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(57) ABSTRACT

Provided are active matenals for electrochemical cells. The
active materials 1nclude silicon containing structures and
treatment layers covering at least some surface of these struc-
tures. The treatment layers may include aminosilane, a poly
(amine), or a poly(imine). These layers are used to increase
adhesion of the structures to polymer binders within active
maternal layers of the electrode. As such, when the silicon
containing structures change their size during cycling, the
bonds between the binder and the silicon containing structure
structures or, more specifically, the bonds between the binder
and the treatment layer are retained and cycling characteris-

tics of the electrochemical cells are preserved. Also provided
are electrochemical cells fabricated with such active materi-

als and methods of fabricating these active materials and
clectrochemaical cells.
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Frepare Solution 202

Combine Solution with Active Material
structures 204

Dry Mixture 206
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SURFACE TREATED SILICON CONTAINING
ACTIVE MATERIALS FOR
ELECTROCHEMICAL CELLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§119(e) of U.S. Provisional Patent Application 61/826,597,
entitled: “SURFACE TREATED SILICON CONTAINING
ACTIVE MATERIALS FOR FELECTROCHEMICAL
CELLS” filed on 23 May 2013 (Attorney Docket No.
LDKOPO12PUS), which 1s incorporated herein by reference
in its entirety.

BACKGROUND

[0002] Rapid development of mobile electronics, electrical
vehicles, medical devices, and other like application demands
high capacity rechargeable batteries that are light and small
yet provide high storage capacity and electrical currents.
Lithium 10n technology presented some advancement 1n this
area 1n comparison, for example, to lead-acid and nickel
metal hydride batteries. However, to date, lithium 1on cells are
mainly built with graphite as a negative active material.
Graphite’s theoretical capacity 1s 372 mAh/g, and this fact
inherently limits further improvement.

[0003] Silicon, germanium, tin, and many other maternials
are potential candidates for replacement of graphite because
of their high lithiation capacities. For example, silicon has a
theoretical capacity of about 4200 mAh/g, which corresponds
to the L1, ,S1 phase. Yet, adoption of these materials 1s limited
in part by substantial changes 1n volume during cycling. For
example, silicon expands by as much as 400% when charged
to 1ts theoretical capacity. Volume changes of this magnmitude
can cause stresses 1n the electrode, resulting in fractures and
pulverization of active matenals, losses of electrical and
mechanical connections within the electrode, and capacity
fading.

SUMMARY

[0004] Provided are active materials for electrochemical
cells. The active materials include silicon containing struc-
tures and treatment layers covering at least some surface of
these structures. The treatment layers may include aminosi-
lane, a poly(amine), and a poly(imine). These layers are used
to increase adhesion of the structures to polymer binders
within active material layers of the electrode. As such, when
the silicon containing structures change their size during
cycling, the bonds between the binder and the silicon con-
taining structure structures or, more specifically, the bonds
between the binder and the treatment layer are retained and
cycling characteristics of the electrochemical cells are pre-
served. Also provided are electrochemical cells fabricated
with such active materials and methods of fabricating these
active materials and electrochemical cells.

[0005] In some embodiments, an active material for use 1n
clectrochemical cells 1includes a silicon containing structure
and a treatment layer. The silicon containing structure
includes an external surface. The treatment layer covers at
least a portion of the external surface of the silicon containing
structure. The treatment layer includes one or more of the
following treatment materials: an aminosilane, a poly
(amine), and a poly(imine). More specific examples of the
treatment materials 1nclude aminopropyltriethoxysilane,
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aminopropylmethoxysilane, bis-gamma-trimethoxysilypro-
pyl amine, aminoneohexyltrimethoxysilane, and aminoneo-
hexylmethyldimethoxysilane. In some embodiments, a treat-
ment materital 1s one of poly(ethyleneimine), poly
(allylamine), or poly(vinylamine). The silicon containing
structure may have one of the following shapes: particles,

flakes, and rods.

[0006] Insomeembodiments, the volume ratio of the treat-
ment layer to the silicon contaiming structure 1s between about
0.001% and 10%. More specifically, the volume ratio of the
treatment layer to the silicon containing structure 1s less than
about 0.1%. In some embodiments, the treatment layer 1s
formed by molecules of the one or more treatment maternials
adsorbed on the external surface of the silicon containing
structure. The treatment layer may be also formed by mol-
ecules of the one or more treatment materials covalently
bound to the external surface of the silicon containing struc-
ture. In some embodiments, the treatment material includes
aminosilane. The one or more treatment materials may form
oligomeric brushes extending away from the external surface
of the silicon containing structure.

[0007] Insome embodiments, the silicon containing struc-
ture includes a silicon alloy. The active maternial may also
include a carbon containing layer covering at least a portion
of the treatment layer. The carbon containing layer may
include multiple carbon particles adsorbed or covalently
bound to the treatment layer. In some embodiments, the exter-
nal surface of the silicon containing structure includes silicon
dioxade.

[0008] Provided also 1s a method of fabricating an active
material for use 1n electrochemical cells. The method may
involve preparing a solution that includes a carrier solvent and
one or more of the following treatment materials: an aminosi-
lane coupling agent, a poly(amine), and a poly(imine). The
method may proceed with combining the solution with sili-
con containing structures. The acidity of the solution 1s main-
taimned at between about 4.0 pH and 6.0 pH for the amino-
silanization. The method may proceed with removing the
carrier solvent while retaining the one or more treatment
materials on external surfaces of the silicon containing struc-
tures. Removing of the carrier solvent may be performed at a
temperature of between about 40° C. and 80° C. In some
embodiments, the method also mmvolves performing a heat
treatment on the silicon contaiming structures and the one or
more treatment materials. The heat treatment adsorptively or
covalently anchors the one or more treatment materials to the
external surfaces of the silicon containing structures. The heat
treatment may be performed at a temperature of between
about 80° C. and 130° C. In some embodiments, the method
may also involve combining the solution with carbon con-
taining structures such that the carbon contaiming structures
form a layer over the silicon containing structures.

[0009] Also provided i1s a method of fabricating an elec-
trode for use 1n electrochemical cells. The method 1nvolves
forming a slurry including an active material and a binder.
The active material includes silicon containing structure indi-
vidually covered with a layer of one or more of the following
materials: an aminosilane, a poly(amine), and a poly(imine).
The binder may include poly acrylic acid (PAA). The method
may proceed with coating the slurry onto a substrate and
drying the slurry.

[0010] These and other embodiments are described further
below with reference to the figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1A 1s a schematic 1llustration of an electrode
prior to first charging, in accordance with some embodi-
ments.

[0012] FIG. 1B 1saschematicillustration of the electrode 1n
FIG. 1A after the mitial charging, in accordance with some
embodiments.

[0013] FIG.1C1saschematicillustration of the electrode 1n
FIGS. 1A and 1B after discharging showing voids within an
active material layer caused by contracting of the active mate-
rial particles, 1n accordance with some embodiments.

[0014] FIG.21s aprocess flowchart of a method for treating
active material structures to enhance their bonding character-
1stics, 1n accordance with some embodiments.

[0015] FIG.3A illustrates a treated active material structure
that has portions of its surface covered with a treatment agent,
in accordance with some embodiments.

[0016] FIG. 3B illustrates a treated active material structure
that has its entire surface covered with a treatment agent, in
accordance with some embodiments.

