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humble energy scientists with ancient but lavish displays such as lightning, containing gigawatts 
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learn.  
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Abstract 

 

 Storing hydrogen safely and efficiently is an area of great interest for the utilization of 

hydrogen as an energy carrier in transportation applications. The feasibility of using fullerenes in 

hydrogen storage materials was investigated. Alkali decorated fullerenes LixC60 [LixC60] and 

NaxC60 [NaxC60] were found to enhance the hydrogen chemisorption and physisorption 

properties of fullerenes. Although the overall hydrogen physisorption uptake in these materials is 

low due to the crystalline nature of the material, the isosteric heats of adsorption of fullerenes 

were increased by lithium doping. C60 [C60] is also capable of acting as a catalyst in the 

dehydrogenation and rehydrogenation of lithium borohydride. Evidence for hydrogenated 

fullerenes (fulleranes) in the LiBH4:C60 [LiBH4:C60] nanocomposite gives evidence for the 

catalyzation mechanism of LiBH4 [LiBH4] to involve the surface of the fullerene. This effect is 

unlike other carbon materials used for kinetic enhancement in that it does not solely rely on 

nanoconfinement and particle size reduction to enhance the hydrogen storage properties of 

complex metal hydrides. The addition of C60 [C60] to lithium borohydride resulted in a reduced 

dehydrogenation temperature, increased hydrogen desorption kinetics, and reversibility of 

hydrogen adsorption under much milder conditions than pure LiBH4 [LiBH4]. Characterization 

of hydrogenated fullerenes by various mass spectrometric techniques (LDI-TOF-MS, SPALDI-

TOF-MS, MALDI-TOF-MS, and APPI-MS) and the advantages of each technique is reviewed. 

Furthermore, initial findings on the catalyzation of lithium amide and hydrogenated lithium 

nitride with iridium, in which the dehydrogenation temperatures and ammonia emission are 

reduced, is discussed. 
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Preface 

 

 Working in the alternative energy realm has been a personal goal for nearly a decade and 

the opportunity to pursue research in hydrogen storage here at the University of Tennessee has 

been an ideal starting point. My original thoughts were that I was going to learn it all from 

biology to physics using chemistry as the middle ground between the two. I have come to the 

realization that no one person could store and reverberate all of the knowledge that has already 

been acquired by scientists to this date. Instead learning enough to teach myself the advanced 

concepts of a particular area when needed seemed to be the more applicable goal. Although my 

main interest is alternative energy, this area spans many different disciplines and currently has no 

definitive path for a solution. For this reason, I believe that the multi-discipline approach I have 

chosen has been advantageous for my career goals. During my first two years of graduate school, 

I had started nearly a dozen research projects with the expectation of completing them all. My 

advisor likely knew this was improbable and I was told by my committee that completion of all 

the projects I had started would result in a significantly larger than average amount of time in 

graduate school. A year or so later, I finally realized that finishing them all was not going to be 

feasible. Although I did not complete everything that I started, I have no regrets about exploring 

these many different avenues of research. From an educational standpoint, this has been quite 

advantageous in the aspect that it has allowed me to learn many different instrumental techniques 

and investigate research areas that I may not have had the chance to otherwise. At the end of the 

day, I needed to graduate and this shifted my focus towards the projects that were moving 

forward more quickly. This dissertation is a compilation of these projects.  
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Importance for alternatives 

 

 With dwindling supplies of petroleum and increasing evidence for the global warming 

impact of CO2, development of alternative energy sources are becoming increasingly imperative. 

While the abundance of coal and fissionable materials provide additional time for fossil fuel 

replacement to power the electric grid, transportation fuels still remain primarily dependent on 

petroleum with few alternatives within reach. Of the fossil fuels commonly consumed around the 

world, petroleum is quickly becoming the scarcest. Also, many of the largest sources for 

petroleum reside in politically unstable countries which are not on the best of terms with the 

United States. Figure I.1 illustrates that with the exception of Canada, Venezuela, and Russia the 

majority of the proven petroleum reserves are located in the Middle East. Although the U.S. is 

ranked 12th in the world for proven oil reserves (Table I.1) and is the 2nd largest oil producer in 

the world (Table I.3), the United State currently imports more than 3 billion barrels of oil each 

year according to the U.S. Energy Information Administration. [1] The United States is currently 

the largest consumer of petroleum consuming ~4 times more petroleum per capita than the 

second largest oil consumer (China). Although this problem has been apparent for decades, the 

U.S. remains completely dependent on petroleum for nearly all transportation methods utilized. 

This dependence on oil leaves the U.S. extremely vulnerable to situations that may limit the 

import of petroleum resulting in severe economic and logistic disruptions. Furthermore, 

increased demand for petroleum has prompted the excavation of oil from increasingly 

challenging locations. These higher risk oil retrieval methods can have devastating 

environmental consequences as demonstrated by the 2010 Deepwater Horizon oil spill in the 

Gulf of Mexico.  
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Figure I.1: World petroleum proven reserves by country for 2009. [1] 

 

Table I.1: Proven Petroleum Reserves for the top 12 petroleum containing countries (2012). [1] 

2012 Top 12 Crude Oil Proven Reserves (billions of barrels) 

Saudi Arabia  267.0 United Arab Emirates 97.8 

Venezuela 211.2 Russia 60.0 

Canada 173.6 Libya 47.1 

Iran 151.2 Nigeria 37.2 

Iraq 143.1 Kazakhstan 30.0 

Kuwait  104.0 United States 26.5 
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Table I.2: Top 12 oil consuming countries in the world (2012). [1] 

2012 Top 12 World Oil Consumers (millions of barrels per day) 

United States 18.6 Brazil 2.8 

China 10.3 Germany 2.4 

Japan 4.7 Canada 2.3 

India 3.6 South Korea 2.3 

Russia 3.2 Mexico 2.1 

Saudi Arabia 2.9 France 1.7 

 

Table I.3: Top 12 oil producing nations in the world (2012). [1] 

2012 Top 12 World Oil Producers (millions of barrels per day) 

Saudi Arabia  11.73 United Arab Emirates 3.2 

United States 11.11 Iraq 3.0 

Russia 10.40 Mexico 2.9 

China 4.4 Kuwait 2.8 

Canada 3.9 Brazil 2.7 

Iran 3.6 Nigeria 2.5 
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 Although the transportation sector is the most considered aspect of petroleum depletion, 

there are numerous additional applications which are also dependent on petroleum. One of the 

most important alternative uses of petroleum is the production of plastics. Nearly all plastics 

produced are derived from petroleum. Over the past few decades, plastics have become a vital 

part of our everyday lives and not just for disposable products such as packaging and drink 

containers. Plastics make our electronics lightweight, serve in various medical applications, are 

used in clothing manufacturing, and are currently essential in applications where weight is 

crucial such as space exploration. Petroleum is also used as a feedstock for the production of 

countless pharmaceuticals, used in the form of tar for road construction, and used for the 

production of countless surfactants utilized in cosmetics and cleaning products. Due to the wide 

variety of alternative applications which require this resource, simply consuming all of the 

available petroleum for transportation applications, until we are forced into other alternatives, is 

simply not a viable option.  

 

Non-Hydrogen Alternatives 

 

 Biofuels have become a popular alternative to petroleum in automotive applications, but 

the production of biofuels on the scale in which we consume petroleum is a tremendous 

undertaking. Of the biofuels considered, ethanol and biodiesel have gained the most attention. 

The Energy Independence and Security Act of 2007 promoted the utilization of an 

ethanol/gasoline mix in existing gasoline vehicles. A report released by the National Renewable 

Energy Laboratory revealed that the use of low ethanol content blends with gasoline (10-20%) 
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did not result in any significant vehicle malfunctions, [2] but did lower the mileage achievable 

proportional to the lower energy density of ethanol. It should also be noted, in this context, that 

the first American internal combustion engine prototype used ethanol as a fuel source [3] and the 

early model of the Ford Model T and Henry Ford’s first automobile the Quadracycle used 

ethanol for fuel. [4] Therefore, the use of ethanol for a fuel source is not a new idea. Although the 

production of ethanol for fuel utilization will continue to advance, there are many concerns in 

using food (corn) to provide fuel for the transportation sector. Some proponents of ethanol for 

fuel claim that corn crops uptake CO2 to develop and therefore are “carbon neutral”. However, 

the use of fertilizers and farming equipment still require petroleum. In some case studies, corn 

ethanol has been shown to produce more greenhouse gas (GHG) emissions than gasoline [5], but 

cellulosic ethanol produced by the biochemical breakdown of cellulose in inedible biomass has 

an emission reduction over gasoline. Some of the disadvantages of cellulosic ethanol production 

reside in the higher cost associated with production of ethanol via this feedstock, the lower 

production rate of this batch process, and the invasive nature of the plant species which are ideal 

for cellulosic ethanol production. [6] Although the general public may not consider diesel fuel to 

be of great importance, the United States food and goods transportation system relies heavily on 

diesel for the operation of trains and semi-trucks. Biodiesel is an alternative that is already being 

produced in large quantities. Biodiesel can be produced with vegetable oils and waste oils from 

the restaurant industry, but again this biofuel replacement is not a novel idea. In 1900, Sir Rudolf 

Diesel (creator of the diesel engine) used peanut oil to run his prototype engine for several hours. 

[7] Diesel himself predicted that vegetable oils would be a major fuel of the future. Biodiesel still 

has limitations such as the requirement of large amounts of land usage for adequate production 

quantities, the emission of greenhouse gases, and the production of glycerin as a byproduct. 
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While glycerin can be a useful product, the production of biodiesel quantities required for 

petroleum-based diesel replacement would quickly cause glycerin become a waste product. 

Biofuels have potential for reducing the consumption of petroleum, but high land usage 

requirements, emission of greenhouse gases, and utilization of food sources as fuel still limit the 

practicality of biofuels being a permanent, stand-alone solution for petroleum replacement in the 

transportation sector.  

 Battery electric vehicles have gained a significant amount of attention over the past 

decade, even though electric propulsion technology has been known for over a century. The use 

of electric drive trains allow for the operation of a vehicle without emissions from the vehicle 

itself. On the other hand, considering the methods in which electricity is produced for the electric 

grid (typically coal in the U.S.), the GHG emissions generated from electricity production 

required for charging an electric vehicle can rival that of a gasoline engine in the United States. 

[8] This is mainly due to the current methods employed for electricity generation which rely 

largely on coal, natural gas, and petroleum in the United States. With the production of 

electricity via renewable technologies, battery electric vehicles can have significant 

environmental advantages over gasoline vehicles. The main limiting factors of battery electric 

vehicles lie in the short driving ranges, long recharge times, and high cost as shown in table I.4. 

These limitations make battery vehicles only viable for wealthy consumers or consumers which 

would only use the vehicle for short trips. Another limiting factor of electric vehicles, which is 

not typically considered by consumers, is the short lifetime of the battery itself. As with all 

batteries, the capacity decreases over time with repetitive charging and discharging. The lifetime 

guarantee on battery packs from most manufacturers is 100,000 miles, but battery replacement 

can cost several thousand dollars. Currently, the most popular and affordable option for electric 
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vehicles is the hybrid vehicle which combines gasoline fuel and battery power for the propulsion 

system. The two types of hybrid vehicles available include plug-in hybrids, which require 

recharging, and hybrids in which the battery is recharged by operation of the gasoline engine. 

The advantage of a plug-in hybrid is the increased fuel economy compared to other hybrid cars. 

There are also some hybrid cars in which the fuel economy is equivalent to that of a fully 

gasoline powered vehicle. Although hybrid electric vehicle technology is a step in the right 

direction, it still has quite a way to go. While the cost of fully electric vehicles are continuing to 

drop in part by government incentives, they still lack the conveniences of a gasoline powered 

internal combustion engines. 

 

Table I.4: Electric Vehicle Comparisons for 2013 model cars. [9] 

 

 

Electric Car Comparisons 

Model Recharge Times Driving Range Cost 

 

Nissan Leaf 

7.25 hrs. at 240 V 

(3.6 KWh charger) 

4 hrs. at 240 V 

(6.6 KWh charger) 

 

75 miles / charge 

 

$ 28,800 – 34,840 USD 

Ford Focus (Electric) 4 hrs. at 240 V 

(charger not specified) 

76 miles / charge $ 39,200 USD 

 

Tesla S  

(60 KWh battery) 

10 hrs. at 240 V 

(Single Pack) 

3.75 hrs. at 240 V 

(Double Pack) 

 

208 miles / charge 

 

$ 69,900 USD 
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Advantages of Hydrogen 

 

Hydrogen can be combusted in the presence of oxygen with the production of only water. 

If hydrogen is obtained from water using renewable energy resources (wind, solar, hydroelectric) 

then the hydrogen utilization cycle can be virtually free of emissions. Although production of the 

infrastructure required to utilize hydrogen as an energy carrier will result in significant 

emissions, this is true of any infrastructure. The main advantages of hydrogen are that it is 

incredibly abundant in the form of water, can be combusted or utilized in a fuel cell without the 

production of greenhouse gases, and has the highest gravimetric energy density (from a chemical 

reaction) of any other fuel (123 MJ/Kg). The only materials known to have higher gravimetric 

energy densities are Uranium and other fissionable materials (from nuclear reactions), but these 

are unlikely candidates for the transportation sector for obvious reasons. Hydrogen is the most 

abundant element in the known universe and can be utilized indefinitely if obtained from water 

in a renewable fashion. Hydrogen can be combusted in modified internal combustion engines or 

used as a fuel source in proton-exchange membrane (PEM) fuel cells. Hydrogen fuel cell cars 

have already demonstrated the ability to compete with gasoline vehicles in driving range and 

fueling times, which are two of the disadvantages of electric vehicles. While hydrogen utilization 

in the transportation sector has been an area of interest for decades, there are also several other 

areas in which hydrogen as an energy carrier can be applicable such as emergency generators, 

construction equipment, and energy storage for wind and solar technologies. To date, hydrogen 

is the most promising renewable, clean-energy alternative for petroleum replacement in the 

transportation sector. 



   10 

 

Roadblocks for the Utilization of Hydrogen in Transportation 

 

 Unlike fossil fuels, hydrogen is an energy carrier and not an energy source since there are 

no reserves of hydrogen on the planet to be mined. There are several limiting factors currently 

preventing the widespread use of hydrogen as transportation fuel. These include the price of fuel 

cell technology, the safe and efficient storage of on-board hydrogen, the use of platinum as the 

fuel cell catalyst, and the renewable and energy efficient production of hydrogen from water. 

Once these challenges can be overcome, hydrogen will be able to provide an alternative to 

gasoline combustion engines with little to no disadvantages. Since the hydrogen fuel cell 

industry is a relatively new industry in comparison to biofuels and battery electric vehicles, the 

manufacturing infrastructure is still in its infancy, but this can be overcome with increased 

production and innovative manufacturing techniques to reduce expense. The requirement for 

industries to remain competitive in an evolving technology and economic incentives to get an 

economically viable vehicle to market have proven to be successful motivators in the battery 

electric vehicle industry, which has shown a drastic reduction in product cost over the last 

decade. The replacement of platinum as the PEM catalyst has obvious economic advantages due 

to its current expense (~ $1,400 USD/oz.). Also, there is concern that the amount of platinum 

required for long-term replacement of gasoline vehicles worldwide would exceed the amount 

available and would eventually become too expensive for the technology to remain economically 

viable. Furthermore, our current method of hydrogen production is primarily via steam 

reformation of methane. Obtaining hydrogen in this manner only substitutes one fossil fuel for 

another. While electrolysis of water has been known since 1789 [10] and many other techniques 

such as biohydrogen production are proven, the price of the hydrogen produced in this manner is 
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not competitive with methane reformed hydrogen due to the low energy efficiency and expense 

of electrolysis and low production capacity of current biohydrogen production methods. [11] 

Finally, the safe and dense storage of hydrogen for on-board utilization is required for the vehicle 

to have a competitive driving range compared to gasoline vehicles and meet the safety 

requirements needed to prevent fatal accidents related to fuel tank rupture. The non-polar nature 

of diatomic hydrogen leads to Van der Waals forces being the primary intermolecular force. This 

results in weak interactions between molecules and a low volumetric density. For example, the 

volumetric energy density (MJ/liter) of hydrogen at pressures of 700 bar is nearly five times 

lower than that of gasoline and liquid hydrogen only has approximately two times the volumetric 

energy density of hydrogen at 700 bar. [12] The explosive and highly flammable nature of 

hydrogen have always been causes for concern when considering pressurized or liquid hydrogen 

since hydrogen has a flammability lower limit of 4 % in air. [13] In order to meet energy density 

and safety requirements, a material able to store large amounts of hydrogen with reasonable 

release kinetics is required. 

 

Hydrogen Storage Objectives and Targets 

 

 A desirable goal of safe and efficient storage of hydrogen for utilization in vehicular 

applications has been defined by the Department of Energy. [14] Recently, the targets for 

gravimetric capacity have been reduced due to the difficultly in achieving the required density 

under reasonable conditions. The new targets were set with the realization that fuel cell vehicles 

could be hybridized with batteries for additional range quite easily since both rely on electric 
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drive trains. Due to the non-polar nature of hydrogen the physisorption of large amounts of 

hydrogen in porous materials requires cryogenic temperatures and the strong ionic bonds of most 

metal hydrides require high temperatures for hydrogen’s release. The refined 2009 DOE targets 

for hydrogen storage are outlined in Table I.5.  The expectations for refueling time (~ 3 min) and 

driving ranges (> 300 miles) on light-duty vehicles are comparable to those of gasoline vehicles. 

Hydrogen fuel cell vehicles have higher expectations of success in refuel time and driving range 

compared to fully battery electric vehicles which suffer predominantly in these two areas. 

