside the shell.
The process then repeats during subsequent cycles without
damaging the carbon shell.

[0032] While the high capacity active material inside the
shell may swell and contact during cycling, the shell itself
may stay relative intact. In certain embodiments, the com-
posite structure or, more specifically, the shell does not
substantially change 1ts outer principal dimension during
cycling. In other embodiments, the composite active mate-
rials structures experience minimal external volume change
that 1s still acceptable for integration mto various electrode
systems, such as a binder system without exceeding elastic
characteristics of the binder. Examples of binder materials
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include polyvinylidene fluoride (PVDF) and/or polyacrylic
acid (PAA) based binders. In certain embodiments, a prin-
cipal dimension of the composite structure may change by
less than about 20% or, more particularly, less than about
10%, during cycling. It should be noted that these dimen-
sional changes of the structure or shell are substantially less
than corresponding changes of the high capacity active
material encapsulated 1n the shell. The volume change of the
high capacity active material 1s predominantly accommo-
dated by pores of the porous base structure and, in certain
embodiments, voids between the porous base structure and

shell.

[0033] Although a number of embodiments are described
herein with reference electrodes that undergo lithiation
during cell charging, 1.e., negative electrodes, it should be
understood that such electrode material composite structures
and methods may be also used for electrodes that lithiates
during cell discharging, 1.e., positive electrodes. Similar to
s1licon that swells during lithiation and may be incorporated
into porous base structures for use 1n negative electrodes, a
number of positive electrode active materials also undergo
volume changes during lithiation. Examples of such positive
electrode active materials include lithium cobalt oxide,
nickel cobalt aluminum oxide, nickel cobalt manganese

oxide, and others known to a person having ordinary skills
in the art.

[0034] FIG. 11s a schematic cross-sectional representation
of electrode material composite structure 100, 1n accordance
with certain embodiments. Composite structure 100 includes
porous base structure 120 containing a high capacity active
matenal. Specifically, FIG. 1 illustrates multiple pores 130
dispersed throughout porous base structure 120. Porous base
structure 120 1s encapsulated into shell 140, which 1s con-
figured to mechanically constrain porous base structure 120
during lithiation. In certain embodiments, shell 140 does not
undergo plastic deformation even when the high capacity
active maternials of porous base structure 120 expands and
contracts during cycling. Shell 140 1s permeable to lithium
ions and allows lithium 1on to travel through shell 140
during lithiation and delithiation of the high capacity active
material of porous base structure 120. At the same time, shell
140 may be configured to substantially prevent one or more
clectrolyte solvents from interacting with the high capacity
active material of porous base structure 120. Therefore, shell
140 may be substantially impermeable to these electrolyte
solvents. In these situations, an SEI layer forms on external

surface 142 of shell 140.

[0035] Permeability and mechanical constraint character-
istics of shell 140 depend on 1ts material compositions,
thickness, overall dimensions, and other factors. A thickness
of shell 140 may vary and may be generally characterized by
an average thickness. In other embodiments, the thickness
may be substantially uniform throughout the entire shell. In
certain embodiments, the average thickness of shell 140 1s
between about 1 nanometer and 100 nanometers or, more
particularly, between about 5 nanometers and 25 nanome-
ters. The overall dimension of electrode material composite
structure 100 or, more specifically, of the external surface
142 of shell 140 may be characterized by a principal
dimension. For the purposes of this document, the principal
dimension of an electrode material composite structure 1s 1ts
largest overall dimension as shown in FIG. 1. The principal
dimension may be limited on the upper end by a maximum
principal dimension and/or on the lower end by a minimum
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principal dimension. Smaller composite structures may
encapsulate very small amounts of the active material and
require relative large shell for this purpose. As a result, such
structures may have an excessive external surface area per
volume ratio resulting in too much shell materials with
respect to high capacity active materials. It should be noted
that shell materials may contribute very little or nothing to
the overall lIithiation capacity of the composite structure and
generally amounts of the shell material should be minimized
relative to amounts of the porous core materials or, more
specifically, relative to the high capacity active materials. On
the other hand, larger structures may be diflicult to process
using various electrode fabrication techniques, such as mix-
ing, coating, and pressing further described below with
reference to FIG. 3. Further, large structure may exceed
fracture limits of the shell and/or high capacity active
materials and result in mechanical deterioration of the high
capacity materials inside the shell. Increase 1n the principal
dimension of the shell generally makes 1t weaker and this
factor may create an upper limit for the overall dimension
particularly for composite structures containing high capac-
ity active materials that are more prone to swelling during
lithiation and/or for composite structures performing at a
broader lithiation range.

[0036] Principal dimensions of multiple structures used 1n
the same electrode may vary, for example, similar to the size
distribution of graphite or lithium cobalt oxide particles.
Therefore, electrode material composite structures are typi-
cally characterized with an average principal dimension. In
certain embodiments, an average principal dimension of the
composite structure 1s between about 50 nanometers and 30
micrometer or, more specifically, between about 0.5
micrometer and 10 micrometers. A composite structure can
be 1n the form or particles with low aspect ratios and/or rods,
tubes, or wires with high aspect ratios (e.g., greater than
about four).

[0037] Size and other characteristics of composite elec-
trode structure may depend on composition and morphology
of high capacity active materials forming porous base struc-
tures. For example, crystalline silicon, as opposed to amor-
phous silicon, may be more acceptable for smaller compos-
ite structures. Furthermore, a composite design makes it
possible to use larger high capacity active materials struc-
tures than would not be possible without encapsulation. For
example, substantially pure silicon structures can exceed
their fracture limits and start fracturing during lithiation
cycling when all three dimensions exceed a few hundred of
nanometers. Yet, some silicon-containing composite struc-
tures described herein can be as large as 1 micrometer and
even 10 micrometers and operate without fracturing of the
composite structures. Fracturing of high capacity active
materials within the shell 1s a lesser concern because these
maternials are porous and are encapsulated 1n a shell that can
prevent outer expansion of the active materials and maintain
clectrical and mechanical connections between fractured
parts. Even iI some fracturing occurs during cycling, the
shell prevents the resulting fragments of the active matenals
from becoming eclectrically and mechamcally separated
from the rest of the composite structure. Some separation
between diflerent fragments of the porous base structure
may be possible, where mechanical and electrical integra-
tion between these fragments 1s accomplished through the