[0017] FIG. 3C illustrates a treated active material agglom-
erate that includes two active material structures enclosed
into a shared shell formed by a treatment agent, 1n accordance
with some embodiments.

[0018] FIG. 4 1s a process tlowchart corresponding to a
method of forming an electrode using treated active material
structures, 1n accordance with some embodiments.

[0019] FIG. S illustrates a schematic cross-section view of
the wound cylindrical cell, 1n accordance with some embodi-
ments.

[0020] FIG. 6A 1illustrates a cycling data plot for two cells
fabricated using different negative active materials.

[0021] FIG. 6B illustrates a cycling data plot for three cells
tabricated using different negative active materials.

DETAILED DESCRIPTION

[0022] In the following description, numerous speciiic
details are set forth in order to provide a thorough understand-
ing 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 1in
conjunction with the specific embodiments, it will be under-
stood that these embodiments are not intended to be limiting.

Introduction

[0023] The capacity of a lithium 10n battery can be substan-
tially increased by partial or complete replacement of carbon-
based active materials with silicon based materials and/or
other similar high capacity materials, such as tin and germa-
nium. However, integration of these high capacity materials
into battery electrode has proved to be challenging because of
volume changes that these materials experience during lithia-
tion. Previous integration approaches focused on reducing the
s1ze ol silicon containing structures and combining these
structures with other materials to reduce volume change
cifects. However, these approaches led to low capacity
designs and 1inetficient use of silicon. Similar approaches
haven been tried with other high capacity material.

[0024] This volume change during lithiation also causes
significant challenges 1n selecting a binder, which can be
elfectively used with such dynamic active materials. A binder

Nov. 27, 2014

1s used to hold active material structures together 1n an elec-
trode layer and attached to a substrate. Poly-vinylidene fluo-
ride (PVDF) 1s the most common binder for lithium 10n cells.
When combined with silicon structures, PVDF molecules
and the silicon structures are bound by weak van der Waals
forces and fail to accommodate large volume changes of the
structures. As such, PVDF shows poor performance in hold-
ing the silicon structures together and maintaining mechani-
cal and electrical connections between the structures, which
results 1n capacity fading. Likewise, binders that have only
hydroxyl functional groups or carbonyl functional groups,
such as polyvinyl alcohol (PVA) and polyacrylamide (PAM),
do not exhibit enough binding strength to silicon particles
when the silicon particles expand and contract during cycling.

[0025] It has been found that certain surface treatments of
silicon contaiming structures can sigmficantly improve per-
formance of lithtum 10n cells when used with certain binders.
Specifically, silicon containing structures can be treated with
various aminosilanes, poly(amines), and/or poly(imines) to
modily the surface of the structures and to improve adhesion
of these structures to the specific binders. Specific examples
of suitable treating agents include, but not limited to, amino-
propyltriethoxysilane, aminopropyltrimethoxysilane, bis-
gamma-trimethoxysilypropyl amine, aminoneohexyltri-
methoxysilane, aminoneohexylmethyldimethoxysilane, poly
(ethyleneimine), poly(allylamine), and poly(vinylamine).
For example, SILQUEST® Y-15744, which 1s an amino-
functional organoalkoxysiloxane (available from Momentive
Performance Materals Inc. in Columbus, Ohio), may be used
for this purpose.

[0026] Without being restricted to any particular theory, 1t
1s believed that when silicon structures are exposed to air, the
structures form a surface layer of silicon dioxide. Similar
surface oxidation 1s experienced by other high capacity active
materials, such as germanmium and tin. The surface oxidation
may occur during handling and processing of these structures,
for example, while fabricating electrode for lithium 1on bat-
teries. From the conventional standpoint, the surface oxida-
tion may be undesirable because silicon dioxide has a much
higher resistivity (10'° Q*m) than silicon (10° €*m).

[0027] Whenthe silicon dioxide surface 1s exposed to water
(e.g., 1na water based solution of a binder), the surface 1onizes
and assumes a negative zeta potential, which may be up to =70
mV 1n some embodiments. A similar phenomenon has been
observed with germanium particles and tin. Furthermore,
s1ilicon, tin, and/or germanium may be a part of an alloy that
includes other components and undergo the same oxidation
and surface 1onization process as described above. For
example, silicon may be alloyed with tin. In general, if oxides
of alloying elements are amphoteric, the zeta potential at
pH>6 1s negative.

[0028] Many polymer binders used to support active mate-
rials on the substrate, such as polyvinylidene difluoride
(PVDF), carboxymethyl cellulose (CMC), styrene butadiene
(SBR), alginates, and poly acrylic acid (PAA), may produce
negatively charged groups when exposed to solvents. For
examples, when PAA dissociates in water at pH>4, 1t pro-
duces negatively charged carboxylate groups along the poly-
mer chains. At lower pH levels, much of the PAA chains are
protonated. While these negative charged groups may be used
to 1ncrease hydrogen in some embodiments, the acidic PAA
chains are coiled resulting 1n a high viscosity of the mixture,
often too excessive for adequate processing. At pH level
greater than about 9, the PAA chains are elongated to the point
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where the mixture has too high of a viscosity to permit coat-
ing. A solution having a pH of between about 3 and 7 or, more
specifically, of between about 4 and 6, such as about 6 may
yield an appropriate viscosity for coating. Without being
restricted to any particular theory 1t 1s believed that adjusting
the pH of the PAA binder solution from the levels listed
above, e.g., by adding NaOH, increases the viscosity and
thereby optimizes the rheology of the casting formulation to
permit facile processing

[0029] Overall, the binder resin may serve several func-
tions. The binder may have high fracture resistance strength
and form strong interfacial bonds to the particles of the elec-
trode layer, such as active maternial particles and/or conduc-
tive additive particles. The binder may prevent fracturing
within the electrode layer and overcome stresses developed
within the layer during charging and discharging. This frac-
ture prevention helps to maintain electronic conduction
throughout the layer and between the layer and the current
collector. The fracture resistance strength may be enhanced
by treating the active material particles. Furthermore, a binder
should also allow lithium 10n transport through an electrode
layer. This 1on transport 1s sometimes referred to as shuttling
and occurs between the electrolyte solution and the active
maternial particles of the electrode layer. The 1on transport
may be facilitated by binders that have carboxylic acid
groups. Further, binders capable of dissolving 1n water, 1.e.,
water-soluble binders are generally preferable because of
their lesser environmental impact, simpler processing, and
lower cost.

[0030] In atypical mixture used to form an electrode layer,
negatively charged structures and negatively charged binder
molecules repel each other (while 1n the solution and then 1n
the electrode) resulting 1n weak interfacial bond strength and
fracturing. Specifically, weak bonds between the active mate-
rial structures and binder molecules result in the active mate-
rial structures dis-bonding from the binder molecules and
losing electrical connections within the electrode and capac-
ity fading. The loss of electrical connections and capacity
fading 1s particularly prominent 1n electrochemaical cells fab-
ricated with high capacity active materials that are susceptible
to large volume changes, such as silicon. Furthermore, 1t
should be noted that most carbon-based active matenials (or
conductive additives) also have anegative zeta potential when
dispersed 1n water.

