Looking Glass Associates

SBIR Topic OSD09-EP1


1.0 
Identification and Significance of the Problem 

This proposal addresses Topic OSD09-EP1 under the heading “Lithium-Ion (Li-ion) and Lithium-ion Polymer (Li-polymer) Battery Safety” and describes a research effort that will result in safe, high rate Li-ion cells that will provide reliable portable power for current and future warfighters.  

Creative approaches for providing high rate charge and discharge of Li-ion batteries is high on the list of battery designers for future systems for warfighters, consumer electronics manufacturers and electric vehicles.  

Since its introduction in 1991, the Li-ion battery has enjoyed popularity as the most energetic rechargeable battery available for reliable, relatively safe use.  The result has been production of ever-greater numbers of these batteries for use in the burgeoning portable consumer electronics and defense industries.  Technological and manufacturing advances have resulted in a steady increase in the reliability of these batteries with a concomitant lowering of the unit price.  As a result, tens of millions of Li-ion batteries are shipped each month from the primary production plants in China, Korea and Japan.  However, this flood of Li-ion batteries has forced the industry to begin addressing some of the fundamental limitations of the technology.  For example, low charge/discharge capability and especially cell safety.  From the safety standpoint, 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.  Another Li-ion battery limitation is its rate capability.  The conventional system performs best when charged at around C/5 and can discharge at best at C rate.  Therefore, there are still significant advances that can be made with new concepts to better accomplish the goal of high rates, energetic and safe Li-ion batteries.  The following proposal summarizes a synergistic approach where an improved non-flammable electrolyte is coupled with novel electrode materials for a high performance battery system that will satisfy the requirements of Topic OSD09-EP1.  
2.0 
Background and Technical Approach

Lithium-ion batteries hold much promise as the premier energy storage technology for a wide variety of applications.  Their emergence as the foremost portable power choice for the highly competitive consumer electronics market attests to the prospects they may offer for future more power-hungry portable electronics devices.  This demand may be met indirectly as new domestic battery companies such as A123 and Boston Power vie to develop the next generation of Li-ion batteries for electric vehicles.  Both claim high charge rate capability, but undoubtedly, both still rely on some form of graphite as the negative electrode in their batteries and both systems employ carbonate-based electrolytes.  It is safe to say that, although touted as advanced systems, (and clearly superior to what’s currently on the market) neither battery technology is far removed from conventional Li-ion technology.  To meet future demands, new materials need to be developed that are technologically superior to the present Li-ion battery components.  To this end, Looking Glass Associates has begun investigating methods for increasing the energy density and rate capability of Li-ion batteries while simultaneously improving the relative safety of this system.  The latter will be accomplished using a new, nonflammable, high voltage phosphate-based electrolyte
.  The technical requirements of this topic call for high C rates from safe Li-ion batteries that require a minimum of electronic controls.  In accomplishing this, not only will new electrode materials will be required, but the safety of the conventional electrolyte system will be further compromised.  Consequently, the proposed project details a systemic approach that will address the issues of high rate electrode materials and a safer electrolyte that is stable at high voltage.  
Electrodes: 

Looking Glass Associates (LGA) is a startup company focused on development of new materials for Li-ion batteries.  A part of this work has involved refinement of the electric arc synthesis of single walled carbon nanotubes (SWNT) and multi-walled carbon nanotubes (MWNT).  We have been able to produce high quality SWNT felt-like membranes for use as electrodes without the need for any further purification, i.e as produced materials, with a reversible lithium capacity of  > 600 mAh/g, (25 cycles).  Furthermore, through a modification of a process recently outlined in the literature, we have succeeded in using an arc synthesis rig to generate boron-doped carbon nanotubes.  The 1% boron doping, as established via EELS, is a new designer nanotube material.  As expected the B-SWNT results in an electrode material with a comparable capacity to the all carbon-SWNTs.  However, the slight “pimpling” of the nanotube backbone predicted for the boron incorporation allows for charge/discharge rates up to 10C without a significant drop in performance.  It is postulated that this may be the result of decreased Van der waals interations between the tubes, disrupting the bundling, which would allow for the improved mass transport of the Li ions in/out of the electrode materials.  We tested these materials in a conventional carbonate electrolyte and the performance is summarized in Figure 1 

below
.  
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Figure 1: Cycling of B-doped CNT Anode vs Li
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As shown in Figure 1, the B-doped CNT negative electrode provides a high rate, high capacity electrode when cycled against a lithium counter electrode.  We were able to discharge this anode at rates of up to 10C while maintaining capacities as high as 600mAh/g.  These data were for successive tests with the same electrode and at the end of the test, a postmortem revealed no plated lithium on the anode.  In all of these tests, we charged the anode at relatively low rate (C/10) to avoid plated lithium.  However, as we see in the following figure, by controlling the processing of the materials to minimize any oxygen substituents on the nanotubes, a slowly increasing capacity eventually reaches a constant capacity after 8 cycles.  It is at this time we expect to be able to increase the charge/discharge rates because an apparently stable SEI layer has formed with the carbonate based electrolytes.  However, as we move away from the carbonate electrolytes, a new advance in the anode materials will also be necessary.  


Figure 2: Reversible Capacity of BCNT
We are well aware of the concern in the industry about the cost of CNTs.  We and our partners at the National Renewable Energy Laboratory (NREL) have been endeavoring to reduce costs by using electric arc synthesis as the means for producing low cost CNTs.  At the laboratory scale, we have conducted an in-depth cost analysis of the electric arc CNT synthesis and found the cost of the SWNT to be around $3/g.  While this is more expensive than MCMB, it is exceedingly less than the $500/g charged for HipCo SWNT on the open market.  Further economies of scale in our arc synthesis should further reduce the cost of the product.  

