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INTRODUCTION

One of the most essential technological advances in modern society is the automobile.  Cars impact our lives on a massive scale as they are used on a consistent basis for various tasks.  Current models of cars utilize gasoline to provide the energy needed for movement.  By burning gasoline in our cars we are increasing the amount of CO2 released into the atmosphere; increasing CO2 levels and causing the earth to suffer from a greenhouse effect.10 The earth’s surface is being heated by the CO2 molecules and increasing the mean global temperature.10

Petroleum-based fuels are also non-renewable. The need for oil is generating conflicts throughout the world and resulting in the USA questioning its security within the global petroleum market.  These issues with petroleum powered vehicles are forcing the USA and other countries to try and look for alternative fuels for the large transportation market.

One of the alternate fuels that are being looked at is hydrogen.  H2 has a lot of potential energy stored within its bond that can be harnessed to provide the necessary energy for vehicles.  One of the developed techniques to utilize H2 in cars is by equipping them with pressurized tanks filled with hydrogen gas.11  This is a very costly and impractical onboard vehicular storage method as it takes a lot of energy to fill the tanks with the gas and is dangerous to the occupants in the car and people around it.11  Methods for hydrogen storage involving hydrogen complexes are some of the most promising solutions currently being investigated.11
FREEDOMCAR INITIATIVE

The Department of Energy has issued guidelines for the new hydrogen storage technologies in the form of their FreedomCAR goals.8  These guidelines specify the maximum allowable temperature needed for the release of hydrogen from the system, the weight percentage of hydrogen that needs to be released, and the rates at which the absorption and adsorption of hydrogen occurs in these system.  These guidelines exist so that new technology can be feasible in its application as an onboard storage solution for hydrogen cars.  
The release temperature needs to be low so that the car does not have to be too hot and require more energy to release the hydrogen from the system than is feasible in a standard automobile.  The weight percentage of hydrogen needs to be high so that the car is not transporting additional weight around in the form of the dehydrogenated complex and that enough hydrogen can be stored in the vehicle to move it for long distances.  The kinetics of absorption and adsorption need to be high so that it does not take the user a long time to refuel their car and that hydrogen can be released from the system in adequate amounts to keep the car going.8
LI3N HYDRIDES
One hydrogen complex that is showing the potential to meet these requirements is the hydrides of lithium amide (Li3N).  The hydrogenation of Li3N was first studied by Dafert and Miklauz in 1910.1  They observed the reaction of H2 with Li3N forming Li3NH4: 2H2 (g) + Li3N(s) → Li3NH4 (s).  This complex consists of 10.4% hydrogen by weight and when it decomposes it forms H2 gas.  It was later determined by Ruff and Goeres that the compound formed wasn’t simply Li3NH4 but rather a combination of LiNH2 and LiH.2  One of the properties that Li3N possesses, that makes it a lucrative storage solution, is its fast hydrogenation kinetics.
KINETICS OF LI3N  
Regular Li3N can absorb 5.5 wt. % at 230° C in 3 minutes.3  This quick absorption of hydrogen meets one of the guidelines outlined by the FreedomCAR goals, but a problem that arises is the degradation in hydrogenation potential over numerous absorption-adsorption cycles.  This degradation is already noticeable after the second hydrogenation as only 3.5 wt. % hydrogen is absorbed by the metal complex within the first three minutes and reaches its maximum amount absorbed at 540 minutes with 3.8 wt. %.3  To decrease the degradation of the hydrogenation capacity over repeated cycles, the Li3N complex was heated to elevated temperatures prior to the initial hydrogenation, 400° C and 500° C for various time periods.  
Through analysis of the rates of hydrogenation at 230° C and dehydrogenation at 280° C, it was determined that the best hydrogen storage stability could be reached by heat pretreating the Li3N at 400° C for 4.5 hours.3  During the initial hydrogenation of the compound, only 3 wt. % was absorbed in the first 3 minutes with 9.5 wt. % after 400 minutes.3  Next, after the first dehydrogenation, the metal hydride would absorb 5.2 wt. % within three minutes and its capacity does not degrade over repeated absorption-adsorption cycles, meeting the short term goals of the DoE.3,8  Even so, a higher capacity will be needed in the future to make onboard metal complex hydride storage a more competitive and feasible solution.8
EFFECTS OF HIGHER TEMPERATURES ON HYDROGENATION

As not all of the hydrogen is adsorbed from the metal complex hydride at 280° C, experiments were conducted to determine whether an increase in the temperature would release more hydrogen from the system.4  The Li3N complex was hydrogenated at 230° C and then dehydrogenated at 400° C.4  The system lost a higher wt. % during the initial dehydrogenation but when trying to perform subsequent hydrogenations, the complex would only absorb 0.4 wt. % overall.4  This decrease in hydrogen storage capacity was the result of sintering, caused by the reactions ultra fast, exothermic kinetics, which led to deactivation of the compound.3  To prevent these hot spots from developing during hydrogenation, another compound needs to be mixed in with the metal hydride.
PREVENTION OF SINTERING