[0031] Surface modification of the active material struc-
tures with moieties containing amino groups 1s believed to
impart a positive zeta potential to the structures. In general,
various materials, such as aminosilanes or other organic mol-
ecules containing primary amines (NH,) and/or secondary
amines (NH) or imines can be used. These materials are found
to be effective surtace modifiers as long as the surface modi-
fying moieties can either be anchored to or adsorbed on the
surface of the particle being modified. In some embodiments,
anchoring may be achieved by forming chemical bonds. For
example, aminosilanes form ether bonds to active material
particles, while polyamine adsorb on the surface of the par-
ticles. Tertiary amines, such as poly(diallyldimethylammo-
nium chloride), do not form amide bonds but can provide
stabilization of particle dispersions. In some embodiments,
the modified structures include the amino groups and exhibit
the positive zeta potential unlike unmodified structures that
may exhibit the negative zeta potential. As such, the modified
structures would more readily associate with the negatively
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charged binder molecules and may even form amide bond
between active particles and binder molecules.

[0032] Without being restricted to any particular theory, 1t
1s believed that moieties with amino groups can be attached to
s1licon dioxides and other types of surfaces in a number of
ways. One attachment type 1s adsorption of cationic poly
(electrolytes), such as poly(ethyleneimine) or poly(ally-
lamine). The poly(electrolyte) may form mono molecular
layers on the surfaces of the active material particles. The
poly(electrolytes) may be used to treat silicon contaiming
structures and carbon containing structures. Adsorption may
be caused by van der Waals (dispersion) forces, hydrogen
bonding, and 10nic¢ (electrostatic) bonding.

[0033] Another attachment type 1s covalent bonding. For
example, aminosilanes are believed to form covalent bonds
with the silicon dioxide shell of silicon particles. One mol-
ecule of aminosilane can covalently bond to 1 or 2 Si0H
groups of that shell. Under certain reaction conditions, the
aminosilane forms oligomeric brushes extending away from
the silicon dioxide shell. These brushes contain several amino
groups.

[0034] When large molecules, such as polymers, are used
for treatment, the same molecule may form multiple bonding
sites on the surface of an active matenal particle. The bonding
sites may extend along the polymer chain and, in some
embodiments, provide a mono-molecular layer. The number
of bonding sites and the strength of attachment may increase
with the molecular weight of a polymer.

[0035] Furthermore, sequential layer-by-layer deposition
of poly(cations) and poly(anions) may be used to form a
multilayered poly(electrolyte salt) structure on the surface of
the active material particles. The outermost layer of this mul-
tilayered structure will be dominated by the functional groups
of the last poly(electrolyte) adsorbed. Without being
restricted to any particular theory, 1t 1s believed that multilay-
ers provide a more robust surface modification of the active
material particles.

[0036] Furthermore, 1t has been found that silicon struc-
tures with modified surfaces tend to attract carbon structures,
for example, when both types of structures are dissolved 1n
water. As noted above, the modified silicon structure has a
positive zeta potential while carbon may have a negative zeta
potential. By controlling the size of silicon structures and
carbon structures, composite structures with silicon cores and
carbon shells may be formed. For example, silicon particles
may be between about 1 and 350 microns 1n size or, more
specifically, between about 2 and 10 micrometers in size,
while carbon particles can be less than about 1 micrometer in
s1ze or, more specifically, less than about 0.2 micrometers 1n
s1ze. These core-shell structures may be formed before mix-
ing slurry for coating an electrode, for example, during a
treatment process. Alternatively, the core-shell structures are
formed while mixing the slurry, such as during electrode
tabrication operations. The silicon core-carbon shell structure
may include silicon-containing core, silicon dioxide layer
around 1ts core, treatment layer containing amine, 1imine, or
other groups, and then an outer carbon layer. It should be
noted that these layers do not have to be continuous and form
a complete shell.

[0037] Composite structures including silicon cores and
conductive carbon shells have shown improved performance
relative to uncoated silicon particles 1n terms of capacity and
stability of lithium 1on cells. However, previously proposed
processes by which these composite structures are made are
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expensive and hard to control. For example, one previous
proposal involves dispersing silicon particles 1n a resorcinol/
tformaldehyde mixture and then polymerizing the phenolic
resin with embedded silicon particles. The polymers 1s then
pyrolyzed innitrogen (or argon) to form carbon coating on the
s1licon particles and the pyrolysis products are ground to form
fine particles for use 1n electrode fabrication operations.

[0038] Bonding between the active materials particles and
the binder 1n an electrode and 1ts effect on the cycle life waill
now be described with reference to FIGS. 1A-1C. Specifi-
cally, FIG. 1A 1s a schematic 1llustration of an electrode 100
in 1ts discharge state, 1n accordance with some embodiments.
Electrode 100 includes a current collector substrate 102 and
an active material layer 104 disposed over and adhered to
current collector substrate 102. Active material layer 104 also
includes binder 106 and active material structures 107. In
some embodiments, active material layer 104 may also
include conductive additive 108, such as conductive carbon
additive. When lithium 1s added to active matenal structures
107, these structures 107 may increase 1n size as shown by a
transition from FIG. 1A to FIG. 1B. Electrode 100 shown in
FIG. 1A may be referred to as a discharged electrode, while
clectrode 110 shown in FIG. 1B may be referred to as a
charged electrode. The terms “charged” and “discharged” are
relative and correspond to relative amounts of lithium 1n the
clectrodes or, more specifically, 1n active material structures.
Addition of lithium into the active material structures may
cause swelling of these structures. For example, silicon struc-
tures swell by as much as 400% when charged to silicon’s
theoretical capacity. As the active materials particles swell,
they push on other components of the active material layer
and rearrange these other components in the layer. Examples
of these other components include binder and conductive
additive particles, when these particles are used. In some
embodiments, the thickness of the active material layer may
also change.

[0039] When lithium 1s removed during discharge, the
active material particles shrink and pull away from other
components of the active material layer. If the bonding
between the active material particles and the binder 1s sudfi-
ciently strong, these shrinking active matenal particles will
pull these other components and may retain mechanical and,
as a result, electrical connections with these other compo-
nents. Even though some changes may occur within the active
material layer during each charge-discharge cycle, as long as
these changes do not electrically disconnect a significant
portion the active material particles from the current collector
substrate, the capacity of the electrode will remain substan-
tially the same. As such, the bonding strength between the
active material particles and binder molecules 1s believed to
play an important role in capacity retention, particularly when
high capacity active materials are used.

[0040] However, 11 the bonding strength between the active
maternal structures and the binder 1s weak, the discharge
process may cause some active materials structures or clus-
ters of the active material structures to become electrically
disconnected from the current collector substrate. As a result,
these structure and/or clusters are not exposed to an operating,
potential of the negative electrode and do not contribute to the
capacity during subsequent cycling. This phenomenon 1is
schematically presented in FIG. 1C. Specifically, FIG. 1C
1llustrates an electrode 1n which voids 128 exists within active
material layer 124. The voids may be between binder 126 and
actrve material structures 127, between adjacent active mate-
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rial structures 127. Voids 128 may be created when active
material structures 127 first swell during charge and push
away other components and then shrink during discharge
without being able to pull other components and fill the entire
volume previously occupied by the swollen active material
particles. Voids 128 may cause active material structures 127
become disconnected from current collector substrate 122
and not contribute to cycling capacity.