While some testing of the B-doped and all carbon nanotubes will be very beneficial for the advanced understanding of high rate anodes, the conventional carbon negative electrode (anode) materials perform best when charged at approximately C/3 to C/5 and offer best performance when discharged at C rate.  While high rates are possible, prolonged high rate cycling will limit the negative electrode’s life.  Therefore, there are still significant advances that can be made with new electrode concepts to achieve the goal of high rates, energetic and safe Li-ion batteries.  Lithium titanates offer an alternative to carbon materials as a high rate, high capacity anode material.  Although titanate anodes offer superior safety (overcharge protection) compared with graphite and high rate performance (because they can operate safely as nanomaterials), they do so at the expense of voltage.  Even when combined with relatively high voltage lithium metal oxides, cells utilizing titanates anodes are limited to around 3V
.  Much fundamental work is ongoing to improve the properties of the titantes
, but they may never be capable of achieving high voltage.  Therefore, achieving a cell with a working voltage greater than 4V will require the use of some form of carbon as the negative electrode.  

We are currently developing a process for surface treating MCMB intended to alter the SEI to enable rapid charging of the MCMB.  This is relatively simple one-step process using commercially-available chemicals, but because it is under development we have not completely ascertained all of its nuances.  The process entails refluxing MCMB in select solvents or combinations of solvents to alter the surface of the carbon rendering it less reactive to Li+ during the intercalation process in a battery.  As a result, the irreversible capacity is decreased and the rate capability of the carbon is dramatically increased.  This is in some ways a result of our previous efforts to alter MCMB which entailed coating MCMB with surfactants
.  Besides electrochemical experimentation, surface characterization will also be employed to help better understand and improve this novel process.  It could be easily scaled to industrial size and would only modestly increase cost of the MCMB.  Using this process we have been able to transform commercially-available MCMB into a high rate anode material as evidenced by the data presented below.  
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Figure 3 : High Rate Electrolyte Test vs Control, Treated Anodes

In this plot, we tested our polyphosphate electrolyte against a standard EC:EMC (1M LiIm) electrolyte using MCMB treated anodes and standard LiNiCoO2 cathodes.  Each cell was charged at 7C and discharged at 3C.  Each cell polarized to >5 V, but as can be seen, the carbonate electrolyte decomposed by the second cycle whereas our polyphosphate electrolyte supported many more cycles retaining >80% of the cell capacity by cycle 8.  Clearly, the polyphosphate electrolyte can support high rate cycling when coupled with a treated MCMB anode.  


Figure 4: Treated MCMB anode following High Rate Test

Figure 4 shows the anode from the polyphosphate cell the results of which are shown in Figure 3.  As can be seen, specks of copper are visible behind the carbon, but there is no evidence of lithium plated on the surface.  Contrary to this, the control MCMB electrode was completely covered with lithium.  

Electrolyte:

We have outlined new methodologies to generate highly energetic anodes for lithium batteries, but these new anodes will require the next generation of electrolyte.  A carbonate based electrolyte, besides the flammability issue, is also highly reactive and decomposes at voltages greater than 4.3V vs Li/Li+.  By contrast, the proposed phosphate-based electrolyte is highly thermodynamically stable.  As an indication of the thermodynamic stability of this electrolyte, the following figure represents differential scanning calorimetry (DSC) experiments in which the new electrolyte and a conventional carbonate-based electrolyte were individually sealed in metal ampoules together with metallic lithium.  The ampoules were then heated under nitrogen to temperatures in excess of 250 °C.  
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Of particular note is the large exotherm that occurs with the control electrolyte following melting of lithium.  This does not occur with our experimental electrolyte, a clear indication of its superior thermodynamic stability.  

This phosphate-based material exhibits a conductivity of 3x10-3 S/cm at 25 °C and will support cycling of conventional Li-ion battery electrodes at temperatures ranging from–10 to 60 °C.  We expect that this electrolyte may well function at temperatures lower than –10 °C, but have not as yet conducted testing at lower temperatures.  The following figure is for a standard Li-ion lab cell (1cm2) cycled at C/5 at room temperature.  This is a portion of the test, we have since cycled this electrolyte at C rate.  
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Figure 6: Cycling of CNT Innovations Electrolyte using Standard Li-ion Conponents
As part of the Proposed Phase I effort, we will test the new high performance electrode materials that emerge from the proposed syntheses with our electrolyte to evaluate the performance of the “safe” lithium ion battery.
High Rate Positive Electrode Development
The experimental plan for development of a high rate positive electrode with good capacity is detailed below.  In summary, we plan to purchase lithium metal oxides and modify them to yield a suitable material for the proposed battery system.  Of the current commercially-available systems, the best results have been exhibited by the company A123 with a battery that boasts short-term high rate discharge capability to around 30C.  While impressive, the battery can only deliver this power for seconds.  The key to the technology is use of nanosized cathode materials (and a MCMB anode) with high electronic conductivity.  The tradeoff here is that the energy and power density of the system suffers [A123 18650 cell 93Wh/kg 30 mAh/g] since the nanosized materials have lower specific energy (capacity) than microsized materials.  The anode is yet another area of concern with regard to sustained rate capability.  

Looking at to the positive electrode (cathode) in a Li-ion battery, conventional solid state synthesis leads to lithium metal oxides such as LiMPO4 (M = Fe, Mn) which have poor electronic conductivity so that electronic charge can only be transported via local polarons at the transition metal.  Enhancement of the electronic conductivity of LiMPO4 requires manipulation of the material morphology and surface modification.  Carbon coating is an obvious solution.  

