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ABSTRACT 

Currently, energy is primarily derived from the burning offossil fuels. Given the 

finite amount of fossil fuels, this work sought to overcome the problem of hydrogen 

storage, one of the obstacles preventing hydrogen from becoming a renewable energy 

source. This work was directed towards the development of high capacity, high

performance hydrogen storage materials. It consists of two parts: Novel combinations of 

Li-based metal hydrides and an exploration of the interaction between metal chloride 

additives and borohydrides. 

The Li-based metal hydride combinations explored yielded many positive results. 

Most notably, the previously irreversible compound, LiAll4 was shown to be reversible 

in the presence of alpha and beta-phase quaternary hydrides. Other notable 

improvements were achieved via the method of combining metal hydrides in order to 

improve their properties for solid-state hydrogen storage. 

The second part of this work focused on the interaction of metal additives (TiC!), 

NiClz, PtClz, etc.) and borohydrides, particularly LiB~. Currently, there is much 

research pertaining to the synthesis of novel borohydrides. Thus, it is essential to have a 

clear understanding of how these compounds interact with commonly used additives such 

as those listed above. This work shed light on the interaction by using B 11 NMR and 

PXD. A multi-step reaction was identified to describe the decomposition. 
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1.1 Energy Crisis 

CHAPTER 1 

Introduction 

Dependence on energy has characterized human development from its outset. 

Wood was one of the first sources of energy humans came to rely on, it was used as fuel 

for fire. Although rarely wood, people are more dependent on burning carbon for energy 

than ever before. This heavy dependence began during the industrial revolution when 

coal was the primary source of energy and proved quickly to be environmentally 

detrimental. Since then petrolewn has become our primary source of energy. It is now 

estimated that fossil fuels (oil, coal, and natural gas, respectively) account for 

approximately 85% of energy conswnption in the United States.· The US uses about 140 

million barrels of oil per week at a cost of about two billion dollars per week. 2 

It is now becoming obvious that this dependence is coming at a heavy price to the 

planet. Since the beginning of the industrial revolution 150 years ago, the use offossil 

fuels has caused the amount of carbon dioxide in the atmosphere to increase by 25%.3 

While there is some debate over what effect this is having on global weather and climate, 

most agree that fossil fuel production globally has or will be peaking within the next 50 

years. As figure 1.1 and 1.2 show, it has already peaked in most places outside of the 

Middle East. The Middle East currently holds approximately two-thirds of the world's 

oil reserves. Making the situation more dire, is the fact that many of the governments in 
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this part of the world are 

Non-OPEC, non-FSU Oil Production Has Peaked and Is Declining 
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Figure 1.1 Oil production for Non-OPEC and non-FSU worldwide since year 1900 to 200 1 and predicted 
102010' 
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Figure 1.2 Predicted peak oil production for d,e current leading oil producers worldwide. Countries with a 
negat ive value have already reached their peak oil production. As can be seen, only countries in the Middle 
East are significantly far from their peak.' 
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bighly unstable. As a result the flow of oil from the Middle East is capricious, at best. 

Putting aside environmental issues it is obvious that fossil fuels, particularly oil, are a 

finite reSource that will be exhausted relatively soon. What resources and technology are 

available to meet the impending energy crisis? 

As,long as the oil has been flowing, corporations and governments have been 

rel_t to invest in alternative energy sources. However, as it becomes more obvious 

that oil resources are finite, interest in alternative energy has risen. In 2003 President 

Bush, in his State of the Union Address, declared that America was 'addicted to oil' and 

pledged 1.2 billion dollars for hydrogen infrastructure research and development. 

Alternative energy sources such as wind, solar power, electric, hydroelectric, biomass 

and hydrogen are needed to fill the void left by petroleum. 

1.2 A Potential Solution 

Hydrogen is the most abWldant element in the tmiverse. Coal, natural gas, 

biomass, and water are all domestically available resources that can be used to produce 

hydrogen. Water is of particular interest. When combined with existing renewable 

energy sources such as photovoltaic, wind, geothermal, biomass, and hydroelectric 

power, water can be used to produce hydrogen via electrolysis, Figure 13 shows how 

utilizing these technologies would allow hydrogen to become part of a sustainable energy 

loop. 
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FIgure 1.3 Depiction showing how hydrogen can be part of a sustainable energy loop. Energy from 
renewable resomces is used to produce H2 via electrolysis. That H2• in tum, is used to produce energy for 
use in many applications. 

Hydrogen has for some time been seen as a potential alternative to fossil fuels. 