[0041] Without being restricted to any particular theory, 1t
1s believed that a combination of strong adhesion between
active material particles and binder as well as a high tensile
strength of the binder helps to maintain electrical connections
within an active material layers needed for long cycle life.
While elastic binders, such as PVDE, may help to prevent
voids 1n the active matenal layer, low tensile strength exhib-
ited by PVDF may not be suilicient to retain mechanical and
clectrical connections within an electrode layer during dis-
charge. Among PAA, PVDF, CMC, SBR, and alginates bind-
ers, the PAA binder 1s considered to have the highest tensile
strength, followed by CMC, SBR, and alginates, and finally
PVDEF. However, the tensile strength on its own 1s not suili-
cient. The tensile strength needs to be coupled with strong
bonding between the binder and active matenial structure,
which 1s achieved by treating the active matenals structures
using techniques described herein.

[0042] In addition to maintaining electronic conductivity
within an electrode, treatment of the active materials struc-
tures 1s believed to help with controlling 1onic conductivity.
First, electrodes are typically fabricated with a predetermined
porosity, such as =30%. The porosity facilitates transport of
clectrolyte solution to the electrode active materials. The
open pores may also help accommodate the volume expan-
s1on of the active material structures upon lithiation without
causing fracture. The treatment helps with uniform distribu-
tion of active material particles throughout the electrode layer
and uniform porosity.

Examples of Treatment and Active Materials Structures

[0043] FIG. 2 1s a process tlowchart of a method 200 for

treating active material structures to enhance their bonding
characteristics, in accordance with some embodiments.
Method 200 may start with preparing a solution containing a
treating agent. Some examples of treating agents include
amino-silanes, poly(amines), and/or poly(imines), such as
aminopropyltriethoxysilane, aminopropyltrimethoxysilane,
bis-gamma-trimethoxysilypropyl amine, aminoneohexyltri-
methoxysilane, aminoneohexylmethyldimethoxysilane, poly
(ethyleneimine) and poly(allylamine). For example,
SILQUEST® Y-15744 (available from Momentive Perfor-
mance Materials Inc. 1n Columbus, Ohi1o) may be dissolved in
an acidified mixture of alcohol and de-1onized water. The
volumetric concentration of the treating agent may be
between about 0.2% and 10% or, more specifically, between
about 1% and 5%. These concentration ranges may be based
on the volume of 100 g silicon structures with density 4 g/cc.
When using the adsorption technique, treatment of active
material, for example, with an aqueous 0.5 wt. % solution of
poly(ethyleneimine), will impart the desired surface modifi-
cation.

[0044] Method 200 may proceed with combining the solu-
tion (containing the treating agent) with active material struc-
tures during operation 204. In some embodiments, the active
material structures include silicon, tin, and/or germanium.
The structures including silicon may be referred to as silicon




US 2014/03466138 Al

containing structures. In some embodiments, the active mate-
rial structures may include multiple materials, such as silicon
and carbon, silicon-tin alloy, or other types of combinations.
These multiple materials may be presented in different types
of structures or in the same type structures. For example, a
solution may be combined with silicon containing structures
and carbon containing structures such that the silicon con-
taining structures are not parts of the carbon containing struc-
tures at least prior to operation 204. In some embodiments,

the same type of structures may include both silicon and
carbon prior to operation 204. For example, structures that
include silicon cores and carbon shells may be used. In some
embodiments, the method may also 1mvolve combining the
solution with carbon containing structures such that the car-
bon containing structures form a layer over the silicon con-
taining structures.

[0045] In some embodiments, operation 204 may 1nclude
mixing the solution with the active material particles to
ensure uniform distribution of the solution and uniform cov-
erage of the surface of the active matenal particles with the
solution or more specifically with a treating agent. In some
embodiments, the temperature of the mixture may be kept at
between about 10° C. and 60° C. In the same or other embodi-
ments, the acidity of the mixture may be kept between about
4.5pH and 5.5 pH, with acetic acid, when using the technique
ol amino-silanization.

[0046] The amount of the treatment agent may depend on
the surface area of the active material particles. For example,
active material particles with the surface area of 2.65 m*/g,
may receirve between about 0.1 ml and 1 ml of the treatment
agent for 100 g of particles or between about 0.1 ml and 1 ml
of the treatment agent for 265 m” of the surface area of the
active material particles. Excessive amounts of the treatment
agent may negatively impact the performance of the cell,
generating undesired by-products, or toxicity. The excess
amount of the treatment agent may be removed, 1mn some
embodiments, by washing off the active material particles
using a solvent that does not contain the treating agent. The
washing process may be repeated multiple times and con-
trolled by monitoring, for example, a pH level of the washing,
solution. On the other hand, insufficient amounts of the treat-
ment agent may not provide adequate bonding to the binder.
Another factor that may impact the amount of the treatment
agent 1s the material of the active material particles.

[0047] Without being restricted to any particular theory, 1t
1s believed that amino-silamization of silicon 1s different from
poly(amine) adsorption. In the adsorption process both sili-
con and the carbon based active material can be surface modi-
fied. For example, silicon particles may be treated with an
aqueous solution of poly(ethyleneimine) (PEI) to form a
mono-molecular adsorbate on the surface of these particles.
Once the adsorbate 1s formed, the particles become positively
charged in water. The particles may be combined with carbon
containing particles, which are negatively charged 1n water.
This causes an electrostatic association to decorate the silicon
particles with carbon based particles and to give composite
particles with a negative charge. Any excess of carbon based
particles that did not associate with the silicon particles
remained negatively charged. Finally, further addition of poly
(ethyleneimine) solution may add a positive charge
(=—NRH,", where R—H or —CH,—) to all particles. To
make an electrode, the particle mixture may be dispersed in a
binder solution. For example, poly(acrylic acid) partially
neutralized with sodium hydroxide may be used. This binder
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adsorbs to the poly(ethyleneimine) surface layers on the sili-
con and carbon based particles to form a poly(ammonium
acrylate salt). After removal of water and heating that salt
converts to a poly(amide) to give a strong interfacial bond
between particles and the poly(acrylic acid) matrix.

[0048] In some embodiments, before combining active
material particles with the solution, the active material par-
ticles may be pre-treated to, for example, controllably form an
oxide layer on the surface of the particles.

[0049] Method 200 may proceed with drying the mixture
during operation 206. During this operation, the solvents used
to prepare a treatment agent solution may be removed. Drying
may be performed 1n stages. For example, operation 206 may
start with air drying, followed by drying at about 60° C. (e.g.,
for about 2 hours) and finally curing at about 100° C. (e.g., for
about 1 hour). Drying 1n stages ensures smooth removal of the
alcohol at a lower temperature and then water at a higher
temperature when both alcohol and water are used 1n the
solution. Furthermore, a condensation reaction, 1n which the
S1—O—R linkage 1s formed, may be triggered at a higher
temperature, such as greater than 80° C., such as about 100°
C. The condensation reaction establishes bonds between the
silane molecule and the silicon particle. This staged drying
process also avoids sudden generation of steam within the
mixture, which can cause undesirable porosity or other dam-
aging effects. In some embodiments, the drying process
involves drying for 24 hrs at a room temperature, followed by
30 minutes at 100° C. or 10 minutes at 120° C.

[0050] In some embodiments, operation 206 also involves
heat treatment. The heat treatment may adsorptively or
covalently anchor the one or more treatment materials to the
external surfaces of the silicon containing structures. The heat
treatment may be performed at a temperature of between
about 80° C. and 130° C.