The slow polaron mobility in LiMPO4 is a fundamental problem, which, presumably, can be minimized by decreasing particle size and by optimized decoration of particles with conductive carbon.  Recently, Graetzel
, 
 described a new approach for improving the electronic charge transfer in LiMPO4.  This involved coating the material with a second semiconductor and a carbon nanotube.  

To improve the rate capability and capacity of the positive electrode, we borrow an idea from Graetzel and employ high quality single walled carbon nanotubes (SWNT) together with a proprietary coupling agent to improve the electronic conductivity of microsized lithium metal oxides.  In this manner, we will ensure high rate performance from a low cost material.  We are well aware of the concern in the industry about the cost of CNTs.  In the proposed approach the loading of CNTs in the cathode will only amount to 5-10% of the material.  Therefore CNT cost should not be an issue.  As is well known, SWNT have excellent electronic conductivity.  We will seek to improve the conductivity of microsized Li metal oxides by chemically coupling it to SWNTs (combined in small quantities) to yield a highly conductive, high capacity cathode material.  We will purchase microsized LiNiCoO2 from BASF.  Following Graetzel’s lead, the SWNTs will be pretreated and then combined with theLiNiCoO2 for testing.  We will explore various mixtures of the two materials to find the optimum combination.  To hedge our position, we will also experiment with commercial nanosized lithium metal oxides.  We expect that something in the range of 3-5% SWNTs will be optimum.  Following evaluation of the test cells, at least 6 cells will be shipped to ARL for testing and evaluation.  

3.0 
Phase I Objectives

The overall objective of the proposed research is the development of a high-rate, safe Li-ion battery chemistry that can be mass produced, cost effectively and can meet the portable power requirements of DoD.  To achieve this objective, in the proposed Phase I effort, we will strive to define the composition of new battery and electrolyte materials that will serve as the active components in the proposed Li-ion battery system.  We already have a good nonflammable, high voltage electrolyte as a result of a licensing agreement with an electrolyte development company.  In the proposed Phase I effort, we will endeavor to prepare characterize and evaluate these novel high rate negative and positive electrode materials and refine them as needed.  The objective will be to demonstrate the feasibility of using these novel materials as new chemistries in a high rate safe Li-ion battery.  The objective will be to achieve this Phase I objective and later the overall research objective, certain tasks need to be undertaken to reach specific goals.  These tasks will include the following:

· Identification of the better negative electrode materials for use in the proposed battery

· Identification and/or modification of the better positive electrode materials

· Employment of appropriate electrochemical characterization testing to aid in the identification and improvement of the proposed battery materials.  
· Laboratory cell cycle testing of the better materials to confirm their properties.
· Fabrication of prototype “AA” batteries.
Completion of these and other technical tasks in the proposed Phase I effort will help to demonstrate the feasibility and promise of the novel battery materials resulting in safe, high rate batteries for DoD.  

4.0 
Phase I Work Plan

The Phase I work plan will entail synthesis of electrode materials, their electrochemical evaluation in a novel polyphosphate electrolyte and subsequent refinement of these materials to meet certain metric goals.  In the case of the negative electrode materials we will be seeking those materials that can be charged to 85% of their capacity within 60 minutes and then cycled more than 100 times retaining 75% of their capacity after 100 cycles.  The positive electrode materials will have a goal of more than 165 mAh/g capacity and the ability to be cycled at 20C and retain 75% capacity after 100 cycles.  We will purchase nanosized cathode materials from commercial sources (e.g. nGimat Atlanta, GA.).  We have established relationship with the National Renewable Energy Laboratory and will plan to purchase SWNTs and B-doped CNTs from this organization for the proposed effort.  Should an SBIR fiscal conflict ensue, we will plan to use company (nongovernmental) funds to purchase the materials.  

4.1 
High Rate, Novel Negative Electrode Materials

The experimental plan for development of a high rate negative electrode with good capacity is detailed below.  In summary, we plan to purchase MCMB and modify it to yield a suitable material for the proposed battery system.  As an alternative, we will also purchase B-doped SWNTs.  We may also choose to combine these two materials to yield a composite high rate anode.  The experimental portion of this work will entail optimization of the chemical treatment systems and electrochemical testing to verify the properties of the two materials.  Electrochemical testing will begin with half-cell tests in lab cells using Li foil the counter electrodes.  Cyclic voltammetry, electrochemical impedance testing and chronopotentiometry will be used to characterize the materials.  Once the better materials have been selected, they will be combined with select positive electrode materials as described in Section 4.2 and full cell lab tests will be conducted using similar test regimes.  The details of the materials preparation and evaluation follow.  

We are well aware of the concern in the industry about the cost of CNTs.  We and our partners at NREL have been endeavoring to reduce costs by using electric arc synthesis as the means for producing low cost CNTs.  At the laboratory scale, we have conducted an in-depth cost analysis of the electric arc CNT synthesis and found the cost of the SWNT to be around $3/g.  While this is more expensive than MCMB, it is exceedingly less than the $500/g charged for HipCo SWNT on the open market.  Further economies of scale in our arc synthesis should further reduce the cost of the product.  

