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ELECTROLYTES FOR RECHARGEABLE BATTERIES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C. § 119(e) of US Provisional

Patent Application No. 61/413,888, entitled "ELECTROLYTES FOR

RECHARGEABLE BATTERIES," filed on 11/15/2010 (Attorney Docket No.

AMPRP019P), which is incorporated herein by reference in its entirety for all

purposes.

STATEMENT OF GOVERNMENT SUPPORT

[0002] The invention described and claimed herein was made with United States

Government support under NIST ATP Award No. 70NANB10H006, awarded by the

National Institute of Standards and Technology. The United States Government has

certain rights in this invention.

BACKGROUND

[0003] The energy density of lithium ion batteries can be substantially improved by

carbon-based electrode materials with high capacity active materials, such as silicon.

Yet, high capacity materials present a new set of challenges not previously

encountered with carbon-based materials. For example, the cycle life of cells built

with high capacity active materials and conventional electrolytes tends to be much

shorter than the cycle life of cells built with carbon based active materials and the

same electrolytes. The selection of electrolytes may impact formation of solid

electrolyte interphase (SEI) layers, ionic mobility, and various other factors that

collectively impact the cycle life of a cell. Specific electrolyte formulation may be

necessary to address these new challenges presented by introducing high capacity

active materials into lithium ion batteries.

SUMMARY

[0004] Provided are novel electrolytes for use in rechargeable lithium ion cells

containing high capacity active materials, such as silicon, germanium, tin, and/or



aluminum. These novel electrolytes include one or more pyrocarbonates and, in

certain embodiments, one or more fluorinated carbonates. For example, dimethyl

pyrocarbonate (DMPC) may be combine with mono-fluoroethylene carbonate (FEC).

Alternatively, DMPC or other pyrocarbonates may be used without any fluorinated

carbonates. A weight ratio of pyrocarbonates may be between about 0% and 50%, for

example, about 10%. Pyrocarbonates may be combined with other solvents, such as

ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC),

diethyl carbonate (DEC), and/or ethyl-methyl carbonate (EMC). Alternatively,

pyrocarbonates may be used without such solvents. Experimental results conducted

using electrochemical cells with silicon based electrodes demonstrated substantial

improvements in cycle life when pyrocarbonate containing electrolytes were used in

comparison with pyrocarbonate free electrolytes.

[0005] In certain embodiments, a lithium ion battery includes an electrode having an

electrochemically active material, such as a silicon containing material, a tin

containing material, a germanium containing material, and an aluminum containing

material. The battery also includes an electrolyte comprising a lithium containing salt

and a pyrocarbonate, such as dimethyl pyrocarbonate, diethyl pyrocarbonate, dipropyl

pyrocarbonate, dibutyl pyrocarbonate, and ethylmethyl pyrocarbonate. In specific

embodiments, the electrochemically active material includes elemental silicon or a

silicon alloy. The electrode may include nanostructures, such as nanowires, with the

electrochemically active material provided in these nanostructures. In certain

embodiments, an outer surface of the nanowires includes elemental silicon, silicon

oxide, silicon alloy, or silicide.

[0006] In specific embodiments, the battery includes silicon as its electrochemically

active material. This battery may exhibit an average Coulombic efficiency of at least

99 .8% after about 100 cycles during a cycling test. The cycling test may include

charging the lithium ion battery to at least about 1050 mAh/g at rate of at least about

C/2 and discharging to 900 mV versus lithium metal at a rate of at least about C/2 in

each cycle. In certain embodiments, the electrolyte includes one or more

pyrocarbonates that have a total concentration in the electrolyte of less than about

50% by weight, such as between about 1%> and 10%> by weight. In the same or other

embodiments, the electrolyte includes one or more fluorinated carbonate solvents,



such as mono-fluoroethylene carbonate, fluoropropylene carbonate, difluoroethylene

carbonate, and fluoromethylethylene carbonate. A total concentration of the

fluorinated carbonate solvents in the electrolyte may be less than about 50% by

weight, for example, less than about 10%> by weight.

[0007] Provided is also a lithium ion battery electrolyte for use in a lithium ion battery

containing high capacity active materials. The electrolyte may include a lithium

containing salt, a solvent, DMPC, and one or more fluorinated carbonate solvents.

The DPMC may be present in the lithium ion battery electrolyte at a concentration of

less than about 50%> by weight (for example, between about 1% and 10%> by weight).

Examples of fluorinated carbonate solvents include mono-fluoroethylene carbonate,

fluoropropylene carbonate, difluoroethylene carbonate, and fluoromethylethylene

carbonate. The one or more fluorinated carbonate solvents may be present in the

lithium ion battery electrolyte at a concentration of between less than about 50% by

weight, for examples, between about 1% and 10%> by weight. Examples of the solvent

used in this electrolyte include EC, DMC, DEC, and/or EMC. Examples of the

lithium containing salt used in this electrolyte include lithium hexafluorophosphate

(LiPF6), lithium hexafluoroarsenate monohydrate (LiAsF6), lithium perchlorate

(LiC104), lithium tetrafluoroborate (LiBF4), lithium bis(oxalato)borate (LiBOB),

lithium oxalyldifiuoroborate (LiODFB), LiPF3(CF2CF3)3 (LiFAP), and

LiBF3(CF2CF3)3 (LiFAB).

[0008] For purposes of this document, all concentration values of electrolyte

components (with the exception of lithium containing salts, which are presented as

molar ratios) are presented as weight percentages unless otherwise noted. The term

"concentration" is generally used interchangeably with the term "weight ratio."

[0009] These and other embodiments are described further below with reference to

the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 illustrates Coulombic efficiency data for the silicon based test cells

containing different electrolyte formulations.



[0011] FIG. 2A is schematic perspective view of a core-shell nanostructure 200 that

includes a core, inner shell, and outer shell, in accordance with certain embodiments.

[0012] FIG. 2B is schematic cross-section view of nanostructure 200, in accordance

with certain embodiments.

[0013] FIG. 3 is a schematic representation of an electrode structure during different

stages of its fabrication, in accordance with certain embodiments.

[0014] FIG. 4 is a schematic representation of a multidimensional electrochemically

active structure, in accordance with certain embodiments.

[0015] FIG. 5A is a plan view of a partially-assembled electrochemical cell that uses

electrodes described herein, according to certain embodiments.

[0016] FIG. 5B is a cross-section view of an electrode stack 500 of the partially-

assembled electrochemical cell that uses electrodes described herein, according to

certain embodiments.

[0017] FIG. 6A is a schematic cross-section view of a jellyroll, in accordance with

certain embodiments .

[0018] FIG. 6B is a schematic perspective view of a jellyroll, in accordance with

certain embodiments.

[0019] FIG. 6C is a schematic cross-section view of a prismatic wound cell, in

accordance with certain embodiments.

[0020] FIG. 7A is a schematic cross-section view of a stacked cell, in accordance with

certain embodiments.

[0021] FIG. 7B is a schematic perspective view of a stacked cell, in accordance with

certain embodiments.

[0022] FIG. 8 is a cross-section view of the wound cylindrical cell, in accordance with

certain embodiments.



DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0023] In the following description, numerous specific details are set forth in order to

provide a thorough understanding 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 in detail so as to not unnecessarily

obscure the described concepts. While some concepts will be described in

conjunction with the specific embodiments, it will be understood that these

embodiments are not intended to be limiting.

[0024] The adoption of high capacity active materials for rechargeable battery

applications has been relatively slow. One major obstacle is the poor cycle life of the

electrochemical cells built with such materials. While the initial capacities of these

cells are generally much higher than the initial capacity of cells built with carbon-

based materials, these higher initial capacities rapidly decline after only a few cycles.