Hydrogen combined with oxygen has been used as rocket fuel since the mid-I 950s. This 

highly exothermic combination produces water as a by-product. A simple reaction, yet, 

currently the use of hydrogen and oxygen is still up against substantial obstacles. There 

are two main problems with hydrogen at this stage: safe storage and production of 

molecular hydrogen (H2). Despite these challenges hydrogen remains a promising carrier 

and storage medium. Renewable energy sources that could be used to produce hydrogen 

domesticaIJy are ablDldant Currently, renewable energy sources acco\Dlt for 

approximately 10 percent of the United States' energy production. 6 With an even 
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distribution of renewable energy sources nationally, the cost of hydrogen storage and 

transport would be greatly reduced. 

1.3 The Fuel Cell 

Hydrogen, in its molecular fonn, is a highly volatile compound. As such, storing 

compiessed hydrogen onboard a vehicle is inherently dangerous. To avoid this potential 

safety hazard, researchers have turned to fuel cells as the preferred method of onboard 

hydrogen storage. 

There are many types of fuel cells currently being investigated for use in 

automobiles. Most of these fuel cells function like batteries. Like a battery the fuel cell 

consists of a cathode (positive) and an anode (negative) wlapped around an electrolyte 

medium. In this case the battery is recharged with hydrogen. Hydrogen is directed to the 

anode while oxygen goes to the cathode. Unlike a typical rechargeable battery the fuel 

cell will be designed to last for many years. 

There are many types of fuel cells. Phosphoric acid (P AFC), solid oxide fuel cells 

(SOFC), and proton-exchange membrane fuel cells (PEM) are the most common types to 

employ hy9rogen. P AFC are already being used to power hotels, hospitals, and other 

large buildings. SOFC would most likely be used for high powered applications such as 

a central electrical plant The P AFC and SOFC are too bulky for use in a vehicle. PEM 

fuel cells hold the most promise for Iight-duty vehicles and buildings.7 As a result, the 

PEMFC will likely be the most commonly used fuel cells. 

Proton-exchange membrane fuel cells employ an ion exchange membrane with a 

polymeric membrane as the electrolyte. These fuel cells operate at relatively low 

temperatures and can vary their output depending on energy demand thus making them 
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ideal for use in automobiles. A pIatinum coating on the anode helps split the molecular 

hydrogen into protons and electrons according to the following equation: 

Hz -> lit" + 2e- (eq 1.1) 

The electrons and protons both end up at the cathode. The protons pass through a thin 

membrane and the electrons pass through an external circuit before arriving at the 

cathode." Passage of an e- through the external circuit produces electricity. At the 

cathode a platinum catalyst helps combine the protons, electrons, and oxygen to produce 

heat and water according to the following equation: 

II20z + 211'" + U -> Hz{) (eq 1.2) 

Each individual fuel cell provides only a small amount of energy. To provide enough 

energy for automotive applications it is nect:slillry to stack the fuel celIs(figure 1.5). 

Increasing the number of cells in a stack increases the voltage, while increasing the area 

of the cells increases the current. 
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figure 1.4 Depiction of a proton-exchange membrane fuel ce ll . Prolons flow through a thin membrane as 
electrons flow through an external circuit thus producing energy' 

Figure 1.5 Expanded view of a fuel cell showing how proton-exchange membranes would be stacked in 
order to generate enough power for an automobile" 
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1.4 Obstacles 

As mentioned previously, there are two main obstacles preventing the widespread 

use of hydrogen fuel cells: finding a suitable hydrogen storage material that meets 

standards established by the Depaitment of Energy and establishing a system for 

producing molecular hydrogen without creating more greenhouse gases in the process. 

Although hydrogen is the most abundant element in the universe, it is typically 

not in the form of molecular hydrogen, H2. Hydrogen is most commonly encountered in 

the form of water, methanol, and hydrocarbons. The need to isolate hydrogen makes it 

four times more costly than gasoline for the equivalent amount of energy. The 

Department of Energy estimateR that by 2040 cars and light trucks powered by fuel cells 

in the United states will consume 150 megatons of hydrogen per year. Currently the US 

produces 9 megatons of hydrogen per year. IO The vast majority of this hydrogen is 

produced by reforming natural gas, a process that produces greenhouse gases. The most 

promising method for producing molecular hydrogen is the electrolysis of water 

mentioned previously. Although this method requires a great deal of energy, researchers 

are hoping to overcome that with innovative renewable energy sources such as solar, 

wind, biomass, geothermaI. or photovoltaic (figure 1.3). Researchers have already made 

great progress in overcoming this obstacle. 

The second major obstacle is is finding a way to safely store hydrogen. 