The challenge for employing high rate Li-ion batteries in the field for DoD or in the commercial market for use in electric vehicles is to prepare new electrode materials that have high Li+ capacity, high energy and high rate capability.  To help achieve this goal, we will examine two types of carbon as negative electrode materials in this proposed research effort.  In one instance, we will chemically modify the old “tried and true” MCMB using a simple one-step process that will convert it to a high rate anode material.  In the second instance, we will investigate the use of B-doped SWNT as the anode material.  In addition, we may also examine combinations of these two materials to provide a negative electrode that has high capacity high rate and long cycle life.  

We are currently developing a process for surface treating MCMB intended to alter the SEI to enable rapid charging of the MCMB.  This is relatively simple one-step process using commercially-available chemicals, but because it is under development we have not completely ascertained all of its nuances.  The process entails refluxing MCMB in select solvents or combinations of solvents to alter the surface of the carbon rendering it less reactive to Li+ during the intercalation process in a battery.  As a result, the irreversible capacity is decreased and the rate capability of the carbon is dramatically increased.  This is in some ways a result of our previous efforts to alter MCMB which entailed coating MCMB with surfactants
.  Besides electrochemical experimentation, surface characterization will also be employed to help better understand and improve this novel process.  It could be easily scaled to industrial size and would only modestly increase cost of the MCMB.  To date, we have narrowed our selection of surface treatment agents to a few groups of materials.  Experiments will be conducted to further winnow that field and select one or two materials that work the best.  These experiments will entail mostly chronopotentiometry using the treated anode and a lithium foil cathode.  Two electrode lab cells (Swagelok-type) will be used to evaluate the experimental materials.  Cell assembly and testing will be conducted in an Ar-filled glove box.  Rate and cycle life will be explored and the better, treated anodes will be examined using surface analytical techniques to better understand the processes involved.  Five to ten cells will be assembled using the same material and tested in tandem to yield statistically-significant data sets.

B-doped SWNTs will be the other material examined as a high rate negative electrode material.  Recent reports claim that the diffusion rate of Li+ in CVD-synthesized multiwalled CNTs is roughly equivalent to that of graphite
.  Traditional CVD generated multiwalled CNT are generally defect-free by contrast, electric arc and CVD generated SWNTs display inherently more defects MWNTs so one might expect faster Li+ diffusion in the these materials since the Li+ would be able to move into the tubes through the defects rather than via the tube ends.  In addition, B-doped electric arc generated tubes will exhibit fast Li+ diffusion, as predicted using ab initio analysis of the insertion of lithium ion into B-doped, N-doped and BN-doped SWNTs.  It was shown that the lithium cation has greater interaction energies with B-doped nanotubes and that they are energetically the best candidates to store lithium and, consequently improve the performance of nanotube-based lithium rechargeable batteries
.  In fact our own recent experiments aptly demonstrated this enhanced performance as can be seen in the discharge data in Figures 1 and 2 for the BCNT material.  Therefore, we will further investigate the use of BCNT alone and in combination with treated MCMB as a novel negative Li-ion electrode material.  As previously discussed 1% boron doping of SWNTs will lead to Li+ reversible capacities exceeding 600 mAh/g.  
Most of this work was conducted with electric arc-generated SWNT doped with 1% boron synthesized in our laboratory.  Recently researchers at NERL have begun doping SWNTs with higher quantities of boron to the level of 5 to 7%
.  We believe that higher boron concentrations will improve the lithium storage capability of the tubes and will allow for improved rate capability.  To this end, we will purchase SWNTs doped with various quantities of boron from the National renewable Energy Laboratory (NREL).  We have elected to buy these materials from NREL because, to the best of our knowledge, NREL is the only entity capable of producing these materials.  

We will purchase B-doped SWNTs from NREL.  Two electrode lab cells (Swagelok-type) will be used to evaluate the experimental materials following fabrication of the materials into electrodes.  Sheets of electrode material will be fabricated initially using air spraying and later using calendaring methods employing PVDF as the binder.  Individual 1cm2 electrodes will be cut from these sheets, dried and weighed for evaluation.  Five to ten cells will be assembled using the same material and tested in tandem to yield statistically-significant data sets.  Lithium foils will serve as counter electrodes and our better candidate electrolyte that resulted form the Phase I effort will be used.  Celgard will be used as the separator.  Cell assembly and testing will be conducted in an Ar-filled glove box.  Electrodes will be cycled at various rates (3.0V to 4.8V) from C rate to 10C and the capacity of each set based on charging and discharging will serve as the indicator of the material’s worth.  Rate tests will be run by first weighing the electrode and adjusting the current to match the electrode capacity.  Appropriate controls using MCMB electrodes will also be tested to bracket the experimental results.  Five to ten cells will be assembled using the same material and tested in tandem to yield statistically-significant data sets.Following screening tests, the better candidate materials will be subjected to other charging regimes to determine how best to optimize the materials’ capacity.  After selection of the better candidate materials, experiments will be conducted at low and high temperatures to determine what effect this has on the materials’ performance.  Special tests cells employing a thermostatic jacket will be used for this testing.  
4.2 
High Rate, Novel Positive Electrode Material

The experimental plan for development of a high rate positive electrode with good capacity is detailed below.  In summary, we plan to purchase commercial microsized lithium metal oxides and modify them to yield a suitable material for the proposed battery system.  The experimental portion of this work will entail optimization of the chemical treatment systems and electrochemical testing to verify the properties of the modified material.  Electrochemical testing will begin with half-cell tests in lab cells using Li foils the counter electrode.  Cyclic voltammetry, electrochemical impedance testing and chronopotentiometry will be used to characterize the materials.  Once the better materials have been selected, they will be combined with select negative electrode materials as described in Section 4.1 and full cell lab tests will be conducted using similar test regimes.  The details of the materials preparation and evaluation follow.  
Of the current commercially-available Li-ion batteries, the best results have been exhibited by the company A123 with a battery that boasts short-term high rate discharge capability to around 30C.  While impressive, the battery can only deliver this power for seconds.  The key to the technology is use of nanosized cathode materials (and a MCMB anode) with high electronic conductivity.  The tradeoff is that the energy and power density of the system suffers [A123 18650 cell 93Wh/kg 30 mAh/g] since the nanosized materials have lower specific energy (capacity) than microsized materials.  The anode is yet another area of concern with regard to sustained rate capability.  