Often, these capacities fade below a usable level after only tens of cycles. Clearly,

such cells are not usable for commercial applications. While some improvement has

been achieved by specifically arranging high capacity negative active materials into

particular structures, often this level of improvement is not sufficient to provide

commercially feasible cell design by itself.

[0025] Without being restricted to any particular theory, it is believed that the poor

cycle life of high capacity active materials may be attributable to at least two main

causes. One of these causes is poor mechanical stability of high capacity active

material structures during cycling, which causes pulverization of these structures.

Many high capacity active materials tend to exhibit substantial swelling during

lithiation and contraction during delithiation. For example, silicon structures can

swell about 400% when lithiated to the theoretical capacity of silicon. Pulverization

of the active material structures results in losses of mechanical and electrical

connections within the electrode, which contribute to capacity fading.

[0026] Another perceived cause of capacity fading in cells containing high capacity

active materials is an unstable SEI layer that typically forms on the exposed surfaces

of active material structures. Specifically, electrolyte components, such as solvents,

tend to decompose (or reduce) on the surface of these structures when subjected to a



high voltage potential. The decomposition products are deposited on the surface,

forming an SEI layer. The SEI layer contributes to and increases the electronic

resistance of the electrode as the SEI layer thickens during additional formation. This,

in turn, reduces the voltage potential on the exposed electrode surface and eventually

stops further decomposition (reduction) and SEI layer formation. The SEI layer plays

an important role in cell performance. As such, SEI layer formation is usually

performed during fabrication of the cell using tightly controlled process parameters,

such as charge and discharge rates, depths of charge and discharge, and other

parameters.

[0027] When high capacity active materials are used, repeated swelling and

contraction of the high capacity active material structures are believed to damage the

SEI layer formed on the surface of the active material exposed to the electrolyte. The

damaged SEI layer may expose some high capacity active material maintained at a

high potential to the electrolyte, thereby causing additional decomposition of

electrolyte at this interface and the formation of a new SEI layer or patch. The

process of breaking and repairing the SEI layer may continue long after the initial

formation performed during cell fabrication. A newly formed SEI layer or patches

may be formed at less desirable and controlled operating conditions. Further,

repeating this breaking and repairing process may irreversibly trap lithium in the SEI

layer, reduce concentration of certain solvents in the electrolyte, and unnecessarily

thicken the overall SEI layer resulting in a higher overall resistance. These

phenomena may negatively impact cell performance and reduce the cell's cycle life.

[0028] Cycle life of a cell may be characterized by Coulombic efficiencies of

individual lithiation and delithiation cycles. For purposes of this document, a

Coulombic efficiency is defined as a ratio of the discharge capacity to the charge

capacity in the same cycle. In a negative electrode example, a Coulombic efficiency

is a ratio of a charge passed during lithium removal from the active material structures

to a charge required to insert lithium into these active material structures. For

practical battery applications, a Coulombic efficiency should approach the 100%

level, such as at least about 99.5%, at least about 99.8%>, or even greater, and stay at

that level during most of the operating life time of the cell. Any deviation from the



100% level may aggregate over a large number of cycles and result in substantial

capacity fading.

[0029] Carbon based electrodes form a stable SEI layer relatively quickly. Usually,

only one or a few initial formation cycles are needed for SEI formation. This initially

formed SEI layer remains generally unchanged during later operating cycles. Various

cyclic carbonates, such as EC and PC, and linear carbonates, such as DMC, DEC, and

EMC, have been successfully used in combination with carbon based electrodes.

[0030] Unlike carbon based active materials, high capacity active materials exhibit

substantially different behavior when combined with conventional electrolytes

containing the cyclic and/or linear carbonates listed above when no other solvents or

additives are present. As explained above, it is believed that SEI layers formed over

high capacity active material structures tend to be much more unstable than SEI layers

formed over carbon based structures. High capacity active material structures swell

and contract and apply substantial stresses on relatively hard and inflexible layers

formed by these cyclic and/or linear carbonates. The SEI layers break and self-repair

causing all kinds of performance problems, including cycle life fading, that are

generally not present in cells built with carbon based active materials.

[0031] While pulverization of high capacity active material structures may have been

addressed, at least in part, by arranging these materials into nanostructures, such as

nanofilms, nanowires, and nanoparticles, even these smaller structures are believed to

generate substantial stresses during their swelling and contraction. These stresses can

damage SEI layers formed using conventional electrolyte formulations. In fact, these

smaller structures may even amplify some SEI related issues. Specifically, smaller

structures tend to have much larger exposed surface areas and have sharper angles

between these structures than their bulkier counterparts. These characteristics of

smaller structures may lead to even larger and less stable SEI layer.

[0032] It has been found that certain new electrolyte formulations substantially

improve the cycle life performance of rechargeable electrochemical cells containing

high capacity active materials. For example, one or more pyrocarbonates may be

included in an electrolyte. Test results have clearly demonstrated that the addition of

DMPC to a combination of EC and DMC substantially improves a cell's cycle life.



The cycle life was characterized by coulombic efficiencies of multiple initial cycles.

Some improvements have been achieved by adding FEC to a combination of EC and

DMC. The best performance has been achieved when both DMPC and FEC have

been combined with EC and DMC. These test results are described below in more

detail.

[0033] Pyrocarbonates are believed to improve the stability and performance of an

SEI layer and may reduce capacity fading. Lower lithium dendrite formation and

improved rate performance have been attributed to the presence of pyrocarbonates in

electrolytes. Furthermore, electrolytes containing pyrocarbonates tend to produce

carbon dioxide, particularly when pyrocarbonates are present in large concentrations.

The release of carbon dioxide that may be particularly significant during overcharge

may be used to trip safety devices, such as current-interrupting circuit breakers.

Furthermore, released carbon dioxide may act as flame retardant, thereby contributing

to overall cell safety during runaway situations.

[0034] In certain embodiments, one or more pyrocarbonates are combined with one or

more cyclic and/or linear carbonates in the same electrolyte. In other embodiments,

one or more pyrocarbonates may completely replace linear carbonates. That is, such

electrolyte formulations are substantially free from linear carbonates.

[0035] Various alkyl pyrocarbonates may be employed in electrolytes. Generally, the

pyrocarbonate functional group has the following formula, where Rl and R2 may be

the same or different moieties, typically each having one to six carbon atoms.

[0036] Rl and R2 may have some degree of unsaturation (e.g., one or more double or

triple bonds). Further, R l and R2 may have one or more substituents, such as halogen

containing moieties or, more specifically, fluorine containing moieties, nitrogen

containing moieties (e.g., amines and amides) and/or oxygen containing moieties

(e.g., hydroxyl, ketones, aldehydes, and ethers). Still further, Rl and R2 together may

form a ring structure with or without any substituents.



[0037] In the same or other embodiments, one or more pyrocarbonates are used in a

combination with one or more fluorinated carbonates, such as fluoroalkyl carbonates.

In some specific embodiments, DPMC is used with FEC or some other one or more

fluorinated carbonates. Other electrolyte components in these embodiments may

include EC, DMC, DMC, and/or EMC. In certain embodiments, a combination of one

or more pyrocarbonates and one or more fluorinated carbonates may completely

replace cycling and/or linear carbonates. That is, such electrolyte formulations are

substantially free from cycling and/or linear carbonates. In certain embodiments,

fluorinated pyrocarbonates are used. For example, a fluorinated version of dimethyl

pyrocarbonate may be used, where trifluoromethyi (CF3) or other similar groups

represent Rl and R2 in the structure presented above.