Driving ranges over 300 miles have been demonstrated with hydrogen vehicles [14], but the cost 

and safety of the technology combined with the lack of suitable hydrogen distribution 

infrastructure still limit the capability of competing successfully with other technologies in the 

near future. Nevertheless, both Toyota and GM say they are going to release a hydrogen fuel cell 

vehicle by 2015 and Toyota estimates the price as ~ $50,000 USD. [15] It is likely that early 

hydrogen fueled vehicles may use carbon-fiber reinforced tanks or possibly cryo-compression 

techniques initially. Although these tanks are safety certified in many countries and have proven 

burst capacities of (23,500 psi) for a 10,000 psi tank, [16]
 complete rupturing of the tank in the 

presence of an ignition source (such as a spark) is nearly certain to result in fatalities. Gasoline 

vehicles can quickly catch on fire upon tank rupture, but are not likely to immediately explode 

unless significant vapor is present. Although initial vehicles may have compressed hydrogen or 

liquid hydrogen, the densities required by the DOE’s ultimate target cannot be achieved with 

these techniques. Therefore, investigation of suitable hydrogen storage materials remains an area 

of intense research. 
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Table I.5: Revised DOE hydrogen storage targets (2009) for light-duty vehicles for 2015/2017 

and ultimate goals. The target for both internal combustion engines and fuel cells unless stated 

otherwise. [14] 

 

 

2009 Revised DOE Hydrogen Storage Targets (Light-Duty Vehicles) 

Target 2015 Goal Ultimate Goal 

System Gravimetric Density (wt. %) 5.5 wt. % 

(1.8 KWh/Kg) 

7.5 wt. % 

(2.5 KWh/Kg) 

System Volumetric Density (g/L) 40 g/L 

(1.3 KWh/L) 

70 g/L 

(2.3 KWh/L) 

System Fill Time for 5 Kg H2  (min) 

(Filling Rate Kg/min) 

3.3 min 

(1.5 Kg/min) 

2.5 min 

(2 Kg/min) 

Minimum Pressure Delivery from Storage System (bar) 

(Fuel Cell =FC and Internal Combustion =IC) 

5 FC / 35 IC  

(2017 target) 

3 FC / 35 IC 

Maximum Pressure Delivery from Storage System (bar) 

(Fuel Cell =FC and Internal Combustion =IC) 

12 FC / 100 IC 

(2017 target) 

12 FC / 100 IC 

Operational Cycle Life (1/4 tank to full) 1500 cycles 

(2017 target) 

1500 cycles 

On-board Efficiency (%) 90 % 

(2017 target) 

90 % 

Minimum and Maximum Delivery Temperatures (°C) Min -40 °C 

Max 85 °C 

Min -40 °C 

Max 85 °C 

Minimum and Maximum Operating Temperatures (°C) Min -40 °C 

Max 60 °C 

Min -40 °C 

Max 60 °C 

Fuel Cost (USD) 2-4 USD 

(2017 target) 

2-4 USD 
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Hydrogen Storage Techniques and Limitations 

 

There have been a number of methods investigated for storing hydrogen for vehicular 

applications. Many of the techniques can be classified into three major categories: physisorption, 

metal hydrides, and chemical storage. Of course hydrogen can be stored traditionally in 

compressed and liquid form and this area has also attracted interest recently. Each one of these 

techniques is hindered by different obstructions usually concerning the hydrogen capacity or 

hydrogen release kinetics under reasonable conditions. In order to store hydrogen more densely 

than in the compressed or liquefied state, the strength of the intermolecular interaction of 

hydrogen must be increased by inducing a dipole moment or the hydrogen must be stored by 

covalent or ionic bonds with another atom. Hydrogen molecules interact weakly with each other 

by Van der Waals forces, which is a result of the evenly distributed electron density around the 

molecule and the lack of a permanent dipole moment. Therefore, increasing the hydrogen density 

requires increasing the strength of the intermolecular forces between hydrogen molecules or 

hydrogen containing molecules. Physisorption techniques are typically limited by only weakly 

perturbing the molecular orbital of hydrogen. Therefore only small enhancements of the Van der 

Walls interactions are achieved, which results in low hydrogen capacities unless cryogenic 

temperatures are employed.  Metal hydrides, on the other hand, have strong ionic bonds with 

hydrogen from charge transfer from the metal. This electrostatic interaction is much stronger 

than intermolecular Van der Waals forces and therefore require large energy inputs for hydrogen 

release. Since the fuel cells typically operate below the boiling point of water (100 °C) due to 

hydration requirements of the proton exchange membrane, a hydrogen desorption temperature of 

~ 85 °C is desired so residual heat from the fuel cell can be employed for release of hydrogen. 
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Unfortunately, most light weight metal hydrides require significantly higher temperatures in 

order to release hydrogen. Chemical storage of hydrogen is typically classified as materials 

which contain hydrogen in a more covalent bond than metal hydrides, such as fulleranes. 

Chemical storage techniques usually suffer from poor reversibility of the material. Some 

materials that are difficult to regenerate have led to the investigation of off-board hydrogen 

slurries which can be pumped out once the hydrogen has been evolved and refilled with new 

material. Ideally, on-board hydrogen storage materials would like to be utilized for transportation 

applications to reduce cost and infrastructure requirements. In order to advance these materials 

for practical applications, there has been a significant amount of interest in reducing the bond 

strength of metal hydrides and chemical storage materials and increasing the intermolecular 

interaction strength of porous materials for physisorption.  

 

Metal Hydrides 

 

 Research in the areas of simple hydrides (MgH2, CaH2) and complex hydrides (NaAlH4, 

LiBH4, LiAlH4) has gained a substantial amount of attention for hydrogen storage applications 

due to their high gravimetric hydrogen capacities. The most significant barrier preventing the 

utilization of these hydrogen storage materials lies in the amount of energy required for hydrogen 

release and absorption. Also, most metal hydrides are air sensitive making the application of 

these materials more difficult. Of the simple metal hydrides, MgH2 and AlH3 have gained the 

most attention for practical applications so far. This is because of the high gravimetric capacities, 

(7.6 and 10.1 wt. % respectively) the low cost of materials, and the possibility of hydrogenation 
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via direct reaction with hydrogen at high elevated temperatures or electrochemical reversibility. 

The high hydrogen desorption temperature and slow release kinetics of MgH2 are the primary 

drawbacks for this material. Therefore, the largest area of research in MgH2 for hydrogen storage 

applications has been in the development of catalysts to increase the kinetics and lower hydrogen 

release temperatures. It has been shown that nanoparticles of MgH2 can have increased kinetics 

and thermodynamic properties for hydrogen release and uptake. Nanowires of Mg were found to 

have reduced activation energies for the hydriding and dehydriding reactions (34 KJ/mol and 39 

KJ/mol respectively) compared to that of bulk magnesium (100 KJ/mol and 160 KJ/mol 

respectively). [17]
 Also nanoparticles of MgH2 produced by mechanochemical synthesis 

techniques were found to have a decrease in the enthalpy and entropy (2.84 KJ/mol H2 and 3.8 

J/mol H2 K respectively) for the dehydriding reaction. [18] It is logically reasoned that increasing 

the surface area and exposing un-oxidized surfaces of magnesium by ball milling before 

hydrogenation would result in kinetic enhancements. This kind of technique is well known to 

organic chemists who synthesize Grignard reagents with Mg metal and need to crush the metal to 

initiate the reaction by exposure of fresh surfaces. Although size reduction may have its 

enhancements, the majority of research on MgH2 based materials has been on the effects of 

alloys and catalysts. Also, the addition of nano-sized transition metal catalysts such as Co, Ni, 

Cu and Fe have also shown increased kinetics for hydrogen adsorption. [19] The enhancement 

found from these transition metal additives are believed to a result of induced hydrogen spill 

over, which causes the hydrogen molecule bond to break and allows the mobilization of free-

radical hydrogen atoms. Alane (AlH3), unlike MgH2, does not suffer from slow hydrogen release 

kinetics and has a higher gravimetric hydrogen capacity. The use of alane as a fuel source has 

previously been implemented in rocket fuel for solid rocket boosters. Currently, Russia is the 
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primary producer of this material, but new electrochemical reversibility techniques [20] and 

prospective development of higher impulse speed solid rocket boosters has inspired American 

chemical companies to investigate production. Since alane decomposition is a one-step 

(elementary) reaction given by 

AlH3  →   Al + 3/2 H2, 

the release of hydrogen from the material can occurs very quickly. [21] This quick release, while 

desirable for obtaining high acceleration in fuel cell vehicles, can also be dangerous if pressures 

exceed the acceptable pressures for the storage system. This is especially problematic during an 

event which would require a sharp decline of hydrogen usage, such as a quick stop after rapid 

acceleration. Alane is also hindered by extreme pressures (7000 bar) required for direct 

rehydrogenation at room temperature. It has been proposed that an alane slurry could be pumped 

out and rehydrogenated off-board, and fresh alane slurry could be pumped back into the vehicle 

to circumvent this limitation. [22] 

 

Physisorption 

 

 The storage of hydrogen via physisorption has been primarily investigated on high 

surface area materials including metal-organic frameworks (MOFs), zeolites, and porous carbons 

materials. Since the storage of hydrogen in these materials is based on an enhanced 

intermolecular attraction between the surface of the material and molecular hydrogen, high 

surfaces areas are required to obtain sufficient densities of hydrogen. MOFs provide an excellent 
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class of materials which can be light-weight, contain large pore volumes, exhibit high surface 

areas, and provide customizable pore sizes and binding sites through the use of varying metals 

and ligands. Since the discovery of MOF-5 in 1999, [23] the investigation of MOFs for hydrogen 

storage has increased significantly [24,25] resulting in hundreds of novel materials based on 

frameworks constructed by chelating organic ligands to metal centers in an organized 3-D 

network. The metal coordination sites in many MOFs have proven to provide excellent hydrogen 

binding centers, which is likely due to the charge differential in this area being capable of 

polarizing the molecular orbital of hydrogen to induce a stronger dipole moment. This induced 

dipole moment in hydrogen allows for tighter packing of hydrogen molecules via electrostatic 

interactions. The induced dipole moment is what causes Van der Waals intermolecular 

interactions, but the dipole induced in hydrogen by another hydrogen molecule is very weak due 

to the non-polar nature of the molecule. Therefore, inducing a stronger temporary dipole allows 

for the hydrogen molecules to have an increased attraction for each other and for the surface of 

the materials. The zinc cluster (Zn4O) which coordinates the terephthalic acid ligands in MOF-5 

is an excellent example of this type of binding site. MOF-5 is typically synthesized by the 

reaction of Zinc Nitrate Hexahydrate and 1, 4-benzenedicarboxylate (terephthalic acid) in a polar 

solvent with high coordination ability, such as dimethyl formamide (DMF). It was shown by 

Yaghi et al. that MOF-5 could absorb up to 4.5 excess wt. % H2 at 78K and 1 bar and up to 1 wt. 

% H2 at 298 K and 20 bar. [26] By changing the solvent, temperature conditions, concentrations, 

or adding additional reagents, the crystallinity and crystal structure of MOF-5 can be altered 

resulting in differing surface areas or pore sizes. Three of the known crystal structures of MOF-5 

are referred to as α-MOF-5, β-MOF-5, and γ-MOF-5. Of these three crystal structures the γ-

MOF-5, synthesized via the room temperature DMF approach, has shown the highest hydrogen 
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uptake. [27] It is also possible to create interpenetrated MOFs in which one isorectangular crystal 

structure is formed within the isorectangular crystal structure of another. This type of 

interpenetration in MOF-5 was found to reduce the overall surface area as expected, but actually 

absorb higher amounts of hydrogen at 77 K and 1 atm. [28] At higher pressures, when surface area 

becomes increasingly crucial for hydrogen capacity, the interpenetrated MOF-5 displayed lower 

uptake than normal non-interpenetrated MOF-5. The higher uptake at lower pressures is believed 

to be due to a higher binding enthalpy with the interpenetrated MOF-5. 

 Another type of porous material that have received attention in the realm of physisorption 

based hydrogen storage materials are zeolites. Although natural zeolites such as chabazite have 

been known since the beginning of the 20th century, synthetic zeolites were first synthesized by 

Robert M. Milton in 1949 [29] and paved the way for gas separations for decades after. Since 

zeolites are well-known examples of materials capable of the physisorption of gases, the recent 

investigation of these materials for hydrogen storage is not surprising. Proton exchanged 

chabazite, H-SSZ-13, was found to densely store hydrogen within the pores due to highly active 

binding sites resulting in an uptake of 1.28 excess wt. % H2 at 77 K and .98 bar. [30] Zeolites have 

been recognized for their chemically active metal sites which can be capable of catalysis, 

hydrogen nuclear spin conversion, and hydrogen spillover. Highly active metal sites and high 

surface areas have made zeolites actively investigated as both hydrogen storage and production 

candidates.  

 Porous carbon materials are also well known for their high surface areas. Activated 

carbon is one of the most popular carbon sorbents and is used in applications such as water 

purification, air filters, and sorbents in the medical field for patients who have been poisoned or 

overdosed. Since carbon materials are widely used in sorption applications, a wide array of 



   20 

 

carbon-based materials have been studied for hydrogen storage applications. [31] Carbon 

nanotubes were of particular interest after a study predicted that single-walled carbon nanotubes 

(SWCNT) were able to absorb ~ 10 wt. % of hydrogen at room temperature. [32] The temperature 

programmed desorption (TPD) data of an activated carbon/SWCNT composite, which was 

hydrogenated at 300 torr H2
 followed by cooling to 133 K, was used to make this prediction. 

Further studies displayed significantly lower hydrogen uptake in single-walled carbon nanotubes 

(~1.7 wt. % at ~12 MPa and room temperature). [33] Recently it has been shown that zeolite 

templated carbon materials, with surface areas up to 3200 m2/g, can adsorb up to ~ 7 wt. % H2 at 

77 K and 20 bar. [34] This is among the highest reported hydrogen uptake in porous carbon based 

materials. Although surface area is important, recent studies show that defect sites and pore sizes 

have a significant influence on the uptake of hydrogen in carbon-based sorbents. [35] 

 Another interaction with dihydrogen which has a stronger interaction strength than 

typical physisorption materials, but is much weaker than the ionic bonds of metal hydrides has 

been coined the Kubas bond. This type of bonding, in which the π density of a metal center 

interacts with the σ bonding density of the hydrogen molecule, was first discovered by Kubas in 

1984. [36] This η2 binding interaction usually results in the elongation of the H-H bond by about 

10 % (.75 - .84 Å). Since the binding enthalpy of this interaction (20 – 50 KJ/mol) is between 

that of metal hydrides and physisorption, it has been thought to be an ideal candidate for room 

temperature hydrogen storage materials. Unfortunately, most Kubas bonds are observed in 

transition metal organometallics which lack adequate gravimetric hydrogen capacities to be 

feasible for on-board storage applications. It has been predicted by density functional 

calculations that Ti and Sc doped fullerenes may interact with hydrogen in a Kubas-type fashion 

which could result in gravimetric capacities suitable for DOE targets. [37] There are very few 
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examples of Kubas-type hydrogen storage materials [38, 39] compared to MOFs and metal 

hydrides, but the interest in this interaction is growing.  

 

   Chemical Storage 

 

 The chemical storage of hydrogen refers to a class of materials in which the interaction 

with hydrogen is via a bond that is more covalent in nature than that of the ionic bonds in metal 

hydrides or the π-σ interaction of Kubas bound hydrogen. Some of the popular candidates for 

chemical storage over the last decade have included ammonia borane (NH3BH3), ammonia, 

methanol, fulleranes (C60Hx), and even hydrocarbons. [40-46] Ammonia borane, which is a white 

crystalline material, has received the most attention due to its incredibly high gravimetric (19.6 

wt. %) and volumetric (146 g H2/L) hydrogen densities. Also, ammonia borane is stable in air 

and soluble in water which is advantageous for practical applications. Ammonia borane is a 

colorless solid which decomposes in a 3 step reaction mechanism where each step releases ~ 6.5 

wt. % H2. 
[47] One of the major 

NH3BH3   →   [NH2BH2] + H2  (~ 100 °C) 

[NH2BH2] →  [NHBH]n + H2  (~ 150 °C) 

[NHBH]n   →  BN + H2 ( > 1,200 °C) 

challenges hindering the use of ammonia borane as a hydrogen storage material is the evolution 

of volatile species during the dehydrogenation process such as borazine (B3N3H6), ammonia, and 

borane which can poison the platinum fuel cell catalyst. The hydrolysis and methanolysis of 
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ammonia borane has been investigated in detail and is capable of releasing hydrogen at ambient 

temperatures in the presence of appropriate catalysts. Unfortunately, the formation of B-O bonds, 

shown in the equation below, prevent the material from being rehydrogenated on-board.  

NH3BH3 + 2H2O  →  NH4
+ + BO2

- + 3H2 

Although the hydrogen capacities from the hydrolysis of ammonia borane are sufficient for DOE 

requirements, the material would have to be regenerated at a chemical processing plant after 

hydrogen desorption.  

 

Compressed and Liquid Hydrogen 

 

 While compressed and liquid hydrogen do not have a high sufficient hydrogen densities 

to satisfy the ultimate targets set by the DOE, these technologies are still being investigated for 

the initiation of hydrogen technologies. Typical steel gas cylinders, which are commonly used in 

laboratory and industrial settings, can contain a pressure of 200 – 400 bar, but carbon-fiber 

reinforced tanks are being designed to contain 700 bar. [48] Liquid hydrogen has been transported 

by companies like Air Products for decades, but the energy cost of liquefying hydrogen is 

equivalent to 30 % of the energy released from hydrogen combustion. Also, vehicles which are 

not in operation for a while will lose hydrogen over time in liquid hydrogen storage tanks due to 

“boil off”. The main reason these types of storage systems were not originally implemented with 

the development of PEM fuel cell technology is the danger posed by tank rupture. Hydrogen gas 

is extremely ease to ignite and therefore much more dangerous than gasoline. In order to make 
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hydrogen a viable energy source for the transportation sector, a material capable of safely 

releasing large amounts of hydrogen will be required.  