Looking at to the positive electrode (cathode) in a Li-ion battery, conventional solid state synthesis leads to lithium metal oxides such as LiMPO4 (M = Fe, Mn) which have poor electronic conductivity so that electronic charge can only be transported via local polarons at the transition metal.  Enhancement of the electronic conductivity of LiMPO4 requires manipulation of the material morphology and surface modification.  Carbon coating is an obvious solution.  

The slow polaron mobility in LiMPO4 is a fundamental problem, which, presumably, can be minimized by decreasing particle size and by optimized decoration of particles with conductive carbon.  Recently, Graetzel
, 
 described a new approach for improving the electronic charge transfer in LiMPO4.  This involved coating the material with a second semiconductor and a carbon nanotube.  

We propose to employ single walled carbon nanotubes (SWNT) in both the positive and negative electrodes to yield a high rate, high capacity Li-ion battery that can outperform the best available Li-ion battery technology.  The move away from nanomaterials to enable high rate performance has also been recognized by Bruce
 who is championing microporous lithium metal oxides for high rate.  While this is a novel approach of merit, the issue of electronic conductivity is not adequately addressed.  

To improve the rate capability and capacity of the positive electrode, we borrow an idea from Graetzel and employ high quality single walled carbon nanotubes (SWNT) together with a proprietary coupling agent to improve the electronic conductivity of microsized LiCoO2.  In this manner, we will ensure high rate performance from a low cost high capacity material.  We are well aware of the concern in the industry about the cost of CNTs.  In the proposed approach the loading of CNTs in the cathode will only amount to 5-10% of the material.  Therefore CNT cost should not be an issue.  As is well known, SWNT have excellent electronic conductivity.  We will seek to improve the conductivity of LiNiCoO2 by chemically coupling it to SWNTs (combined in small quantities) to yield a highly conductive, high capacity cathode material.  We will purchase the LiNiCoO2 from BASF and, following Graetzel’s lead, the SWNTs will be pretreated and then combined with the LiNiCoO2 .  We will explore various mixtures of the two materials to find the optimum combination.  We expect that something in the range of 3-5% SWNTs will be optimum.  

As a backup, we will experiment with methods to prepare nanosized LiCoO2.  The company nGimat currently produces nanosized LiCoO2 commercially using a nanospray combustion process.  We will purchased this material and treat it using SWNTs and the Graetzel method to determine if we can improve the rate and capacity of this material.  Another possibility is to follow Bruce’s lead
 and prepare mesoporous LiNiCoO2 which would help preserve the capacity of the material while ensuring high rate capability.  We will explore both of the alternative routes to help ensure the success of the project.  

Once the appropriate cathode material is prepared, sheets of electrode material will be fabricated initially using air spraying and later using calendaring methods employing PVDF as the binder.  Individual 1cm2 electrodes will be cut from these sheets, dried and weighed for evaluation.  Five to ten cells will be assembled using the same material and tested in tandem to yield statistically-significant data sets.  These materials will be tested for relative electronic conductivity (EIS and four point) and cathode capacity (chronopotentiometry).  Initial capacity tests will employ a lithium foil counter electrode and a standard electrolyte (EC, EMC, LiPF6).  Two electrode lab cells (Swagelok-type) will be used to evaluate the experimental materials.  Cell assembly and testing will be conducted in an Ar-filled glove box. Once the optimum mixture has been identified, capacity experiments will be conducted using our better high voltage electrolyte to realize the full capacity of the material at its working voltage.  After selection of the better candidate materials, experiments will be conducted at low and high temperatures to determine what effect this has on the materials’ performance.  Special tests cells employing a thermostatic jacket will be used for this testing.  

We are not alone in advocating combination of CNTs with lithium metal oxide as a means of improving the electronic conductivity of the latter.  Other groups
,
 besides Graetzel’s have begun successfully exploiting the superior properties of CNTs for this purpose.  Our early efforts in this area were similar to Li et al3 using LiNiCoO2 in a wet chemistry approach to combining the spinel with the nanotubes.  Similar to Li et al3 our process entailed mixing the LiNiCoO2 (Merck) with the tubes after the tubes had been refluxed in 2M aq HNO3 for 12 hours.  The LiNiCoO2 (50 w/o) was added directly to the reflux solution and 40% KOH was added to neutralize the solution before filtering.  The pH of the solution was monitored to ensure that the solution was neutral and then the mixture was filtered and the collected material was dried to form a combination LiNiCoO2/CNT paper.  We succeeded in preparing one material that yielded quite extraordinary results when cycled successively.  Subsequent tests with this same material were not as successful.  Figure 7 depicts cycles 28 and 29 of this test.
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Figure 7: Li-ion cell with CNT anode, CMT, LiNiCoO2 cathode Cycles 28 and 29 

This is the first time that a CNT/CNT battery has behaved in this manner.  The total weight of the electrodes in this cell was 1.5 mg, but this cell held an average of 4.08 V (cycle 29) over the 3 hours of discharge at 200 microamps (C/2).  This yields a specific energy of 1555 Wh/kg.  It was clear that we were running on the LiNiCoO2 in the cathode, but there was only 350 micrograms of this in the cathode.  A standard commercial cathode has about 15 mg of LiNiCoO2, obviously, the electrode system depicted here is considerably more energetic than its commercial counterpart.  This effect is undoubtedly due to the presence of CNT in the electrode structure.  These results for obtained with a LiNiCoO2 material, the proposed effort will attempt to repeat these results using the proposed coupling agent process.  The proposed improvement will be to use a coupling agent1 to ensure good electronic conductivity between the lithium metal oxide and the highly conductive SWNTs.  