shell.
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[0038] As mentioned above, porous base structure 120
includes one or more high capacity active materials, such as
silicon, amorphous silicon, silicon oxides, silicon oxyni-
trides, tin containing materials (e.g., tin, tin oxide, titanium
oxide), sulfur containing materials, and germanium contain-
ing materials, variety of metal hydrides (e.g., MgH,), sili-
cides, phosphides, and nitrides. Other examples of active
materials and their combinations include: carbon-silicon
combinations (e.g., carbon-coated silicon, silicon-coated
carbon, carbon doped with silicon, silicon doped with car-
bon, and alloys including carbon and silicon), carbon-
germanium combinations (e.g., carbon-coated germanium,
germanium-coated carbon, carbon doped with germanium,
and germanium doped with carbon), and carbon-tin combi-
nations (e.g., carbon-coated tin, tin-coated carbon, carbon
doped with tin, tin doped with carbon, and silicon mixed
with oxides. High capacity active materials are generally
defined as active materials with theoretical lithiation capaci-
ties of at least about 700 mAh/g. In certain embodiments, a
portion of high capacity active materials 1n the active layer
1s at least about 50%, or at least about 75%, or at least about
80%, or at least about 85%, or at least about 90% relative to
the total amount of the negative active materials. Doped and
non-stoichiometric vaniations of these materials may be used
as well.

[0039] Porous base structure 120 may have an mitial
porosity (before any lithiation) that 1s selected based on
expected swelling characteristics of the high capacity active
maternal and targeted lithiation levels, which 1s sometimes
referred to as an operation capacity. In certain embodiments,
an operation capacity of the high capacity active material
may be at least about 50% of 1t theoretical capacity or, more
specifically, at least about 75% of the theoretical capacity or
ceven at least about 90% of the theoretical capacity. This
porosity will change during cycling as the high capacity
active material lithiates and expands. For example, the
volume per silicon atom for crystalline silicon 1s about 0.02
nm?, for Li,,Si,—about 0.06 nm?, for Li, ,Si,—about 0.052
nm>, for Li,,Si,—about 0.067 nm>, and for Li,,Si. about
0.082 nm~, where Li,,Si. is a theoretical lithiation limit for
s1licon corresponding to a capacity of about 4200 mAh/g.

[0040] Porous base structure 120 generally becomes less
porous as the high capacity active maternial lithiates and
becomes more porous when lithium 1s removed. In certain
embodiments, porous base structure 120 retains some poros-
ity even when the high capacity active material 1s charged to
its operating capacity, which 1s typically less than its theo-
retical capacity. For example, a porous base may have a
porosity of at least about 5%, or more specifically, of at least
about 10% or even at least about 25% when the high
capacity active matenal 1s lithiated to its operating capacity
that may correspond to at least about 50% or to at least about
75% of 1ts theoretical capacity. In specific embodiments, a
high capacity active material includes silicon and 1t 1s
charged to the operational capacity of between about 2000-
3000 mAh/g. The porous base structure retains some poros-
ity at this lithiation level. The porosity at the operational
capacity limit may be between about 5% and 25% or, more
specifically, between about 10% and 20%. Specific charge
levels for silicon containing active materials may be about
2500 mAh/g or at about 3000 mAh/g.

[0041] Pores of a porous base can be interconnected (i.e.,
an open-cell structure) or separated (1.e., a close-cell struc-
ture). If a porous base has interconnected pores, the pore
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s1zes need to be sufliciently small to avoid substantial filling
ol the pores during formation of the shell (e.g., deposition).
In certain embodiments, a deposition rate 1s sutliciently fast
that there 1s not enough time for the pores to {ill before they

e

are eflectively “plugged” with shell material.

[0042] In certain embodiments, an average distance
between pores in the porous base 1s between about 1
nanometer and 500 nanometers or, more particularly,
between about 10 nanometers and 100 nanometers, at least
for the 1mitial porous base structure. This average distance
determines the wall thicknesses formed by the high capacity
active materials between the pores. In certain embodiments,
this distance 1s kept below the fracture threshold. However,
as above, even Ifractured fragments of the base may remain
clectrochemically active when they remain electronically
connected to the other base portions or to the shell if the shell
itsell 1s electronically conductive. It 1s also possible that the
porosity or the arrangement of the pores of the 1nitial porous
base structure may change after initial cycling and may
continue to change throughout 1ts cycle life. In some
embodiments, an average pore size 1s between about 5
nanometers and 2 micrometers or, more particularly between
about 20 nanometers and 500 nanometers. In some arrange-
ments, the average pore size 1s larger than the average
distance between pores. Pores of the porous base structure
may be closed pores or open pores.

[0043] Shell 140 materials may be selected to provide the
above mentioned mechanical and permeability characteris-
tics. These materials may be electrochemically active and/or
clectrochemically inert. Some examples of shell materials
include carbon, lithtum phosphorous oxynitride (L1PON),
silicon oxide, aluminum oxide, titanium oxide, tin and tin
alloys, copper and copper alloys. Generally, shell materials
are different from porous base structure materials in terms of
their composition and/or morphology. For example, a carbon
shell can be used 1n combination with a mesoporous silicon
base. During lithiation the carbon shell may become harder,
while the internal silicon mesoporous structure becomes
softer. The hardened shell better constrain the swelling
s1licon, which becomes softer upon lithuation, and may cause
the silicon to fill 1ts internal pores instead of allowing the
overall composite structure to swell. Some of the shell
materials listed above are compatible with conventional
clectrolytes and creates a stable SEI layer with such elec-
trolytes.

[0044] Generally, a shell substantially encapsulates each
porous base structure without substantially filling the pores
of the base. However, 1 certain embodiments, multiple
porous base structures may contact each other such that no
shell materials are provided at these contact interfaces.
Furthermore, 1n certain embodiments, porous base structures
may contact a conductive substrate and there i1s no shell
maternial provided at that interface. These embodiments are
further described below with reference to FIGS. 2A-2C.
However, regardless of these encapsulation schemes, the
porous base structures are protected from direct contact with
clectrolyte solvents.