[0051] In some embodiments, the treatment agent forms a
covalent bond with the surface of the active material particles.
As such, the treatment agent becomes an integral part of the
active material structures and gets anchored on the surface of
these structures. The other end of the treatment agent, which
carries the amine group, 1s available for bonding to the car-
boxylic acid group on the binder polymer, such as PAA.
[0052] The output of operation 206 may be active material
structures with treated surfaces. The treated active material
structures may form soit aggregates that easily disperse dur-
ing further processing, such as mixing slurry. FIGS. 3A-3C
illustrate different examples of treated active material struc-
tures. Specifically, FIG. 3 A 1llustrates a treated active mate-
rial structure 300 that has only portions of 1ts surface covered
with a treatment agent forming patches 304a-304e. Portions
of original active material structure 302 remain uncovered by
the treatment agent. FI1G. 3B 1llustrates a treated active mate-
rial structure 310 that has 1ts entire surface covered with a
treatment agent thereby forming a core 312 of the original
active material structure and a shell 314 of the treatment
agent. FIG. 3C illustrates a treated active material agglomer-
ate 320 that includes two active material structures 322a and
3226 enclosed into the same shell 314. When and 1t this
agglomerate falls apart, portions of active materal structures
322a and 3226 may remain uncovered.

Examples of Fabrication and Flectrochemical Cells

[0053] FIG. 4 1s a process flowchart corresponding to a
method 400 of forming an electrode using treated active
material structures, 1n accordance with some embodiments.
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Method 400 may start with preparing a slurry during opera-
tion 402. The treated active matenal structures may be mixed
with a binder. In some embodiments, multiple different active
material structures may be mixed into the same slurry. At least
one of these different structures may be treated 1n accordance
with techniques described above. Other types of structures
may be untreated. For example, treated silicon particles may
be combined in the same slurry with untreated graphite par-
ticles.

[0054] In some embodiments, silicon particles either sur-
face modified by amino-silanization or by poly(amine)
adsorption readily disperse 1n the aqueous binder solution of
partially neutralized (pH~6) poly(acrylic acid). Carbon-
based particles surface modified by poly(amine adsorption)
or after being deposited on the silicon particles and then
surface modified by poly(amine) adsorption show the same
wetting and dispersion behavior.

[0055] Method 400 may proceed with coating the slurry
onto a conductive substrate (operation 404) and drying the
slurry onto the substrate (operation 406). In some embodi-
ments, 1n order to reduce eftects of delamination and/or detfor-
mation ol the substrate when the active matenals particles
expand and contract during cycling, a substrate with anodular
surface may be used. In the same or other embodiments, a
substrate may include copper metal alloys or laminates (e.g.,
copper electroplated on another substrate with a higher
mechanical strength), nickel or other metal foil.

[0056] FIG. 5 1llustrates a schematic cross-section view of
the wound cylindrical cell 500, 1n accordance with some
embodiments. Positive electrode 506, negative electrode 504,
and separator strips 508 may be wound 1n to a so-called “jelly
roll,” which i1s mserted into a cylindrical case 302. Specifi-
cally, the jelly roll includes a spirally wound assembly of
positive electrode 506, a negative electrode 504, and two
strips of separator 508.

[0057] Case 502 may be rigid, 1n particular for lithium 1on
cells. Other types of cells may be packed into a flexible,
to1l-type (polymer laminate) case. A variety of materials can
be chosen for case 502. The selection of case materials
depends 1n part on polarity of case 502. If case 502 1s con-
nected to positive electrode 506, then case 502 may be formed
from titanium 6-4, other titanium alloys, aluminum, alumi-
num alloys, and 300-series stainless steel. On the other hand,
if case 502 1s connected to negative electrode 504, then case
may be made from titanium, titanium alloys, copper, nickel,
lead, and stainless steels. In some embodiments, case 502 1s
neutral (1.e., have a different potential than the positive elec-
trode or the negative electrode) and may be connected to an
auxiliary electrode made, for example, from metallic lithium.
An electrical connection between case 502 and an electrode
may be established by a direct contact between case 502 and
this electrode (e.g., an outer wound of the jelly roll), by a tab
connected to the electrode and case 502, and other tech-
niques. Case 502 may have an integrated bottom. Alterna-
tively, a bottom may be attached to the case by welding,
soldering, crimping, and other techniques. The bottom and
the case may have the same or different polarities (e.g., when
the case 1s neutral).

[0058] The top of case 502, which 1s used for msertion of
the jelly roll, may be capped with header assembly 510. In
some embodiments, header assembly 510 includes a weld
plate 512, a rupture membrane 514, a PTC-based resettable
tuse 516, header cup 518, and nsulating gasket 519. Weld
plate 512, rupture membrane 514, PTC-based resettable fuse
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516, and header cup 518 are all made from conductive mate-
rial and are used for conducting electricity between an elec-
trode (negative electrode 504 1n FIG. 5) and cell connector
520 (integrated or attached to header cup 518 in FIG. 5).
Insulating gasket 519 1s used to support the conductive com-
ponents of header assembly 510 and insulate these compo-
nents from case 502. Weld plate 512 may be connected to the
clectrode by tab 509. One end of tab 509 may be welded to the
clectrode (e.g., ultrasonic or resistance welded), while the
other end of tab may be welded to weld plate 512. Centers of
weld plate 512 and rupture membrane 514 are connected due
to the convex shape of rupture membrane 514. If the internal
pressure of cell 500 increases (e.g., due to electrolyte decom-
position and other outgassing processes ), rupture membrane
514 may change 1ts shape and disconnect from weld plate
thereby breaking the electrical connection between the elec-
trode and cell connector 520.

[0059] PTC-based resettable fuse 516 1s disposed between
edges of rupture membrane 514 and edges of header cup 518
clfectively interconnecting these two components. At normal
operating temperatures, the resistance of PTC-based reset-
table fuse 516 1s low. However, its resistance increases sub-
stantially when PTC-based resettable fuse 516 1s heated up
due to, e.g., heat released within cell 500. PTC-based reset-
table fuse 1s a thermally activated circuit breaker that can
clectrically disconnect rupture membrane 514 from header
cup 518 and, as a result, disconnect the electrode from cell
connector 520 when the temperature of PTC-based resettable
fuse 516 exceeds a certain threshold temperature. In some
embodiments, a cell or a battery pack may use a negative
thermal coetlicient (NTC) safety device in addition to or
instead of a PTC-based resettable fuse.

[0060] Header cup 518 1s an external component of header
assembly 510. It may be attached to or be integrated with cell
connector 520. The attachment or integration may be per-
formed prior to forming header assembly 510 and/or attach-
ing header assembly 510 to case 502. As such, high tempera-
tures, mechanical stresses, and other generally destructive
characteristics may be used for this attachment and/or 1nte-
gration.

