Title: Novel Nonflammable Electrolyte for High Energy Secondary Batteries

Inventor: R. Scott Morris, of Fairhaven, Brian G. Dixon of Sandwich and Brett M. Gall of Sandwich all of Massachusetts,

Summary of the Invention

The detailed invention is novel nonaqueous electrolyte for alkali metal secondary batteries.  While the proposed electrolyte can be used in conjunction with secondary batteries that employ metallic lithium as the negative electrode, it can also function well with batteries than emplot lithiated carbon or lithiated carbon nanotubes as the negative electrode or composite materials such as LiSiC as the negative electrode.  Alkali metals other than lithium such as Ca or Mg employed in their native metallic state or in combination with carbon or carbon nanotubes or in composites as mentioned above can also be employed as negative electrodes in the instant invention.  The inventive electrolyte is comprised of a lithium salt, a phosphorous ester or a haloalkyl phosphorous ester together with an alkyl methyl carbonate compound, a specialty additive and special lithium salts.  The nature of the inventive electrolyte is such that the composition is highly thermodynamically stable and therefore generally nonflammable.  

Description of the Related Art

Nonaqueous electrolytic secondary batteries of the type that uses, as a material for the battery's negative electrode, a lithium metal, a lithium alloy, a lithium compound such as a metal oxide capable of storing and releasing lithium ions, or a carbon material are expected to find application as high-energy density batteries. Much effort has been devoted to developing nonaqueous electrolyte batteries with larger capacities.  Of the materials for the negative electrodes, the carbon materials ensure a long battery life and safety despite the reduced capacity of the carbon material-made negative electrodes when compared to the lithium-based electrodes. For this reason, lithium-ion batteries having for example a positive electrode made of a lithium-cobalt oxide and a negative electrode made of the carbon material are widely used as the power source for a variety of mobile equipment. 

The batteries with a negative electrode made of lithium metal or a lithiated carbon capable of storing and releasing lithium ions can achieve a high battery voltage.  Thus, the energy density of these batteries can be more readily increased than those of the conventional primary and secondary batteries.  Nevertheless, a demand still exists for batteries with even larger capacity and longer battery life.  At present, conventional electrolytes in the lithium-ion secondary battery is composed of a highly flammable mixture of alkyl carbonates together with a lithium salt.  The flammability of this electrolyte is of increasing concern as the energy density of Li-ion batteries continues to increase.  For example, it has been well known for sometime that the electrolyte of these batteries is a focal point for safety concerns.  Recent articles in the press
 have detailed major product recalls resulting from fires occurring in Li-ion batteries in consumer products.  In addition, due to a battery fire on a FedEx aircraft, the FAA has issued new safety regulations dealing with the air transport of these batteries.  