[0038] A weight ratio of one or more pyrocarbonates in the electrolyte formulation

may be up to about 50% or, more specifically, up to about 20% or, even more

specifically, between about 1% and 10%> such as between about 2% and 5%. Similar

weight ratios are applicable to fluorinated carbonates, such as FEC. In a particular

embodiment, about 5 weight % of FEC and about 10 weight % of DPMC are used in a

combination with EC and DMC, whereas EC and DMC may be present at equal

weight ratios. In another embodiment, about 10 weight % of FEC and about 2 weight

% of DPMC are used in a combination of EC and DMC that may be present at equal

weight ratios. In yet another embodiment, about 10 weight % of FEC and about 5

weight % of DPMC are used with EC and DMC that may be present at equal weight

ratios.

[0039] Specific electrolyte formulations will now be discussed in more detail. In

certain embodiments, an electrolyte includes DMPC present at the following weight

ratios: between about 0%> and 50%> or, more particularly, between about 1% and 20%

or, even more particularly, between about 5% and 10% or between about 1% and

10%. Other pyrocarbonates may be used in addition to or instead of DMPC and be

present at the same weight ratios. Some examples include diethyl pyrocarbonate,

dipropyl pyrocarbonate, dibutyl pyrocarbonate, and ethylmethyl pyrocarbonate.

[0040] As mentioned above, the electrolyte may also include FEC. FEC may be used

in a combination with DPMC and/or one or more other pyrocarbonates or without any

pyrocarbonates. The weight ratio of FEC in the electrolyte may be between about 0%



and 50% or, more particularly, between about 1% and 20%> or, even more particularly,

between about 5% and 10%> or between about 1% and 10%>. Other fluorinated

carbonates may be used in addition to or instead of FEC. Some examples include

fluoropropylene carbonate, difluoroethylene carbonate, and fluoromethylethylene

carbonate. Other fluorinated species, such as fluorinated cyclic carboxylates and

fluorinated cyclic ethers, may be used in various combinations with or instead of

fluoropropylene carbonates.

[0041] In specific embodiments, FEC and DPMC may be used together in the

following combinations: between about 2 weight % and 10 weight % of FEC and

between about 5 weight % and 15 weight % of DPMC, or more specifically between

about 3 weight % and 8 weight % of FEC and between about 8 weight % and 12

weight % of DPMC, or even more specifically about 5 weight % of FEC and about 10

weight % of DPMC. In other embodiments, weight ratios of FEC and DPMC are

between about 5% and 15% for FEC and between about 0.5% and 5% for DPMC, or

more specifically between about 8% and 12% for FEC and between about 1% and 4%

for DPMC, or even more specifically about 10% for FEC and about 2% for DPMC.

In yet another embodiment, weight ratios of FEC and DPMC are between about 5%

and 15% for FEC and between about 1% and 10% for DPMC, or more specifically

between about 8% and 12% for FEC and between about 3% and 8% for DPMC, or

even more specifically about 10% for FEC and about 5% for DPMC. The

combinations of FEC and DPMC listed above may be used together with EC and

DMC that are present in the electrolyte solution at equal weight ratios. In other

embodiments, FEC and DPMC are used without other solvents and may be present at

weight ratios of between about 10% and 90% each or, more specifically, at weight

ratios of between about 20% and 80% each.

[0042] In certain embodiments, an electrolyte includes DMPC or a combination of

FEC and DPMC. Such electrolyte formulations may also include one or more

additional solvents. Some examples of such additional solvents include various cyclic

carbonates, such as EC and PC, and linear carbonates, such as DMC, DEC, and EMC.

Other examples include butylene carbonate (BC), vinylethylene carbonate (VEC),

gamma-butyrolactone (GBL), gamma-valerolactone (GVL) alpha-angelica lactone

(AGL), methyl propyl carbonate (MPC), dipropyl carbonate (DPC), methyl butyl



carbonate (NBC) and dibutyl carbonate (DBC), tetrahydrofuran (THF), 2-

methyltetrahydrofuran, 1,4-dioxane, 1,2-dimethoxyethane (DME), 1,2-

diethoxyethane, 1,2-dibutoxyethane, acetonitrile, adiponitrile, methyl propionate,

methyl pivalate, butyl pivalate and octyl pivalate, amides, dimethyl formamide,

trimethyl phosphate, and trioctyl phosphate.

[0043] An electrolyte may include one or more salts selected from the following list:

LiPF6, LiAsFg, LiC104, LiBF4, LiBC40 (LiBOB), LiBC20 4F2 (LiODFB),

LiPF3(C2F5)3 (LiFAP), LiBF3(C2F5) LiPF3(C2F5)3 (LiFAB), LiN(CF3S0 2)2,

LiN(C2F5S0 2)2, LiCF3S0 3, LiC(CF3S0 2)3, LiPF4(CF3)2, , LiPF3(CF3)3, LiPF3(iso-

C3F7)3, LiPFs(iso-C3F7) . The overall salt concentration may be between about 0.3M

and 2.5M or, more specifically, between about 0.7M and 1.5M, for example about

1.0M.

[0044] The electrolyte formulations described above may be used in cells fabricated

with various high capacity active materials. Some examples of these materials include

various silicon containing materials (e.g., crystalline silicon, amorphous silicon, other

silicides, silicon oxides, sub-oxides, oxy-nitrides). Other examples include tin-

containing materials (e.g., tin, tin oxide), germanium, carbon-containing materials, a

variety of metal hydrides (e.g., MgH2), silicides, phosphides, and nitrides. Additional

examples include carbon-silicon combinations (e.g., carbon-coated silicon, silicon-

coated carbon, carbon doped with silicon, silicon doped with carbon, 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 combinations (e.g., carbon-coated tin,

tin-coated carbon, carbon doped with tin, and tin doped with carbon). More generally,

a high capacity active material may include silicon, tin, germanium, and aluminum as

well as their alloys and other compounds. High capacity active materials are defined

herein as active materials with theoretical lithiation capacities of at least about 700

mAh/g.

[0045] The high capacity active material may be in various forms, such as a uniform

thin layer, particles bound to the substrate with the polymeric binder, substrate rooted

nanostructures, and other forms and structures. In certain embodiments, high capacity

active materials are formed as substrate rooted nanostructures. These nanostructures



may be physically and conductively attached to a conductive substrate, which may

serve as a current collector for this electrode. The physical attachment may be more

than a simple mechanical contact, which might result, for example, from coating a

binder with discrete nanostructures onto the substrate. In some embodiments, the

physical attachment results from fusion of the nanostructures to the substrate or

deposition of the nanostructures or some portion of the nanostructures directly onto

the substrate, for example, using chemical vapor deposition (CVD) techniques or,

even more, specifically using vapor-liquid-solid CVD growth. In yet another

example, physical attachment results from ballistic impalement of the nanostructures

onto the substrate. In certain embodiments, physical attachment includes certain

forms of metallurgical bonds, such as a formation of alloys of two bonded materials

(e.g., silicides).

[0046] Nanostructures 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 nanostructures (non-randomly rooted). Examples of non-randomly

rooted nanostructures include terminally rooted nanostructures (e.g., nanowires and

nanorods) and medially rooted nanostructures preferentially affixed to the substrate at

medial positions (rather than a terminal position). In particular examples,

nanostructures are nanowires with an aspect ratio of at least about 4, or, more

specifically, at least about 10. Nanowires may be between about 10 nanometers and

1000 nanometers in diameter and between about 1 micrometer and 100 micrometers

in length.

[0047] In specific embodiments, an electrolyte containing DMPC and FEC is used in

a rechargeable cell having a silicon-based electrode, or more specifically, substrate-

rooted silicon nanowires. The electrolyte may be about 5% by weight of FEC and

about 10% by weight of DPMC added to EC and DMC present at equal weight ratios.