[0061] Types of electrochemical cells are determined by
active materials used on positive and negative electrodes as
well as composition of electrolyte. Some examples ol positive
active materials include Li(M' ,M" ;)O,, where M' and M" are
different metals (e.g., Li(N1.Mn;)O,, Li(Ni1,,,Mn, )0,
L1(Cr,Mn,_,)O,, L1(Al,Mn,_,)O,), L1i(Co M, _,)O,, where
M 1s a metal, (e.g., L1(Co.Ni,_,)O, and Li(Co.Fe, )O,),
L1, (Mn.Ni1;Co,)O.,, (e.g., Li(COXMnyNi(l_I_ Y))O.’Z:
Li(Mn, ;N1, 5 Co,/,3)0,, Li(Mn,,;N1,,; Co,,; xMgx)O?2,

Li(Mn,, ,N1, ,Co, ,)0,,  Li(Mng (N1, ;Co, 5)O,,) L1y
(Mn,Ni1,Co, ,:)O,, Li,_,(Mn,Ni1,CoAl;)O,, Li,_(Ni,
CoyAl)O, (e.g., Li(Nip3Cop15AlH65)05), L1 p(Niy

Co,M_)O,, where M 1s ametal, L1,_,,(N1,Mn,M.)O,, where
M 1s a metal, Li(N1,. ;Mn,Cr,_)O,, LIMM",O,, where M’
and M" are different metals (e.g., LiMn,_,. . N1,0., LiMn,_,.
zN1,1.1,0,, LiMn, Ni,O,, LiNiCuO,, LiMn, Al,O,,
LiN1y sT1p 504, L) osAlg Mn, 55O, F,, L1,MnO;) Liy-
V.0, eg., [1V,0, L1V, O, and L1V O, ,, LIMPO4 where
M 1s a metal; lithtum 1ron phosphate (LiFePO,) 1s a common
example. It 1s both mexpensive and has high stability and
safety, because the relatively strong phosphate bonds tend to
keep the oxygen 1n the lattice during overcharge, but has poor
conductance and requires substantial amounts of conductive

additives, LiM. . M", PO, where M' and M" are different
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metals (e.g.L.iFePO,), LiFe, M, _,PO., where M 1s a metal,
L1VOPO,11,V, (PO,);L1IMPO,, where M 1s a metal such as
iron or vanadium. Further, a positive electrode may include a
secondary active material to improve charge and discharge
capacity, such as V. O,;, V,0., V,0,, MoO,, TiS,, WO,,
MoQO,, and RuQ.,,.

[0062] The selection of positive electrode matenals
depends on several considerations, such as cell capacity,
safety requirements, intended cycle life, etc. Lithium cobalt
oxide (L1Co0,) may be used 1n smaller cells that require
higher gravimetric and/or volumetric capacities, such as for
portable electronics and medical devices. Cobalt may be par-
tially substituted with Sn, Mg, Fe, T1, Al, Zr, Cr, V, Ga, Zn, or
Cu. Certain materials, such as lithrum nickel oxide (L1N10O,,),
may be less prone to thermal runaway. Other materials pro-
vide substantial cost advantage, such as lithium manganese
oxide (LiMnQO,). Furthermore, lithium manganese oxide has
a relatively high power density because its three-dimensional
crystalline structure provides more surface area, thereby per-
mitting more 1on tlux between the electrodes.

[0063] Active materials may be deposited as layers on con-
ductive substrates for delivering electrical current between
the active materials and cell terminals. Substrate materials
may include copper and/or copper dendrite coated metal
oxides, stainless steel, titanium, aluminum, nickel (also used
as a diffusion barrier), chromium, tungsten, metal nitrides,
metal carbides, carbon, carbon fiber, graphite, graphene, car-
bon mesh, conductive polymers, or combinations of above
including multi-layer structures. The substrate material may
be formed as a foi1l, films, mesh, laminate, wires, tubes, par-
ticles, multi-layer structure, or any other suitable configura-
tions. In one example, a substrate 1s a stainless steel foil
having thickness of between about 1 micrometer and 50
micrometers. In other embodiments, a substrate 1s a copper
to1l with thickness of between about 5 micrometers and 30
micrometers. In yet another embodiment, a substrate 1s an
aluminum fo1l with thickness of between about 5 microme-
ters and S0 micrometers.

[0064] In some embodiments, a separator material may
include a fabric woven from fluoro-polymeric fibers of poly
(ethylene-co-tetratluoroethylene (PETFE) and poly(ethyl-
enechloro-co-trifluoroethylene) used either by itself or lami-
nated with a fluoropolymeric microporous film. Moreover, a
separator materials may include, polystyrenes, polyvinyl
chlorides polypropylene, polyethylene (including LDPE,
LLDPE, HDPE, and ultra high molecular weight polyethyl-
ene), polyamides, polyimides, polyacrylics, polyacetals,
polycarbonates, polyesters, polyetherimides, polyimides,
polyketones, polyphenylene ethers, polyphenylene sulfides,
polymethylpentene, polysuliones non-woven glass, glass
fiber materials, ceramics, a polypropylene membrane com-
mercially available under the designation CELGARD from
Celanese Plastic Company, Inc. 1n Charlotte, N.C., USA, as
well as Asahi Chemical Industry Co. 1n Tokyo, Japan, Tonen
Corporation, in Tokyo, Japan, Ube Industries in Tokyo, Japan,
and Nitto Denko K.K. 1n Osaka, Japan. In one embodiment, a
separator includes copolymers of any of the foregoing, and
mixtures thereof.

[0065] A typical separator has the following characteristic:
air resistance (Gurley number) of less than about 800 sec-
onds, or less than about 3500 seconds in a more speciiic
embodiment; thickness of between about 5 um and 500 um, or
in specific embodiment between about 10 um and 100 um, or
more specifically between about 10 um and 30 um; pore

Nov. 27, 2014

diameters ranging from between about 0.01 um and 5 um or
more specifically between about 0.02 um and 0.5 pm; poros-

ity ranging from between about 20% and 85%, or more spe-
cifically, between about 30% and 60%.

[0066] The electrolyte 1n lithium 10ns cells may be liquid,
solid, or gel. Lithium 10n cells with the solid electrolyte are
also referred to as a lithium polymer cells. A typical liquid
clectrolyte 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 also prevents
decomposition of the electrolyte 1n the later charging sub-
cycles.

[0067] Some examples of non-aqueous solvents suitable
for some lithium 10n cells include the following: cyclic car-
bonates (e.g., ethylene carbonate (EC), propylene carbonate
(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 (MPC), dipropyl carbonate (DPC),
methyl butyl carbonate (NBC) and dibutyl carbonate (DBC)),
cthers (e.g., tetrahydrofuran (THF), 2-methyltetrahydrofu-
ran, 1,4-dioxane, 1,2-dimethoxyethane (DME), 1,2-di-
cthoxyethane and 1,2-dibutoxyethane), nitriles (e.g., acetoni-
trile and adiponitrile) linear esters (e.g., methyl propionate,
methyl pivalate, butyl pivalate and octyl pivalate), amides
(e.g., dimethyl formamide), organic phosphates (e.g., trim-
cthyl phosphate and trioctyl phosphate), and organic com-
pounds containing an S—O or SO, group (e.g., dimethyl
sulfone and divinyl sulfone), and combinations thereof.

[0068] Examples of solvents that may be present in the
initial electrolyte include cyclic carbonates (e.g., ethylene
carbonate (EC) and propylene carbonate (PC)), linear carbon-
ates (e.g., dimethyl carbonate (DMC), diethyl carbonate
(DEC), and ethylmethyl carbonate (EMC)), fluorinated ver-
s1ons of the cyclic and linear carbonates (e.g., monofluoroet-
hylene carbonate (FEC)). Furthermore, non-carbonate sol-
vents, such as sulfones, nitriles, dinitriles, esters, and ethers,
may be used.