Over the years, a number of researchers have striven to ameliorate this problem through the development of nonflammable electrolytes for the lithium-ion battery.  Much of this work has involved addition of flame retarding materials to conventional carbonate electrolytes.  For example, Japanese Patent Laid-Open Publication Nos. 2000-235867 and 2002-280061 disclose the use of an organic phosphate compound, such as trimethyl phosphate or triethyl phosphate. However, if this organic phosphate compound is applied to a lithium ion cell, it will be reductively decomposed on a surface of a carbon-based negative electrode to preclude charge-discharge functions as a cell. While the charge-discharge functions can be maintained by mixing an inflammable solvent, such as carbonate-based solvent, with the an organic phosphate compound solvent, while limiting a ratio (volume ratio) of the organic phosphate compound in the mixed solvent to 50% or less, a primary solvent will consist of a low-flash-point solvent, such a carbonate-based, lactone-based, ether-based, sulfolane-based or dioxolan-based solvent, resulting in loss of non-flammability as an electrolyte solution.beyond these examples, Jow et al (Journal of The Electrochemical Society, 149 8 A1079-A1082 2002) described the addition of up to 20% by volume of a fluorinated phosphate ester to a conventional carbonate electrolyte to impart some degree of flame retardancy to the mixture.  By contrast, Wang et al (US2006/0240329) employed the reverse of Jow’s technique and used a alkyl carbonate as a minor component in an electrolyte primarily composed of a phosphate ester, a lithium salt and a vinylene carbonate additive.  Jow et al (Journal of The Electrochemical Society, 149 5 A622-A626 2002) describe in detail the reduction reaction of alkyl phosphates at the negative carbon electrode in lithium-ion batteries and the concomitant decrease in cell capacity.  Others such as Ota et al, (J. Electrochem. Soc., Volume 151, Issue 10, pp. A1659-A1669 2004) have described the use of additives such as vinylene carbonate to improve the stability and composition of the solid electrolyte interphase (SEI) that forms between lithiated carbon negative electrodes and conventional lithium-ion battery electrolytes.  Taking these issues into consideration, it is understandable why Wang et al included vinylene carbonate as a crucial additive in their phosphate ester-based electrolyte.  Wang et al in their invention go to extremes to prevent the reduction of the phosphate ester on the negative carbon electrode.  Besides adding vinylene carbonate, Wang et al also use abnormally high concentrations of lithium salts such as LiPF6 to overcome this possible side reaction.  Our previous work in this area (US6727343) describes similar phosphate ester and polymeric phosphate solvents in which the lithium salt concentrations were closer to conventional electrolyte (1 mol/dm3).  Wang et al claim a minimum concentration of lithium salts of 1.5 mol/dm3 to prevent phosphate ester reduction on the negative electrode.  Many unique characteristics of lithium bis(oxalato) borate (LiBOB ) have been found since it was initially introduced as a salt of the advanced electrolyte of Li-ion

battery in 2002 [K. Xu, S.S. Zhang, T.R. Jow, W. Xu, C.A. Angell, Electrochem.

Solid-State Lett. 5 (2002) A26].  The most significant merit of this salt is its ability to stabilize solid electrolyte interface (SEI) on the surface of graphite anode, and its excellent overcharge

tolerance, which makes it very promising for the use in Li-ion electrolytes.  
OBJECTS OF THE INVENTION

It is an object of the invention to describe a novel multicomponent electrolyte for alkali metal secondary batteries.

Another object of this invention is to describe a nonflammable electrolyte for secondary alkali metal batteries.

Still another object of the invention is to describe a nonflammable electrolyte that can function well with a variety of carbon-based negative electrodes in alkali metal secondary batteries.

Another object of the invention is to describe a nonflammable electrolyte that can work well with and without specific electrolyte additives that function as carbon electrode mediators.

Another object of the invention is to demonstrate the superior capabilities of certain lithium salts in forming a stable SEI on the negative carbon electrode that resists reduction of the phosphate ester.  

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to alkali metal secondary batteries, more specifically to high-energy lithium batteries.  In particular, this disclosure details an inventive nonflammable electrolyte for lithium-ion batteries that is comprised of a phosphorous ester liquid solvent, a lithium salt, an alkyl carbonate with or without an isocyanate or vinylene carbonate (VC) additive. Specifically, according a first aspect of the present invention, there is provided a non-flammable nonaqueous electrolyte solution which comprises a ternary or higher-order compound additive, a specific concentration of lithium salt and a phosphoric ester serving as a primary solvent.  According a second aspect of the present invention, there is provided a lithium ion cell which comprises a positive electrode containing a lithium transition metal oxide capable of absorbing and releasing lithium, a negative electrode containing a carbon-based material capable of absorbing and releasing lithium, and the above non-flammable nonaqueous electrolyte solution.  In the first and the second aspects of the present invention, the ternary or higher-order compound additive contains at least one compound selected from each of the two compound groups consisting of: a compound group (a) of vinylene carbonate compounds represented by the following formula (I) or an an isocyanate compound represented by the formula (II).  