In other embodiments, a weight ratio of FEC may be about 10%, while a weight ratio

of DPMC may be 2%. In yet other embodiments, DPMC may be presented at a

weight ratio of 5%, and FEC may be present at a weight ratio of about 10% FEC. In

certain embodiments, a lithium ion battery assembled with such electrolytes exhibits

an average Coulombic efficiency of at least 99.8% after 100 cycles during a cycling

test. The Coulombic efficiency value may be averaged over a predetermined number



of cycles (e.g., five cycles or ten cycles) to avoid the influence of noise and other

unexpected variations. The cycling test may involve charging the lithium ion battery

to 1050 mAh/g at C/2 and discharging to 900 mV at C/2 rate in each cycle.

[0048] Various electrolyte formulations were tested using coin type (2032 size) half-

cells with silicon containing test electrodes and lithium metal counter electrodes. The

working electrodes were constructed by depositing a layer of silicon over a template

structure containing nickel. These electrodes were combined with a 0.75 millimeter

thick lithium foil and 25 micrometer thick separator. The test cells were filled with

different electrolyte formulations. All formulations included 1M LiPF and equal

weight ratios of EC and DMC. Some formulations also included pyrocarbonates

and/or fluorinated carbonates. One formulation that did not include any

pyrocarbonates or fluorinated carbonates was used as a base. The cells were subjected

to one formation cycle that included charging to 1400 mAh/g at the rate of C/20

followed by discharging to 900 mV at the same rate, which was not a part of the test

data. The cells were then tested using multiple operating cycles. In each operating

cycle, the cells were charged to 1050 mAh/g at the rate of C/2 and discharged to

900 mV at the same rate.

[0049] FIG. 1 illustrates Coulombic efficiency data for the first 350 operating cycles.

All lines were constructed using a 5-point smoothing technique to eliminate variations

of individual cycles and to better reflect the overall coulombic efficiency trends. The

lines represent Coulombic efficiencies of six cells tested with different concentrations

of DPMC and FEC added to the base electrolyte.

[0050] Line 101 corresponds to a cell built with a base electrolyte that did not have

any DPMC or FEC additives. This electrolyte formulation has been successfully used

in graphite-based cells showing Coulombic efficiencies of about 100%. However,

when this electrolyte formulation were tested with cells containing silicon based

electrodes, the silicon based cells performed much worse in terms of Coulombic

efficiencies than the graphite-based cells. Specifically, the Coulombic efficiency of

the tested silicon based cells started to decrease rapidly after only 20 cycles and fell

below 99.5% within 40 cycles.



[0051] Line 102 corresponds to a cell with 2 weight % of DMPC added to the base

electrolyte. No FEC additives were used in this formulation. The Coulombic

efficiency improved compared to the additive-free formulation represented by line

101, but it still dropped rapidly and fell below 99.5% within 60 cycles.

[0052] Line 103 corresponds to a cell built with 10 weight % of FEC added to the

base electrolyte. No DMPC additives were used in this formulation. The Coulombic

efficiency of this cell was much better than that of the cell with the base electrolyte

represented by line 101. For example, after 50 cycles, the Coulombic efficiency of

this cell was still about 99.9%, while the Coulombic efficiency of the cell with the

base electrolyte was already below 99%. The coulombic efficiency eventually fell

below 99.5% before the 200th cycle.

[0053] Lines 104, 105, and 106 correspond to cells built with modified electrolytes

that contained both FEC and DMPC additives in differing concentrations. Line 104

corresponds to a cell built with an electrolyte containing 10 weight % of FEC and 2

weight % of DMPC. Line 105 corresponds to a cell built with an electrolyte

containing 10 weight % of FEC and 5 weight % of DMPC, while line 106 corresponds

to a cell built with an electrolyte containing 5 weight % of FEC and 10 weight % of

DMPC. Using these combinations of DMPC and FEC improved the Coulombic

efficiency even more. Specifically, the Coulombic efficiency did not drop below the

99.5% level until after more than 200 cycles, which is more than a ten-fold

improvement over the base electrolyte.

[0054] When comparing lines 103 with lines 104 and 105, all of which correspond to

electrolytes with 10 weight % of FEC, it can be seen that the addition of DMPC to an

electrolyte containing FEC helps to further improve the Coulombic efficiency.

Among the three electrolytes containing both FEC and DMPC, the electrolyte with the

highest DMPC content and lowest FEC content (corresponding to line 106) showed a

much slower initial rise in Coulombic efficiency during the first 50 cycles. This may

indicate that higher concentrations of DMPC and lower concentrations of FEC, like

the compositions represented by lines 104 and 105, may be more optimized for use

with silicon based electrodes. Without being restricted to any particular theory, it is

believed that the Coulombic efficiency increase and stability when FEC and DMPC

are used together is due to a complex synergistic effect between certain ratios of FEC



and DMPC that produce an SEI layer with unique characteristics. FEC is widely

believed to increase the fluorine content in the SEI layer, and DMPC's effect may be

due to increasing the lithium carbonate content in the SEI layer. Similar synergies

have been previously shown with FEC and other types of additives and salts in

carbon-based cells.

[0055] Various high capacity active materials may be used to form an electrode for

use in a rechargeable cell. Some examples of these materials include various silicon

containing materials, such as crystalline silicon, amorphous silicon, other silicides,

silicon oxides, sub-oxides, and oxy-nitrides. Other examples include tin containing

materials (such as tin and tin oxide), germanium containing materials, carbon

containing materials, a variety of metal hydrides (such as magnesium hydride),

silicides, phosphides, and nitrides. Still other examples include carbon-silicon

combinations, such as carbon-coated silicon, silicon-coated carbon, carbon doped with

silicon, silicon doped with carbon, and alloys including carbon and silicon. Similar

combinations of carbon and germanium, as well as similar combinations of carbon

and tin, may be used. Various aluminum containing materials may be used as well.

Overall, a high capacity active material may be defined as an active material with a

theoretical lithiation capacity of at least about 700 mAh/g. The theoretical capacity of

the active material should be distinguished from a deigned operating capacity of the

electrode and/or cell. Generally, an operating capacity is a fraction of the theoretical

capacity. For example, during operation of the cell, active material may not be fully

charged, discharged, or both. In a specific example, an electrode containing silicon

may be cycled between the operating discharge level (e.g., corresponding to the

silicon lithiation state of between about 500 mAh/g and 1500 mAh/g) and the

operating charged level (e.g., corresponding to the silicon lithiation state of between

about 1500mAh/g and 3000 mAh/g). For reference, the theoretical capacity of silicon

is 4200 mAh/g.

[0056] Some high capacity active materials have poor electrical conductivity in

comparison, for example, to graphite and other carbon based materials. Conductivity

can be improved by introducing various conductive additives into structures

containing high capacity active materials or providing conductive additive structures

among the active material structures. For example, certain high capacity active



materials may be doped during their deposition (e.g., formation of nanostructure

containing these high capacity active materials) and/or during treatment of deposited

materials. For the purposes of this document, any addition of conductivity

enhancement components into active material structures is referred to as doping

regardless of the concentration of these conductivity enhancement components or

methods of introducing these components. In certain embodiments, elements from the

groups III and V of the periodic table are used as conductivity enhancing components

in silicon containing nanostructures. Specifically, silicon containing nanostructures

may be doped with one or more elements from the group consisting of boron,

aluminum, gallium, indium, thallium, phosphorous, arsenic, antimony, and bismuth.

It has also been found that certain conductivity enhancement components improve

charge transfer properties of the electrode. Other dopant atoms besides group III or V

atoms may be employed, such as sulfur and selenium. Doped silicon has a higher

electron or hole density in comparison with un-doped silicon (e.g., Fermi level shifts

into the conduction or valence band, resulting in higher conductivity). In certain

embodiments, silicon containing nanostructures are doped with lithium during

fabrication of the electrode and prior to electrochemical cycling of the fabricated cell.