[0069] Non-aqueous liquid solvents can be employed 1n
combination. Examples of the combinations include combi-
nations of cyclic carbonate-linear carbonate, cyclic carbon-
ate-lactone, cyclic carbonate-lactone-linear carbonate, cyclic
carbonate-linear carbonate-lactone, cyclic carbonate-linear
carbonate-ether, and cyclic carbonate-linear carbonate-linear
ester. In one embodiment, a cyclic carbonate may be com-
bined with a linear ester. Moreover, a cyclic carbonate 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.

[0070] A salt for the electrolytes may include one or more
of the following: LiPF., [iBF,, LiCIO,LiAsF., LiN
(CF;S0,),, LIN(C,F:SO,),, LiCF;S0;, Li1C(CF;SO,),,
L1PF (CF;),, L1IPF;(C,F< )5, LiIPFL(CF3);, L1iPF;(1s0-C5F - ),,
L1PF (1s0-C4F-), lithium salts having cyclic alkyl groups
(e.g., (CF,),(S0.,),.11 and (CF,),(50,),.1.1), and combina-
tion of thereol. Common combinations include LiPF, and
LiBF,, LiPF ; and LiN(CF,SO,),, LiBF, and LiN(CF SO, ),.
[0071] Inone embodiment the total concentration of salt in
a liquid non-aqueous solvent (or combination of solvents) 1s
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at least about 0.3 M; 1n a more specific embodiment, the salt
concentration 1s at least about 0.7M. The upper concentration
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.

Experimental Results

[0072] FIG. 6A 1llustrates a cycling data plot 600 for two
cells fabricated using different negative active materials. Spe-
cifically, line 602 represents cycling data of a control cell
tabricated using untreated silicon alloy particles. Line 604
represents cycling data of a controlled cell fabricated using
silicon alloy particles treated with aminosilane.

[0073] Belore treatment the silicon particles were the same
as for the control cell. The treatment process imvolves mixing
the silicon particles with a solution of aminofunctional orga-
noalkoxysiloxane, SILQUEST® Y-15644 (available from
Momentive Performance Materials Inc. in Columbus, Ohio).
For each 100 grams of the silicon particles, 0.25 milliliters of
the organoalkoxysiloxane was used. The organoalkoxysilox-
ane was first dissolved 1n an acidified mixture of DI water and
reagent-grade ethanol to form an organoalkoxysiloxane solu-
tion. For each 0.25 mailliliters of the organoalkoxysiloxane, 11
milliliters of the alcohol-water mixture, plus a drop of glacial
acetic acid, was used. The volume ratio ofthe alcohol to water
in the mixture was 10:1. The drop of glacial acetic acid lowers
the pH of the solution to 4.5-3.5. The organoalkoxysiloxane
solution was swirled for about five minutes to hydrolyze the
alkoxy groups. The freshly prepared organoalkoxysiloxane
solution was then added drop-wise to the silicon particles
while blending. The silane-treated silicon particles were dried
two hours 1n air at room temperature, followed by two hours
in an oven at 60° C. and finally cured for an hour at 100° C. As
noted above, staged drying removes the alcohol and water at
a moderate rate and prevents steam formation within the
mixture. Furthermore, raising the temperature to 100° C.,
alter removing most of the alcohol and water, causes a con-
densation reaction between the —OH groups 1n the hydro-
lyzed organoalkoxysiloxane end of the molecule and the
S1—OH groups on the surface of the silicon particles. This
condensation reaction forms a Si—O—R type of link
between the silicon particles and the siloxane additives. The
organoalkoxysiloxane treated silicon particles were then used
in preparation of a slurry, electrode, and cell 1n accordance to
the procedure described above with reference to the control
cell.

[0074] Bothcells had negative electrodes including 60% by
weight of the silicon particles (treated or untreated), 28% by
weight of graphite, 2% by weight of conductive carbon (Su-
per P), and 10% by weight of PAA binder. Half-cells were
constructed using these negative electrodes. Lithium metal
was used as a positive electrode. The electrolyte included a
mixture of ethylene carbonate, di-ethylene carbonate, LiPF
and 1mide salts, as well as an additive.

[0075] Both cells were cycled at the same conditions.
Cycling was performed between 0.005V and 0.9 V. The {irst
two cycles were performed at a rate of C/20, respectively,
tollowed by continuous cycling at C/5. As could be seen from
FIG. 6A, the cell fabricated using the organoalkoxysiloxane
treated silicon particles demonstrated much longer and more
stable cycle life 1n comparison with the cell fabricated using
the untreated silicon particles (i.e., the control cell). The
capacity of the control cell started fading below 80% of the
initial capacity after only 40 cycles, while the capacity of the
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cell with the organoalkoxysiloxane treated silicon particles
maintained more than 95% of 1ts 1n1tial capacity even after 80
cycles. Without being restricted to any particular theory, 1t 1s
believed that some of the untreated silicon structures become
clectrically disconnected from the current collector due to
their separation from other conductive materials 1n the elec-
trode. This separation 1s believed to be caused by the weak
bond between the untreated silicon structures and the binder.
On the other hand, the treated silicon structures form stronger
bonds to the binder and this bond held these treated silicon
structures to better maintain the electrical connections to
other conductive materials in the electrode and as a result to
the current collector.

[0076] FIG. 6B illustrates a cycling data plot 610 for three

cells fabricated using different negative active materals. Spe-
cifically, line 612 represents cycling data of a controlled cell
fabricated using untreated silicon particles as described above
withreference to FIG. 6 A. Line 614 represents cycling data of
a cell fabricated using silicon particles treated with silane.
The silane treatment 1s explained below. Line 616 represents
cycling data of a cell fabricated using silicon particles treated
with poly(ethyleneimine) (PEI).

[0077] As could be seen from FIG. 6B, the cell fabricated
using the PEI treated silicon particles demonstrated much
longer and more stable cycle life than the cell fabricated using
the untreated silicon particles (i.e., the control cell). The
capacity of the cell with the PEI treated silicon particles
maintained more than 90% of 1ts 1n1tial capacity even after 80
cycles. Without being restricted to any particular theory, 1t 1s
believed that PEI treatment improves adhesion between the
particles and the binder resulting 1n more robust electrical
connections to other conductive materials 1n the electrode and
as a result to the current collector.

[0078] Line 614 displays the performance ol amino-si-
lanized silicon while line 616 that of polyamine (PEI) treated
silicon. Line 612 represents the performance of a control,
using untreated silicon. For the poly(amine) adsorption, 40 g

of silicon particles were mixed with 80 mL of a poly(ethyl-
eneimine) (PEI) solution. The solution included 0.2% of PEI

(S1igma Aldrich, Part #181978; MW~750,000) in water (pH
9-10, paper). The mixture was placed into a polyethylene
bottle and shaken using Burrell Wrist Action Shaker for about
9 hours. About 5 g of that dispersion was removed for other
experiments. The remainder was centrifuged at 11,000 rpm
for 15 min using Eppendort #5804 tubes to give a cake and a
clear supernatant of pH~9. The cake was freed of adherent
PEI solvent by re-dispersion 1n water followed by centrifu-
gation. The process was repeated two times when the pH of
the supernatant was the same as that of water (~7). The cake
was transterred to a poly(ethylene) bottle and re-dispersed in
~80 mL of water. To that dispersion was added 17.92 g of
graphite (CGP G35) and 1.28 g of carbon black (Super P). The
mixture was agitated using Burrell Wrist Action Shaker for
about 2 hours and then centrifuged at 11,000 rpm for 15 min.
The supernatant was decanted and the cake was dispersed 1n
~80 mL 010.01% PFEI solvent and shaken using Burrell Wrist
Action Shaker for 1 hour followed by centrifugation at 11,000
rpm for 15 min and decantation of the supernatant. The super-
natant had a slight “sheen” on top believed to be graphite. Its
amount was estimated to be <50 mg. The cake was re-dis-
persed one more time 11 0.01% PEI solution and centrifuged.
A part of the wet cake 1n the centrifuge tubes was transierred
to a Petr1 dish, while some was leit 1n the tubes. The product
in both the Petr1 dish and the tubes was dried at room tem-
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perature at low pressure created by an o1l vacuum pump
vacuum for 2 hour and then at 70° C. vacuum overnight. The
dry product was a tluily gray powder, which was transferred
to a polyethylene jar. The powder 1n the polyethylene jar was
shaken using Burrell Wrist Action Shaker for 3 hours to break
up aggregates. 33 g of product was recovered.