[0045] Some studies on flat silicon films have measured
compressive stresses between 0.5 and 2 MPa upon lithiation.
It has not been possible to measure this on individual
nanowires, but 1t 1s likely within this range or lower, 1.¢., the
maximum stress the inner porous material could exert on a
constraining shell assuming zero porosity at the interface
between core and shell, could be on the order of 1.5 to 2.0
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MPa. A shell may be configured to accommodate this level
of stress. Generally, shells are made from one or more hard
materials. Overall, expansion and strain relief inside the high
capacity active matenals 1s achieved by providing a robust
shell and having adequate porosity within the active mate-
rial.

[0046] In certain embodiments, shell 140 1s used to con-
duct electrical currents to and from the high capacity active
maternial of the porous base structure. Theretfore, shell 140
may be made from a conductive material. Furthermore, shell
140 may need to maintain a substantial contact with porous
base structure 120 particularly when the high capacity active
materials contacts during delithiation. In certain embodi-
ments, mtermediate layer 144 1s provided between shell 140
and porous base structure 120 to maintain adhesion and
prevent delamination of porous base structure 120 and shell
140. However, formation of some voids at the interface
between porous base structure 120 and shell 140 may be
acceptable. Intermediate layer 144 may be used to prevent
reaction between porous base structure materials (e.g., high
capacity active materials) and shell materials and formation
ol undesirable compounds at the interface, such as silicon
carbide, which can be formed when a silicon porous base 1s
in direct contact with a carbon shell. Examples of useful
matenals for the intermediate layer 144 include conductive
binders, such as PVDF or other conducting polymers.

[0047] In certain embodiments, the same shell may encap-
sulate multiple porous base structures. Specifically, FIG. 2A
1s a schematic representation of a cross sectional view of an
clectrode material composite structure 200 having multiple
porous base structures 220 encapsulated by the same shell
240, 1n accordance with certain embodiments. Porous base
structures 220 may be individually encapsulated. For
example, porous base structure 220q 1s fully surrounded by
shell material and does not contact any other components of
clectrode material composite structure 200. Some porous
base structures may touch each other, as for example, porous
base structures 220¢-2204. These “touching™ structure may
have some overlap (e.g., forming a joined body) of their high
capacity active materials. As such there may be direct
clectronic and 1onic pathways between these structures
where the electrons and 10ons do not have to go through the

shell first.

[0048] In certain embodiments, electrode material com-
posite structures 200 may also 1include conductive substrate
242 and shell 240 may be used to mechanically attach
multiple porous base structures 220 to substrate 242 as
shown in FIG. 2A. Further, shell 240 may provide electronic
communication between multiple porous base structures 220
and substrate 242 and to allow lithium 1ons to transfer
through shell 240 and reach multiple porous base structures
220. When the substrate 1s present, some porous base
structure, like porous base structure 220e and 220f may be
contact substrate 242. Specifically, some porous base struc-
tures may have a direct electrical communication with
substrate 242. In some embodiments, shell 240 forms a
monolithic or continuous layer encapsulating multiple
porous base structures 220. In other embodiments, most
clectrode material composite structures are attached to the
substrate using polymer binder or some other components
that are not parts of electrode material composite structures.

[0049] Typically, though not necessarily, a substrate is
made from conductive material, having a conductivity of at
least about 10° S/m, or more specifically at least about 10°
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S/m or even at least about 10" S/m. Examples of suitable
substrate materials 1nclude copper, titanium, aluminum,
stainless steel, doped silicon, and other matenals.

[0050] In certain embodiments, all or substantially all
porous base structures are directly connected to a conductive
substrate (1.e., current-collecting substrate). Sometimes
these examples are referred to as substrate rooted porous
base structures or, 1n more specilic embodiments, growth
rooted porous base structures, 1.e., when the porous base
structures are attached to the substrate during their formation
and growth. Various examples of substrate rooted and
growth rooted structures are described 1n U.S. patent appli-
cation Ser. No. 12/437,529, entitled “ELECTRODE
INCLUDING NANOSTRUCTURES FOR RECHARGE-
ABLE CELLS,” filed on May 7, 2009 (Attorney Docket
A\/[PRPOOIUS) which 1s mncorporated herein by reference
in 1ts entirety for purposes of describing substrate rooted and
growth rooted structures. Specifically, substrate rooted
porous base structures are structures that are physically and
conductively attached to a substrate, which may serve as a
current collector for an electrode. Substrate rooted porous
base structures may be rooted to the substrate at random
locations on the structure’s profiles (randomly rooted) or
rooted preferentially at some particular location on the
structures (non-randomly rooted), as shown in FIG. 2B.
Examples of non-randomly rooted nanostructures include
terminally rooted structures (shown in FIG. 2B), medially
rooted structures. Terminally rooted structures are preferen-
tially athixed to the substrate at a terminal or distal end of the
structures. This assumes that the structures have (in general )
some principal dimension that 1s longer than other dimen-
sions of the structures.

[0051] FIG. 2B 1s a schematic representation of a cross
sectional view of an electrode material composite structure
250 having multiple substrate rooted porous base structures
252, 1n accordance with certain embodiments. Each porous
base structure 252 1s shown attached to substrate 256 with
one ol its ends. There may be no shell material at the
interface ol porous base structures 252 and substrate 256.
Shell 254 may cover the remaining surface of porous base
structures 252 and, 1n certain embodiments, any exposed
surface of substrate 256, 1.e., 1n between substrate rooted
porous base structures 252. In certain embodiments, shell
254 1s used to support porous base structures 2352 onto
substrate 256. Because porous base structures 252 have
direct contact with substrate 256, a less electronically con-
ductive material may be used for shell 254. Still, shell 254
should be 1onically conductive to allow lithium 1ons to go 1n

and out substrate rooted porous base structures 252 through
shell 254.