Lithium doping helps to compensate for losses of lithium during SEI formation. More

than one dopant material may be used in the same nanostructure. Depending on the

concentration of materials introduced into silicon containing nanostructures, the

resulting nanostructure may be transformed into a semiconductor (concentration is

between about 10 14 and 10 19 atoms per centimeter cubed), a highly doped metalized

conductive silicon (concentration is between about 10 19 and 102 1 atoms per centimeter

cubed), or a silicon alloy (concentration is greater than about 10 1 atoms per

centimeter cubed). A higher concentration is usually desirable for higher

conductivity.

[0057] Various methods may be used to introduce dopants into the nanostructures.

For example, a gas phase doping involves introducing dopant-containing precursors

together with base material precursors, such as silane for silicon nanostructures.

Relative flow rates of precursors may vary during deposition to achieve dopant

concentration gradients within the nanostructures. For example, a mixture of

hydrogen, silane, and about 10 ppm of phosphine may be flowed into the deposition

chamber. The silane gas decomposes at catalyst sites and forms silicon wires. The



phosphine similarly decomposes and leaves phosphorus that incorporates into the

silicon nanostructures as a dopant by replacing silicon in some lattice sites. Another

method for doping involves spin-on coating. For example, an organic polymer

containing dopants may be coated over a layer of deposited nanostructures. The

coated nanostructures are then baked at between about 200°C and 600°C for between

about 20 and 30 minutes. The organic polymer decomposes into gases that are

removed from the baking chamber leaving dopant on the nanostructures. Some

dopant may diffuse into the nanostructures. Another doping method includes

evaporating a dopant during the nanostructure formation and trapping some of the

evaporated dopant in the newly formed nanostructures. For example, aluminum and

indium may dope silicon nanostructures using this method. A temperature range for

evaporation may be between about 150°C and 700°C, depending on the material to be

evaporated.

[0058] Structures formed from active materials or, more specifically, from high

capacity active materials, may have various shapes and dimensions depending on

compositions, crystallographic structures (e.g., crystalline, amorphous), deposition

process parameters, and many other factors. Shapes and sizes may also change during

cycling. Sizes of active material structures may be characterized with a cross-

sectional dimension. For the purposes of this document, a cross-section dimension is

defined as a distance between the two most separated points on a periphery of a cross-

section that is transverse to the principal dimension, such as length. For example, a

cross-section dimension of a cylindrical nanowire is its diameter. A cross-section

dimension of an irregular particle is the distance between its two most separated

corners and/or surfaces. However, a cross-section dimension of a layer or a coating is

an average thickness of this layer or coating.

[0059] High capacity active materials are generally formed into structures such that

their cross-section dimensions are generally below the fracture limits of these high

capacity active materials. In certain embodiments, a cross-section dimension is

between about 1 nanometer and 10,000 nanometers. In more specific embodiments, a

cross-section dimension is between about 5 nanometers and 1000 nanometers, and

more specifically between 10 nanometers and 200 nanometers. These dimension



ranges are generally applicable to silicon containing high capacity active materials,

such as amorphous or crystalline silicon.

[0060] High capacity active materials may be formed into various types of

nanostructures, which have cross-section dimensions less than 1,000 nanometers (i.e.,

at least one nanoscale dimension). Some examples of nanostructures include

nanofilms that have a nanoscale dimension along one axis, nanowires that have

nanoscale dimensions along two axes, and nanoparticles that have nanoscale

dimensions along all three axes. For the purposes of this document, nanowires are

defined as structures that have, on average, an aspect ratio of at least about four to

distinguish them from nanoparticles. In certain examples, the average aspect ratio

may be at least about ten, at least about one hundred, or even at least about one

thousand. High capacity active materials formed into nanowire can undergo

substantial swelling without disrupting the overall electrode structure. Nanowires also

provide electrical and mechanical connections with the electrode, especially along

their lengths, which may be extending substantially perpendicular to the conductive

substrate and determine, at least in part, the thickness of the electrode.

[0061] Nanostructures containing high capacity active materials may be hollow. The

cross-section profile of such hollow nanostructures includes void regions surrounded

by annular solid regions. An average ratio of the void regions to the solid regions may

be between about 0.01 and 100, more specifically between about 0.01 and 10. The

cross-section profile of hollow nanostructures may be substantially constant along

their principal dimensions, such as length of the nanotubes. Alternatively, the hollow

nanostructures may be tapered along the principal dimension. Hollow nanostructures

may have nanoscale wall thickness (e.g., less than 1,000 nanometers). In the same or

other embodiments, the average cross-section dimension (e.g., the average diameter)

of hollow nanotubes may be less than 1,000 nanometers. In other embodiments,

hollow nanotubes may have a micrometer-scale cross-section dimension, while their

wall thickness is at the nanoscale.

[0062] The longest dimension of nanostructure is referred to as a principal dimension.

For example, the principal dimension of nanowires is their length, which on average

may be at least about 1 micrometer or, more specifically, at least about 10

micrometers.



[0063] High capacity active materials may form a part of core-shell nanostructures,

for example, and may be included as a part of a core, one or more shells, or both.

FIG. 2A is schematic perspective view of a core-shell nanostructure 200 that includes

a core 202, inner shell 204, and outer shell 206, in accordance with certain

embodiments. It should be understood that core-shell nanostructures may have any

number of inner shells (i.e., one or more such as up to fifty or, more specifically, up to

ten). A number, composition, and arrangement of such shells may be driven by

various functionalities of the nanostructures, such as electrical connections,

mechanical support, high capacity, cycle life, SEI layer formation, and many others.

For clarity, FIG. 2A illustrates one inner shell, and the description below is directed to

the one such shell. However, it should be understood that this description is

applicable to other configurations as well.

[0064] Generally, though not necessarily, core 202 and shells 204 and 206 extend

through the entire principal dimension, which is the longest dimension of the

nanostructure 200 (e.g., its length (L)). For example, a core 202 and one or more

shells 204 and 206 may share a substantially common axis along the principal

dimension. In certain embodiments, one or more shells may be shorter than the

principal dimension of nanostructure 200. For example, an outer shell may extend

less than about 90%, less than about 75%, or less than about 50%> of the principal

dimension. Further, a shell may completely cover a core or a corresponding inner

shell. Alternatively, an outer shell may partially cover an inner shell, leaving certain

areas of the inner layer exposed.

[0065] FIG. 2B is schematic cross-section view of nanostructure 200, in accordance

with certain embodiments. Cross-sectional shapes of nanostructures and each

individual component generally depend on compositions, crystallographic structures

(e.g., crystalline, amorphous), sizes, deposition process parameters, and other factors.

Shapes may also change during cycling.

[0066] Shells may be in a form of nested or concentric layers around a core, which

may be in a form of a rod or wire. One shell (e.g., an inner shell) may be surrounded

by another shell (e.g., an outer shell) forming, for example, a set of concentric

structures (e.g., cylinders) similar to the structure shown in FIG. 2B. In other

embodiments (not shown), each layer of the nanostructure is a sheet that is rolled



around itself and other layers to form a spiral. For conciseness, both of these

embodiments are referred to as a core-shell structure. Not all shell layers may be fully

concentric to the core and/or other shell layers. For example, one or more shells may

not cover the full angular extent of the core circumference or one of the inner shells.

Such gaps may extend fully or partially along the length of the principal dimension.

[0067] Core-shell structures may have various shapes, such as nanorods/wire shapes,

particle shapes (including spheres, ellipsoids, etc.), pyramids rooted to a substrate,

spider structures having multiple rods and/or particles extending from a common

connection point or region, and the like. Further, the rods or other structures may

have a non-linear shape, which includes shapes where the axial position bends or even

assumes a tortuous path.