CONCLUSION

[0079] Although the iforegoing concepts have been
described 1n some detail for purposes of clarity of understand-
ing, 1t will be apparent that certain changes and modifications
may be practiced within the scope of the appended claims. It
should be noted that there are many alternative ways of imple-
menting the processes, systems, and apparatuses. Accord-
ingly, the present embodiments are to be considered as 1llus-
trative and not restrictive.

1. An active material for use 1n electrochemical cells, the
active material comprising a powder formed by discrete par-
ticles, each particle in the powder comprising;:

a silicon containing structure

comprising a core and an external surface;
a treatment layer covering at least a portion of the external
surface of the silicon containing structure,
wherein the treatment layer comprises one or more treat-
ment materials selected from the group consisting of
an aminosilane, a poly(amine), a poly(imine), and an
amine Ifunctionalized alkoxy siloxane; and
a carbon shell covering at least a portion of the treatment
layer,
wherein the carbon shell comprises carbon particles
having a particle size of less than 1 micrometer.

2. The active material of claim 1, wherein the one or more
treatment materials comprise one or more aminosilanes
selected from the group consisting of aminopropyltriethox-
ysilane, aminopropylmethoxysilane, bis-gamma-trimethox-
ysilypropyl amine, aminoneohexyltrimethoxysilane, and
aminoneohexylmethyldimethoxysilane.

3. The active material of claim 1, wherein the one or more
treatment materials comprise one or more materials selected
from the group consisting of poly(ethyleneimine), poly(ally-
lamine), and poly(vinylamine).

4. (canceled)

5. The active material of claim 1, wherein a volume ratio of
the treatment layer to the silicon containing structure i1s
between about 0.001% and 10%.

6. The active material of claim 1, wherein a volume ratio of
the treatment layer to the silicon containing structure 1s less
than about 0.1%.

7. The active material of claam 1, wherein the treatment

layer 1s formed by molecules of the one or more treatment
materials adsorbed on the external surface of the silicon con-

taining structure.

8. The active material of claim 1, wherein the treatment
layer 1s formed by molecules of the one or more treatment
materials covalently bound to the external surface of the
silicon contaiming structure.

9. The active material of claim 8, wherein the one or more

treatment materials comprises amine functionalized alkoxy
s1loxane.

10. The active material of claim 9, wherein the one or more
treatment materials form oligomeric brushes extending away
from the external surface of the silicon containing structure.

11-13. (canceled)
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14. The active material of claim 1, wherein the external
surface of the silicon containing structure comprises silicon
dioxide.

15. A method of fabricating an active material comprising
a powder of discrete surface treated silicon containing par-
ticles for use 1in electrochemical cells, the method comprising;:

preparing a solution,

the solution comprising a carrier solvent and one or more

treatment materials,

wherein the carrier solvent comprises a mixture of
alcohol and deionized water, and

wherein the one or more treatment materials are
selected from the group consisting of an aminosi-
lane, a poly(amine), a poly(imine), and an amine
functionalized alkoxy siloxane;

combining the solution with discrete silicon containing

structures,

wherein each of the discrete silicon containing struc-
tures comprises a core and an external surface,

wherein the one or more treatment materials of the solu-
tion attach to the external surface of each of the dis-
crete silicon containing structures when the solution
1s combined with the discrete silicon containing struc-
tures; and

removing the carrier solvent from a combination of the

discrete silicon containing structures and the solution
while retaining the one or more treatment materials on
the external surface of each of the discrete silicon con-
taining structures; and

alter removing the carrier solvent from the combination of

the discrete silicon containing structures and the solu-

tion, performing a heat treatment on the discrete silicon

containing structures having the one or more treatment

materials attached to the external surface,

wherein the heat treatment adoptively or covalently
anchors the one or more treatment materials to the
external surface of each of the discrete silicon con-
taining structures.

16. The method of claim 15, wherein an acidity of the
solution 1s maintained at between about 4.0 pH and 6.0 pH for
amino-silanization.

17. (canceled)

18. The method of claim 15, wherein the heat treatment 1s
performed at a temperature of between about 80° C. and 130°
C.

19. The method of claim 15, further comprising combining
the solution with carbon containing structures, wherein the
carbon containing structures form a layer over the silicon
containing structures.

20. A method of fabricating an electrode for a lithtum 1on
cell, the method comprising:

preparing a solution,

the solution comprising a carrier solvent and one or more

treatment materials,

wherein the carrier solvent comprises a mixture of
alcohol and deionized water, and

wherein the one or more treatment materials are
selected from the group consisting of an aminosi-
lane, a poly(amine), a poly(imine), and an amine
functionalized alkoxy siloxane;

combining the solution with discrete silicon containing

structures,
wherein each of the discrete silicon containing struc-
tures comprises a core and an external surface,
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wherein the one or more treatment materials of the solu-
tion attach to the external surface of each of the dis-
crete silicon containing structures; and
removing the carrier solvent from a combination of the
discrete silicon containing structures and the solution
while retaining the one or more treatment materials on
the external surface of each of the discrete silicon con-
taining structures; and
after removing the carrier solvent from the combination of
the discrete silicon containing structures and the solu-
tion, performing a heat treatment on the discrete silicon
containing structures having the one or more treatment
materials attached to the external surtace,
wherein the heat treatment adoptively or covalently
anchors the one or more treatment materials to the
external surface of each of the discrete silicon con-
taining structures;
forming a slurry comprising of the discrete silicon contain-
ing structures, water, and a binder,
wherein the binder 1s selected from the group consisting
of poly acrylic acid (PAA), styrene butadiene (SBR),
and an alginates;
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coating the slurry onto a current collector substrate; and
drying the slurry to form the electrode.

21. The active material of claim 1, wherein the treatment
layer comprises a poly(imine).

22. The active material of claim 1, wherein the silicon

containing particle has a size of between about 1 and 50
microns.

23. The method of claim 15, wherein a volume ratio of the
alcohol to water 1s 10:1.

24. The method of claim 23, wherein the alcohol 1s ethanol.

25. The method of claim 15, further comprising combining,
carbon containing structures having a particle size of less than
1 micron with the discrete silicon containing structures hav-
ing the one or more treatment materials on the external sur-
face, wherein combining the carbon containing structures
with the discrete silicon containing structures forms a carbon
shell at least partially covering the one or more treatment
materials on the external surface of the discrete silicon con-
taining structures.
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