 

Instrumental Techniques in Analyzing Hydrogen Storage Materials 

 

Due to the high temperatures typically required for the desorption/absorption of hydrogen 

in metal hydrides and chemical hydrogen storage materials, most experimental techniques 

utilized for their investigation include Thermogravimetric Gas Analysis/ Residual Gas Analysis 

(TGA/RGA), Differential Scanning Calorimetry (DSC), Temperature Programmed Desorption 

(TPD), and other high temperature instrumentation. These techniques provide a variety of 

information such as the amount of hydrogen desorbed/adsorbed, kinetic parameters including 

activation energies and rate constants, and information about phase changes including melting 

points and crystal structure transitions. Thermogravimetric analysis is employed by heating an 

accurately known weight of sample to a desired temperature at a constant heating heat while 

measuring the mass of the sample over the temperature range. This allows for the weight loss as 

a function of temperature to be measured and when employed in tandem with a RGA the evolved 

gases can be identified. Temperature programmed desorption measures the pressure in a sample 

cell versus temperature giving information on the amount of gas evolved over a temperature 

range. One obvious advantage to the usage of TGA/RGA over TPD is that the gases evolved can 

be identified by a mass spectrometer (Residual Gas Analyzer). This is particularly important for 

complex metal hydrides which can evolve gases capable of binding to platinum in the fuel cell 

(catalyst poisoning). DSC measures the heat capacity over a temperature range by quantifying 
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the amount of energy used to heat a known weight of sample to a particular temperature over a 

desired temperature range. This thermogram (heat capacity vs. temperature) gives information 

about phase transitions, melting points and decomposition temperatures based on the change in 

heat capacity. Another commonly employed technique is isothermal absorption measurements 

using a Sievert’s apparatus. This technique measures the drop in pressure of an absorbed gas at a 

constant temperature over time to give information on the kinetics of a solid-gas reaction and an 

amount of overall uptake of the desired gas at a particular temperature. Powder X-ray diffraction 

is also commonly used to identify crystal phases and of materials since the phase of a metal 

hydride commonly affects the hydrogen desorption and adsorption properties. While these 

techniques are sufficient in measuring the hydrogen capacity, reversibility, desorption 

temperatures, and kinetic and thermodynamic properties, understanding the reaction 

mechanisms, chemical structures, or electronic properties require other spectroscopic techniques. 

The most relied on experimental technique for studying physisorption of hydrogen in 

porous materials is isothermal absorption studies (typically at cryogenic temperatures). By 

analyzing the gas uptake of a porous sample at different pressures under isothermal conditions, 

parameters such as total gas uptake, pore size distributions, BET surface areas, and isosteric 

heats of adsorption can be calculated using a variety of isothermal absorption fitting models. X-

ray diffraction techniques are also critical in understanding the 3-D structure of porous materials, 

especially MOFs, which are crystalline in nature. Since hydrogen atoms cannot be detected by x-

ray diffraction, the determination of hydrogen binding sites within porous materials is typically 

determined via neutron diffraction techniques due to the high neutron cross section of hydrogen 

and deuterium. Another interesting technique is infrared spectroscopy of dihydrogen in strong 

binding sites. Hydrogen does not have a permanent dipole moment and is therefore IR inactive, 
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but induced dipoles from strong binding sites allow for the vibrational mode of hydrogen to be 

detected via IR absorption. The vibrational mode for Kubas bound hydrogen is also easily 

detected via IR spectroscopy. 

  

Overview of Hydrogen Storage Materials  

 

 It is still not clear as to which method of storing hydrogen (metal hydrides, physisorption, 

or chemical storage) will be the most viable for transportation applications. There have been 

numerous types of materials presented with each typically having special requirements. 

Hydrogen physisorption in porous materials is primarily limited by cryogenic temperatures 

required for sufficient hydrogen uptake, whereas metal hydrides require high temperatures for 

hydrogen desorption and many chemical storage methods suffer from difficult on-board 

reversibility. This has led to the design of several different storage system strategies in an 

attempt to anticipate the hydrogen utilization method of the future. While physisorption of 

hydrogen in porous materials typically require very low temperatures, they have desired kinetics 

of release and adsorption, are capable of being cycled many times with little to no capacity loss, 

and do not release any unwanted emissions during desorption. Therefore, the only true obstacle 

for hydrogen storage in porous materials is the low capacities at ambient temperatures. As for 

metal hydrides, high temperatures required for hydrogen release mandate energy usage to desorb 

the hydrogen. While heating a storage tank is much easier than keeping it at cryogenic 

temperatures, many metal hydride based materials have capacity losses over cycling which still 

limit their practicality. As for chemical storage methods, the low reversibility of these materials 
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necessitates off-board regeneration which would require transporting used materials for 

reprocessing and result in a significant increase in the capital cost of the infrastructure required. 

The key to success in the types of materials previously discussed lies in optimizing binding sites 

for ambient temperature absorption in porous materials or the discovery of an appropriate 

catalyst to reduce the temperatures required for desorption/adsorption of hydrogen in metal 

hydrides and chemical storage materials.  

 

Fullerenes in Hydrogen Storage  

 

Due to target gravimetric capacities for feasible hydrogen storage materials, the most 

viable elements for such materials, especially for chemisorption, lie on the first three rows of the 

periodic table. Of the non-metals among these elements, carbon is one of the most well-known to 

bond with hydrogen in a variety of ways. Also, carbon can assume a variety of different 

allotropic forms (graphite, diamond, carbon nanotubes, fullerenes, etc.) each with unique 

properties. Among these carbon allotropes, fullerenes have sparked interest in hydrogen storage 

applications due to its ability to be hydrogenated by several chemical methods and directly with 

hydrogen at high temperatures. Furthermore, the properties of fullerenes can be easily tuned by 

chemical modification. An excellent example of this is the use of modified fullerenes as electron 

acceptors in organic photovoltaic applications. [49] It has also been theoretically predicted via 

density functional calculations that alkali and alkali earth metal decorated fullerenes can have 

strong interactions with molecular hydrogen. [50-54] The interaction strengths anticipated by 

quantum mechanical calculations lie within the range of Kubas-type interactions. This prediction 
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of Kubas type interactions with dihydrogen on the alkali metals sites of decorated fullerenes have 

inspired hope for suitable hydrogen storage materials at ambient temperatures. Extensive 

research into storing hydrogen in metal hydrides and porous materials such as Metal-Organic-

Frameworks has been conducted, [55-57] but only a small number of materials which are capable 

of binding hydrogen in a Kubas-type fashion have been synthesized. [58] Investigation of 

hydrogen storage materials based on carbon is inspired by the abundance of carbon on Earth, the 

wide range of material properties that can be obtained through various allotropes of carbon, and 

the low atomic mass of carbon. It is well known that the gravimetric hydrogen density of 

hydrocarbons found in gasoline, such as octane (15.8 wt. % H2), is sufficient to satisfy DOE 

requirements. For example, the hydrogen density in octane (.1109 g/mL or .055 mol H2/mL 

@25°C) is higher than that of liquefied hydrogen (.07 g/mL or .0348 mol H2/mL). Unfortunately, 

hydrogen storage applications for alkanes have been hindered by incomplete conversion to the 

alkene and the requirement of precious metal catalysts. [44] Therefore, the most logical carbon-

based materials for hydrogen storage would be materials, such as fullerenes, which are capable 

of complete reversibility without the need for precious metal catalysts. 
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1.1 Background 

 

It is well known that the addition of alkali metals to fullerenes can result in significantly 

altered electronic properties. For example, K3C60 is a superconductor at temperatures below 18 

K. [59] This change in electronic properties stems from the charge transfer from the alkali metal to 

the fullerene cage. Charge transfer in alkali decorated fullerenes has been predicted by many 

theoretical works [60-62] and has also been verified experimentally. [63] The experimental 

verification of charge transfer, in these materials, was conducted by measuring the permanent 

electric dipole moment using molecular beam deflection techniques in an electric field. Since C60 

is very symmetric (Ih point group), there is no permanent dipole in the unmodified fullerene. The 

addition of alkali metals to the cage causes a reduction of symmetry and therefore induces a 

dipole, but charge transfer to the fullerene cage increases the magnitude of this dipole moment 

with increasing electron density donated to the fullerene. The experimental electric dipole 

moment values measured for KC60 and RbC60 are in good agreement with calculated electric 

dipoles and suggest a strong charge transfer between the alkali metal and fullerene. It is also well 

established that strong charge differentials can polarize the molecular orbital of hydrogen 

resulting in stronger attractive forces between hydrogen molecules and the surface containing the 

electric gradient. For this reason, metal cluster centers contained within MOFs are typically the 

strongest hydrogen binding sites within the material. Therefore, it is logical to assume that alkali 

doped fullerenes would have a stronger interaction with hydrogen than pure C60. This premise 

has inspired investigation of alkali doped fullerenes has possible hydrogen storage candidates. 

Since Li and Na have the lowest atomic weight of the alkali metals, these metals are a logical 

starting point due to the high gravimetric hydrogen capacity desired.  
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Direct hydrogenation of fullerenes to produce fulleranes is well known [64] and it has been 

demonstrated that fulleranes more reduced than C60H36 can be produced under extreme 

conditions (T= 400 °C, P=120 bar H2) with the average number of hydrogens per C60 at ~31. [65, 

66] It was also shown in this study that hydrogenation temperatures above 400 °C, under high 

pressures, resulted in cage fragmentation of the fullerene. Previous studies have also 

demonstrated that alkali metal doping can lower the temperatures and pressures required for 

hydrogenation [46], but the highest reported hydrogen capacity corresponded to an average of 36 

hydrogen atoms per Na6C60. The lower hydrogen capacities reported in these experiments 

(compared to our study) are due to the lower temperature (200 °C) used for hydrogenation. We 

show that lithium doped fullerenes can reduce the emission of volatile hydrocarbons and reduce 

the temperatures and pressures required (T= 350 °C, P= 105 bar) to produce highly reduced 

fullerenes up to C60H52 with an average of ~40 hydrogens per C60. 

 Density functional theory calculations suggest that lithium decorated fullerenes could 

store large amounts of hydrogen via physisorption with binding energies comparable to that of 

Kubas bound H2.
 [50] The unusually high hydrogen uptake prediction is due to an appreciable 

transfer of electron density to the fullerene cage from the lithium atom. This positively charged 

lithium atom would then be capable of polarizing the orbital of molecular hydrogen leading to an 

enhanced electrostatic attraction to the lithium atom. This increased interaction strength is due to 

an induced dipole moment in the hydrogen molecule resulting from the charge differential on the 

surface of the material. Since Van der Waals forces are simply an attraction between molecules 

due to temporarily induced dipole moments, creating a stronger dipole moment will result in an 

increased interaction. Although the addition of a single lithium atom to a pentagon face of a 

fullerene cage has been calculated theoretically to be essentially degenerate to lithium bound on 
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a hexagonal face, according to Jena et al., subsequent lithium addition is predicted to have a 

lower energy requirement for pentagon faces over hexagonal faces. It has also been calculated by 

various other theoretical works that Li and Na would preferentially bind to pentagon faces. [60-62] 

 

1.2 Experimental Techniques in Synthesis and Characterization of Alkali Doped Fullerenes 

 

  Alkali doped C60 (Na and Li) was synthesized using two different techniques for 

comparison in these experimental studies. One technique utilized solvent assisted mixing in 

liquid ammonia with the pure alkali metal (Na or Li) in the desired stoichiometric ratio with C60. 

The other method involved solvent assisted mixing of the alkali hydride (NaH or LiH) and C60 in 

a 6:1 ratio, respectively, in THF followed by solvent removal and annealing. In order to study the 

hydrogen storage potential of these materials, both chemisorption via C-H bond formation and 

physisorption via intermolecular interactions were investigated. Several different kinds of 

spectroscopy techniques were utilized to understand the systems in greater detail and shed light 

on ways to understand their enhanced ability to store hydrogen. 

 

1.2.1 Instrumental Techniques 

 

 Laser desorption ionization time-of-flight mass spectrometry (LDI-TOF-MS) was carried 

out on an Applied Biosystems Voyager DE-Pro using delayed pulse extraction in reflectron 

mode with a 337.1 nm nitrogen laser. Both positive and negative mode spectra were recorded 
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with a typical spectrum consisting of 50 averaged spectra. Typical mass resolution (m/Δm) was 

2,500 and was calculated using the full width half maximum approach. Samples were prepared, 

under an argon atmosphere, by spotting the plate with 1µL of a .5 mg/mL solution of the sample 

in THF. The sample plate was contained in an argon filled container for transfer to the 

spectrometer, but 5-10 seconds of air exposure was required to insert the sample plate into the 

instrument. In order to determine if oxidation had occurred, the samples were left in air overnight 

after measurements to observe differences between the two mass spectra. It was noticed that 

peak consistent with C60HxO were noticed after overnight air exposure, but were not commonly 

noticed in spectra with 5-10 seconds of air exposure.  

The hydrogen chemisorption experiments were carried out on a HyEnergy PCT Pro 2000 

(Sievert’s Apparatus). Typical chemisorption experiments were carried out on ~ 100 mg of 

sample with 100 bar of H2 overpressure and the temperature was ramped from 25 °C to 300 °C 

over 1.5 hours followed by isothermal conditions for 11 hours at 300 °C. 

Hydrogen physisorption measurements were carried out on a Quantachrome 

AUTOSORB-1C instrument (Quantachrome Corporation, USA) using research grade hydrogen 

(99.9999 % purity). Measurements were made at 77K with 40 adsorption points and 40 

desorption points in a 9mm cell with rod insert. Samples of approximately 100 mg were 

degassed for 1 hour at 300 °C prior to measurements. Hydrogen adsorption isotherms were fit to 

the one-binding site Langmuir model described below. The two highest adsorption amount 

isotherms (coldest temperatures) were used for the isosteric heats of adsorption calculations. 

Very low uptake of H2 at room temperature resulted in low quality isotherms so they were 

excluded in this calculation.  
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Raman spectra were measured at room temperature with 532 nm excitation (Verdi-2W, 

Coherent, Inc.) in the backscattering mode, using an imaging probe (MultiRxn Probe, Kaiser 

Optical Systems) with a 5 mm working distance.  Excitation powers were restricted to less than 

20 mW at the sample, in a spot approximately 200 µm in diameter, to avoid sample degradation.  

Scattered light was detected with a holographic spectrometer (Holospec VPH, Kaiser Optical 

Systems) and CCD camera (DV420A, Andor) electrically cooled to -55 °C.  Spectral resolution 

is 4-6 cm-1, with a shift accuracy of ± 1 cm-1.  Samples were measured while in a quartz vial and 

the contributions of the vial to the spectra were subtracted.   

 UV/Vis absorption spectra were measured on a Varian EV600 in single beam mode using 

an air tight capped quartz cuvette. Spectra were measured from 190-900 nm and samples were 

prepared, under argon, in UV grade tetrahydrofuran dried over 4 Å molecular sieves.  

A Perkin Elmer Thermogravimetric Analyzer-Pyris 1 TGA in tandem with a Hiden 

Analytical RGA was used for TGA/RGA experiments. Typical sample size was ~ 5mg with a 

heating rate of 5 °C/min. 

Fourier-Transform Infrared spectroscopy (FT-IR) measurements were carried out on a 

Thermo Scientific Nicolet IR100 FT-IR in a nitrogen filled glovebox. Samples were prepared as 

KBr pellets.   

X-ray powder diffraction (XRD) was performed using a PANalytical X’pert Pro with Cu-

Kα radiation, and the samples were protected with a Kapton® film to minimize oxidation of the 

sample.  Cell parameters were calculated with MDI Jade 9 software using Whole Pattern Fitting 

(WPF).  Al2O3 was added to the sample after the dehydrogenation/rehydrogenation cycles and 

used as an internal standard at 5 wt. %. 
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1.2.2 Chemicals and Synthesis 

 

Anhydrous ammonia was purchased from Air Gas and was delivered to reaction vessels 

through a drying tube filled with Dryrite. Sodium and Lithium metal was purchased from Sigma 

Aldrich and used as received. Sodium hydride and lithium hydride was purchased from Sigma 

Aldrich and used as received. C60 was purchased from SES Corporation and used as received for 

the physisorption experiments with liquid ammonia alkali doping and from Sigma Aldrich for 

the metal hydride alkali doping synthesis.  

 Lithium and sodium doped fullerenes were synthesized via two different methods, which 

will be referred to in this study as “hydride doped” and “NH3 doped”. Hydride doped sodium and 

lithium C60 was synthesized via solvent assisted mixing in the desired stoichiometric amounts of 

the alkali hydride and C60 in THF followed by stirring overnight under argon. The solvent was 

removed on a Schlenk line under vacuum with heating (~ 80 °C). The materials were then 

annealed at 380 °C for 5 hours to generate the active material. This annealing step was used to 

remove hydrogen from the LiH and the hydrogen desorption was verified by TGA/RGA as 

shown in Figure 1.3.  

 Lithium and sodium doped fullerenes were also synthesized by solvent assisted mixing in 

liquid ammonia. Lithium and sodium to C60 ratios 6:1, 12:1, and 24:1 respectively, were 

synthesized by adding the appropriate molar ratios of alkali metal and C60 (250-500mg scale) to 

a 3-neck round bottom flask equipped with a dry ice/acetone condenser and flow control 

stopcocks under an Ar atmosphere. The apparatus was then connected to a Schlenk line and 

purged with UHP Ar, followed by addition of approximately 150mL of liquid ammonia by 
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condensation. Upon solvation of the lithium metal a deep red color is observed as well as 

solvation of the C60. The reaction mixture was then stirred for 8-12 hours followed by solvent 

removal under Ar flow at ~80 °C. The product was then collected and annealed under vacuum at 

200 °C. This annealing step was employed to insure that all residual NH3 was removed and also 

to verify that the alkali metal was bound to the C60. Alkali metal attachment to the fullerene by 

annealing was verified by the absence of an alkali metal film at the top of the flask due to 

sublimation. This alkali metal film was observed when Li and Na doping graphite by this 

method. It should be noted that the materials are referred to as LixC60 and NaxC60 where x is the 

mole ratio of alkali metal and not necessarily the number of alkali metals on each fullerene 

individually. 