Molecular hydrogen is one of the lightest and most volatile compounds. As such, it is 

difficult to contain without leakage and possesses a low energy to volume ratio. To use 

hydrogen in its molecular state requires that it be stored at extremely high pressure and 

reduced temperatures. This only exacerbates the dangers associated with its volatility 
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and potential for leakage. The hydrogen tank must be smaIl enough to fit onboard an 

automobile, it must be relatively safe, and it must be relatively cheap to manufacture. 

Compressed hydrogen cannot meet these requirements and as a result it is not a viable 

option for onboard hydrogen storage. Currently, hydrogen stored in the solid-state is the 

most promising alternative to compressed hydrogen. As with the first obstacle, great 

advances have been made in this field. 

1.5 SoHd-8tate Hydrogen Storage 

Since establishing that compressed or liquefied hydrogen is not a viable option for 

onboard storage researchers have been exploring the possibility of solid-state hydrogen 

storage. Many different types of storage materials are being explored. 

Metal hydrides and physi-sorbents are the main types of materials being 

investigated as practical solid-state hydrogen storage materials. Metal hydrides are 

referred to as chemi-sorbants as they chemically bond to atomic hydrogen. Physi

sorbants, on the other hand, have only weak interaction with molecular hydrogen. 

Carbon nanotubes and fibers as well as metal-organic frameworks (MOFS) have been 

investigated as sorbents for this type of hydrogen storage. However, the weight percents 

demonstrated with these materials at ambient temperature are extremely loW; typically 

about one-tenth of what is required. Chemi-sorption by reversible metal hydrides has 

been explored for a huge spectrum of elements. Metal hydrides can be broken into two 

basic classes, simple and complex metal hydrides. These compounds consist of one or 

more metals, idea1ly light weight, combined with hydrogen. When heated these 

compounds release hydrogen gas that is in turn used to produce energy. 
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1.6 Metal Hydrides 

Metal hydrides are already commonly employed in batteries for electronics such 

as cell phones, cameras, and DVD players. These batteries are typically discarded after a 

relatively short period of time. In contrast, metal hydrides employed in fuel cells would 

be expected to last the life of the vehicle. As mentioned previously, the metal hydride 

releases hydrogen gas when heated. Hydrogen can also be reabsorbed under the 

appropriate temperature and pressure conditions. In this way, metal hydrides provide a 

reusable source of hydrogen, unlike some batteries that are discarded after discharging 

their energy. Although not intuitively obvious, metal hydrides, with few exceptions, 

store hydrogen at higher volumetric densities than pure liquid or compressed gas 

hydrogen. All the compounds in figure 1.6 store hydrogen at higher densities than liquid 

or compressed gas at 1O,000psi (700 bar). 

5 10 15 20 25 100 
HYDROGEN ~jASS DEN ITY (ma.'s 'H 

Figure 1.6 The storage density of hydrogen in compressed gas, liquid, graphite monolayer, and selected 
chemical compounds plotted as function of hydrogen mass dens ity and hydrogen volume density. As can 
be seen, all chemical compounds listed exceed the storage density of both gas and liquid hydrogen. " 
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The US Department of Energy has set forth targets for the development of metal 

hydrides as hydrogen carriers that are considered to be neressary in order to provide a 

means of safe, economical, and practical onboard storage. In addition to being safe, 

readily available, and relatively inexpensive, the targeted metal hydrides should also be 

able to store at least 6.4 weight % or 65g/litre of hydrogen. Lastly, in order to be utilized 

with a PEM fuel cell, the cycling kinetics must be achieved between 0-1 OO°C and 1-10 

bars.12 Although the DOE requirements set forth are quite stringent, it is believed that 

metal hydrides can meet or exceed these standards. 

1.7 Lithium-Based Metal Hydrides 

Lithium-based compounds show great promise as hydrogen storage materials due 

to the light weight of the lithium atom. Compounds such as LiAlHt. LiNHz, and LiBI4 

have theoretical hydrogen storage capacities well above the targets set forth by the 

Depwbnent of Energy. (10.5, S.6, and IS.3wt%, lespectively) Unfortunately, many of 

these compounds release hydrogen only at temperatures well above the range that would 

allow their utilization as an onboard hydrogen carrier for a vehicle powered by a PEM 

fuel cell. However. it was found that when these compounds are mechanically ball

milled with catalytic amounts ofTi-based additives the kinetic barrier is lowered and 

thus, hydrogen is given off at much lower temperatures.13, l"Tbe real problem with many 

lithium compounds is that upon dehydrogenation they form highly stable species such as 

LiB. LiB, with bond energy of 23SIg/molls, requires extremely high pressures to 

reabsorb hydrogen. If the formation of this compound can be avoided, or if a method can 
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be found to destabilize the bond. many Li-based compounds will be compatible with 

DOE standards. 