One compound that can prevent sintering is Li2O.5  By oxidizing Li3N prior to hydrogenation, the development of hot spots can be reduced within the metal complex and improve the hydrogenation-dehydrogenation kinetics.5  To optimally oxidize the compound, it should be exposed to air for 30 minutes, allowing for only partial oxidation.5  The addition of the oxide prevents sintering during the hydrogenation  without diminishing the high rate of absorption - adsorption over numerous cycles.5  The hydrogen in the Li2O/LiNH2 mixture was 4.6 wt. % which is lower than the storage capacity available without the Li2O, but it provides the possibility of increased longevity compared to pure LiNH2.5  In order to increase the utility of this system, the reversible hydrogen storage capacity needs to be increased to be more feasible.  By trying to examine the first step of the dehydrogenation a solution can be found.
COMBINING LINH2 AND LI3H

A majority of the hydrogen released is during the first step of the dehydrogenation process: LiH + LiNH2 → Li2NH + H2.7  To try and improve on the storage capacity, a mixture of LiNH2 and Li​3N was used in various ratios to determine whether this could improve the reversible hydrogen capacity.  The most promising mixture contained 28% mol LiNH2 in LiNH2/Li3N.7  This mixture provided a reversible hydrogen capacity of 6.8 wt. %, with 6.0 wt. % absorbed in the first 7 minutes at 230° C.7  The adsorption rate was also tested resulting in 62% of the total reversible hydrogen being released within a 30 minute time frame and 80% after 60 minutes.7  The absorption-adsorption potential did not degrade over the course of numerous cycles but stayed consistent throughout the course of the tests.7  This increase in the reversible hydrogen capacity exceeds the DoE FreedomCAR goals but falls short in regards to the required temperatures for the system.8  To lower these temperatures a method called metal doping may be utilized.
DOPING THE METAL COMPLEX HYDRIDE

In LiNH2, the lithium and nitrogen have an ionic interaction whereas the hydrogen and nitrogen interaction is covalent.6  The covalent bond that keeps the hydrogens within the compound forces the adsorption temperatures of the complex to be high.  By adding magnesium to the mixture and producing a (Li,Mg)NH2 mix the adsorption temperature was decreased by 50° C.6  The formation enthalpy is affected by the larger electronegativity of magnesium, which causes a weaker interaction with the NH2- anion, resulting in instability.6  This decrease in temperature provides a possible solution to the high temperature problem that Li3N storage faces in regards to meeting the DoE FreedomCAR guidelines.8
CONCLUSION


The potential to utilize the Li3N as a solution for onboard hydrogen storage is promising.  The experimental results show that it can surpass the DoE FreedomCAR goal of 4.5 wt. % reversible hydrogen capacity both in the heat pretreated Li3N form and in the LiNH2/Li3N mixture.3,7,8  Both solutions provide light weight fuel options that allow for a vehicle to travel for long distances without a bulky fuel storage solution.  

The fast kinetics of the absorption and adsorption of the hydrogen from the metal complex also makes it feasible for hydrogen storage.3,5,7  With the ability to absorb a reasonable amount of hydrogen, within a period that is similar to current refueling times for petroleum cars, also makes this storage solution feasible for vehicular applications.  Less time will have to be spent both by consumers and manufacturers to prepare and hydrogenate the fuel cells containing this metal complex hydride and this will decrease the costs, both in time and resources, to make hydrogen a feasible alternative to current petroleum powered cars.
The relative inertness of the complex compared to gaseous and liquefied hydrogen makes the metal complex hydride a safe alternative for the proposed hydrogen economy that the automotive industry and US government is trying to move towards8.  Not being readily combustible nor disturbed by the constant movement of an automobile, Li3N based storage cells meet the DoE FreedomCAR’s safety requirement.8
The only specification that Li3N based hydrogen storage solutions have not met to date is the lowering of the absorption and adsorption temperatures to below 100° C.8  The current temperatures are too high to make this storage solution feasible for the general public in onboard automotive use.  The research conducted using doping with other metals resulted in only magnesium and possibly aluminum being the only useable metals. However, the temperatures only drop by 50° C which still does not put them within the guideline of the DoE.6,8,9
The guidelines on these storage solutions are possibly too stringent.  Other than the temperature specification, the Li3N fuel cell meets almost all of the proposed criteria.  To work with the temperature specifications, possible modifications in vehicle manufacturing should be examined.  Possible solutions to absorb the hydrogen could lie in removable fuel cells, to be refueled separated from the automobile at the refueling station.  This station could heat the fuel cell to 230° C, allowing for the effective hydrogen absorption of the hydrogen into the metal complex.  To provide the heat required for adsorption during vehicle usage, the fuel cells could be placed near the engine or other heat generating devices.  The engine could employ a device to transfer the heat generated during combustion to the fuel cell, providing the required temperature.  Electrical current from batteries could also be used to provide some of the energy required to release the hydrogen from the complex.  If the engineers started looking into alternative designs for the compartments within future vehicles, Li3N would be feasible as a storage solution for hydrogen fuel in automobiles.
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