[image: image11.png]Voltage V

5000
4500
4000
3500
3000
2500
2000
1500
1000

500

485 MCMB

7___—_

[ 100

200

300
time (Min)

400

500

600






I
II

Preferably the lithium salt is lithium bis oxaltoborate (I) (LiBoB) or lithium oxalyldifluoroborate (LiODFB, Zhang, S.S., Electrochemistry Communications 8 (2007) 1423–1428) (II), the structures are shown below.  The concentrations of these salts should be in the range of 0.5 mol to 1.2 mol/dm3,the preferred concentration should be 0.8 mol/dm3.  
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III
IV

Preferably, each of the additives selected from the above compound groups (a) and (b) is added to the non-flammable phosphate ester-based electrolyte solution having a lithium salt dissolved 

therein, in an amount ranging from 1 to 12% by weight, particularly in an amount ranging from 5 to 10% by weight.  Further, the total amount of the additives selected from the above compound groups is in the range of 5 to 30% by weight, particularly in an amount ranging from 8 to 17% by weight, with respect to the non-flammable phosphate ester-based electrolyte solution having a lithium salt dissolved therein. 

The phosphate ester contained in the non-flammable phosphate ester-based electrolyte solution in the present invention includes a chain phosphate ester represented by the general formula (V).  
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Wherein R1, R2, R3 are alkyl groups of 1 to 3 carbons where each hydrogen can be substituted with either a fluorine, chlorine or bromine or partially or completely.  

Among them, as a specific example of the phosphate ester containing, trimethyl phosphate (TMP), dimethyl ethyl phosphate and ethylene methyl phosphate diethyl, 2-bromoethylphosphonate, dimethyl 2-bromoethyl phosphonate, dimethyl 2-bromoethyl phosphate, diemethyl, 2-chloroethyl phosphate and dimethyl 2-fluoroethyl phosphonate and the like.

In order to improve charge/discharge characteristics of a cell, the non-flammable phosphate ester-based electrolyte solution in the present invention may contain an inflammable organic solvent which is commonly used as a nonaqueous electrolyte solution for secondary cells. This organic solvent is not limited to a specific type. For example, the organic solvent includes: a carbonate-based compound, such as ethylene carbonate, diethyl carbonate, methyl ethyl carbonate, dimethyl carbonate, propylene carbonate or vinylene carbonate; lactone-based compound, such as .gamma.-butyrolactone (GBL); an ether-based compound, such as 1,3-dioxane or monoglyme; a sulfolane-based compound, such as sulfolane; a dioxolan-based compound, such as 1,3-dioxolan; a ketone-based compound, such as 4-methyl-2-pentanone; a nitrile-based compound, such as acetonitrile, propionitrile, butyronitrile, valeronitrile or benzonitrile; a halogenated hydrocarbon-based compound, such as 1,2-dichloroethane; methyl sulfamate; dimethyl thioformamide; dimethyl sulfoxide; and glycol sulfoxide and mixtures thereof.  Among these, .gamma.-butyrolactone (GBL) and ethylene carbonate are preferable in view of a high flash point, a high dielectric constant and advantageous properties for charge/discharge characteristics of a lithium ion cell.

By way of illustration but in no way by means of limitation the following examples exemplify the instant invention.  

Examples 1

In the initial inventive example of the instant invention a Li-ion cell comprised of a negative electrode comprised of carbon coated graphite (Carbotron P ) 5% polyvinylenedene fluoride (PVDF), a nonwoven glass separator and a positive electrode comprised of LiNiCoO2 with 5% PVDF and 10 % carbon black was filled with a formulation containing 30% GBL + TMP 0.8 M LiBoB and was cycled several times as shown in the following figure.  
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The cell was charged at 150 microamps/cm2 and discharged at 100 microamps/cm2.  As can be seen, over time, this electrolyte, which contained so additives, was capable to supporting cycling of the two electrodes with an 80% retention of capacity.  