With this goal in mind researchers have explored creative ways to manipulate Li

based compounds to avoid the formation ofLiH. The compounds explored thus far have 

sought to avoid the formation of the Li-H bond upon dehydrogenation. The following 

combinations, among others, have been explored: 

LiNDz + lLiH .... L~NH + HZ16 (eq 1.3) 

lLiNHz + LiB"" -> L~Nz + 4Hz
17 (eq 1.4) 

lLiNHz + lMgHz .... LizMg(NH)z + lHz
l8(eq 1.5) 

It should be noted that all of the above reactions benefit from the use of catalytic amounts 

of metal chloride(TiCiJ, NiCh, TiCiJ, respectivelyI6.17.18). The combination of various 

simple and complex lithium compounds with other metal hydrides show great promise 

for either destabilizing the Li-H bond or preventing its formation altogether and thus 

making fuel cells a reality. 
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1.8 Scope of Thesis 

This thesis presents some novel approaches to the problem of solid-state hydrogen 

storage. More specifically, Li-based compounds are investigated due to their relative 

light weight. These novel approaches seek to overcome the previously discussed issues 

associated with the formation of a stable dehydrogenation products while destabilizing 

the reactants in order to release H2• 

Also, there are many questions left unanswered in regards to the role metal 

chloride additives play in the accelerated release of hydrogen from lithiwn borohydride. 

As a result, the second objective of this thesis is to explore the possibility that initially, 

metal chlorides can react in a stoichiometric fashion with borohydride compounds to give 

a one-time increase in weight percent hydrogen desorbed. A greater level of clarity on 

this issue is paramount to understanding why some compounds are incapable of 

rehydrogenation and also, insuring dopants employed are in fact acting as catalysts. 
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CHAPTER 2 

The Exploration of Novel Combinations of Li-based Componnds as 

Hydrogen Storage Materials 

2.1 Introduction 

Lithiwn based compounds are appealing candidates for hydrogen storage because 

of their light weight and resulting high weight percent hydrogen capacity. However. the 

use of Li-based compounds is challenging from a thermodynamic and kinetic standpoint. 

Due to kinetic limitations, the reversible storage of hydrogen often does not occur at 

moderate temperatures with Li-based compounds even with the appropriate dopant19 

From the standpoint of thermodynamics. the stability of the compound must lie within a 

specified range to achieve practical dehydrogenation and rehydrogenation (known as 

cycling). A compound that readily gives offH2 tends not to reabsorb it Conversely, a 

compound that reabsorbs H2 but requires an extremely high temperature to release H2 is 

impractical. In this work we have sought to address these issues by combining lithiwn 

compounds with other complex metal hydrides. Ideally. these combinations will have 

improved thermodynamic and kinetic properties while preserving Hz storage capacity. 

By using multiple compounds, it is hoped that the kinetics can be improved and the 

thermodynamic properties of these systems can be fine tuned to allow for 

rehydrogenation under practical conditions. 

As early as 191<fD. the results of reactions involving multiple 1itbiwn based 

compounds were being reported. However. Chen et aI.21were the first to apply these 

compound mixtures to the problem of hydrogen storage. Their system initially involved 

14 



hydrogenating LhN according to the following equation: 

Li;tN + 2Hz ..... LizNII + LiB + Hz ..... LiNHz + 2LiH (eq 2.1) 

Although Chen et al. started with a single compound, they found that upon hydrogenation 

two compounds formed. Ichikawa et al. explored the other side of the reaction listed 

above. They found that by ball-milling a 1: 1 mixture of LiH and LiNH2 the mixture 

desorbed -5.5 weight % H2 in the range 150-200°C.22 In this case LiH is destabilized by 

reacting with NH3 gas as shown below: 

2LiNHz -+ Li~ + NH3 (eq 2.2) 

LiB + NIJ] -+ LiNHz + Hz (eq 2.3) 

Ichikawa et al. were able to show this conclusively by ball-milling LiH in the presence of 

NH3 gas. It was found that about 70% of the NH3 reacted with LiH to produce H2. Thus 

in this system. NH3 creates a destabilized system that allows the Li-H bond to be broken. 