[0052] FIG. 2C 1s a schematic representation of a cross
sectional view of an electrode material composite structure
260 having multiple porous base structures 262 formed over
template structures 268, in accordance with certain embodi-
ments. Template structures 268 may be used for providing
mechanical support and/or electronic commumnication
between porous base structures 262 and substrate 266. Some
examples of templates include nanowires, nanotubes, par-
ticles, and films. In certain embodiments, templates are
s1licide nanowires, more specifically, silicide nanowires that
are growth-rooted to the conductive substrate. Various

examples of templates are described in U.S. patent applica-
tion Ser. No. 13/039,031, entitled “TEMPLATE ELEC-

TRODE STRUCTURES FOR DEPOSITING ACTIVE
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MATERIALS,” filed on Mar. 2, 2011 (Attorney Docket No.
AMPRPO12US) and U.S. patent application Ser. No. 13/114,
413, entitled “MULTIDIMENSIONAL ELECTROCHEMI-
CALLY ACTIVE STRUCTURES FOR BATTERY ELEC-
TRODES,” filed on May 24, 2011 (Attorney Docket No.
AMPRPO014US), which are incorporated herein by reference

in their entireties for all purposes.

[0053] Composite structures described above may be used
for fabricating lithrum 1on electrodes and batteries as 1s
turther described 1n the context of FIGS. 5A-35B below. In
certain embodiments, 1n addition to the composite structures
described above, an electrode also includes a conductive
substrate supporting the composite structures using a poly-
meric binder material. The structures form an electrode layer
over the conductive substrate. In certain embodiments, the
clectrode layer has a thickness of at least about 50 microm-
cters. In the same or other embodiments, the electrode layer
has a porosity of less than about 25%.

[0054] Porous base structures can be formed by various
techniques described below. In general, these techniques can
be grouped into top down types and bottom up types. Top
down techniques involve removing some material from, for
example, imtially solid structures to form porous base struc-
tures. Such techniques include, but are not limited to, S10x
reduction, electrochemical etching, and chemical etching.
Bottom up techniques may start with a substrate containing
no high capacity active material or a limited amount of high
capacity active material and building porous base structures
up from or on that substrate. Such methods include, but are
not limited to, chemical vapor deposition (CVD), physical
vapor deposition (PVD), agglomeration, electrodeposition,
and sintering. Examples of techniques for ensuring that the
base structures are porous include, but are not limited to
plasma hydrogenation, electrochemical lithiation/delithia-
tion, 10n 1implantation, gas isertion, cavitation via sonica-
tion 1 S1 melt mixture, and sol gel synthesis.

[0055] FIG. 3 1s a process flowchart corresponding to
method 300 for fabricating a lithium 1on cell electrode, 1n
accordance with certain embodiments. Method 300 may
start with forming porous base structures that include one or
more high capacity active materials during operation 302. In
one embodiment, porous bases containing silicon are formed
by reducing silicon oxides, such as fumed silica, at a
temperature of less than about 900° C. Certain reduction
catalysts, such as magnesium (Mg) or solutions of potassium
chlornide (KC1), Iithium chloride (LL1Cl), and calcium chlo-
ride (CaCl,), may be used to reduce silicon at lower tem-
peratures, such as at temperatures between about 500° C.
and about 700° C. This allows the original porous base
structure of the silica to be retained without densification.
Additionally, the processing conditions for these catalysts
(e.g., pressure, temperature, environmental conditions, and
reductance ratio) can be tuned to increase or decrease the
porosity by controlling the removal of oxygen. In other
embodiments, porous bases containing silicon are formed by
ctching silicon structures.

[0056] Metal-assisted etching may also be used to produce
nanowire and/or nanoparticles with defined porosities. For
example, highly p-doped waters or other silicon structures
may be etched by using hydrogen fluoride (HF) based etch
solution, e.g., having a concentration of HF of about 3M,
that also contains silver nitrate, €.g., having a concentration
of between about 0.01M and about 0.05M. Silver 1ons

nucleate on the silicon surface and drive an etch process
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(corrosion) electrochemically. This process may be per-
formed at temperatures between about 25° C. and about 50°
C. The etch process can produce nanowires with porosity,
for example, between about 30% and 90% depending on the
level of the p-type doping in the silicon, etch time, tempera-
ture, and/or other process parameters (such as concentration
of the etchant solution and catalyst, pH, and voltage and/or
current applied 1n the case of electrochemical etching).
Some nanowire examples produced by the electrochemical
etching process are shown 1n SEM and TEM i1mages pre-
sented 1 FIGS. 10A-10D. More specifically, FIG. 10C
illustrates a silicon nanowire that was etched for at about 1
hour, while FIG. 10D 1llustrates a silicon nanowire that was
etched for about 2 hours. It has been found that electro-
chemical etching often results 1n porous silicon structures.

[0057] In certain embodiments, an anodic potential 1s
applied to the silicon during the etching process. Wafer
doping type and amount and etch duration may impact the
porosity of the resulting structure. Lower aspect ratio struc-
tures (e.g., nanoparticles) may be formed from high aspect
ration structures (e.g., nanowires) by crushing the high
aspect ratio structures, for example, 1n a ball mill or other
suitable tools.

[0058] For making porous base structures containing sili-
con, a starting material may be silica structures that have a
controlled porosity, such as fumed silica produced as a
byproduct in metallurgical grade silicon fabrication. A con-
centration of carrier gases and/or other process conditions
may be adjusted i1n these processes to achieve desired
porosities of silica structures. The size of silica structures
can be controlled by using a fluidized reactor with either
additional silicon precursors or with reductive agents/
ctchants. These porous base structures are then reduced to
porous silicon bases using one of the aforementioned reduc-
tion pathways.

[0059] In certain embodiments, metallurgical grade silicon
1s crystallized from a melt. Porosity of the resulting silicon
can be controlled by various conditions during the crystal-
lization. In one arrangement, the molten silicon 1s processed
using one or more sonication techniques to introduce
bubbles that are incorporated into the crystallization. In
another arrangement, the porosity 1s adjusted by adjusting
the quench or cooling rate of the solid. Furthermore, reactive
gases such as hydrogen (H,), 1odine (I,), sulfur hexafluoride
(SF,), and bromine (Br,), can be used to control porosity by
alloying and removing some of the silicon as they form gas
phase silicides and act like a gas phase etchant.

[0060] In another embodiment, porous silicon structures
are Tormed using liquid silane precursors, low temperature
thermal treatment, and/or laser depolymerization. In one
example, silane can be electrospun 1n toluene and then being
polymerized and heated to form amorphous silicon fibers.
Other examples include CVD hydrogenation, etching, and
sol gel techniques.