 

1.3 Hydrogen Chemisorption in Alkali Decorated Fullerenes 

 

Alkali doping of C60 results in stabilization of the fullerene cage during desorption and 

increased hydrogen uptake at lower temperatures. The doping of C60 with alkali metals, 

regardless of synthetic technique, results in increased hydrogenation levels of the C60 under 

direct hydrogenation with high pressure hydrogen and elevated temperatures. The TGA/RGA 

thermogram shown below displays that Na6C60, synthesized via hydride doping, is capable of 

desorbing ~2.1 wt. % H2 by 390 °C and ~3.5 wt. % up to 530 °C. (Figure 1.1) This corresponds 

to an average release of 15.5 hydrogen molecules per Na6C60 equivalent. Un-doped C60 

hydrogenated under the same conditions is able to release ~2.7 wt. % of H2 and hydrocarbons, 

under the same conditions, corresponding to about 10 hydrogen molecules per fullerene. (Figure 
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1.3) Since C60H36 and C60H18 are known to be stable isomers of hydrogenated fullerenes through 

various works, [67-69] it is likely that the sodium doped and the un-doped fullerane consist mainly 

of C60H36 and C60H18 respectively. Unlike pure C60 hydrogenated under the same conditions, 

sodium doped fullerenes do not release any observable amounts of hydrocarbons from cage 

fragmentation during the dehydrogenation process.  

Lithium-doped fullerenes also show increased hydrogen uptake and reduced hydrocarbon 

emission compared to pure C60. It optimal ratio of lithium to C60 was determined to be 6:1, 

respectively, with respect to highest gravimetric hydrogen capacity. No significant chemisorption 

enhancements were observed for lithium doped graphite synthesized under the same conditions. 

[70] The “as prepared” materials displayed hydrogen desorption during annealing, which resulted 

from removal of hydrogen from LiH or NaH resulting in the active material (MxC60) in the 

“hydride doped” materials. A temperature dependence study was also conducted to determine the 

optimal temperature for hydrogen uptake (at 105 bar H2) as shown in Figure 1.2. As expected, 

hydrogen uptake improved with increasing temperature displaying a smaller enhancement of 

hydrogen uptake between 50 °C intervals as the temperature approached 350 °C. Hydrogenation 

at 200 °C resulted in a hydrogen capacity of ~2.8 wt. % whereas a hydrogenation temperature of 

350 °C resulted in a ~5 wt. % uptake. The weight loss observed in hydrogenated lithium doped 

fullerenes (105 bar H2 350 °C) was ~ 5 wt. %, which corresponds to 20 hydrogen molecules to 

each Li6C60 equivalent. (Figure 1.3) The RGA also shows no evidence for release of 

hydrocarbons during desorption of the hydrogenated material.  

 

 



   38 

 

 

 

 

Figure 1.1: TGA/RGA overlay of hydrogenated Na6C60 at 275 °C and 120 bar H2 (via hydride 

doping)  

 

 

 

 



   39 

 

150 200 250 300 350 400 450 500 550
90

91

92

93

94

95

96

97

98

99

100
W

e
ig

h
t 

%

Temperature (C)

Absorption T

 200 C

 250 C

 300 C

 350 C

0.0

2.0x10
-8

4.0x10
-8

6.0x10
-8

8.0x10
-8

1.0x10
-7

1.2x10
-7

1.4x10
-7

1.6x10
-7

c

d

b

H
2
 R

G
A

 S
ig

n
a
l 
(t

o
rr

)

a

Figure 1.2:  Effect of temperature on the hydrogen uptake of Li6C60 (hydride synthesis) under 

105 bar H2 overlaid with a typical RGA hydrogen desorption profile for this material. 
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Figure 1.3: TGA/RGA of Red) Pure C60 hydrogenated at 350 °C and 105 bar H2 Blue) as 

prepared (LiH)6C60 (before annealing) Black) Li6C60 hydrogenated at 350 °C and 105 bar H2 
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Figure 1.4: IR spectrum of Li6C60 (hydride synthesis) at various stages of the hydrogen 

desorption/absorption cycle.  Black) as prepared, Red) 3rd desorption, and Blue) 3rd absorption.  

 

 

Figure 1.5: Raman spectra of Li6C60 (Hydride synthesis) A) as prepared (before annealing), B) 

3rd desorption C) 3rd absorption.  
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The Raman spectra of the lithium doped fullerenes, displayed in Figure 1.4, show a shift 

in the fully symmetric Ag vibrational mode from 1468 cm-1 to 1433 cm-1 after activation 

(annealing) of the material. It has been previously demonstrated that the addition of electrons to 

the fullerene cage can result in the perturbation of the Ag symmetric mode by ~5 cm-1 per 

electron. [71] The observed shift in the Raman spectrum is consistent with the addition of 6 

electrons to the fullerene cage. Also, Raman active vibrational modes at ~1580 cm-1 and ~1340 

cm-1 are consistent with other reported alkali metal fullerenes. [72] Figure 1.5 shows the infrared 

active F1u vibrational modes for C60 (526 cm-1, 576 cm-1, 1182 cm-1, and 1428 cm-1) are still 

present in the as prepared material but become much weaker after multiple cycles which is 

consistent with polymerization or cage modification. 

Laser desorption ionization time-of-flight mass spectrometry (LDI-TOF-MS) 

measurements show a much higher level of hydrogenation for the alkali doped fullerenes than for 

pure C60 hydrogenated under the same conditions (Figure 1.6). The mass spectra for the 

hydrogenated lithium doped fullerenes show a distribution of hydrogenated fullerenes as reduced 

as C60H48 (768 m/z) which display an even and odd intensity variation characteristic of positive 

mode mass spectra of hydrogenated fullerenes. While there have been reports of highly 

hydrogenated fullerenes via direct hydrogenation to produce C60H48 
[65], the temperatures, 

pressures, and times required were significantly higher (120 bar H2, 400 °C, and 5000 min). 

Therefore, it is likely that the lithium facilitates the hydrogenation of the fullerene cage through a 

lower energy mechanism. Figure 1.7 shows the mass spectrum of sodium doped fullerenes 

hydrogenated at 350 °C displaying a large intensity distribution corresponding to C60H36, as 

evidenced by the peak ending at 755 m/z (C60H35
+), with another distribution consistent with 

C60H60 at 779 m/z (C60H59
+). In order to confirm the identity of the higher mass distribution, the 
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material was exposed to air overnight to insure that the distribution was not the result of 

oxidation. Figure 1.8 displays a mass distribution for the oxidized material shifted to an m/z 

corresponding to C60H36O and the distribution suspected to be C60H60 is virtually missing. In 

order to further verify the identity of this distribution the Na6C60 as deuterated. It is possible that 

the higher distribution could be due to a sodium (23 amu) on C60H36 which would also result in 

an m/z of 780. Therefore, deuterated was employed under the same experimental conditions to 

verify if the mass peak would shift by 60 m/z due to the additional 1 amu from the extra neutron 

in deuterium compared to hydrogen. The mass distributions observed for the deuterated 

fulleranes shifted by 36 m/z for the first distribution and by 60 for the second distribution which 

is consistent with C60D36 (792 m/z) and C60D60 (840 m/z). The samples deuterated at 290 °C only 

display a mass distribution corresponding to C60D36 (792 m/z) suggesting that higher temperature 

is required to make C60D60 which is consistent with the temperature dependence study of Li 

doped fullerenes which displayed higher hydrogen uptake with increased temperature. There 

have been previous reports of C60H60, but the methods used were gravimetric and did not confirm 

the existence of the molecule itself. [73, 74] These reports only show that under high temperature 

and pressure conditions, C60 could absorb a weight of hydrogen corresponding to 60 hydrogen 

atoms per fullerene cage. This could be due to cracking of the fullerene cage as shown with 

fluorine, [75] oxidation from containments, or due to intercalation of H2 into the crystal structure 

of the fullerene which has been shown for noble gases. [76] As far as we know, our results are the 

first evidence for the existence of a molecular form of C60H60. In order to determine if all of the 

hydrogen was desorbed from the materials Na6C60Hx samples dehydrogenated at various 

temperatures were analyzed after to determine if any residual hydrogen was left on the fullerene. 

As shown in Figure 1.10,  
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Figure 1.6: LDI-TOF-MS spectra (positive mode) of bottom) Li6C60 Pure C60 hydrogenated (350 

°C, 105 bar H2, 11 hours) a) Pure C60 hydrogenated (350 °C, 105 bar H2, 11 hours) b) Li6C60 

dehydrogenated. 
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Figure 1.7: LDI-TOF-MS spectra (positive mode) of Na6C60 (hydride synthesis) hydrogenated at 

350 °C and 105 bar H2 (both spectra are the same material but different measurements). 
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Figure 1.8: LDI-TOF-MS spectrum (positive mode) of hydrogenated (105 bar and 350 °C) 

Na6C60 (hydride synthesis) after air exposure for 24 hours. 

 

 

 



   47 

 

 

 

Figure 1.9: LDI-TOF-MS spectrum (positive mode) of deuterated Na6C60 (350 °C and 105 bar 

D2).  
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Figure 1.10: LDI-TOF-MS spectra (positive mode) of Na6C60Hx dehydrogenated at different 

temperatures. 
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Figure 1.11: LDI-TOF-MS spectrum (positive mode) of Na6C60Dx deuterated at 105 bar D2 and 

250 °C. 
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the samples are not completely dehydrogenated until ~ 500 °C and decompose from C60H36 to 

C60H18 between 290 °C and 350 °C. C60H18 is well known to be stable at higher temperatures 

than C60H36 during chemical hydrogenation via 9, 10-Dihydroanthracene. [69] Therefore this 

dehydrogenation pathway of C60H36 to C60H18 and finally to C60 is expected. 

 

1.4 Hydrogen Physisorption 

 

 Since a large number of theoretical papers suggesting high hydrogen capacity of alkali 

decorated fullerenes were based on the physisorption of hydrogen leading to Kubas-type 

bonding, the hydrogen uptake in these materials by physisorption was investigated. The 

theoretical surface area of fullerenes, based on the Van der Waals diameter of 1.1 nm, [77] 

acquired by approximating each fullerene as a sphere is ~ 3170 m2/g. This approximation, of 

course, assumes that every surface of each fullerene cage is accessible. This is an exceptionally 

high surface area, but C60 is quite crystalline and therefore low pore sizes may limit adsorption to 

the crystal faces themselves since penetration into the crystal may not be possible. 

 

1.4.1 Background to Physisorption Techniques 

 

 The Langmuir model for adsorption is most commonly used adsorption models of an 

ideal gas adsorbing to a substrate. The model assumes monolayer coverage which is commonly 

quite accurate for gases, like hydrogen, which can be dependably approximated as ideal gases. 
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The kinetic derivation of the Langmuir equations assuming one type of binding site is as follows. 

The adsorption and desorption of the gas is assumed to be an elementary process therefore 

𝑟𝑎𝑑 =  𝑘𝑎𝑑𝑝𝐴[S] 

𝑟𝑑 =  𝑘𝑑[𝐴𝑎𝑑] 

At equilibrium,  

[𝐴𝑎𝑑]

𝑝𝐴[𝑆]
=

𝑘𝑎𝑑

𝑘𝑑
= 𝐾𝑒𝑞 

Where rad and rd are the rate constants of the adsorption and desorption processes respectively, pA 

is the partial pressure of the gas, [Aad] is the concentration of the adsorbed gas, [S] is the 

concentration of unoccupied binding sites, and Keq is the equilibrium constant. Since  

[𝑆0] = [𝑆] + [𝐴𝑎𝑑] 

where [S0] is the total number of binding sites, the following equation is true. 

[𝑆0] =
[𝐴𝑎𝑑]

𝐾𝑒𝑞𝑝𝐴
+ [𝐴𝑎𝑑] =

1 + 𝐾𝑒𝑞𝑝𝐴

𝐾𝑒𝑞𝑝𝐴
 [𝐴𝑎𝑑] 

Rearranging this equation gives the commonly used one-binding site Langmuir model.  

[𝐴𝑎𝑑] =
[𝑆0]𝐾𝑒𝑞𝑝𝐴

1 + 𝐾𝑒𝑞𝑝𝐴
 

Many other kinetic models for hydrogen physisorption have been utilized to calculate 

thermodynamic and kinetic parameters. One of the most popular methods is the use of the 

following virial equation. [78] 
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ln 𝑃 = ln 𝑁 + (
1

𝑇
) ∑ 𝑎𝑖𝑁

𝑖 +  ∑ 𝑏𝑗𝑁𝑗

𝑛

𝑗=0

𝑚

𝑖=0

 

In this equation, P is the pressure, N is the amount adsorbed, T is the temperature, ai and bi are 

the temperature independent virial coefficients, and m and n represent the number of coefficients 

required for isotherm fitting.  

 

1.4.2 Hydrogen Physisorption in Alkali Decorated Fullerenes 

 

Alkali metal doping does enhance the hydrogen physisorption capacity of fullerenes, but 

the overall uptake of hydrogen is still much lower than other porous materials such as MOFs and 

zeolites. An example of hydrogen uptake in γ-MOF-5, synthesized by a modified room 

temperature DMF technique in our lab, is shown in Appendix Figure A.6. Also, the hydrogen 

uptake in a porous carbon, synthesized in in our lab by the polymerization of p-nitro aniline in 

sulfuric acid, is shown in Appendix Figure A.7. The hydrogen uptake in these porous materials is 

significantly higher than that of the akali decorated fullerenes, which illustrates the importance of 

high suface areas and porosity. What we demonstrate with C60 is that alkali metal doping of 

fullerenes enhances the isosteric heat of adsorption which enhances the hydrogen uptake. Due to 

the crystalline nature of C60, the hydrogen molecules are likely unable to penetrate the crystal 

efficiently. This results in  a significant kinetic barrier for the storage of hydrogen in crystalline 

fullerenes. It was also observed that not all of the hydrogen was released during the desorption 

cycle (Figure 1.16) which further supports the hypothesis that hydrogen uptake is hindered due 

to very small pore sizes which result in slow kinetic uptake and release. Isosteric heats of 
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adsorption (Hs) were calculated for Li12C60 and for pure C60 and are shown below in Figure 1.13. 

Isotherms were fit using a one-binding site Langmuir model. The pressures required for a 

particular amount of adsorped gas was determined from the fit equations for each temperature 

isotherm. The two lowest temperature isotherms were used in the isosteric heat of adsorption 

calculations. Then a linear fit of the data points from each temperature (at a constant adsorption 

amount) was used to calculated Hs for each adsorption amount using a derivative of the Van’t 

Hoff equation: 

ln (𝑃)𝑎 = (
𝐻𝑠

𝑅𝑇
) + (

𝑆

𝑅
) 

In this equation, (P)a is the pressure at a constant adsorption amount, R is the gas constant, T is 

the temperature, and S is the entropy. The average isosteric heat of adsorption of Li12C60 over the 

absorption range measured was 2.97 KJ/mol compared to .486 KJ/mol for pure C60. The average 

isosteric heats of adsorption on truncated and cage ruptured fullerenes was reported to be  2.38 

KJ/mol up to 1 wt. %. [79] Although ideal heats of adsorption for hydrogen storage applications 

lies around 10 – 20 KJ/mol, this demonstrates that aklali doping of fullerenes can be a 

mechanism for increasing hydrogen uptake via physisorption. It has been previously 

demonstrated by researchers that pure C60 has a low uptake of hydrogen by physisorption, [80] but 

activation of C60 by oxygen or carbon dioxide/oxygen mixtures resulte in significant increases in 

physisorption properties compared to that of pure C60 due to a much higher utlizable surface 

area.   
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Figure 1.12: Hydrogen physisorption curves at different temperatures for pure C60 with 

Langmuir fit.  
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Figure 1.13: Hydrogen physisorption curves at different temperatures for Li12C60 with Langmuir 

fit.  
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Figure 1.14: Isosteric heat of adsorption for Li12C60 and C60 for an adsorption amount up to .40 

cc/gram.  
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Figure 1.15: Hydrogen physisorption isotherms of alkali doped carbon materials at 77 K.  
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Figure 1.16: Hydrogen physisorption isotherm (77 K) of Li12C60 showing adsorption and 

incomplete desorption of hydrogen. 
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1.5 Differences in Alkali Doped Fullerenes from Synthesis Technique 

 

 Vibrational spectroscopy shows that F1u vibrational modes of C60 (527 cm -1, 577 cm-1, 

1183 cm-1, 1428 cm-1) are still present and not significantly perturbed in the alkali doped 

fullerenes synthesized by both techniques before hydrogenation. As expected, broad peaks at 

~2845 cm-1 and ~2914 cm-1, representing sp3 hybridized C-H stretching modes, are observed for 

the alkali doped fullerenes hydrogenated under high temperature and pressure. (300 C, 100 bar) 

There are several distinguishing features between lithium doped fullerenes synthesized by the 

two methods which are most apparent in the vibrational modes in the region of ~ 1490 cm-1 

(Figure 1.15). While the vibrational frequencies are similar, the LiH doped samples have peaks 

with much more broadening than those of the ammonia doped samples. This may be due to 

fullerene cage modification during the annealing step of LiH doped fullerenes. The hydrogenated 

versions of the sodium doped fullerenes by both methods show very similar spectra suggesting 

that upon hydrogenation the materials are virtually the same. The peak at ~ 3675 cm-1 in the 

lithium doped fullerenes is still unknown. Vibrational spectra of lithium oxide has two peaks in 

this region and it is well known that most secondary amines have a single sharp peak in this 

region. Since this peak is virtually indistinguishable from the noise in the LiH doped samples, 

our best hypothesis is that it is a result of oxidation of the material, a vibrational mode from the 

interaction of lithium and the fullerene, or residual N-H from ammonia that wasn’t removed 

during the annealing process (200 °C). Similarly with sodium doped fullerenes, there is an 

unknown vibrational mode at ~ 3580 cm-1 which may be a result of oxidation or a vibration 
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Figure 1.17: FT-IR spectra of Li and Na C60 “ammonia doped” (blue) Li6C60; (black) Li6C60Hx; 

(pink) Na6C60; (red) Na6C60Hx. 
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Figure 1.18: FT-IR spectra overlay of Li doped fullerenes (red) Li6C60 via NH3 (pink) Li6C60 via 

LiH (blue) Li6C60Hx via LiH (black) Li6C60Hx via NH3. 
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Figure 1.19: FT-IR spectra of Na6C60Hx samples from “hydride doped” and “ammonia doped” 

samples. 
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resulting from the interaction of sodium with the fullerene. Since this peak is clearly evident in 

both the hydride doped and ammonia doped sodium fullerenes, it is not likely due to an N-H 

vibrational mode.  