Example 2

As an inventive example of a second additive in the instant invention we combined 30% GBL + TMP + 0.8M LiBoB + 5% VC and used this electrolyte in the test cell described in Examples 2 and 3.  This cell was cycled at the same currents as the previous examples. The results are shown below.
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Example 3

As an way of illustrating that lower concentrations of the cosolvent can be as effective as high concentrations, in the third inventive example less GBL was combined with TMP (5% GBL + TMP + 0.8M LiBoB + 3% DMPIso 3% VC) with two additives and tested this electrolyte in the test cell detailed in previous examples.  This cell was cycled at the same currents as the previous examples. The results of this experiment are shown below.  
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Example 4

In the fourth inventive example diethyl, 2-bromoethyl phosphate was utilized as the phosphate ester solvent together with GBL and (30% GBL + BrPDEP + 0.8M LiBoB) and tested the resulting electrolyte in a test cell like the ones previous described.  This cell was cycled at the same currents as the previous examples. The results are shown below.
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Example 5 

As a means for illustrating that this instant invention will work with negative electrode materials other than carbon coated graphite (i.e. Carbotron P) in the fifth inventive example the electrolyte 30% GBL + TMP + 0.8M LiBoB + 5% DMPIso was included in a test cell that contained a negative electrode comprised of mesocarbon microbead graphite with a positive electrode of LiNiCoO2 and a nonwoven glass separator and cycled this cell .  The charging current in this cell was 200 microamps and it was discharged at 1 mA.
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Example 6

As a means for illustrating that this instant invention will work with negative electrode materials other than carbon coated graphite (i.e. Carbotron P) the electrolyte 30% GBL + TMP + 0.8M LiBoB + 5% DMPIso was included in a test cell that contained a negative electrode comprised of electric arc generated carbon nanotubes with a positive electrode of LiNiCoO2 and a nonwoven glass separator and cycled this cell.  The charging current in this cell was 200 microamps and it was discharged at 1 mA.
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What is claimed is:

1. a nonflammable electrolyte for alkali metal secondary batteries including lithium-ion batteries and the like that is comprised of:

· a phosphorous ester solvent 

· a lithium metal salt 

· an alkyl carbonate co-solvent 

· an additive of specific composition

2. A nonflammable secondary battery electrolyte as in claim 1 in which the phosphorous ester is chosen from a group consisting of alkyl substituted esters such as trimethyl phosphate, tribuytl phosphate dimethyl methyl phosphonate diethylbromoethyl phosphate and the like.

3. A nonflammable secondary battery electrolyte as in claim 1 in which the lithium salt is lithium bisoxaltoborate or lithium oxalyldifluoroborate and the like.  

4. A nonflammable secondary battery electrolyte as in claim 1 in which the lithium salt concentration as in claim 2 is between 0.5 and 1.5 mol/dm3.  

5. A nonflammable secondary battery electrolyte as in claim 1 in which the cosolvent is chosen from the group consisting of gamma.-butyrolactone (GBL); an ether-based compound, such as 1,3-dioxane or monoglyme; a sulfolane-based compound, such as sulfolane; a dioxolan-based compound, such as 1,3-dioxolan; a ketone-based compound, such as 4-methyl-2-pentanone; a nitrile-based compound, such as acetonitrile, propionitrile, butyronitrile, valeronitrile or benzonitrile; a halogenated hydrocarbon-based compound, such as 1,2-dichloroethane; methyl sulfamate; dimethyl thioformamide; dimethyl sulfoxide; and glycol sulfoxide and mixtures thereof
6. A nonflammable secondary battery electrolyte as in claim 1 in which the cosolvent described in claim 5 is present in the concentration range of 5 – 30%

7. A nonflammable secondary battery electrolyte as in claim 1 in which the additive is chosen from the group consisting of vinylene carbonate and/or 2,4 dimethoxyphenyl isocyante

8. A nonflammable secondary battery electrolyte as in claim 1 in which the additive described in claim 7 is present in the concentration range of 1-5%

9. a nonflammable electrolyte for alkali metal secondary batteries including lithium-ion batteries and the like that is comprised of:

· a phosphorous ester solvent 

· a lithium metal salt 

· an alkyl carbonate co-solvent














































�. See for example: The Wall Street “Air Shipper May Face New Battery Rules”, September 1, 2006.  





5

_1230987696.cdx

_1230987707.cdx

_1230730506.cdx