[0061] In yet another embodiment, porous silicon struc-
tures are formed using agglomeration and/or interconnection
techniques. A process may start with forming nanoscale
silicon particles using one of the processing techniques
described above, e.g., gas phase reaction, reduced silica, and
others. Precursors and processing gases for forming the
initial particles may include trichlorosilane, silicon tetra-
chloride, monosilane, manganese silicide, and/or 1odine.
This mnitial operation may yield amorphous silicon particles
that are between about 100 nanometers and 600 nanometers
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in diameter. These initial particles may have some internal
porosity of their own as controlled by their synthesis con-
ditions but may not have the desired porosity to allow for
cllective restraint by encapsulation.

[0062] The process continues with agglomeration of the
nanoscale particles, such as 1n a fluidized synthesis chamber
or bath. Fluidized synthesis chambers or bathes would create
a suspension ol the nanoparticles and the particles would
freely stick to each other—i.e. aggomlerate. Cluster size
would depend on residence time, flow rates, particle density,
temperature, and process gas concentrations. This operation
may form clusters that are a few micrometers 1n diameter. In
certamn embodiments, original nanoscale particles are
loosely interconnected within the synthesis suspension until
they reach a desired meso/macroparticle size and, 1n certain
embodiments, a desired weight that may separate them from
other smaller particles floating in the reactor. This “seli-
packing” can be controlled in such a way to achieve sufli-
cient internal spacing among the original nanoscale nano-
particles to create pores and an eflective meso/macroparticle
internal porosity to allow room for expansion once the
agglomerate 1s encapsulated by a constraining outer layer
and then lithiated. In certain embodiments, the fabrication
process may 1nvolve pre-lithiation of porous cores and/or
shells. For example, active material structures with porous
s1licon cores can be pre-lithiated to at least about 500 mAh/g

or, more specifically, to at least about 1000 mAh/g or even
to at least about 1500 mAg/g.

[0063] Returning to FIG. 3, method 300 continues with
forming shells over external surfaces of the porous base
structures during operation 304. In certain embodiments,
this operation involves chemical vapor deposition (CVD) of
a carbon-containing material, for example, over silicon
containing porous base structures. In other embodiments,
tforming shells mnvolves carbonizing a polymer precursor, for
example, over silicon containing porous base structures.
Some examples of techniques for forming a shell to encap-
sulate porous base structures 1nvolve CVD, sol gel tech-
niques, carbomzing ol precursor polymers, coating with
solid polymer electrolyte, or physical vapor deposition

(PVD), of carbon.

[0064] Method 300 may proceed with mixing the com-
posite structures with a polymeric binder and other materials
to form a slurry and coating the slurry onto a conductive
substrate during optional operation 306 and then drying the
slurry during optional operation 308. The description below
presents additional details of a slurry based deposition
technique. In other embodiments, electrode material com-
posite structures may be attached to a substrate while
forming porous base structures during operation 302 and/or
while forming shells over the porous base structures during,
operation 304. For example, porous base structures may be
substrate rooted structures as explained below. In the same
or other embodiments, porous base structures may be first
positioned onto the substrate but not necessarily attached to
the substrate. Later, the attachment may be provided by
forming shells over the porous base structures.

[0065] The final slurry mix typically contains all materials
of the electrode active layer, e.g., composite structures,
binders, and conductive additives, and a solvent. A binder 1s
used to hold the active material and the conductive agent on
the substrate. Generally, the amount of binder 1s between
about 2 and 25 weight percent of the active layer based on
the solid content (1.e. excluding solvent).
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[0066] The solvent can be aqueous or non-aqueous,
depending on the kind of binder used. Some examples of
“non-aqueous binders” include poly(tetratluoroethylene)
(PTFE), poly(vinylidene fluoride) (PVDF), styrene-butadi-
ene copolymer (SBR), acrylonitrile-butadiene copolymer
(NBR) or carboxymethyl cellulose (CMC), polyacrylic, and
polyethylene oxide, and combinations thereof. For example,
10-20 weight percent PVDF dissolved in N-methyl-2-pyr-
rolidinone (NMP) may be used. As another example, a
combination binder using 1-10 weight percent of polytetra-
fluoroethylene (PTFE) and 1-15 weight percent of car-
boxymethylcellulose (CMC) may be used. Another example
1s polyacrylonitrile (PAN).

[0067] Examples of “aqueous binders” include carboxym-
cthyl cellulose and poly (acrylic acid), and/or acrylonitrile-
butadiene copolymer latex. One specific example of an
aqueous binder 1s polyacrylamide in combination with at
least one of the following copolymers: carboxylated styrene-
butadiene copolymer and styrene-acrylate copolymer. The
ratio of polyacrylamide to such copolymer may be between
about 0.2:1 to about 1:1 on a dry weight basis. In another
specific example, the aqueous binder may include a carbox-
ylic acid ester monomer and a methacrylomitrile monomer.
In another specific example, the binder may include a
fluoropolymer and a metal chelate compound. The fluoropo-
lymer may be polymerized from fluorinated monomers, such
as vinyl fluoride (VF), vinylidene fluoride (VdF), tetratluo-
roethylene (TFE), trifluoroethylene (TrFE), chlorotrifluoro-
cthylene (CTFE), fluorinated vinyl ethers, fluorinated alkyl
acrylates/methacrylates, pertluoroolefins having 3-10 car-
bon atoms, pertluoro C1-C8 alkyl ethylenes and fluorinated
dioxoles. The metal chelate compound may be in the form
of a heterocyclic ring with an electron-pair-acceptor metal
ion, such as titanium and zirconium 1ons, attached by
coordinate bonds to at least two electron-pair-donor non-
metal 1ons, such as N, O, and S.

[0068] The solvent kind and amount may be chosen to
achieve a desired viscosity during the deposition process.
The conductive agent may require a separate dispersion
operation, which would usually be performed by pre-mixing
some binder and the conductive agent and then passing the
resulting mixture through a dispersing system, such as a ball
mill or a high-shear mixer. In certain embodiments, the
operation takes hours and the mixture may be periodically
tested, e.g., using a Hegman gauge, to determine the pres-
ence of un-dispersed, conductive agent particles. In general,
the size of the conductive agent particles 1s between about 10
and 100 um. It 1s especially usetul 11 the particle size 1s no
more than about 50% the thickness of the active material
layer. If the particles are too large, they may interfere with
the slurry deposition process and aflfect the uniformaity of the
layer and 1ts electrical properties.