[0068] Various components of core-shell structures may be characterized by their

dimension in the cross-section plane as shown in FIG. 2B, such as various cross-

sectional dimensions and shell thicknesses. In certain embodiments, an average cross-

section dimension of the core (D) is between about 5 nanometers and 500 nanometers

or, in more specific embodiments, between about 10 nanometers and 100 nanometers.

This dimension will generally depend on the core materials (e.g., conductivity,

compressibility), thickness of the inner layer containing silicon, and other parameters.

For example, high rate battery applications may require a larger core to reduce an

overall resistance of the nanostructures. Generally, a cross-section dimension of the

core (and thicknesses of shells further described below) does not substantially vary

along the length of the nanostructure. However, in certain embodiments, the core

(and possibly a resulting nanostructure) may be tapered or have a have variable cross-

section dimension along the length.

[0069] One or more inner shells may be characterized by their average thicknesses

(Tl). When a high capacity active material is used to form an inner shell, the

thickness values may be selected such that the active material stays below its fracture

stress level during cycling. Determining factors may include a crystallographic

structure of the high capacity active material (e.g., crystalline or amorphous), an

average cross-section dimension (D) of core 202, materials used for core 202 and

outer shell 206, materials used for the inner shell 204, capacity and rate requirements,

and other factors. The average thickness of the inner layer may be between about 5



nanometers and 500 nanometers or, more specifically, between about 10 nanometers

and 100 nanometers.

[0070] Outer shell 206 may be designed to coat inner shell 204 and, for example, to

protect inner shell 204 from contacting an electrolyte. In these examples, an SEI layer

is formed on a surface of outer shell 206 and away from inner shell 204. Therefore,

materials and other characteristics of outer shell 206 may be selected in such as a way

that a more desirable SEI layer is formed, and this SEI layer remains during cycling of

the cell. Other functions and characteristics of outer shell 206 may include high ionic

conductivity and mechanical elasticity (e.g., to reduce stress between swelling and

contacting inner shell 204 and the SEI layer formed on the other side of outer shell

206). Further, outer shell 206 may be used to provide electrical and/or mechanical

contacts among nanostructures in the electrode, to establish mechanical and/or

electrical contacts to the conductive substrate (if one is used), and/or other purposes.

The thickness (T2) of outer shell 206 may be selected to provide one or more

functions listed above, and may be between about 1 nanometer and 100 nanometers

or, in more specific embodiments, between about 2 nanometers and 50 nanometers.

[0071] In the same or other embodiments, an average principal dimension (L) (e.g.,

the average length for rood-like structure) of the core is between about 1 micrometer

and 100 centimeters or, more specifically, between about 1 micrometer and 10

millimeters or, even more specifically, between about 1 micrometer and 100

micrometers. For example, longer structures may be formed by electrospinning and

positioned generally parallel to the conductive substrate. Shorter structures, such as

shorter than 500 micrometers or, more specifically, shorter than 100 micrometers may

be formed using growth rooted techniques right on the substrate and extend

substantially perpendicular to the substrate. More specifically, cores may be formed

using growth rooted methods and may include conductive template materials, such as

nickel silicides, or even high capacity active materials. Other length ranges may

include: between about 1 micrometer and 10 centimeters, between about 1 micrometer

and 1 centimeter, or between about 1 micrometer and 100 millimeters. Generally, the

length of the overall structure may be determined by the length of its core. However,

in certain embodiments, the length of the overall structure may longer than the length

of its core. In more specific embodiments, the core may be partially or completely



removed, resulting in hollow structures as further described below. It should be noted

that some dimensions described below would change during electrochemical cycling

of the electrodes containing nanostructures. Unless otherwise noted, these values

correspond to newly deposited nanostructures before the initial cycling.

[0072] In certain embodiments, the core 202 is solid. For example, a core may be a

fiber (carbon, metal), a rod, a wire, or any other similar shape. In other embodiments,

a core may be a hollow (e.g., tube-like) structure as. A hollow core may be formed

from an initially solid core. For example, a solid core may be shrunk or partially

removed to form a hollow core. In another embodiment, a hollow core may be

formed by depositing core materials around a template that is later removed. In

certain embodiments, a carbon single wall nanotube (SWNT) or multi-wall nanotube

(MWNT) may serve as a core. The cross-sectional profile of these hollow

nanostructures includes void regions surrounded by annular solid regions. An average

ratio of the void regions to the solid regions may be between about 0.01 and 100, or

more specifically, between about 0.01 and 10. The cross-section dimension of the

hollow nanostructures may be substantially constant along the principal dimension

(e.g., typically the axis). Alternatively, the hollow nanostructures may be tapered

along the principal dimension. In certain embodiments, multiple hollow

nanostructures may form a core-shell arrangement similar to multiwall nanotubes.

[0073] As, mentioned, at least one inner shell typically includes a high capacity

material of a type further described below. However, a core and other shells may also

contribute to an overall capacity of the nanostructure. In certain embodiments, the

selection of materials and dimensions for each component of a nanostructure is such

that one or more inner shells containing high capacity materials provide at least about

50% of the overall nanostructure capacity or, in more specific embodiments, at least

about 75% or at least about 90%>.

[0074] Cores of core-shell structures may be used as a template for depositing one or

more layers, and one of these layers may include a high capacity active material. This

template may be rooted to a conductive substrate to provide mechanical attachment

and electrical conductivity. This template core may be grown from the conductive

substrate, which may include a source material layer used during growth of the

templates structures.



[0075] FIG. 3 is a schematic representation of an electrode structure during different

stages of its fabrication, in accordance with certain embodiments. Substrate 302 may

be provided during an initial stage 301 . Substrate 302 may include a base material

and a metal source material consumed during formation of template cores. In certain

materials, the base material is also a source material. In other embodiments, two

different materials are used with a source material forming a top layer over the base.

Substrate 302 may be then treated to form a surface 304 that is suitable to form

silicide nanostructures shown in stage 303. For example, treated surface 304 may

have a certain degree of roughness and include specific nucleation sites for forming

template structures. Surface 304 may also include masking materials. In certain

applications, source materials and/or treated surfaces are formed on both sides of the

substrate 302.

[0076] Silicide nanostructures 306 are then formed on the substrate 302 as shown in

stage 305. In certain embodiments, silicide nanostructures 306 have their ends rooted

to the substrate 302. Silicide nanostructures form a high surface area template that is

used for depositing an active material. Finally, an active material layer 308 is

deposited over the silicide nanostructures 306 as shown in stage 307. Silicide

nanostructures 306 can provide both mechanical support to the active material 308

and electrical connection to the substrate 302. While some contact may exist between

the active material and the substrate, it may not be sufficient from a battery

performance perspective.

[0077] A combination of silicide nanostructures 306 and active material 308 may be

referred to as an active layer 309. Generally, the active layer 309 is adjacent to

substrate 302 as shown in FIG. 3 . Overall, active layer 309 may be characterized by

its height, which is typically close to the height of the silicide template or, in specific

embodiments, to the length of the nanowires making this template. In certain

embodiments, a height of the active layer is between about 10 micrometers and 50

micrometers or, more specifically, between about 20 micrometers and 40

micrometers. Furthermore, active layer 309 may be characterized by its porosity (e.g.,

at least about 25% or, more specifically, at least about 50%> or, even more specifically,

at least about 75%), its capacity per unit area, and other characteristics.