 UV/Vis spectroscopy also displays a difference in the absorption spectra between 

fullerenes synthesized by the different methods. The sodium doped fullerenes each show a 

significant reduction in the intensity of the absorbance at ~ 340 nm. Also, the lithium doped 

fullerenes via ammonia doping show very little absorbance at ~ 340 nm compared to that of 

hydride doped and hydrogenated fullerenes.  

The lithium doped fullerenes (ammonia doped) show negative ions of C60Hx with higher 

hydrogenation that observed for undoped fulleranes and sodium doped fulleranes. LDI-TOF-MS 

measurements show that C60 doped with alkali metals via the liquid ammonia synthesis also 

facilitate enhanced chemisorption of hydrogen onto the fullerene cage in comparison to pure C60. 

No lithium atoms on C60 were observed in the mass spectra of lithium doped fullerenes (as 

prepared or dehydrogenated) synthesized by either method. An unexpected observation in the 

mass spectra is the stabilization of C60Hx negative ions in the lithium doped fullerenes via the 

liquid ammonia synthesis. Figure 1.19 shows the negative and positive mode mass spectra of 

hydrogenated (300 °C, 100 bar H2) Na6C60Hx and Li6C60Hx synthesized via liquid ammonia. It is 

apparent that the chemisorbed sodium doped fullerenes, synthesized via liquid ammonia, consist 

primarily of C60H36. Whereas the chemisorbed lithium doped fullerenes synthesized by this 

method consist of a mixture ranging from C60H18 to C60H48. A detailed explanation of the ions of 

fulleranes in mass spectrometry will be given in the next chapter.  
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Figure 1.20: UV/Vis spectra of Na doped fullerene samples in THF.  
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Figure 1.21: UV/Vis spectra of Li doped fullerene samples in THF.  
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1.6 Overview of Alkali Decorated Fullerenes in Hydrogen Storage Applications 

 

 Alkali doped fullerenes can be synthesized by a number of different techniques, which 

can lead to slight spectroscopically observed differences in the properties of the material. This is 

likely due to differing stoichiometric amounts of alkali metals on each fullerene or differing 

positions of the alkali metals on the fullerene depending on the synthetic method used. Alkali 

doped C60 displays an improvement in hydrogen physisorption properties compared to pure C60 

with at least an order of magnitude increase in uptake (at 1 atm H2) and more favorable isosteric 

heats of adsorption. Hydrogen physisorption on fullerenes is still limited by the crystallinity and 

likely possesses very small pore sizes within the material which reduce the available surface 

area. Alkali doping also enhances the chemisorption properties of fullerenes resulting in higher 

degrees of hydrogenation compared to pure C60 and less hydrocarbon decomposition upon 

dehydrogenation. It is evident that alkali doping of C60 alters the electronic properties of C60 in a 

fashion which is enhances the interaction with hydrogen. 

 

 

 

 

 

 

 



   67 

 

 

 

 

Figure 1.22: LDI-TOF-MS spectra of alkali doped fullerenes synthesized via liquid ammonia A) 

positive mode Li6C60Hx, B) negative mode Li6C60Hx, C) positive mode Na6C60Hx, D) negative 

mode Na6C60Hx.  
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Chapter 2 

C60 as a Catalyst in Hydrogen Storage Materials 
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Publication Information 

A large amount of the experimental work presented in this chapter is based on a 

publication on the LiBH4:C60 composite main authored by myself and scheduled to be published 

in fall 2013. Some of the text used is directly from the publication with expansion of the 

background and all other sections. I would like to acknowledge my collaborators in this 

publications which include: 

 Joseph Teprovich, Ragaiy Zidan, Joseph Wheeler, Brent Peters, R. N. Compton 

My involvement in the publication is listed below: 

I was responsible for writing the paper, synthesis of materials, and experimental data 

measurements including TGA/RGA, FT-IR, APPI-MS, LDI-TOF-MS, and NMR.  

Journal Source: 

Ward, P. A.; Teprovich, J. A.; Peters, B.; Wheeler, J.; Compton, R. N.; Zidan, R. Reversible 

Hydrogen Storage in a LiBH4:C60 Nanocomposite. J. Phys. Chem. C. 2013, 117 (14), 22569–

22575. 
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2.1 Introduction to LiBH4 for Hydrogen Storage 

 

Lithium borohydride (LiBH4) is of great interest for hydrogen storage applications due to 

its high gravimetric hydrogen capacity (18.4 wt. %) and high volumetric hydrogen density (122 

Kg/m3) if complete desorption is achieved. In practice, full desorption of hydrogen from LiBH4 

at 600 °C proceeds as  

1) LiBH4  →  LiH + B + 3/2 H2. (13.8 wt. % H2) 

Although the hydrogen capacity of LiBH4 exceeds DOE requirements for a suitable hydrogen 

storage material, its application as such is hindered by poor hydrogen desorption/absorption 

kinetics, release of volatile gases (BH3, B2H6) capable of poisoning fuel cell catalysts, and 

formation of stable byproducts (Li2B12H12). 
[81, 83] Diborane (B2H6) emission and Li2B12H12 

production limit the reversibility of the material over multiple cycles due to the loss of suitable 

boron species required to contain the hydrogen as borohydride (BH4
-). Li2B12H12 formation 

during the dehydrogenation of LiBH4 was confirmed by Raman spectroscopy [84] and 11B NMR 

measurements [85]
 and the emission of diborane has been confirmed by TGA/RGA measurements 

in a number of studies including our own. The observation of diborane and Li2B12H12 have led to 

the proposal of reaction pathways 2 and 3, in which these species are intermediates.  

2)  LiBH4  →  5/6 LiH + 1/12 Li2B12H12 + 13/12 H2  →  LiH + B + 3/2 H2 

3)   LiBH4  →  LiH + 1/2 B2H6  →  LiH + B + 3/2 H2 

Some researchers believe they are more likely byproducts and not necessarily intermediates, but 

recent research has demonstrated that γ-Li2B12H12 is an intermediate in the decomposition of 

LiBH4. 
[86]It has also been shown that Li2B12H12 is more readily produced under high pressure 
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(50 bar) and temperature (600 °C) conditions, likely due to the suppression of the kinetically 

favored reaction 1. [87]  

Like many other complex hydrides, there have been numerous reports demonstrating 

improvement of the hydrogenation/dehydrogenation kinetics of LiBH4 through the combination 

of high energy milling with other metal hydrides and/or the incorporation of transition metal 

salts. [88,89] The addition of titanium halides TiCl3 and TiF3 to LiBH4 by planetary ball milling 

were found to lower the onset of hydrogen desorption to ~ 100 °C compared to ~ 300 °C for pure 

LiBH4. 
[89] In this study, TiF3 demonstrated the best enhancement by significantly lowering the 

dehydrogenation temperature and increasing hydrogen uptake in the dehydrogenated material. 

Another well investigated technique of destabilizing LiBH4 is ball milling with MgH2. High 

energy ball milling is well-known to invoke cation exchange reactions. [90,91] Although the cation 

exchange between magnesium and lithium plays an important role in the destabilization of the 

borohydride, the decomposition products from the reaction (4) are also significant due to a 

calculated 25 KJ/mol reduced de/rehydrogenation enthalpy compared to pure LiBH4. 
[90] 

4)  2 LiBH4 + MgH2  →  2 LiH + MgB2 + 4 H2 

Orimo et al. found that the stability of double cation borohydrides, which are commonly 

synthesized by ball milling, is correlated to the Pauling electronegativity of the cations. As the 

Pauling electronegativity increases desorption temperature decreases. [92] Recent investigation 

into multi-cation borohydrides has led to the production of an array of new borohydrides. One of 

the more interesting double-cation borohydrides was synthesized by high-energy ball milling of 

AlCl3 and LiBH4 resulting in the formation of Al3Li6(BH4)13. This double cation borohydride 

was found to desorb hydrogen at ~ 70 °C according to the reaction: [93] 

5) Al3Li6(BH4)13  →   4 LiBH4 + 6 B2H6 + 9 H2 + 3 Al 
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Although halide and hydride doping enhancements are promising, emission of volatile boron 

species (B2H6), production of stable decomposition products, foaming during dehydrogenation, 

and low overall reversibility still limit most of these techniques.  

More recently it has been demonstrated that melt infiltration of LiBH4 into porous 

materials is a promising alternative to high energy milling and transition metal doping. Since the 

melting temperature of LiBH4 (118 °C) is much lower than the onset of hydrogen desorption 

(~300 °C), this allows for a convenient method of doping porous materials with LiBH4. It is also 

this low melting point that facilitates foaming during the desorption process. The incorporation 

of LiBH4 into porous carbon materials has been shown to lower the desorption temperature, 

improve the reversible formation of LiBH4, and limit the amount of volatile byproducts.  

Improvements in the cycling of LiBH4, in these systems, have been attributed to the “nano-

confinement” effect.  This effect can be achieved by melting LiBH4 (using elevated temperature 

and/or pressure), which can then infiltrate and fill the porous voids in the carbon scaffold 

effectively reducing the particle size of LiBH4 leading to an enhancement of its hydrogen storage 

properties.  It has been demonstrated that LiBH4 can be incorporated into SBA-15, carbon 

aerogels, disordered mesoporous carbon (CMK-3), activated carbon, and CNT’s all of which 

demonstrate the enhanced kinetic effects resulting from the significant reduction of particle size. 

[94-105] One drawback to nano-confinement-based systems is that the porous material acts as 

“dead weight” and there have been no reports of the porous material actively participating in the 

hydrogen desorption/adsorption process through the formation of C-H bonds involving the 

porous carbon structure. The enhancements of hydrogen storage properties, in previously 

examined nano-confined systems, are therefore only attributed to a reduction of LiBH4 particle 

size.  In many cases, the weight percent of LiBH4 nano-confined in the porous matrix is typically 
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between 20-70 weight percent, reducing the overall gravimetric hydrogen capacity of the 

nanocomposite material. 

Although investigation into the catalytic properties of C60 and its derivatives has only 

recently invoked interest, C60 has shown to have a variety of applications in systems involving 

hydrogen. [106-109] For example, Li and Xu found that C60 can reduce nitrobenzene to aniline in the 

presence of 1 atm of H2 and UV light with high efficiency. [106]
 Recent experiments in our own 

lab show that the reduction of nitrobenzene cannot be achieved with C60H36 and UV light which 

suggests the electronic structure produced by the pi cloud of C60 is essential for this reaction to 

take place and may not proceed through a covalent C-H bond on the surface of the fullerene. It is 

also possible that C60H36 is too stable to undergo this hydrogen transfer reaction and C60 with 

lower levels of hydrogenation (H < 18) may be less stable and capable of donating hydrogen. 

Also, C60(OH)8 deposited on glassy carbon electrodes was found to possess water splitting 

enhancements for electrolysis. [107]
 Enhanced hydrogen storage properties including reduced 

dehydrogenation temperatures and increased hydrogen reversibility in NaAlH4 and LiAlH4 

doped with C60 has also been previously demonstrated. [108]
 Furthermore, density functional 

theory calculations suggests that nitrogen doped fullerenes, such as C59N, may be able to act as a 

PEM fuel cell catalysts for the cathode reaction involving the reduction of H+ and O2 to water. 

[109] These examples demonstrate that C60 is a viable catalyst in several hydrogen-based systems 

and merits further exploration. Recent theoretical work has suggested that C60 is an effective 

catalyst for reducing the desorption temperature of LiBH4. 
[110] This effect is attributed to a 

sizeable reduction in the energy required to remove the first hydrogen atom from LiBH4. The 

energy reduction is a consequence of increased stabilization of the product state. This is achieved 

through the formation of a ‘substitution’ bond between the B atom of LiBH3 and a C atom of 



   74 

 

C60.  This newly formed bond is facilitated by a charge transfer reaction that is analogous to a 

previously proposed mechanism for the interaction of NaAlH4 with C60. 
[111] This similar 

mechanism, now involving two C atoms, is responsible for the further reduced hydrogen removal 

energy when going from LiBH3 to LiBH2. 

In order to further investigate the interaction of C60 with the complex metal hydride 

LiBH4, a LiBH4:C60 nanocomposite synthesized via solvent-assisted mixing was investigated. 

The desorption of hydrogen from lithium borohydride in the presence of C60 at lower 

temperatures was first realized by Wellons et al. [112] which inspired further investigation into 

this material. The nanocomposite demonstrated reversible hydrogen storage with partial retention 

of capacity after 10 desorption cycles. It was determined that C60 lowers the desorption 

temperature of LiBH4 as well as actively participates in the adsorption/desorption process 

through the reversible formation of C-H bonds evidenced by the presence of fulleranes 

(hydrogenated fullerenes). While it is plausible that the presence of C60 in our material may 

reduce the average particle size of LiBH4, the evidence of two distinct desorption steps 

corresponding to destabilized LiBH4 and fullerane desorption give compelling evidence for 

active participation of the fullerene in the absorption/desorption process through a chemical 

mechanism involving the surface of the fullerene cage. The C60 in this system demonstrates a 

unique catalytic mechanism which is unlike the destabilization of LiBH4 observed by cation 

exchange reactions or by nano-confinement.  
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2.2 Experimental Procedures for Synthesis and Characterization of LiBH4:C60 

 

Chemicals were used as provided by the supplier and are listed by supplier as follows. 

Sigma-Aldrich:  LiBH4, C60, and THF (anhydrous, inhibitor-free). All manipulations of the 

samples were performed in an argon-filled glovebox or utilizing Schlenk line techniques. 

Samples were prepared by dissolving LiBH4 and C60 (~1.0 g total) in 40 mL of THF with stirring 

for 5-12 hours. Solvent was then removed with mild heating (~80 °C) under vacuum. The 

material was then lightly ground with a mortar and pestle followed by additional heating under 

vacuum in order to remove residual THF. This material is referred to as the “as prepared” sample 

in this work. Dehydrogenation of the materials were performed by heating the sample to 530 °C 

at 5 °C/min followed by a 30 minute isothermal soak at 530 °C under flowing argon on a 

Schlenk line.  Rehydrogenation of the samples were performed on a HyEnergy PCT Pro 2000 

instrument (Sievert’s Apparatus).  The samples (200 mg -750 mg) were first charged with 

hydrogen over pressure (10-100 bar H2) then heated to the desired temperature (150-340 °C) 

over 90 minutes, followed by isothermal conditions for 5 hours at the designated temperature.   

A Perkin Elmer Thermogravimetric Analyzer-Pyris 1 TGA was used for TGA/RGA 

experiments.  The sample was heated from 30 to 530 °C at a heating rate of 5 °C/min followed 

by isothermal heating conditions at 530 °C for 30 minutes, with a sample size of ~5 mg.  It is 

important to note that the weight percent lost during the heating is reported with respect to the 

total weight of the nanocomposite and not the LiBH4 content as described in many other reports.  

The gas released during the heating process was identified using a Hiden Analytical RGA.   
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X-ray powder diffraction (XRD) was performed using a PANalytical X’pert Pro with Cu-

Kα radiation, and the samples were protected with a Kapton® film to minimize oxidation of the 

sample.   

NMR spectra were recorded on a solution state Varian 500 MHz NMR with a relaxation 

time of 1.0 second and 256 scans. Samples were prepared under Ar in d6-DMSO and sealed in 

air-tight NMR tubes and spectra were referenced to d6-DMSO (2.50 ppm).  

FT-IR measurements were carried out on a Thermo Scientific Nicolet IR100 FT-IR in a 

nitrogen filled glovebox. Samples were prepared as KBr pellets.   

Differential Scanning Calorimetry was performed on a Seteram SENSYS evo DSC using 

a heating rate of 5 °C/min with a constant flow of Ar. The sample crucibles were sealed under Ar 

in a glovebox. 

Laser desorption time-of-flight mass spectra (LDI TOF MS) were measured on an 

Applied Biosystems Voyager-DE Pro. Positive ion spectra were recorded using delayed pulse 

extraction in reflectron mode. Typical mass spectra resolution (m/Δm) was 2,500 calculated from 

the full-width half maximum. Samples were prepared by dissolving 1 mg of sample in 1 mL of 

anhydrous benzene or THF then spotting 1uL of the solution onto the sample plate under an Ar 

atmosphere. 

Atmospheric pressure photo-ionization mass spectra were measured on an Applied 

Biosystems Qstar elite using a quadrupole mass analyzer. A Krypton lamp (~ 10 eV) and ~ 1300 

V were used for ionization. Toluene was used as the dopant and solvent for these measurements 

and typical sample concentrations were ~ 40 µL/mL.  
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2.3 Results and Discussion 

 

A LiBH4:C60 (77:1 mol ratio, 70:30 weight ratio) nanocomposite synthesized via solvent-

assisted mixing was prepared to create the “as prepared” (heat and vacuum dried) sample which 

was then dehydrogenated and rehydrogenated under various temperatures and pressures to 

determine the optimum conditions for hydrogen reversibility. A 70:30 weight percent ratio was 

selected as the ideal ratio, providing high hydrogen capacity as well as moderate thermodynamic 

conditions for hydrogen storage. These samples were subjected to a series of spectroscopic and 

thermo-analytical techniques in order to understand the mechanism of hydrogen release and 

absorption, as well as the composition of the material at each stage of cycling. An advantage of 

the solvent-assisted mixing process is the ability to easily prepare large quantities of material 

without the introduction of fullerene cage defects or metal contaminants, which are commonly 

associated with high-energy milling techniques. 