[0069] The remaining components may be then added nto
the slurry. The formulation of the slurry excluding the
solvent (1.e. the solid content) at this point 1s usually
representative of the resulting active layer. Typically the
viscosity of the slurry 1s adjusted by adding solvent suitable
for use with the deposition system. For many processes, a
slurry viscosity of 5,000-40,000 cP 1s appropriate. When the
desired viscosity 1s reached, the slurry 1s coated onto the
current collector and the solvent 1s removed by drying, for
example, during operation 308. A typical weight density of
the dry active layer may be between about 0.001 g/cm?® and
0.030 g/cm”, excluding the substrate.
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[0070] Coating may be performed using a moving web of
current collector. For example, a web of copper, nickel, or
stainless steel fo1l having a thickness of about 10-30 um and
a width of about 10-500 cm may be used. The web may be
patch-coated on both sides with the slurry. Each patch can be
used later as an electrode 1n an electrochemaical cell. The web
can be used a current collector. The uncoated gap between
the patches may be used for attachment of battery terminals.
Alternatively, a continuous coating may be applied on one or
both sides of the web (current collector).

[0071] The coated and dried current collectors are usually
compressed to achieve a desired density of the electrode
layer. The compressing may be done using a set of rollers
configured to keep a certain pressure or provide a certain
gap. The rollers may be heated to between about 60 and 120
degrees Centigrade. Moreover, the coated current collector
may be pre-heated to between about 60 and 120 degrees
Centigrade making the active material layer more suscep-
tible to uniform compression. The electrodes may be com-
pacted to a total thickness of between about 50-300 um,
including both active layers and a current collector. Typi-
cally, the porosity of the compressed electrode 1s between
about 20 and 50%, more specifically between about 30 and
40%. Finally, the compressed coated current collectors are
cut to the desired width and length. Battery terminals may be
attached to the current collector either before or after the
cutting.

[0072] FIG. 4 1s a plan view of a partially-assembled
electrochemical cell that uses electrodes described herein,
according to certain embodiments. The cell has a positive
clectrode active layer 502 that is show covering a major
portion of a positive current collector 503. The cell also has
a negative electrode active layer 504 that 1s show covering
a major portion of a negative current collector 505. Between
the positive electrode active layer 502 and the negative
clectrode active layer 504 1s a separator 506.

[0073] In one embodiment, the negative electrode active
layer 504 1s slightly larger than the positive electrode active
layer 502 to ensure trapping of the lithium 1ons released
from the positive electrode active layer 502 by the active
material of the negative active layer 504. In one embodi-
ment, the negative active layer 504 extends at least between
about 0.25 and 5 mm beyond the positive active layer 502
in one or more directions. In a more specific embodiment,
the negative layer extends beyond the positive layer by
between about 1 and 2 mm in one or more directions. In
certain embodiments, the edges of the separator 506 extend
beyond the outer edges of at least the negative active layer
504 to provide complete electronic mnsulation of the negative
clectrode from the other battery components.

[0074] FIG. S 1s a cross-section view of an electrode stack
500 of the partially-assembled electrochemaical cell that uses
clectrodes described herein, according to certain embodi-
ments. There 1s a positive current collector 503 that has a
positive electrode active layer 502a on one side and a
positive electrode active layer 50256 on the opposite side.
There 1s a negative current collector 505 that has a negative
clectrode active layer 504a on one side and a negative
clectrode active layer 5045 on the opposite side. There 1s a
separator 506a between the positive electrode active layer
502a and the negative electrode active layer 504a. The
separator 306 serves to maintain mechanical separation
between the positive electrode active layer 502aq and the
negative electrode active layer 504q and acts as a sponge to

Nov. 23, 2017

soak up liquid electrolyte (not shown) that will be added
later. The ends of the current collectors 503, 505 on which
there 1s no active material can be used for connecting to the
appropriate terminal of a cell (not shown).

[0075] The electrode layers 502a, 504q, the current col-
lectors 503, 505, and the separator 5064 together can be said
to form one electrochemical cell unit. The complete stack
500 shown 1n FIG. §, includes the electrode layers 5025,
504H and the additional separator 506b. The current collec-
tors 503, 505 can be shared between adjacent cells. When
such stacks are repeated, the result 1s a cell or battery with
larger capacity than that of a single cell unit.

[0076] Another way to make a battery or cell with large
capacity 1s to make one very large cell unit and wind 1t 1n
upon 1tself to make multiple stacks. The cross-section sche-
matic illustration in FIG. 6A shows how long and narrow
clectrodes can be wound together with two sheets of sepa-
rator to form a battery or cell, sometimes referred to as a
jellyroll 600. The jellyroll 1s shaped and sized to fit the
internal dimensions of a curved, often cylindrical, case 602.
The jellyroll 600 has a positive electrode 606 and a negative
clectrode 604. The white spaces between the electrodes are
the separator sheets. The jelly roll can be inserted 1nto the
case 602. In some embodiments, the jellyroll 600 may have
a mandrel 608 in the center that establishes an mitial
winding diameter and prevents the mner winds from occu-
pyving the center axial region. The mandrel 608 may be made
of conductive material, and, 1n some embodiments, 1t may be
a part of a cell terminal. FIG. 6B shows a perspective view
of the jelly roll 600 with a positive tab 612 and a negative
tab 614 extending from the positive current collector (not
shown) and the negative current collector (not shown),
respectively. The tabs may be welded to the current collec-
tors.

[0077] The length and width of the electrodes depend on
the overall dimensions of the cell and thicknesses of the
active layers and the current collectors. For example, a
conventional 18650 cell with 18 mm diameter and 65 mm
length may have electrodes that are between about 300 and
1000 mm long. Shorter electrodes corresponding to lower
rate/higher capacity applications are thicker and have fewer
winds.