[0078] Generally, the template material is highly electronically conductive and

mechanically stable in the face of stresses experienced from expansion and

contraction of active materials during cycling. Examples of suitable template

materials include metal silicides (e.g., copper silicides, nickel silicides, aluminum

silicides), carbon, certain metal or semiconductor oxides (e.g., zinc oxide, tin oxide,

indium oxide, cadmium oxide, aluminum oxide, titania/titanium dioxide, silicon

oxides), and certain metals (copper, nickel, aluminum). In particular embodiments,

template structures are formed into nanowires and include silicides. Silicide

nanowires may have a variable material composition along their lengths (i.e., higher

source material concentrations at the rooted (proximal) ends where more source

material is available than near the free (distal) ends of the nanowires). Depending on

a source material type, this variability may be reflected in different morphological and

stoichiometric phases of silicides. For example, nickel silicide nanowires may include

one, two, or all three phases of nickel silicide (i.e., Ni2Si, NiSi, and NiSi2) It is

believed that higher nickel content phases form stronger bonds with nickel metal.

Therefore, this variability may provide relatively strong adhesion of nickel silicide

nanowires to the base layer and thereby reduce the contact resistance. The

conductivity and lithium irreversibility of these different nickel silicide phases also

varies.

[0079] In certain embodiments, template nanowires may have wider bases (i.e., be

cone shaped nanowires). Cone shaped nanowires may result from, for example,

greater availability of the metal near the substrate/support rooted ends of the

nanowires. In certain embodiments, an average diameter near the substrate/support

rooted ends is at least about twice that near the free end. That is, the bases of the

nanowires may be large enough to touch one another at the proximal ends on the

surface of the substrate, but the distal tips are free and unconnected because of a

decrease in diameter along the structure from the base to the tip. In more specific

embodiments, a ratio of diameters between the proximal and distal nanowire ends is at

least about 4 or, more particularly, at least about 10. Wider bases may help to

maintain adhesion to the substrate.

[0080] The template examples described above generally refer to templates attached

to planar substrates, such as metal foils. However, base structures that support



template structure may have other shapes, such as meshes, foams, and particles.

When particles are used as bases, template structures may be formed in all direction

away from such bases. Such templates structures may be then coated with high

capacity active materials to form multidimensional electrochemically active structure.

[0081] FIG. 4 is a schematic two-dimensional (2D) representation of a

multidimensional electrochemically active structure 400, in accordance with certain

embodiments. Multidimensional electrochemically active structure 400 includes a

support structure 402, which may be a nanoparticle, nanowires, or any other type of

nanostructure. Support structure 402 may include one or more source materials that

are used during formation of nanowires 406. In certain embodiments, the entire

support structure 402 is formed from the source material. In other embodiments,

support structure 402 includes an inert base and source shell, and the materials

contained in the shell are used to form template structures, such as nanowires.

[0082] Nanowires 406 are grown from support structure 402 and remain attached to

support structure 402 during later processing and use in the battery. Nanowires are

defined as structures that have an aspect ratio of greater than one, typically at least

about 2 and more frequently at least about four. Nanowires 406 may extend into

different directions (e.g., all three dimensions) away from support 402. Such a

template structure may be fabricated by suspending support structure 402 and then

partially formed template structures in a fluidized bed reactor. Such template

structures may be later attached to the substrate by depositing high capacity active

materials over the structure and substrate or by using a polymer binder. In other

embodiments, support structure 402 may be positioned on a planar substrate and

nanowires 406 are grown only into the space over the substrate surface. In certain

embodiments, attachment to the substrate occurs during template structure formation

and/or during deposition of the high capacity active material over the template

structure.

[0083] Nanowires 406 are coated with an active material, which forms an active

material layer 408. In certain embodiments, the density of nanowires 406 near

support 402 prevents active materials layer 408 from coating support 402. Keeping

the active material area away from support 402 may help to preserve connection

between nanowires 406 and support 402. Multidimensional electrochemically active



structure 400 may be then arranged into a battery electrode, together with other such

structures, to achieve any desirable thickness.

[0084] FIG. 5A is a plan view of a partially-assembled electrochemical cell that uses

electrodes described herein, according to certain embodiments. The cell has a positive

electrode active layer 502 that is shown covering a major portion of a positive current

collector 503. The cell also has a negative electrode active layer 504 that is shown

covering a major portion of a negative current collector 505. Separator 506 is

between the positive electrode active layer 502 and the negative electrode active layer

504.

[0085] In one embodiment, the negative electrode active layer 504 is slightly larger

than the positive electrode active layer 502 to ensure trapping of the lithium ions

released from the positive electrode active layer 502 by the active material of the

negative electrode active layer 504. In one embodiment, the negative electrode active

layer 504 extends at least between about 0.25 millimeters and 5 millimeters beyond

the positive electrode active layer 502 in one or more directions. In a more specific

embodiment, the negative electrode active layer extends beyond the positive electrode

active layer by between about 1 millimeter and 2 millimeters in one or more

directions. In certain embodiments, the edges of the separator 506 extend beyond the

outer edges of at least the negative electrode active layer 504 to provide the complete

electronic insulation of the negative electrode from the other battery components.

[0086] FIG. 5B is a cross-section view of an electrode stack 500 of the partially-

assembled electrochemical cell that uses electrodes described herein, according to

certain embodiments. There is a positive current collector 503 that has a positive

electrode active layer 502a on one side and a positive electrode active layer 502b on

the opposite side. There is a negative current collector 505 that has a negative

electrode active layer 504a on one side and a negative electrode active layer 504b on

the opposite side. There is a separator 506a between the positive electrode active

layer 502a and the negative electrode active layer 504a. The separator sheets 506a

and 506b serves to maintain mechanical separation between the positive electrode

active layer 502a and the negative electrode active layer 504a and acts as a sponge to

soak up the liquid electrolyte (not shown) that will be added later. The ends of the



current collectors 503, 505, on which there is no active material, can be used for

connecting to the appropriate terminal of a cell (not shown).

[0087] Together, the electrode layers 502a, 504a, the current collectors 503, 505, and

the separator 506a can be said to form one electrochemical cell unit. The complete

stack 500 shown in FIG. 5B includes the electrode layers 502b, 504b and the

additional separator 506b. The current collectors 503, 505 can be shared between

adjacent cells. When such stacks are repeated, the result is a cell or battery with larger

capacity than that of a single cell unit.

[0088] Another way to make a battery or cell with large capacity is to make one very

large cell unit and wind it in upon itself to make multiple stacks. The cross-section

schematic illustration in FIG. 6A shows how long and narrow electrodes can be

wound together with two sheets of separator to form a battery or cell, sometimes

referred to as a jellyroll 600. The jellyroll is 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 electrode 604. The white spaces between the electrodes

are the separator sheets. The jelly roll can be inserted into the case 602. In some

embodiments, the jellyroll 600 may have a mandrel 608 in the center that establishes

an initial winding diameter and prevents the inner winds from occupying the center

axial region. The mandrel 608 may be made of conductive material, and, in some

embodiments, it 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 collectors.

[0089] 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-type 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.

[0090] 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 is



useful to use a cylindrical casing that is as thin as possible while still being able to

maintain sufficient pressure on the cell (with a good safety margin). Prismatic (flat)

cells may be similarly wound, but their case may be flexible so that they can bend

along the longer sides to accommodate the internal pressure. Moreover, the pressure

may not be the same within different parts of the cell, and the corners of the prismatic

cell may be left empty. Empty pockets generally should be avoided within lithium

ions cells because electrodes tend to be unevenly pushed into these pockets during

electrode swelling. Moreover, the electrolyte may aggregate in empty pockets and

leave dry areas between the electrodes, negatively affecting lithium ion 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 difficulties encountered with wound prismatic cells.

[0091] FIG. 6C illustrates a top view of a wound prismatic jellyroU 620. The jellyroU

620 includes a positive electrode 624 and a negative electrode 626. The white space

between the electrodes is the separator sheet. The jelly roll 620 is enclosed in a

rectangular prismatic case 622. Unlike the cylindrical jellyrolls shown in FIGS 6A

and 6B, the winding of the prismatic jellyroU 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) in the middle of the jellyroU onto which the electrodes and separator are

wound.