 

2.3.1 Hydrogen Desorption/Absorption 

 

Figure 2.1 shows the TGA-RGA comparisons of the first desorption of LiBH4- C60 (from 

the as prepared sample) versus pure LiBH4. This first desorption clearly shows that the 

temperature of the primary desorption event in the presence of C60 is significantly lowered 

relative to pure LiBH4. The small noisy part of the TGA thermogram during the onset of 

hydrogen release, for pure LiBH4, is attributed to foaming of the material. Upon heating to 530 

°C, a weight loss of 13.0 wt. % from the LiBH4:C60 nanocomposite is observed, which is very 
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close to the theoretical hydrogen capacity of ~12.9 wt. % H2 for this nanocomposite and is within 

the experimental error of the instrument. This additional weight loss is attributed to residual THF 

in the sample, which is the small weight loss event occurring before the onset of H2 desorption 

(~275 °C). The RGA shows that there are two distinct desorption events occurring during the 

dehydrogenation of the LiBH4:C60 nanocomposite. The first desorption event is dominant with 

the second desorption event being only a minor component occurring at a higher temperature 

than the main desorption of pure LiBH4. Also, the maximum rate of desorption for the LiBH4:C60 

material occurs 125 °C lower than the pure LiBH4 sample. 

 

Figure 2.1 TGA (Top) and RGA (Bottom) of pure LiBH4 (red) and LiBH4:C60 as prepared 

(black) with temperature (dashed line). Heating rate was 5 °C/minute (30 °C to 530 °C) followed 

by 30 minutes isothermal conditions at 530 °C. RGA curve is for hydrogen detection (2 amu). 
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3.2.2 Activation Energy of LiBH4:C60 

 

Activation energies for solid state reactions can be obtained experimentally from a 

variety of different methods. One of the most popular methods is the Kissinger method [113] in 

which the activation energy can be obtained from TGA or DSC experiments measured with 

different heating rates. The Kissinger method is obtained from the use of the Arrhenius equation 

and the maximum reaction rate. The reaction rate for solid state reactions at a constant heating 

rate can be written as 

𝑑𝛼

𝑑𝑡
= (

𝐴

𝛽
) 𝑒

−(
𝐸𝑎
𝑅𝑇

)
𝑓(𝛼)                                                      (1) 

where α is the reacted fraction, Ea is the activation energy, A is the Arrhenius pre-exponential 

factor, T is the temperature, β is the heating rate, and R is the ideal gas constant. At the 

maximum reaction rate given a constant heating rate 

𝑑2𝛼

𝑑𝑡2
=

𝐸𝑎𝛽

𝑅𝑇𝑚
2 + 𝐴𝑓′(𝛼)𝑒−(𝐸𝑎/𝑅𝑇𝑚 )  = 0                                 (2) 

and therefore, 

𝐸𝑎𝛽

𝑅𝑇𝑚
2 =  −𝐴𝑓′(𝛼)𝑒

(
𝐸𝑎

𝑅𝑇𝑚
)
 .                                         (3) 

Taking the natural log of each side and assuming first order kinetics (f = (1-α)) gives  

ln (
𝛽

𝑇𝑚
2 ) = ln (

𝐴𝑅

𝐸𝑎
) − 𝐸𝑎/𝑅𝑇𝑚                                     (4) 

where Tm is the temperature at the maximum reaction rate. The slope of a plot of ln(β/Tm
2) 

versus 1/T gives the activation energy for the first order reaction. The error in the Kissinger 

method for values of E/RT > 10 has been shown to be less than 5 %. [114] 
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 Another popular method for the determination of activation energies from TGA data is 

the Ozawa method. [115] Ozawa used constant weight fraction and different heating rates to 

calculate kinetic parameters. At a constant temperature change, the change in x is given by 

− ∫
𝑑𝑥

𝑔(𝑥)
=

𝐴

𝛽
∫ 𝑒

−(
𝐸𝑎
𝑅𝑇

)
𝑑𝑇

𝑇

𝑇0

𝑥

𝑥0
                                            (5) 

where T0 is the value of T at t = t0. Since the reaction rate of most reactions is very low at low 

temperatures the following approximation can be made. 

∫ 𝑒
−(

𝐸𝑎
𝑅𝑇

)
𝑑𝑇 ≅  ∫ 𝑒

−(
𝐸𝑎
𝑅𝑇

)
𝑑𝑇

𝑇

0

𝑇

𝑇0
                                          (6) 

Doyle calculated to right side of equation (6), as a function of p, to be [116] 

∫ 𝑒
−(

𝐸𝑎
𝑅𝑇

)
𝑑𝑇 =

𝐸𝑎

𝑅
𝑝(

𝐸𝑎

𝑅𝑇
)

𝑇

0
 .                                            (7)     

It was later shown by Doyle [117] that if Ea/RT is larger than 20 the following approximation can be 

made. 

log 𝑝 (
𝐸𝑎

𝑅𝑇
) ≅  −2.315 − 0.4567

𝐸𝑎

𝑅𝑇
                                  (8) 

Therefore, for a give value of W, the left side of (5) is a constant and is independent of the 

heating rate. This leads to the following set of linear relations  

𝐴𝐸𝑎

𝛽1𝑅
𝑝 (

𝐸𝑎

𝑅𝑇1
) =

𝐴𝐸𝑎

𝛽2𝑅
𝑝 (

𝐸𝑎

𝑅𝑇2
) = ⋯

𝐴𝐸𝑎

𝛽𝑖𝑅
𝑝 (

𝐸𝑎

𝑅𝑇𝑖
) .                           (9) 

From these equations and inserting the appropriate kinetic model, the following kinetic equation 

can be obtained 

log(𝛽) = log (
𝐸𝑎𝐴

𝑅
) − log 𝑔(𝑥) − 2.315 − 0.4567

𝐸𝑎

𝑅𝑇
                  (10) 

where g(x) is a kinetic model for the order of the reaction. The utilization of this equation (10) 

for the acquisition of kinetic parameters is commonly called the Flynn-Wall-Ozawa method. 
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TGA measurements at various heating rates were recorded for pure LiBH4, the “as 

prepared” LiBH4:C60 nanocomposite, and the rehydrogenated LiBH4:C60 nanocomposite. 

Utilizing the Kissinger method the activation energy (Ea) for desorption of LiBH4 in the 

LiBH4:C60 nanocomposite was determined and compared to the Ea for bulk LiBH4 from the slope 

of the Kissinger plots shown in Figure 2.2. For pure LiBH4 an activation energy of 133 ±2 

kJ/mol was measured, which is lower than the previously determined Ea values for bulk LiBH4 

of 156 ±20 kJ/mol [118] and 146 ±3 kJ/mol [119] by other groups. In the presence of C60, the Ea of 

LiBH4 is lowered to 108 ±11 kJ/mol for the first desorption from the as prepared material. After 

rehydrogenation, the 2nd desorption of the material yielded an Ea of 113 ±7 kJ/mol, which is 

consistent with the 1st desorption from the as prepared LiBH4:C60 material, within experimental 

error.  This value is close to that reported for LiBH4 in a carbon aerogel (111 ±2kJ/mol) with a 

pore size of 25nm utilizing the Ozawa analysis. [119] This indicates that the presence of C60 lowers 

the energy barrier for the release of H2 from LiBH4 by 25 KJ/mol. 

 

2.3.3 Differential Scanning Calorimetry 

 

The DSC profile of the same materials (~17 mg samples each) in the hydrogenated state 

is shown in Figure 2.3.  There is a slight reduction (117 °C from 118 °C) in the temperature for 

the phase transition from orthorhombic to hexagonal [104] in the LiBH4:C60 versus bulk LiBH4.  

Upon rehydrogenation of the sample, the DSC signal for this phase transition is significantly 

reduced and shifted to lower temperature (104 °C) for the 2nd desorption.  The melting  
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Figure 2.2 Kissinger Plot obtained by TGA data at different heating rates for pure LiBH4 (■), 

LiBH4:C60 as prepared (▲), and LiBH4:C60 after first rehydrogenation (□). 
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Figure 2.3 DSC curves for pure LiBH4 (black), LiBH4:C60 as prepared (red), and LiBH4:C60 

after first rehydrogenation (blue). 

 

temperature of LiBH4 is also slightly reduced during the first desorption from 290 °C to 287 °C 

in the “as prepared” material. The melting point of the LiBH4:C60 nanocomposite is further 

reduced to 274 °C for the second desorption of the material. We also observed that the amount of 

“foaming” typically associated with the dehydrogenation of LiBH4 is significantly reduced in the 

LiBH4:C60 nanocomposite (Figure 2.4).  In this experiment, both of the samples were heated to 

530 °C under argon flow on a Schlenk line.  As expected, the pure LiBH4 sample “foamed” 

during the heating process while the LiBH4:C60 sample formed a solid chunk at the base of the 
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vial.  We attribute this observation to the C60 facilitating the dehydrogenation of the material at 

lower temperatures during the gradual heating process.  This is in contrast to the spontaneous 

dehydrogenation event that occurs in pure LiBH4. The minimal foaming is believed to lead to 

closer contact of the LiBH4:C60 decomposition products allowing for the further reaction of 

volatile boron species to hydrogen and amorphous boron. 

 

     

Figure 2.4 Photographs of LiBH4 (0.1g, white) and LiBH4:C60 (0.2g, brown) before (left pane) 

and after dehydrogenation (right pane). 

 

2.3.4 Effects of Temperature and Pressure on Capacity  

 

 The LiBH4:C60 nanocomposite was rehydrogenated at various temperatures and pressures 

to determine the optimal conditions for hydrogen uptake by the material. TGA-RGA was utilized 

to determine the amount of hydrogen uptake in these samples. Figure 2.5 shows the effect of 

hydrogenation temperature on hydrogen uptake by the material (at 100 bar H2).  The TGA data 
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shows a higher hydrogen capacity when the samples are hydrogenated at higher temperatures. 

The normalized RGA data shows an increasing ratio of the 1st desorption step compared to the 

2nd desorption step, as a function of hydrogenation temperature. Because the first desorption step 

is attributed to the dehydrogenation of LiBH4, this indicates that more LiBH4 is being 

regenerated at higher temperatures. The change in weight loss from the 2nd desorption step varies 

only slightly (increases with temperature) at different temperatures which is consistent with the 

dehydrogenation of fulleranes. 

As shown in Figure 2.6 increasing the hydrogenation overpressure results in higher 

hydrogen uptake by the material. Similar to the temperature dependence, higher pressures result 

in more LiBH4 regeneration. The temperatures and pressures used for the rehydrogenation of the 

LiBH4:C60 nanocomposite is still significantly lower than that of pure LiBH4. The fact that the 

lower pressure and temperature dehydrogenation steps show the highest amount of fullerane 

desorption is consistent with the dehydrogenation of LiBH4 occurring on the surface of the 

fullerene followed by dehydrogenation of the hydrogenated fullerene once all of the LiBH4 is 

consumed.  

 

2.3.5 Reversibility of the LiBH4:C60 Nanocomposite 

 

 The LiBH4:C60 material was rehydrogenated 8 times at 330 °C and a H2 pressure of 100 

bar to demonstrate the reversibility of the material over many cycles. TGA/RGA data for the cycles 

are shown below in Figure 2.7. The normalized RGA measurements show an increase in the ratio  
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Figure 2.5 TGA/RGA of the rehydrogenated LiBH4:C60 material (after 1st desorption of as 

prepared material) rehydrogenated at various temperatures at 100 bar H2 pressure for 5 hours. 

(Black) 150 °C, (Red) 200 °C, (Blue) 250 °C, (Orange) 300 °C, and (Green) 330 °C. 
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Figure 2.6 TGA/RGA of the rehydrogenated LiBH4:C60 material (after 1st desorption of as 

prepared material) at various pressures at a constant temperature of 330 °C for 5 hours.  (Black) 

10 bar H2, (Red) 25 bar H2, (blue) 50 bar H2, (orange) 75 bar H2, and (green) 100 bar H2. 
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of hydrogen release from fulleranes compared to LiBH4, suggesting a decrease in LiBH4 

regeneration (as the cycle number increases). There is also a decrease in hydrogen capacity that  

stabilizes around ~3 wt. % (with respect to the entire nanocomposite) by the 6th cycle. This is 

explained by a decreased regeneration of the LiBH4 after cycling, which is likely caused by 

fullerene modification (polymerization or cage rupture), volatile B2H6 release, and formation of 

Li2B12H12 or a combination of these decomposition mechanisms. The amount of C60 observable in 

the mass spectra decreases with increased cycle number as well as a significant reduction in the 

solubility of the cycled materials compared to the as prepared material. The polymerization of C60 

is likely to occur in this system if the dehydrogenation/rehydrogenation process occurs across the 

surface of the fullerene due to the formation of radicals. The reduction of C60 in the system may 

be the main cause of the reduced reversibility over many cycles due to the lack of available sites 

for the rehydrogenation to occur and due to the significant changes in the pi cloud surrounding the 

polymerized and fragmented fullerenes. It is obvious that C60 plays a role in the reversibility of 

LiBH4 considering that pure LiBH4 requires significantly higher temperatures (600°C) and 

pressures (350 bar H2) for the regeneration of pure LiBH4 after its initial dehydrogenation. 

 

2.3.6 Mass Spectrometry of LiBH4:C60 composite 

 

Atmospheric pressure photoionization mass spectra (APPI-MS), in positive mode, clearly show 

hydrogenated fullerenes in the “as prepared” material (Figure 2.8), which is in agreement with 

LDI-TOF-MS measurements. There is still evidence for trace amounts of C60H18 in the  
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Figure 2.7 TGA/RGA analysis of the first 9 dehydrogenation cycles of the LiBH4:C60 

nanocomposite versus pure LiBH4 (red). Rehydrogenation at 100 bar H2, 330 °C, for 5 hours. 
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Figure 2.8 Positive mode APPI-MS spectra of A) LiBH4:C60 as-prepared, B) LiBH4:C60 

dehydrogenated. 

 

dehydrogenated sample, supporting the hypothesis that dehydrogenation of the fulleranes is 

responsible for the second desorption step observed in the TGA/RGA data. It is evident that C60 

is present in the mass spectra, but by the 8th cycle the intensity of C60 ions is significantly 

reduced. (Appendix B.1) This suggests that the fullerene cage is further modified by cycling the 

material. The observed fulleranes in Figure 2.9 are consistent with a degree of hydrogenation 

between C60H18 and C60H36, which is in agreement with LDI-TOF-MS measurements. Although 

there are some higher than expected mass peaks in the APPI-MS spectra, fullerenes with a 

toluene dopant have been shown to undergo a proton transfer to the fullerene resulting in mass 

peaks higher than that of the expected parent mass. [120] Also, the higher mass distribution is 

likely due to oxygenated species which was also observed in C60H36 synthesized via the Birch 
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reduction. It was also found that the APPI-MS of C60H36, synthesized via the Birch reduction, 

also displayed higher than expected mass peaks for the C60H36 distribution (Figure 2.9). The 

higher mass distribution centered at ~751 m/z is likely due to the oxygenated species of C60Hx, 

since the ionization process occurs under atmosphere before being routed into the quadrupole 

mass analyzer. Also, these oxygenated distributions of peaks were not observed in the positive 

ion LDI-TOF-MS measurements. The “as-prepared” material was also synthesized without 

heating (to remove residual solvent) in order to determine if heating was responsible for the 

observation of fullerane ions in the mass spectra. Evidence of fulleranes in the material 

synthesized at room temperature demonstrates that C60 can be reduced at room temperature by 

LiBH4 (Figure 2.9).  

LDI-TOF-MS spectra display hydrogenation of the fullerene cage in the as prepared 

material. Therefore, LiBH4 is capable of reducing C60 in THF to produce a range of fulleranes 

ranging from C60H18 to C60H36. The variation in intensities between even and odd hydrogen 

numbers are characteristic of fulleranes in the LDI-TOF-MS spectra as shown in our previous 

work.  Most chemical methods used to make fulleranes result in the production of C60H18 or 

C60H36, but it is unclear exactly how many and which fullerane stereoisomers are present in this 

material. Spectra measured at different areas of the spotted sample plate display different levels 

of hydrogenation of the fullerene, which suggest that the fullerenes are inhomogeneously 

hydrogenated throughout the sample. Negative mode LDI-TOF mass spectra (Appendix B.2) 

show increased dehydrogenation of the negative ions with additional laser shots.  
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Figure 2.9: APPI-MS spectra of A) LiBH4:C60 as prepared (with heating), B) LiBH4:C60 

dehydrogenated, C) LiBH4:C60 as prepared (no heating), D) C60H36 (Birch Reduction) 
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Figure 2.10 A typical mass spectrum (LDI-TOF-MS) of LiBH4:C60 as prepared. 
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2.3.7 FT-IR of the LiBH4:C60 Nanocomposite 

 

In Figure 2.13, the FT-IR spectra shows the B-H bending mode (~1100 cm-1) and 

stretching modes (2200-2400 cm-1) in both the as prepared and rehydrogenated LiBH4:C60 

samples.   These peaks are absent in the dehydrogenated state which indicates the decomposition 

of the BH4
- species. There is a slight broadening of the stretching modes in the as prepared and 

rehydrogenated samples indicating an interaction between the BH4
- and the C60 as suggested by 

theoretical calculations [121] and observed in other porous scaffolds. The interaction may also be 

indicated through the formation of new peaks at ~2490 and ~1400 cm-1 in the as prepared and 

rehydrogenated samples.  The multiple peaks below 1200 cm-1 in the as prepared and 

rehydrogenated sample could be attributed to multiple Li-B-H intermediate species that form 

during the initial reaction between LiBH4 and C60 as well as during the subsequent 

dehydrogenation/rehydrogenation steps. [86]  

The infrared spectra also shows the presence of sp3 hybridized C-H stretching modes in the 

region of 2850 cm-1 to 2950 cm-1 and C-H bending modes at ~1423 cm-1 for the as prepared and 

rehydrogenated materials. The disappearance of these peaks after dehydrogenation gives 

evidence that the fulleranes release the majority of their hydrogen after full desorption. The 

rather low intensity and slightly differing peak positions of the C-H stretching modes, in 

comparison to other literature sources, [122] is likely due to the relatively small amount of C60 in 

the nanocomposite (30%) and the different environment of the fullerane.. The F1u vibrational 

modes of C60 (~527 cm-1, 577 cm-1, 1182 cm-1,1430 cm-1) [123] are not present in any considerable 

amount, suggesting significant cage modification during the preparation of the material.  
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Figure 2.11:  FT-IR spectra of pure LiBH4 (black), LiBH4:C60 as prepared (red), LiBH4:C60 after 

the 2nd dehydrogenation (magenta), and LiBH4:C60 after the 2nd hydrogenation (blue). 
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2.3.8  1H NMR 

 

Solution state 1H NMR spectra, Figure 2.13, confirms regeneration of LiBH4 in the 

rehydrogenated material as evidenced by the reappearance of the BH4 anion. In d6-

dimethylsulfoxide, the BH4 protons have a chemical shifts between 0 and -0.6 ppm and the 

characteristic splitting pattern is due to spin-spin coupling with the 11B (3/2) and 10B (3) nuclei. 