[0078] A cylindrical design may be used for some lithium
ion cells especially when the electrodes can swell during
cycling and thus exert pressure on the casing. It 1s useful to
use a cylindrical casing that 1s as thin as possible while still
able to maintain sutlicient pressure on the cell (with a good
safety margin). Prismatic (flat) cells may be similarly
wound, but their case may be tlexible so that they can bend
along the longer sides to accommodate the internal pressure.
Moreover, the pressure may not be the same within difierent
parts of the cell, and the comers of the prismatic cell may be
left empty. Empty pockets generally should be avoided
within lithium 1ons cells because electrodes tend to be
unevenly pushed into these pockets during electrode swell-
ing. Moreover, the electrolyte may aggregate in empty
pockets and leave dry areas between the electrodes, nega-
tively aflecting lithium i1on transport between the electrodes.
Nevertheless, for certain applications, such as those dictated
by rectangular form factors, prismatic cells are appropriate.
In some embodiments, prismatic cells employ stacks of
rectangular electrodes and separator sheets to avoid some of
the difliculties encountered with wound prismatic cells.
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[0079] FIG. 7 illustrates a top view of a wound prismatic
jellyroll 700. The jellyroll 700 1includes a positive electrode
704 and a negative electrode 706. The white space between
the electrodes 1s the separator sheet. The jelly roll 700 1s
enclosed 1n a rectangular prismatic case 702. Unlike cylin-
drical jellyrolls shown 1n FIGS. 6 A and 6B, the winding of
the prismatic jellyroll starts with a flat extended section in
the middle of the jelly roll. In one embodiment, the jelly roll
may include a mandrel (not shown) 1n the middle of the
jellyroll onto which the electrodes and separator are wound.

[0080] FIG. 8A 1llustrates a cross-section of a stacked cell
that includes a plurality of cells (801a, 8015, 801¢, 8014,
and 801e), each having a positive electrode (e.g., 803aq,
803bH), a positive current collector (e.g., 802), a negative
clectrode (e.g., 805a, 803b), a negative current collector
(e.g., 804), and a separator (e.g., 806a, 806b) between the
clectrodes. Each current collector 1s shared by adjacent cells.
One advantage of stacking cells 1s that the stack can be made
in almost any shape, which 1s particularly suitable for
prismatic batteries. The current collector tabs typically
extend from the stack and lead to a battery terminal. FIG. 8B
shows a perspective view of a stacked cell that includes a
plurality of cells.

[0081] Once the electrodes are arranged as described
above, the battery 1s filled with electrolyte. The electrolyte
in lithium 1ons cells may be liquid, solid, or gel. Lithium 10n
cells with the solid electrolyte are also referred to as a
lithium polymer cells.

[0082] A typical liquid electrolyte includes one or more
solvents and one or more salts, at least one of which includes
lithium. During the first charge cycle (sometimes referred to
as a formation cycle), the organic solvent in the electrolyte
can partially decompose on the negative electrode surface to
form a solid electrolyte interphase layer (SEI layer). The
interphase 1s generally electrically insulating but 1omically
conductive, allowing lithium 1ons to pass through. The
interphase also prevents decomposition of the electrolyte 1n
the later charging sub-cycles.

[0083] Some examples ol non-aqueous solvents suitable
for some lithium 1on cells include the following: cyclic
carbonates (e.g., ethylene carbonate (EC), propylene car-
bonate (PC), butylene carbonate (BC) and vinylethylene
carbonate (VEC)), lactones (e.g., gamma-butyrolactone
(GBL), gamma-valerolactone (GVL) and alpha-angelica
lactone (AGL)), linear carbonates (e.g., dimethyl carbonate
(DMC), methyl ethyl carbonate (MEC), diethyl carbonate
(DEC), methyl propyl carbonate (IMPC), dipropyl carbonate
(DPC), methyl butyl carbonate (NBC) and dibutyl carbonate
(DBC)), ethers (e.g., tetrahydrofuran (THF), 2-methyltetra-
hydrofuran, 1,4-dioxane, 1,2-dimethoxyethane (DME), 1,2-
diethoxyethane and 1,2-dibutoxyethane), nitrites (e.g.,
acetonitrile and adiponitrile) linear esters (e.g., methyl pro-
pionate, methyl pivalate, butyl pivalate and octyl pivalate),
amides (e.g., dimethyl formamide), organic phosphates
(c.g., trimethyl phosphate and trioctyl phosphate), and
organic compounds containing an S—O group (e.g., dim-
cthyl sulfone and divinyl sulfone), and combinations
thereol.

[0084] Non-aqueous liquid solvents can be employed 1n
combination. Examples of the combinations include com-
binations of cyclic carbonate-linear carbonate, cyclic car-
bonate-lactone, cyclic carbonate-lactone-linear carbonate,
cyclic carbonate-linear carbonate-lactone, cyclic carbonate-
linear carbonate-ether, and cyclic carbonate-linear carbon-
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ate-linear ester. In one embodiment, a cyclic carbonate may
be combined with a linear ester. Moreover, a cyclic carbon-
ate may be combined with a lactone and a linear ester. In a
specific embodiment, the ratio of a cyclic carbonate to a
linear ester 1s between about 1:9 to 10:0, preferably 2:8 to
7:3, by volume.

[0085] A salt for liquid electrolytes may include one or
more of the following: LiPF ., LiBF ,, Li1ClO, LiAsF ., LiN
(CF,S0.,),, LiIN(C,F.S0.,),, LiCF,SO,, LiC(CF,;SO,),,
L1PF(CF,),, LiPF;(C,F;);, LiPF;(CF;),, LiPF;(iso-C;F-)
1, L1IPF (1s0-C,F-), lithium salts having cyclic alkyl groups
(e.g., (CF,),(50,),.1.1 and (CF,);(S0O,), L1), and combina-
tion of thereol. Common combinations include LiPF, and
LiBF,, LiPF and LiN(CF,SO,),, LiBF, and LIN(CF,SO.,)
5.

[0086] In one embodiment the total concentration of salt 1n
a liquid non-aqueous solvent (or combination of solvents) 1s
at least about 0.3 M; 1n a more specific embodiment, the salt
concentration 1s at least about 0.7M. The upper concentra-
tion limit may be driven by a solubility limit or may be no

greater than about 2.5 M; 1n a more specific embodiment, no
more than about 1.5 M.