4.3 
Electrolyte 

A polyphosphate electrolyte as described in Section 2 will be used for the proposed Phase I effort.  This material has proven resilient in experiments using a variety of cathode chemistries and various forms of carbon negative electrodes ranging from SWNT through graphite to MCMB.  Extensive testing has proven this material to be superior to carbonate-based electrolytes in terms of thermodynamic stability and stable SEI formation.  LGA has a license from Phoenix Innovation for the exclusive use of this polyphosphate electrolyte.  

4.4 
Deliverable

LGA will employ Farasis to fabricate 12 AA size batteries using the better materials as identified from the testing described in this work plan.  Farasis will also perform initial characterization of six of these cells and ship six to DoD for further evaluation.  

4.5 
Work Statement 

The contractor will undertake a research effort to fabricate and evaluate novel high rate electrode materials and a novel electrolyte that can be charged to 90% capacity in 30 minutes will exhibit voltages exceeding 4.5V and will retain 95% capacity upon storage.  These novel components will be used to fabricate batteries that will exhibit similar system metrics.  Accomplishing these goals will require execution of a number of technical tasks, including:

A. Preparation of modified MCMB and acquisition of B-doped SWNTs

B. Preparation of high rate cathode materials using treated CNTs and Li metal oxides

C. Experimental assessment of the cathode materials using electrochemical testing and their refinement based on these results.

D. Experimental assessment of the negative electrode materials electrochemical testing and refinement of their composition based on these results.  

E. Fabrication of six AA size batteries for delivery to OSD

F. Preparation of a final comprehensive technical report.

4.6 
Work Schedule
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5.0
Related Work.

As evidenced by a review of the scientific literature, much effort has been expended over the past several years to perfect Li4Ti5O12 as a high rate anode material for Li-ion batteries.  As is well known, this material is at best a semiconductor and so conductive fillers such as carbon black must be combined with the Li titanate to make the resulting composite electronically conductive.  Lithium titanates offer an alternative to carbon materials as a high rate, high capacity anode material.  Recent work to improve the properties of lithium titanates as an anode material have included preparing porous Li4Ti5O12 to improve capacity
, incorporating Al in the titanates
 to improve the capacity and cycle life of the material adding carbon to improve the electronic conductivity of the titanate
 and studying the composition and preparation of the material10 to improve its properties.  Although titanate anodes offer superior safety compared with graphite and high rate performance, they do so at the expense of voltage.  Even when combined with relatively high voltage lithium metal oxides, cells utilizing titanates anodes are limited to around 3 V9.  Clearly carbon negative electrodes are required to attain high voltage in a Li-ion system.  To the best of our knowledge, we are the only researchers to date that have successfully modified MCMB to operate at the rates we have reported here.  We have experience in treating carbons to improve their properties.  One of our previous efforts entailed coating MCMB with surfactants11 to improve its performance was echoed by others
 who chose more expensive coatings such as silver.  There has been a recent report
 of a Li-ion system that can be cycled at 15C, but these results have not been verified.  Most of the work involved in coating CNTs with TiO2 has been to benefit of photovoltaics.  We have yet to uncover any reported in the scientific or patent literature describing anything similar to our proprietary surface treatment process.  To the best of our knowledge we are one of the few groups examining the use of B-doped CNTs for high rate Li-ion negative electrodes.  Others have investigated lithium intercalation in BCNTs, but many studies have been theoretical simulations
,
 

In the area of electrolyte development, Xu
, recently reviewed the advances and development of nonaqueous electrolytes for Li-ion batteries.  Xu failed to address high voltage electrolytes, but did describe efforts to prepare nonflammable electrolytes.  These efforts focused on the use of phosphazenenes, trimethyl phosphate and triethyl phosphate as additives in the traditional carbonate-based electrolytes as a means to minimize the flammability of the carbonate solvents.  Very recent work
 in the development of nonflammable electrolytes describes use of new types of phosphate esters, but the theme is the same, i.e. use of these materials as additives in carbonate-based electrolytes.  Our recent work
, 
 has demonstrated our electrolyte to be to be an interesting alternative to nonflammable electrolytes currently under consideration for lithium batteries.  Unlike the approach of most researchers, our polyphosphate electrolytes are standalone materials not combinations of phosphate esters and carbonate solvents.  This makes our materials truly unique, thermodynamically-stable electrolytes.  
Looking Glass Associates is a startup company, but will take advantage of the eight years of battery materials development carried out by its predecessor, Phoenix Innovation, Inc.  The PI of the proposed effort was a principal at Phoenix Innovation and was in charge of battery materials development.  As a result, related work in the area of battery electrolytes includes efforts for the Missile Defense Agency to develop safe polymer electrolytes for lithium batteries and new electrolytes for high voltage lithium batteries.  This work has resulted in the issuance of a US Patent and interest from a number of battery manufacturers seeking a safe alternative to the conventional carbonate-based electrolytes.  In addition, at Phoenix, work was completed in 2007 on a Phase II SBIR program from the Dept. of Energy to develop new electrolytes for magnesium rechargeable batteries.  In the area of carbon nanotube technology, while at Phoenix, the proposed PI was engaged in a Phase II program for the Office of Naval Research to develop a high energy battery based solely on the use of carbon nanotube electrodes.  This work has attracted the attention of several venture capital firms seeking alternatives to the current Li-ion technology.  