The multiplicity (2S+1) of the 11B coupled protons is 4 and 7 for the 10B coupled protons, with 

the integrated areas under the peaks corresponding to their atomic abundance. It is also evident 

that LiBH4 is completely decomposed in the dehydrogenated material by the disappearance of 

the BH4 proton signal. There is evidence of C-H protons in the as prepared and rehydrogenated 

material, but the identification of these species is complicated by the fact that there is likely a 

mixture of fulleranes with different degrees of hydrogenation, which can represent multiple 

symmetries, and the amount of C60 in the material is significantly lower than LiBH4. For the 

purpose of this study, we simply use NMR to further illustrate the regeneration of LiBH4.  

1H NMR spectra of the as prepared material annealed at 300 °C, figure 2.12, display proton shifts 

and J splitting values consistent with C-H protons. Since there is likely a wide variety of 

fulleranes (different symmetries and hydrogenation levels) in the material and they are in low 

concentration with respect to LiBH4, further purification and study is required to identify the 

exact structure of the fulleranes. 
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Figure 2.12: 1H NMR spectrum of LiBH4:C60 as prepared (annealed at 300 °C) in d4-methanol 

and d1-chloroform (1:1 ratio) 
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Figure 2.13: 1H solution state NMR of the BH4
-1 region in d6-Dimethylsufoxide for LiBH4 

(magenta), LiBH4:C60 as prepared (red), LiBH4:C60 rehydrogenated (blue), LiBH4:C60 

dehydrogenated (black). 
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2.3.9 XRD 

 

XRD was also measured at various points during the hydrogen desorption/absorption 

cycles.  Figure 2.14 shows that LiBH4 is the primary component of the as prepared LiBH4:C60 

material.  No diffraction peaks were detectible for C60 indicating that its structure could have 

been significantly modified through polymerization or that the C60 is finely dispersed in the 

nanocomposite, resulting in the amorphous feature at lower 2θ. Dehydrogenation and 

rehydrogenation spectra shows the disappearance and reappearance of LiBH4 in the sample, 

respectively, with a noticeable decrease in peak intensity as cycling of the material is continued.  

However, there is a continued increase in the amount of LiH present in the material in both the 

rehydrogenated and dehydrogenated states with increasing number of cycles (Figure 2.14).  The 

accumulation of LiH in the material acts as dead weight contributing to the loss in hydrogen 

storage capacity indicating the occurrence of an irreversible reaction.  There are two possible 

reasons why the amount of LiH is increased with cycling in the samples.  First, it is possible that 

during the dehydrogenation process volatile boron species (i.e. B2H6) are being generated, which 

decreases the amount of available boron in the material for the reformation of LiBH4.  Although 

no volatile boron species were detected by our RGA interfaced with the TGA during desorption 

cycles, the current instrument set-up is not optimized for the detection of these species.  Second, 

the temperatures, pressures, and time utilized for rehydrogenation are not enough to promote the 

recombination of lithium hydride with boron and hydrogen (LiH + B + 3/2 H2 → LiBH4) due to  
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Figure 2.14: XRD spectra of the LiBH4:C60 nanocomposite at various stages of cycling. Black- 

as prepared, red) 1st dehydrogenation. Blue) 1st rehydrogenation, orange) 2nd dehydrogenation, 

and green) 2nd rehydrogenation. 
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the segregation of LiH and boron in the material after multiple cycles.  These two decomposition 

mechanisms (currently under further investigation) are consistent with the observed TGA-RGA 

data, showing that the second desorption event becomes more dominant relative to the 

dehydrogenation of the regenerated LiBH4 (first desorption event).   

 

2.4 Summary of LiBH4:C60 Understanding 

 

Through this fundamental study of hydrogen interaction with the LiBH4:C60 

nanocomposite we have demonstrated that it can semi-reversibly store hydrogen over multiple 

cycles under relatively mild conditions.  The LiBH4:C60 nanocomposite was prepared from a 

ball-mill free solvent-assisted mixing method that can easily produce large quantities of 

homogenous material. It was determined that C60 (reversibly forming C-H bonds) plays an active 

role in the hydrogen storage process of this material, unlike typical carbon based materials 

utilized for systems that rely solely on the nano-confinement effect for regenerating LiBH4.  We 

propose that the desorption of hydrogen from the material occurs in two steps, wherein, the 

hydrogen first desorbs from LiBH4 in a lower energy mechanism on the fullerene surface 

followed by a second step which is likely to involve the dehydrogenation of carbon species after 

the consumption of available LiBH4. There is also direct evidence for a significant modification 

of the C60 structure even in the as prepared state where there is polymerization as well as 

reduction of the fullerene to form a partially hydrogenated fullerene.  The direct formation of C-

H on C60 by LiBH4 is not surprising because it is known to be an extremely powerful reducing 

agent in organic synthesis.  A recent report has demonstrated that LiAlH4, which is also a 

powerful reducing agent, is capable of directly forming C-H bonds during the reduction of 
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graphene oxide. [124] The addition of C60 to LiBH4 not only lowers the dehydrogenation 

temperature and enhances reversibility, but also provides another species in the material capable 

of reversibly storing hydrogen in C-H bonds.  
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Chapter 3 

 

Mass Spectrometric Characterization Methods of 

Fulleranes 
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3.1 Introduction to the Surface Plasmon and its Applications 

 

 Surface plasmons are collective oscillations of conduction electrons on the surface of a 

material. When the material is small enough, these surface plasmons can have resonances at 

particular wavelengths based on the size of the particle and dielectric constants of the material 

and surrounding environment. The surface plasmon resonances in Au, Ag, and Al nanomaterials 

have been well characterized [125-128] and several approaches for the synthesis of these 

nanomaterials are available. [127, 129-131] In 1908, Mie proposed the first theoretical description for 

linear optical properties of spherical particles. This approach is used to calculate the extinction 

(absorbed and scattered) for a sphere smaller than the wavelength of light and is given by 

𝐸𝜆 =
(1 + 𝜒)28𝜋2𝑁𝑎3𝜀

3
2

3 𝜆 ln (10)
[

𝜀𝑖

(𝜀𝑟 + 𝜒𝜀)2 +  𝜀𝑖
2] 

In this case, the extinction for a particular wavelength (Eλ) is related to the real and imaginary 

parts of the dielectric function of the metal (εr and εi respectively), the external medium’s 

dielectric function ε, the radius of the spherical particle (a), the shape factor χ (given as 2 by 

Mie), and the number of particles N. [132]   

There have been a limited number of examples showing that surface plasmon active 

materials can have catalytic activity in certain applications (typically in photo-oxidation 

reactions). Surface plasmon resonances from Au nanomaterials can enhance the catalytic 

performance of TiO2 enough to split water in the presence of UV and visible light. [133] It should 

be noted that the hydrogen production rate was very slow (< 1 mg H2/gram material/hour), but 

this is a unique discovery which displays the prospective catalytic ability of surface plasmon 
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resonances. Furthermore, Au nanoclusters on TiO2 have been found to enhance photo-oxidation 

of Rhodamine-B, 2-propanol, acetic acid, and methanol [134, 135] compared to TiO2 alone. These 

findings suggest that surface plasmons could provide a previously unforeseen catalytic 

mechanism for which some chemical reactions may proceed more quickly. Surface plasmon 

resonances (SPRs) cause intense localized electromagnetic fields at particular positions on a 

nanostructure. This localized electromagnetic field could be one circumstance responsible for 

inducing particular chemical reactions, such as photo-oxidation, to proceed more efficiently. 

Recent studies have shown that surface plasmon resonances can produce “hot electrons” which 

are capable of dissociation of hydrogen. [136] After photo excitation of the SPR, the SPR can 

decay via photon emission (scattering), ion ejection [137], or electron-hole generation. In the latter 

case, electrons are excited from the Fermi level to a state below the vacuum level. These “hot 

electrons” are further from the nanoparticle’s surface and contain more energy than electrons in 

the ground state of the material. These electrons are much more likely to transfer into the 

electronic states of surrounding molecules than the ground state electrons. Hydrogen 

dissociation, in the previous study mentioned, was verified by the production of H-D from a 

mixture of D2 and H2 gas in the presence of Au nanoparticles. The measured amount of H-D (by 

mass spectrometry) was significantly higher in the presence of the material under light 

irradiation compared to in the dark suggesting the effect was induced by surface plasmon 

resonance generation. As for photo-oxidation enhancements, some of the proposed mechanisms 

for the improved photo-oxidation of dyes are conflicting. One suggestion is that photo-excitation 

excites valence electrons of TiO2 into the conduction band where they are then transferred to the 

Au nanoparticle which acts as an electron sink for extended charge separation times. Another 

suggestion is that electrons from the Au nanoparticles are transferred into the conduction band of 
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TiO2, which then participate in the reaction. The latter explanation seems most logical 

considering that it is known that surface plasmon excitation can result in the production of “hot 

electrons” and because most metals prefer donating electrons and not accepting them.  

With the advancement of nanomaterials for SERS (Surface Enhanced Raman 

Spectroscopy), many researchers have pursued the development of spectroscopic enhancements 

from nanomaterials for a wide variety of other spectroscopic techniques. [138-140] Recently, it has 

been shown that surface plasmons can be used to assist in the ionization process for laser-

desorption-ionization (LDI) processes in mass spectrometry. [141-145] Nanostructured surfaces 

have advantages over the use of a matrix since the ideal matrix typically has to be experimentally 

determined and can sometimes be involved in chemical reactions with the analyte of interest 

during laser irradiation. In this work, a variety of mass spectrometric techniques were compared 

using fulleranes due to the highly labile nature of the hydrogens on the fullerene. Soft ionization 

of fulleranes would result in less fragmentation. Therefore hydrogenated fullerenes are a suitable 

analyte for the comparison of ionization techniques. 

 

3.2 Experimental Techniques  

 

 Nanostructures were developed at CNMS (Center for Nanomaterial Science) where silica 

wafers were etched using an electron beam lithography technique in a clean room setting. After 

etching, ~ 10 nm of chromium was electrodeposited to produce a suitable surface to attach vapor 

deposited noble metals. The nanostructures were coated with silver and gold by vapor pressure 

deposition with a thickness ranging from 7-10 nm.  
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 All laser desorption mass spectrometry techniques (LDI, MALDI, SPALDI) were carried 

out on an Applied Biosystems Voyager DE Pro using a 337.1 nm Nitrogen laser for ionization. 

The spectra were measured in reflectron mode using delayed pulsed extraction. Typically mass 

resolution was 2,500 (Δm/m) calculated from the full-width half maximum method. Samples 

were prepared in benzene using a concentration of .2 mg/mL from which 1 µL was used to spot 

the sample well on the plate. NaBF4 and 5-methoxy salicylic acid were used as the matrix for the 

MALDI experiments in a 10:10 molar ratio compared to the analyte. 

 APPI-MS and ESI-MS was carried out on an Applied Biosystems QSTAR Elite. Sample 

concentrations were ~ 40µg/mL and the flow rates were adjusted to obtain an ideal mass 

spectrum. Toluene was used as the solvent and dopant for APPI-MS and a Kr lamp (10 eV) was 

utilized for photo-ionization. In ESI-MS measurements a variety of solvents were used (THF, 

THF/Methanol, THF/acetonitrile, Benzene, Toluene) with no success of observing the parent 

masses of hydrogenated fullerenes or C60.  

 C60H36 was synthesized via the Birch reduction in liquid ammonia using t-butyl alcohol 

as the proton source. To a flask containing 100 mg of C60 and 150 mg of lithium metal (under 

flowing argon gas) ~ 200 mL of ammonia was added by condensation from a dry ice/acetone 

condenser. 5 mL of t-butyl alcohol was added to the flask through a septum and the solution 

stirred for 6 hours. The solution was quenched with ~ 200 mL of water and the white precipitate 

collected via vacuum filtration and washed with ethanol. 

 C60H18 was synthesized by dissolving 50 mg of C60 in 100 mL of diethylenetriamine 

(under argon gas) and stirring overnight. The red solid was collected by vacuum filtration and 

washed with ethanol. 
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3.3 Surface Plasmon Assisted Laser Desorption Ionization Mass Spectrometry (SPALDI) 

  

 Mass spectra of C60H36 using the nanopillar array coated with 7 nm of Ag exhibited a 

significant reduction of laser power required for ionization. Fragmentation due to the loss of 

labile hydrogen was comparable to MALDI measurements on the same molecule. Although the 

nanopillars were ~350 nm across and too large to generate surface plasmon resonances in the 

realm of 337 nm (nitrogen laser used) which would correspond to a SPR along the entire 

nanopillar, surface plasmon generation on roughened surfaces of silver is well-known. [137,146,147] 

Therefore the enhancements observed in the vapor deposited nanopillar arrays are believed to be 

due to the roughened surface and nanoparticles of silver or gold attached to the surface. Figure 

3.1 shows the difference between the nanopillar arrays with the silver deposition versus without 

silver deposition. Figure 3.2 – 3.5 show nanoparticles on the surface and sides of the nanopillar 

array from vapor deposition. The use of the nanopillars is advantageous because of the higher 

surface area and separation of nanoparticles compared to depositing nanoparticles on a flat 

surface (Figure 3.8). 

The mass spectra of C60H36 on the Au coated nanopillars array also required lower laser 

intensity to obtain, but also only showed peaks for C60 and a wide range of low intensity C60Hx
+ 

ions. In this case, loss of hydrogen from the fullerene was intensified. Mass spectra at the lowest 

laser power possible for signal observations showed C60Hx, but still over a wide distribution as 

shown in Figure 3.10. The Au deposited nanopillar arrays (Figures 3.6 and 3.7) display a 

roughened surface comparable to that of the silver deposited nanopillars which suggest that the 

effect is due to the gold versus silver. It is currently unclear why the gold deposited nanopillars  
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Figure 3.1: SEM image of Ag deposited (~7 nm) nanopillars where the right side is not covered 

with silver. 
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Figure 3.2: SEM image of Ag deposited (~7 nm) nanopillars showing a rough surface with 

many defects and nanoparticles on surface. 
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Figure 3.3: SEM image of silver deposited (7 nm) nanopillars from a side view. 
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Figure 3.4: SEM image of silver deposited (7 nm) nanopillar array from a side view. 
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Figure 3.5: SEM image of silver deposited (7 nm) nanopillar array from a side view. 
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Figure 3.6: SEM image of Au (10 nm) deposited nanopillar array showing the side of the 

nanopillars array and the gold deposition pattern on the flat surface. 
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Figure 3.7: SEM image of gold deposited (10 nm) nanopillar array showing cracking of the 

surface. 
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Figure 3.8: SEM image of colloidal silver nanoparticles showing aggregation on a chrome 

coated silica surface.  
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Figure 3.9: SPALDI-TOF-MS spectrum (positive mode) for C60H36 on Ag coated nanopillars. 
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Figure 3.10: SPALDI-TOF-MS spectrum (positive mode) of C60H36 on Au coated nanopillars. 

 

 

 

 

 



   119 

 

seem to induce greater dehydrogenation of the fullerene after laser ionization and the silver 

nanopillars induce less dehydrogenation. It may be possible that the Au nanoparticles are 

donating “hot electrons” into the LUMO of the fullerane which cause a chain dehydrogenation 

reaction. This could partially explain why the negative ion spectrum of hydrogenated fullerenes 

do not display higher hydrogenated species. (Figure 3.12) The current explanation for the 

negative ion spectrum is that the electron affinity of C60Hx decreases as x increases. Further 

investigation in required to determine the mechanisms behind these ion formations. 