[0087] A solid electrolyte 1s typically used without the
separator because it serves as the separator itself. It 1s
clectrically 1nsulating, ionically conductive, and electro-
chemically stable. In the solid electrolyte configuration, a
lithium containing salt, which could be the same as for the
liguid electrolyte cells described above, 1s employed but
rather than being dissolved 1n an organic solvent, it 1s held
in a solid polymer composite. Examples of solid polymer
clectrolytes may be 1omically conductive polymers prepared
from monomers containing atoms having lone pairs of
clectrons available for the lithium 10ns of electrolyte salts to
attach to and move between during conduction, such as
Polyvinylidene tfluoride (PVDF) or chloride or copolymer of
theirr derivatives, Poly(chlorotrifluoroethylene), poly(ethyl-
ene-chlorotrifluoro-ethylene), or poly(fluorinated ethylene-
propylene), Polyethylene oxide (PEO) and oxymethylene
linked PEO, PEO-PPO-PEO crosslinked with trifunctional
urcthane,  Poly(bis(imethoxy-ethoxy-ethoxide))-phospha-
zene (MEEP), Triol-type PEO crosslinked with difunctional

Poly((oligo)oxyethylene)methacrylate-co-alkali

urethane,
metal methacrylate, Polyacrylonitrile (PAN), Polymethyl-
methacrylate (PNMA), Polymethylacrylonitrile (PMAN),
Polysiloxanes and their copolymers and derivatives, Acry-
late-based polymer, other similar solvent-free polymers,
combinations of the foregoing polymers either condensed or
cross-linked to form a different polymer, and physical mix-
tures of any of the foregoing polymers. Other less conduc-
tive polymers may be used in combination with the above
polymers to improve strength of thin laminates include:
polyester (PET), polypropylene (PP), polyethylene naptha-
late (PEN), polyvinylidene fluoride (PVDF), polycarbonate
(PC), polyphenylene sulfide (PPS), and polytetrafluoroeth-
ylene (PTFE).

[0088] FIG. 9i1llustrates a cross-section view of the wound
cylindrical cell in accordance with one embodiment. A jelly
roll includes a spirally wound positive electrode 902, a
negative electrode 904, and two sheets of the separator 906.
The jelly roll 1s mnserted 1nto a cell case 916, and a cap 918
and gasket 920 are used to seal the cell. In some cases, cap
918 or case 916 includes a safety device. For example, a
satety vent or burst valve may be employed to break open 1
excessive pressure builds up 1n the battery. Also, a positive
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thermal coeflicient (PTC) device may be incorporated 1nto
the conductive pathway of cap 918 to reduce the damage that
might result 1f the cell suflered a short circuit. The external
surface of the cap 918 may used as the positive terminal,
while the external surface of the cell case 916 may serve as
the negative terminal. In an alternative embodiment, the
polarity of the battery 1s reversed and the external surface of
the cap 918 1s used as the negative terminal, while the
external surface of the cell case 916 serves as the positive
terminal. Tabs 908 and 910 may be used to establish a
connection between the positive and negative electrodes and
the corresponding terminals. Approprate mnsulating gaskets
914 and 912 may be inserted to prevent the possibility of
internal shorting. For example, a Kapton™ {ilm may used
for mnternal msulation. During fabrication, the cap 918 may
be crimped to the case 916 1n order to seal the cell. However
prior to this operation, electrolyte (not shown) 1s added to fill
the porous spaces of the jelly roll.

[0089] A rigid case 1s typically required for lithium 1on
cells, while lithium polymer cells may be packed into a
flexible, foil-type (polymer laminate) case. A variety of
materials can be chosen for the case. For lithium-ion bat-
teries, T1-6-4, other 11 alloys, Al, Al alloys, and 300 series
stainless steels may be suitable for the positive conductive
case portions and end caps, and commercially pure T1, Ti
alloys, Cu, Al, Al alloys, N1, Pb, and stainless steels may be
suitable for the negative conductive case portions and end
caps.

[0090] A lithium 10n battery, which may form or be part of
a cell pack or a battery pack, includes one or more lithium
ion electrochemical cells, each containing electrochemically
active materials. In addition to the cells, a lithtum 10n battery
may also include a power management circuit to control
balance power among multiple cells, control charge and
discharge parameters, ensure safety (thermal and electrical
runaways), and other purposes. Individual cells may be
connected 1n series and/or 1n parallel with each other to form
a battery with appropriate voltage, power, and other char-
acteristics.

[0091] Although the {foregoing concepts have been
described 1n some detail for purposes of clarity of under-
standing, 1t will be apparent that certain changes and modi-
fications may be practiced within the scope of the appended
claims. It should be noted that there are many alternative
ways ol implementing the processes, systems, and appara-
tuses. Accordingly, the present embodiments are to be
considered as 1llustrative and not restrictive.
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1.-10. (canceled)

11. A carbon-encapsulated material, comprising:

a carbon shell defining an internal volume;

a high-capacity active material disposed within the inter-

nal volume;
wherein the high-capacity active material occupies less than
all of the internal volume, thus defining void space within
the carbon shell.

12. The carbon-encapsulated material of claim 11,
wherein the high-capacity active material 1s selected from
the group consisting of crystalline silicon, amorphous sili-
con, silicon oxides, and tin-containing materials.

13. The carbon-encapsulated material of claim 11,
wherein the high-capacity active material 1s selected from
the group consisting of crystalline silicon, amorphous sili-
con, silicon oxides, silicon oxy-nitrides, tin-containing
materials, sulfur-containing materials, and germanium-con-
taining materials.

14. The carbon-encapsulated material of claim 11,
wherein the carbon shell has an average principal dimension
between 50 nanometers and 30 micrometers.

15. The carbon-encapsulated material of claim 11,
wherein the carbon shell has an average thickness of
between 5 nanometers and 25 nanometers.

16. The carbon-encapsulated material of claim 11,
wherein the carbon shell 1s a monolithic encapsulating
structure.

17. The carbon-encapsulated material of claim 11,
wherein the high-capacity active material comprises mul-
tiple structures.

18. The carbon-encapsulated material of claim 11,
wherein the high-capacity active material 1s porous.

19. The carbon-encapsulated material of claim 11,
wherein the carbon-encapsulated material has a form
selected from the group consisting of particles, rods, tubes,
and wires with aspect ratios greater than four.

20. A battery electrode comprising the carbon-encapsu-
lated material of claim 11.

21. A battery comprising:

an anode;

a cathode; and

an electrolyte disposed between the anode and the cath-
ode,

wherein at least one of the anode or the cathode includes
the carbon-encapsulated maternial of claim 11.
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