6.0
Relationship with Future Research or Research and Development

Success in the proposed Phase I effort would lead to a Phase II program to further refine the composition of the electrode materials and “push the envelope” toward further elevated performance.  Battery fabrication and evaluation would be a major portion of the Phase II effort leading eventually to the fabrication of 5Ah cells toward the end of the program.  A Phase III commercialization program in which we would attract funding to fabricate batteries for distribution and evaluation by battery manufacturers and OEMs.  In addition, part of the investment capital will be used to further optimize the electrode and electrolyte components with additional laboratory experimentation and evaluation.  To this end, we would work closely with our Phase II research partners the National Renewable Energy Laboratory.  This work would include refinements to the electric Arc CNT process to lower the cost of CNTs and further refinement of the Li1.1(Ni1/3Co1/3Mn1/3)0.9O2 cathode material and identification of new, materials that may offer superior electrochemical properties.  
7.0
Technology Transition and Commercialization Strategy
Successful development of the proposed processes for preparing long lived, high energy Li-ion batteries would lead to commercialization of the system through licensing opportunities to battery companies and chemical manufacturers.  The proposed new system could find unlimited application in the aerospace market, but also in the electric vehicle market.  Success for Looking Glass Associates (LGA) would lead to commercialization of the electrode manufacturing processes through licensing opportunities to battery companies and chemical manufacturers.  LGA Innovation would also consider becoming a materials supplier of novel electrode materials and electrolytes to battery manufacturers for production of said batteries.  To that end, we would vigorously pursue private equity funding to augment DoD research funds in perfecting the proposed processes and acquiring and defending the resulting IP.  An example of proposed commercialization approach is Pred Materials International (http://www.predmaterials.com).  The target customer for our novel products would be the Li-ion battery manufacturers.  This market is conservatively estimated to be around $5.5 Billion annually and growing at 6% per year
.  The materials portion of the market represents 25 – 35% of this market or $1.5B per year.  If we could capture 1% of that market with our novel materials, we would generate $16M annually.  

Should we choose to pursue the materials supplier route, development of these optimized processes will require us to develop new expertise and hire personnel.  To scale up manufacturing of the materials we will need to purchase manufacturing equipment.  This will require a large upfront capital expenditure.  We expect to make this commitment toward the end of a follow on effort and will seek loans from the SBA and state grants and low interest loans to acquire the necessary equipment.  While the manufacturing effort unfolds, marketing and sales of the new electrolytes will be planned and executed in tandem with these manufacturing efforts.  

These commercial efforts will be financed by obtaining an initial seed capital investment of $500,000 - 1,000,000 through private placement.  We would expect to sell about 40% of the company’s outstanding shares for this initial high-risk investment.  This capital would be used to promote our concept to select companies in order to establish strategic partnerships.  In addition, we will fabricate prototype batteries for evaluation by our partners or select OEM or battery companies.  Prior to this, we will negotiate appropriate nonanalysis or reverse engineering agreement with the targeted companies to maintain the security of our IP.  While these efforts are unfolding, we will further enhance our IP position by filing additional patents and reviewing trade secret laws with our attorneys.  A second round of financing would ensue using venture capital and equity investments from our strategic partners.  The second round would be far more substantial and would be used to establish the large scale manufacturing process and further marketing and sales efforts.  To carry out this plan Phoenix Innovation will rely initially on existing management staff to draft the corporate strategy and write the business plan.  The Vice President of Phoenix Innovation has experience in this regard having written a successful business plan for a spinoff paint company (E Paint Co.) that attracted Angel investors willing to invest $1 million to that company’s marketing efforts.  The technical aspects of the plan will be handled initially by Phoenix’s President, Dr. Brian Dixon, who is an accomplished polymer scientist and has worked for large chemical companies including ICI and Dow.  As the plan unfolds additional technical staff will be hired to assist as needed.  Administrative work will be handled by the two present company executives in concert with their legal counsel at Burns and Levinson.  To supervise and carry out manufacturing efforts, we will plan to hire appropriate senior staff following the first round of financing.  

At this stage, there are few, if any, companies that can boast the degree of accomplishments that Phoenix has achieved with regard to a high voltage electrolyte.  We know this to be true through communications with industry leaders such as Ferro Corp. (see accompanying letter).  Our task in the proposed research and commercialization efforts is to clearly define the processes required to prepare the electrolyte and electrode materials and define the appropriate costs and benefits.  The proposed materials are novel and the market opportunity is manifest.  Accompanying letters of interest from leaders in the field including Sanyo attest to this assertion.  As is well know, Sanyo controls the largest market share and highest profits of any company involved in the manufacturing and sale of Li-ion batteries.  

8.0
Key Personnel.

At present, Looking Glass Associates employs four persons.  As our commercialization plan unfolds, we will need to hire additional staff to plan manufacturing, conduct additional research and plan our marketing efforts.  Mr. R. Scott Morris will serve as the principal investigator of the proposed Phase I effort.  Mr. David Stephens will manage the administrative aspects of the program.  Mr. Stephens is a former DCAA auditor and is a certified Government Programs Manager. 