 

3.4 Laser Desorption Ionization time-of-flight Mass Spectrometry (LDI-TOF-MS) 

  

 The positive mode spectrum obtained without a matrix or nanopillar array is shown 

below in figure 3.11. The distribution of the mass peaks is wider than that of the spectra 

measured on the nanopillar array or using a matrix suggesting that the ionization process is more 

intense than that occurring on the surface of the nanopillar array or in the presence of matrix 

molecules. Also, the laser power required for ionization (to observe signal) is nearly twice of that 

require for the nanopillar array. The negative mode spectra, shown in figure 3.12, shows C60
- 

followed by a decreasing amount of C60Hx
- which is commonly observed in the negative mode as 

discussed in the previous section. For this reason only positive mode spectra are compared in this 

work. 
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Figure 3.11: LDI-TOF-MS spectrum (positive mode) of C60H36. 
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Figure 3.12: LDI-TOF-MS spectrum (negative mode) of C60H36.  
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3.5 Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-TOF-MS) 

  

 Matrix-Assisted Laser Desorption Ionization time-of-flight mass spectrometry (MALDI 

TOF MS) measurements of the fullerane C60H36 display decreased fragmentation compared to 

LDI-TOF-MS measurements under the same conditions. (Figure 3.13) The matrix used in this 

experiment was sodium tetrafluoroborate (NaBF4) and 5-methoxy salicylic acid (5-MeOSA) in a 

10:10 molar ratio with respect to the fullerane. This particular matrix was previously shown to 

have the excellent soft ionization capability for C60H36. 
[148] Our measurements with this matrix 

did not show a reduction in fragmentation as dramatic as observed by Campbell et al. in their 

study. This may be due to differences in laser wavelength, laser pulse width, acceleration 

voltages, or a number of other instrumental variances. The fragmentation observed for the 

MALDI of C60H36 was comparable to that observed on the Ag coated nanopillars, but required 

higher laser power for ionization. Using a matrix with known fragments can be advantageous 

due to ability to use these fragments as calibration points, but the masses of most matrix 

chemicals used are < 300 m/z which limits the mass range that can be calibrated accurately. This 

is because two known points on either side of the m/z of interest are required for calibration. In 

the case of C60H36, the molecular parent ion in positive mode is at 755 m/z which is too high for 

calibration from any common matrix molecules used. Also, chemical reactions between the 

analyte and matrix caused during laser ionization can result in misleading results. Oxygenated 

species of hydrogenated fullerenes in MALDI-TOF-MS measurements have been observed in 

previous works [149] and are observed in our spectra. Therefore, MALDI does have advantages to 

reducing fragmentation compared to LDI, but external calibrants are needed for high m/z  
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Figure 3.13: MALDI-TOF-MS spectrum (positive mode) of C60H36 using a NaBF4:5-methoxy 

salicylic acid matrix. 
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calibration and there is always a chance that some of the m/z peaks observed are products of a 

laser ionization induced reaction between the matrix and analyte.  

 

3.6 Atmospheric Pressure Photo-ionization Mass Spectrometry (APPI-MS) 

  

 Atmospheric pressure photo-ionization has been a popular technique for the mass 

analysis of fullerenes. [65,120,150] One advantage of APPI over laser desorption techniques is that 

high reproducibility of the mass distribution intensity ratios can be achieved due to the use of a 

sample solution which is feed into the instrument continuously during measurements. This 

allows for potential averaging of thousands of spectra for accurate isotopic results and 

fragmentation patterns. Since toluene is the most common dopant for APPI, fullerenes can be 

easily analyzed due to their high solubility in this solvent. Positive mode APPI mass spectra of 

C60H36 show higher than expected mass peaks for the C60H36 distribution (Figure 3.14). This is 

believed to be caused by proton transfer from the toluene solvent during ionization. This has 

been found to be true for APPI on fullerenes using a toluene dopant before. [120] One of the 

disadvantages of this technique is that it is done under atmospheric pressure which can result in 

oxygen transfer to the fullerene cage as shown. On the other hand, this technique provides an 

excellent ionization technique for fulleranes compared to electrospray ionization (ESI) which 

results in no parent ions for C60Hx or C60 in the positive or negative mode.  
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Figure 3.14: APPI-MS of C60H36 (positive mode) showing several oxidation peaks. 
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3.7 Comparison of Mass Spectrometry Techniques on Fulleranes 

   

 All of the discussed mass spectrometric techniques give adequate mass spectra of 

fulleranes with particular advantages to each with the exception of ESI-MS which did not 

produce parent ions for the fulleranes. If mixtures of fulleranes separated by ~ 10 m/z such as 

C60H18 and C60H36 need to be distinguished then a soft ionization technique such as SPALDI or 

MALDI is ideal due to the lower observed fragmentation. APPI-MS is advantageous for 

reproducibility due to the ease of control over the concentration of the solution, flow rate, and 

averaging over many spectra. Since this is a flow injection technique, fresh sample is constantly 

being ionized for each spectra. Laser desorption ionization techniques are typically averaged 

over no more than ~ 100 spectra due to removal of the analyte from that part of the plate and 

decomposition of the analyte over many laser shots. While LDI may not have the advantages of 

soft ionization, its ease and lack of matrix containment possibilities make it a useful tool in 

identifying fulleranes of interest. SPALDI-TOF-MS on Ag deposited nanopillar arrays displayed 

soft ionization capability comparable to that of MALDI using NaBF4 and 5-methoxy salicylic 

acid as the matrix. SPALDI-TOF-MS on Au deposited nanopillar array resulted in increased 

dehydrogenation which requires further investigation for adequate explanation. One 

disadvantage of the nanopillar arrays are that they are fragile and require careful handling as 

shown in Appendix C.1 – C.3. 
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Chapter 4 

 

Preliminary Results for the Catalyzation of Lithium 

Amide with Iridium for Hydrogen Storage Applications 
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4.1 Recent Hydrogen Storage Developments of Li3N 

 

Lithium nitride has been intensely investigated as a potential hydrogen storage material 

[151-166] due to its high gravimetric hydrogen density upon hydrogenation, reversibility, and 

relatively low operating temperatures (200 – 270 °C). Lithium nitride can be easily synthesized 

from Li metal by heating (~220 °C) under nitrogen at atmospheric pressure or higher. [153] The 

proposed hydrogenation reaction pathway of Li3N
 by direct hydrogenation is as follows: 

Li3N + H2     →    Li2NH + LiH    →    LiNH2 + 2 LiH 

In the dehydrogenation reaction, hydrogen is evolved in two separate dehydrogenation steps as  

LiNH2 + LiH   →    Li2NH + H2      (desorption onset T = 200 °C) 

Li2NH + LiH    →    Li3N + H2      (desorption onset T = 270 °C) 

The theoretical hydrogen capacity upon complete hydrogenation is 10.4 wt. %, but the high 

temperature required for completion of the second desorption step (> 320 °C) causes a 

deactivation of the material. [154] It has also been discovered that hydrogenation of Li3N above ~ 

300  ̊C causes diminished desorption capacities. [155] Deactivation of the material caused by high 

temperature exposure is believed to be partially due to sintering of the material. Scanning 

electron microscopy and BET surface area studies on lithium nitride, dehydrogenated at 230  ̊C 

and 400 ̊C by Hu et al., show larger particle sizes and lower surface areas for the material 

exposed to higher temperatures. It has also been suggested that Li2O could play a role in 

reducing this sintering effect [156] and increasing the kinetics of hydrogenation. [157] On the other 

hand, Langmi et al. proclaim that the addition of Li2O or Na2O does not enhance the hydrogen 
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storage properties of the lithium nitride system. [158] Since deactivation is observed at high 

temperatures, lowering the required temperature for the second desorption step below 300 ̊C 

should allow for higher reversible capacity. It has also been shown that while NH3 evolution 

from LiNH2 can occur, it reacts spontaneously in an ultra-fast reaction with LiH. [159] Although 

LiH and LiNH2 are present in the material in a 2:1 ratio respectively, some NH3 can be lost 

during cycling. Recent experimental work has shown that the addition of N2 to hydrogen used for 

rehydrogenation mitigates the nitrogen loss from NH3 emission resulting in virtually negligible 

hydrogen capacity losses after 516 cycles. [160] This is likely due to the reaction of N2 with 

metallic Li during the rehydrogenation which, in turn, reduces the buildup of LiH from direct 

reaction of lithium metal and hydrogen in the absence of accessible Li-N species. Because LiH 

requires temperatures in excess of 650 °C for dehydrogenation, without the presence of LiNH2 or 

Li2NH, additional LiH acts as “dead weight” and its over-production is undesirable for the 

reversibility of the material.  

 Magnesium cation substitution in lithium nitride has presented a way to reduce 

desorption temperatures and increase the kinetics of dehydrogenation, but has the undesirable 

effect of increased NH3 release. [161,162] Mg cation substitution can be accomplished by ball 

milling LiNH2 and MgH2 
[163] and by nitrogenation of Li-Mg alloys followed by hydrogenation. 

[164] Addition of 1 mol% Ti (via ball milling) with the Mg substituted lithium nitride system has 

been shown to further lower the dehydrogenation temperatures. Other cation exchange reactions 

with lithium nitride have been investigated for enhanced hydrogen storage properties. Ternary 

nitrides Li3AlN2 and Li3FeN2 have been synthesized by ball milling Li3N with AlN and FeN 

followed by annealing at high temperatures (>500 C). [165] Although doping these ternary nitrides 

with TiCl3 was found to lower the hydrogen desorption temperatures in these systems, the 



   130 

 

systems did not show promise as hydrogen storage materials due to their high desorption 

temperatures and low hydrogen capacities. 

 Confinement of Li3N in mesoporous carbons also illustrates an enhancement of kinetics 

for hydrogenation and dehydrogenation via the nano-confinement effect. [166] In this example, 

graphitic based mesoporous carbons displayed the most improved enhancement. The addition of 

nano-sized Co, Fe, and Ni to a 1:1 mixture of LiNH2 and LiH via ball milling was also 

determined to reduce temperatures required for hydrogenation. [167] These metals were chosen 

due to their alleged ability to dissociate the hydrogen molecule, assuming that hydrogen 

dissociation would likely catalyze the hydrogenation of this material. The addition of these nano-

sized metals did result in a significant reduction of the temperatures required for 

dehydrogenation though. Nanoparticles of Ni have also been determined to reduce the required 

operating temperatures of MgH2 and other complex metal borohydrides. [168]  

The (100) face of Ir particles has been theoretically proposed to decompose ammonia into 

hydrogen and nitrogen. [169] It was also experimentally determined that Ir could dehydrogenate 

ammonia much more efficiently than Pt, Pd, or Rh at high temperatures (> 700 K). [170] 

Therefore, Ir particles could be useful in destabilizing the N-H bond in LiNH2 due to the 

similarity of the two molecules. Since the dehydrogenation temperatures and ammonia emission 

are the main limiting factors for the lithium nitride system to be applicable in hydrogen storage 

applications, the effects of iridium on dehydrogenation temperature reduction and ammonia 

emission was investigated.  
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4.2 Experimental 

 

 Lithium nitride (80 mesh, 99.8 % purity) and iridium black (99 % purity) was purchased 

from Sigma Aldrich and used as received. All manipulations of the materials were carried out in 

an argon filled glovebox (< 1 ppm H2O and < 2 ppm O2). Materials were hydrogenated on a 

HyEnergy Pro (Sievert’s Apparatus) with a temperature ramp to 300 °C over 1.5 hours followed 

by isothermal conditions for 5 hours at 300 °C and 100 bar H2. The materials were synthesized 

by ball milling hydrogenated lithium nitride or lithium amide with iridium black (10 wt. %) on a 

planetary ball mill, under argon, for 1 hour at 500 RPM with a 10 minute cooling period every 10 

minutes. 

TGA/RGA measurements were carried out on a Perkin Elmer Thermogravimetric 

Analyzer-Pyris 1 TGA in tandem with a Hiden Analytical RGA. The samples were heated from 

30 to 600 °C at a heating rate of 5 °C/min with a sample size of ~7 mg.  The masses selected for 

detection corresponded to ammonia (17 amu), hydrogen (2 amu), and nitrogen (28 amu).  

 

4.3 Results and Discussion 

 

From the TGA/RGA data shown in Figures 4.1 through 4.4, it is evident that the addition 

of Ir to the lithium amide and hydrogenated lithium nitride results in lower dehydrogenation 

temperatures in both cases. In the case of lithium amide (LiNH2), the ammonia emission from Ir 

doped samples was reduced below detectable levels. Also, there is a small amount of nitrogen 

gas detected in the Ir doped lithium amide samples which is most likely due to the  
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Figure 4.1: TGA of Lithium Amide pure (blue) and Lithium Amide with 10 wt. % Ir (red) 
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Figure 4.2: RGA of Lithium Amide pure (bottom) and with 10 wt. % Ir (top). 
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Figure 4.3: TGA of Li3N hydrogenated at 300 °C pure (blue) and with 10 wt. % Ir (red) 
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Figure 4.4: RGA of Li3N Hydrogenated at 300 °C and 100 bar H2 pure (bottom) with 10 wt. % 

Ir (top) 
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dehydrogenation of ammonia in the presence of Ir into H2 and N2. Since the discovery of 

renitrogenation of desorbed lithium nitride samples, the recovery of nitrogen in the sample is 

feasible with hydrogenation under an 80:20 mix of hydrogen and nitrogen respectively. The 

lithium nitride samples show no significant amounts of ammonia as expected from the ultra-fast 

reaction with lithium hydride. The kinetics of the dehydrogenation of Ir doped lithium nitride 

samples could be partially due to the dehydrogenation of ammonia on Ir instead of its back-

reaction with LiH to form LiNH2 again. These promising initial results suggest that further 

research into this composite could give some insight into the catalyzation of lithium nitride for 

use as a hydrogen storage material. 

 

4.4 Future Work on the Ir:Li3N System 

 

 The reversibility of the material will be essential to determining the importance of this 

enhancement. Therefore, cycling the materials and determining their hydrogen capacities over 

multiple cycles is the next logical step in this work since, the recovery of nitrogen from the 

dehydrogenated material was shown to be reversible with the use of a nitrogen/hydrogen mix 

(20: 80), this will be used. Also, the catalytic enhancements should be quantified by their kinetic 

and thermodynamic properties. A kinetic study using DSC or TGA at different heating rates 

could be used to compare the measured activation energies of the iridium doped and pure 

materials. Although iridium itself may not be economically viable for hydrogen storage 

applications, understanding the mechanism behind the enhancements could allow for the 

production of similar catalysts based on the interactions of iridium with lithium amide. 

Therefore, determination of the mechanism will be a vital part of further research. 
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Conclusion 
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 To date, there have been no reports of hydrogen storage materials capable of meeting the 

targets of the DOE. This is a little surprising considering nearly three decades of active research 

in this area, but the challenges presented in this task are not trivial. The work done here gives 

some insight into ways to enhance the properties of hydrogen storage materials towards 

applicable use and their characterization methods. The alkali doping of C60 shows a significant 

enhancement of its interaction with hydrogen both via physisorption and chemisorption 

compared to pure C60. Although these enhancement do not demonstrate an applicable material 

capable of meeting the DOE targets, this new information may give insight into how to improve 

other materials for the purpose of hydrogen storage. Since the main difference between C60 and 

alkali doped C60 is due to the charge transfer to the fullerene cage from the alkali metal, it is 

easily presumable that charge differentials in carbon based materials are responsible for the 

increase in hydrogen uptake. Also, the addition of fullerenes to lithium borohydride illustrates a 

catalytic enhancement of hydrogen release and reabsorption. Fullerenes, unlike other carbon 

materials used in conjunction with LiBH4, are able to chemically react with lithium borohydride 

to produce fulleranes as well as lower the activation energy required for hydrogen release. The 

presence of hydrogenated fullerenes and two desorption steps in the LiBH4:C60 nanocomposite 

give evidence to suggest that the dehydrogenation process occurs along the surface of the 

fullerene. This is one of the best examples of catalytic activity displayed by fullerenes reported 

so far. Mass spectrometry is an insightful technique to determine the level of hydrogenation of 

fullerenes due to the difficulty in the interpretation of NMR spectra due to multiple isomers and 

levels of hydrogenation usually present in fullerane samples. There are a number of ways to soft 

ionize molecules for mass spectrometric analysis, but the utilization of surface plasmons 

resonances from silver vapor deposited nanopillar arrays demonstrate a convenient technique 
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that can be used without additional sample preparation time and with limited laser induced 

chemical reaction possibilities.  Lastly, the observed catalytic behavior of iridium in lithium 

amide and hydrogenated lithium nitride give promise for further investigation. Preliminary 

results show a reduction of volatile ammonia release from this material and a reduction of the 

dehydrogenation temperatures. 
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Appendix A  

Supplemental Information for Chapter 1 

Figure A.1: Hydrogen isotherm for Li12C60 at 77 K fit using the Langmuir one-binding site 

equation.  
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Figure A.2: Hydrogen Isotherm for Li12C60 at 257 K fit to the Langmuir one-binding site 

equation.  
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Figure A.3: Hydrogen isotherm for Li12C60 at 303 K fit using the one-binding site Langmuir 

equation. 
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Table A.1: One binding site Langmuir fit parameters for pure C60. 

Model One-site Langmuir    

Equation y = (Qsat * (b*x)) / (1 +b* x)   

Reduced Chi-Sqr 8.82327E-4   

Adj. R-Square 0.95356   

  Value Standard Error 

Pure C60 77 K Qsat 866.30434 272302.17599 

 b 4.51931E-4 0.1421 

 

 

 

Table A.2: One binding site Langmuir fit parameters for Li12C60. 

Reduced Chi-Sqr 0.00452 6.25911E-

4 

2.72084E-4 

Adj. R-Square 0.99822 0.76962 0.9846 

  Value Standard Error 

Li12C60 77 K Qsat 9.51534 0.11543 

 b 1.66119 0.04098 

Li12C60 303 K Qsat -19.25356 558.68846 

 b -0.00776 0.22397 

Li12C60 257 K Qsat 1.25707 0.12926 

 b 0.53979 0.07668 
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Figure A.4: Full XPS spectra for Na doped fullerenes. 
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Figure A.5: Full XPS spectra for Li doped fullerenes. 
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Figure A.6: Hydrogen Physisorption Isotherm (77 K) of λ-MOF-5 with a Langmuir Fit. 
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Figure A.7: Hydrogen Physisorption Isotherm (77 K) of Polymerized p-Nitro aniline Porous 

Carbon with a Langmuir Fit. 
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Appendix B 

Supplemental Information for Chapter 2  

 

Figure B.1: APPI-MS of the 8th desorption of the LiBH4:C60 nanocomposite. 
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Figure B.2: Negative mode LDI-TOF-MS spectra of LiBH4:C60 as prepared with no heating. A) 

50 laser shots B) one laser shot 
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Appendix C 

Supplimental Information for Chapter 3 

 

Figure C.1: SEM image of the full nanopillar array (damaged). 
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Figure C.2: SEM image of damaged nanopillar array increased magnification. 
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Figure C.3: SEM image of damaged nanopillar array from slight scrape with tweezers higher 

magnification.  
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