[0092] FIG. 7A illustrates a cross-section of a stacked cell that includes a plurality of

cells (701a, 701b, 701c, 701d, and 701e), each having a positive electrode (e.g., 703a,

703b), a positive current collector (e.g., 702),a negative electrode (e.g., 705a, 705b), a

negative current collector (e.g., 704), and a separator (e.g., 706a, 706b) between the

electrodes. Each current collector is shared by adjacent cells. A stacked cell can be

made in almost any shape, which is particularly suitable for prismatic batteries. The

current collector tabs typically extend from the stack and lead to a battery terminal.

FIG. 7B shows a perspective view of a stacked cell that includes a plurality of cells.

[0093] FIG. 8 illustrates a cross-section view of the wound cylindrical cell, in

accordance with one embodiment. A jelly roll includes a spirally wound positive

electrode 802, a negative electrode 804, and two sheets of the separator 806. The jelly



roll is inserted into a cell case 816, and a cap 818 and gasket 820 are used to seal the

cell. In some cases, cap 818 or case 816 include a safety device. For example, a

safety vent or burst valve may be employed to break open if excessive pressure builds

up in the battery. Also, a positive thermal coefficient (PTC) device may be

incorporated into the conductive pathway of cap 818 to reduce the damage that might

result if the cell suffered a short circuit. The external surface of the cap 818 may be

used as the positive terminal, while the external surface of the cell case 816 may serve

as the negative terminal. In an alternative embodiment, the polarity of the battery is

reversed and the external surface of the cap 818 is used as the negative terminal, while

the external surface of the cell case 816 serves as the positive terminal. Tabs 808 and

810 may be used to establish a connection between the positive and negative

electrodes and the corresponding terminals. Appropriate insulating gaskets 814 and

812 may be inserted to prevent the possibility of internal shorting. During fabrication,

the cap 818 may be crimped to the case 816 in order to seal the cell. However, prior

to this operation, electrolyte (not shown) is added to fill the porous spaces of the jelly

roll.

[0094] A rigid case is typically required for lithium ion 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 batteries, Ti-6-4, other Ti alloys,

Al, Al alloys, and 300-series stainless steels may be suitable for the positive

conductive case portions and end caps, and commercially pure Ti, Ti alloys, Cu, Al,

Al alloys, Ni, Pb, and stainless steels may be suitable for the negative conductive case

portions and end caps.

[0095] Although the foregoing concepts have been described in some detail for

purposes of clarity of understanding, it 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 implementing the processes, systems,

and apparatuses. Accordingly, the present embodiments are to be considered as

illustrative and not restrictive.



CLAIMS

What is claimed is:

1. A lithium ion battery comprising:

an electrode comprising an electrochemically active material selected from the

group consisting of a silicon containing material, a tin containing material, a

germanium containing material, and an aluminum containing material; and

an electrolyte comprising a lithium containing salt and a pyrocarbonate, the

electrolyte being in ionic communication with the electrode.

2 . The lithium ion battery of claim 1, wherein the pyrocarbonate is selected from the

group consisting of dimethyl pyrocarbonate, diethyl pyrocarbonate, dipropyl

pyrocarbonate, dibutyl pyrocarbonate, and ethylmethyl pyrocarbonate.

3 . The lithium ion battery of claim 1, wherein the pyrocarbonate is dimethyl

pyrocarbonate.

4 . The lithium ion battery of claim 1, wherein the electrochemically active material

comprises elemental silicon.

5 . The lithium ion battery of claim 1, wherein the electrochemically active material

comprises a silicon alloy.

6 . The lithium ion battery of claim 1, wherein the electrode comprises nanostructures,

the nanostructures comprising the electrochemically active material.

7 . The lithium ion battery of claim 6, wherein the nanostructures comprise nanowires.

8. The lithium ion battery of claim 7, wherein an outer surface of the nanowires

comprise elemental silicon, silicon oxide, silicon alloy, or silicide.

9 . The lithium ion battery of claim 1, wherein the electrochemically active material

comprises silicon, wherein the lithium ion battery exhibits an average Coulombic

efficiency of at least 99.8% after about 100 cycles during a cycling test; and



wherein the cycling test comprises charging the lithium ion battery to at least

about 1050 mAh/g at a rate of at least about C/2 and discharging to 900 mV versus

lithium metal at a rate of at least about C/2 in each cycle.

10. The lithium ion battery 1, wherein the electrolyte comprises one or more

pyrocarbonates that have a total concentration in the electrolyte of less than about

50% by weight.

11. The lithium ion battery 1, wherein the electrolyte comprises one or more

pyrocarbonates that have a total concentration in the electrolyte of between about 1%

and 10% by weight.

12. The lithium ion battery of claim 1, wherein the electrolyte further comprises one

or more fluorinated carbonate solvents.

13. The lithium ion battery of claim 12, wherein the one or more fluorinated carbonate

solvents are selected from the group consisting of mono-fluoroethylene carbonate,

fluoropropylene carbonate, difluoroethylene carbonate, and fluoromethylethylene

carbonate.

14. The lithium ion battery of claim 12, wherein the one or more fluorinated carbonate

solvents comprises mono-fluoroethylene carbonate (FEC).

15. The lithium ion battery of claim 12, wherein the one or more fluorinated carbonate

solvents have a total concentration in the electrolyte of less than about 50% by

weight.

16. The lithium ion battery of claim 15, wherein the one or more fluorinated carbonate

solvents have a total concentration of less than about 10% by weight.

17. A lithium ion battery electrolyte for use in a lithium ion battery containing high

capacity active materials, the lithium ion battery electrolyte comprising:

a lithium containing salt;

a solvent;



dimethyl pyrocarbonate (DMPC);

and one or more fluorinated carbonate solvents.

18. The lithium ion battery electrolyte of claim 17, wherein the DPMC is present in

the lithium ion battery electrolyte at a concentration of less than about 50% by weight.

19. The lithium ion battery electrolyte of claim 17, wherein the DPMC is present in

the lithium ion battery electrolyte at a concentration of between about 1% and 10% by

weight.

20. The lithium ion battery electrolyte of claim 17, wherein at least one of the one or

more fluorinated carbonate solvents is selected from the group consisting of mono-

fluoroethylene carbonate, fluoropropylene carbonate, difluoroethylene carbonate, and

fluoromethylethylene carbonate.

2 1. The lithium ion battery electrolyte of claim 20, wherein the one or more

fluorinated carbonate solvents comprise mono-fluoroethylene carbonate (FEC).

22. The lithium ion battery electrolyte of claim 17, wherein the one or more

fluorinated carbonate solvents are present in the lithium ion battery electrolyte at a

concentration of between less than about 50% by weight.

23. The lithium ion battery electrolyte of claim 22, wherein the one or more

fluorinated carbonates are present in the lithium ion battery electrolyte at a

concentration of between about 1% and 10% by weight.

24. The lithium ion battery electrolyte of claim 17, wherein the solvent is selected

from the group consisting of ethylene carbonate (EC), dimethyl carbonate (DMC),

diethyl carbonate (DMC), and/or ethyl-methyl carbonate (EMC).



25. The lithium ion battery electrolyte of claim 17, wherein the lithium containing salt

is selected from the group consisting of lithium hexafluorophosphate (LiPF6), lithium

hexafluoroarsenate monohydrate (LiAsF6), lithium perchlorate (LiC104), lithium

tetrafluoroborate (LiBF4), lithium bis(oxalato)borate (LiBOB), lithium

oxalyldifiuoroborate (LiODFB), LiPF3(CF2CF3)3 (LiFAP), and LiBF3(CF2CF3)3

(LiFAB).
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