R. Scott Morris will be responsible for the electrochemical evaluations and project management in the proposed effort.  Mr. Morris has over twenty-five years of experience in chemistry and electrochemistry and small business management having served as Vice President of two SBIR company for 23 years.  Graduating with a BS degree from the University of Massachusetts at North Dartmouth in 1969, Mr. Morris was subsequently employed by Giner, Inc. and participated in a research program that resulted in the first clear description of the mechanism of reaction, and a definition of the competing reactions of other physiological co-reactants.  While at Giner, Mr. Morris completed several graduate courses in analytical chemistry at Northeastern University.

In 1979, Mr. Morris joined ECO Inc. of Cambridge, MA, as a staff scientist and assumed responsibility as manager of ECO's electrochemical R&D facility.  While at ECO, Mr. Morris' efforts led to the identification of a new type of macrocyclic catalyst that improved the safety of lithium thionyl chloride batteries.  In 1982 Mr. Morris helped found Cape Cod Research and was successful in acquiring Phase I and Phase II programs from the US DOE to investigate use of magnetic microbial ion selective adsorbents to help clean up the radioactive ions in waste waters.  In his tenure at Cape Cod Research, Mr. Morris has been the Principal Investigator of twelve SBIR Phase I programs.  In the late 1980’s Mr. Morris headed two research efforts that dealt with electrodeposition of various ceramic superconductors and one which dealt with a novel method for determining the relative quality of a lubricating oil, in-situ.  Mr. Morris was also the Principal Investigator of an SBIR Phase I program for the NSF dealing microwave thermal regeneration of exhausted granular activated carbon and an SDIO Phase I program dealing with the use of microwave heating to fabricate superconductors.  In 1995-97 Mr. Morris directed Phase I and Phase II efforts for the USAF Wright Research & Development Center to investigate the use of electropolymerized polyether thiophenes as novel solid polymer electrolytes for lithium batteries. for the successful Phase I Wright Patterson program dealing with lithium batteries.  In 1997 he successfully completed a Phase I effort for the National Institutes of Health in which he investigated using polymer composites as a new type of polymer electrolyte for lithium batteries.  During this period, Mr. Morris also served as the PI of a Phase I effort for the National Science Foundation dealing using special additives to effect high temperature electrolytes for PEM fuel cells.  This work led to the successful acquisition and completion of a newer approach for developing high temperature PEMs for the US DoE.  Mr. Morris served as PI of the follow on Phase II program.  In 2000 Mr Morris helped to found Phoenix Innovation, Inc. and initially served as PI of a Phase I effort for DoE to develop nonflammable electrolytes for lithium batteries.  Mr. Morris has served as the PI of the Phase I effort for Phoenix Innovation to develop radically new solid polymer electrolytes for the Ballistic Missile Defense Organization.  He also served as the PI of a successful Phase I effort to develop a novel carbon nanotube battery for ONR.  This work is now in Phase II.  Mr. Morris is a member of the Materials Research Society and the Electrochemical Society.  

Some of Mr. Morris' recent publications and presentations include the following:  

“An All-Carbon Nanotube Battery: Recent Developments” 42nd Power Sources Conference, p217, Philadelphia, June 2006.  

 “Novel All Carbon Nanotube Battery” Abstract B1.11 Materials Research Society Fall Meeting Boston, 2005.  

High-energy, rechargeable Li-ion battery based on carbon nanotube technology, J. Power Sources, 138, 277-80, (2004).  
 “High Energy, Rechargeable Li-ion Battery Based on Carbon Nanotube Technology”, 41st Power Sources Conference, 389-393, 2004.  

Heteroatomic polymer for more efficient solid polymer electrolytes for lithium batteries, US Patent 6,727,343, April 27, 2004.  

"Novel Carbon Nanotube Electrodes for High Energy Lithium Batteries" Session A2, Paper #119, Proceedings of the 204th Meeting of the Electrochemical Society, Orlando FL October 12-15, 2003.

 “Novel Carbon Nanotube Electrodes for High Energy Lithium Batteries", Materials Research Society Absrtact CC5.4, MRS Fall Meeting Symposium CC, Boston, MA. Dec. 2003.
 “Nanostructured Electrodes for High Energy and Power Density Rechargeable Li-Ion Batteries”, 

  Final Technical Report, Contract N00014-03-M-0092, July 15, 2003.  

 “A Novel Approach to the Development of Improved Polymer Electrolytes for Lithium Batteries”, 

 J Power Sources, 119-121, 487-91, 2003.   

9.0
Facilities/Equipment.

Looking Glass Associates is an advanced materials company specializing in the development of novel materials for electrochemical energy storage.  Looking Glass Associates currently employs three full-time and one part-time staff.  Burns and Levinson (Boston, Mass.) handles intellectual property matters.  Looking Glass Associates carries out its research and development activities in 1100 ft2 state-of-the-art laboratory facility in Roseburg, Oregon.  Of a company total of square feet of space, an area of approximately 800 square feet houses the research, & development activities.  Included is a well-equipped chemistry laboratory with a Class B fume hood space and several instruments including:

Two electric arc CNT synthesis devices

Multiple PCs and High-speed cable Internet line 

Radiometer Model PGZ 301 Voltalab Electrochemical Analyzers and associated software

Maccor 8 channel battery cycler

Mettler Model UMT2 ultramicro balance Vacuum Atmospheres Glove boxes

Perkin Elmer Model 1600 FTIR spectrophotometer, model 861 IR spectrophotometer

Blue M HTF55322A tube furnace

10.0 
SUBCONTRACTORS
none
11.0
Consultants

None
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