Significant results, utilizing a destabilized system. were also achieved by Vajo et 

al.23 In this case. the hydrogen storage system consists of two stable metal hydrides (one 

complex; one simple metal hydride) mixed with a metal chloride dopant (fiCI3). In the 

presence of each other these two metals hydrides combine to make a system that releases 

energy at a new. lower energy level. In the case ofVajo et al .• their system used LiB~ 

and MgH2 to create this destabilized system. The mixture reacts according to: 

2LiB~ + MgH2 ..... 2LiB + MgBz + 4Hz (eq. 2.4) 

In doing so. Vajo et al. were able to reversibly store up to 8 weight % hydrogen. They 

found the enthalpy of dehydrogenation and rehydrogenation were both lowered by 25 kJ 

compared with pure LiB~. Here. formation of of the MgB,. stabilizes takes the system 

to a lower energy state and as a result, shifts the equilibrium of equation 2.4 to the right. 
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Most recently, Pinkerton et al. have explored the use of lightweight compounds 

that produce hydrogen-free end products to ensure full release of hydrogen. They have 

synthesized a novel quaternary compound with composition LWJN3HIO by ball-milling 

LiNH2 and LiB"" in a 2: 1 molar ratio. This composition was termed the a-phase. 

Subsequently, three other phases, p, 1, and /) were synthesized by altering the molar mtios 

ofLiNH2 and LiB"". These compounds share the characteristic of having a relatively 

low melting point (45-190°C). However, reversibility has not been achieved with these 

compounds. 

The results discussed above suggest that there is a potentially favorable 

interaction to be explored at the interface of LiNH2, LiB"", and MgH2 systems. Also, the 

benefits of combining these compounds with other hydrogen storage compounds, such as 

Li.All4 will be explored. Further, it was thought that by combining the methods 

discussed above in novel ways one might fwther elucidate the mechanisms by which the 

reactions take place, encounter new reactions and compounds, and improve the 

performance of the systems from a thermodynamic and/or kinetic standpoint. As 

mentioned previously, the various phases, a, P, 1, and /) originally synthesized by 

Pinkerton et al~ share the property of having a molten phase. In the hopes of taking 

advantage of this, the Pinkerton compounds (a and P-phases) were mixed with several 

hydrogen storage systems in the hope that the molten phase would disrupt the Li-H bond 

by keeping the Li and H in a molten ionic solution. 

LiAll4 was initially a promising hydrogen storage candidate due to its high 

hydrogen capacity (7.9wt %) and its favorable dehydrogenation kinetics. The 

dehydrogenation reaction ofLiAll4 is a three-step process. The first two steps occur in 
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the range 160-210oC, a perfect overlap with the melting range of the p and a-phases. As 

a result, we have studied mixtures of these materials. 

As discussed previously, Vajo et al. were able to achieve reversibility in LiBf4. 

Their reaction also drastically improved dehydrogenation kinetics and thermodynamics, 

which, unlike I.iAlf4. were poor during both dehydrogenation and rehydrogenation. 

However, cycling temperatures required for the Vajo system are far beyond those 

required for practical applications. Thus, the activity of LiBf4, like LiAIf4, in 

combination with a and (J-phases was explored in an attempt to improve the performance 

of this system. The a and (J-phases were chosen because they could be isolated from 

other phases and they have the greatest H2 capacity. Lastly, it was thought that the Vajo 

system, that is Ti-doped LiBf4 and MgH2, might be further improved by combination 

with the a- or (J-phases. 

2.2 Experimental 

The mixtures ofLiH, LiBf4, MgH2, and LiNH2 were prepared from 

commercially available powders. (All were purchased from Aldrich at 95% purity) 

LiAlf4 was initially purchased as a powder. (95% purity from Aldrich) To increase 

purity this compound was dissolved in diethyl ether and stirred for several hours until 

complete solvation occurred. The compound was then filtered through a soxlet apparatus 

containing celite to capture impurities. A liquid nitrogen trap was then used to vacuum 

off the diethyl ether. The compound was then vacuum-dried overnight while stirring. 

The resuli!Jnt purity is near 99OA. with the main removed impurity being aluminum. 

LhAI~ used in this experiment was mechano-chemically synthesized. LiH and LiAJH4 

were ball-milled in 2:1 ratio in order to synthesize LiJAlH6.24 
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Samples were doped with various catalysts. All catalysts, NiCh (Alfa Aesar, 99"10 

pwity), PtCh (Pressure Chemical Co., 99"10 purity), and TiCl] (Aldrich, 99.999% pwity) 

were purchased commercially. All compounds in this study are moisture-sensitive and as 

a result, all samples were prepared in an inert (Ar) atmosphere glove-box. 

All samples were ball-milled using a Fritsch Pulverisette P-S Planetary Mill. The 

powders were milled in hardened steel milling containers. The milling jars contained 7 7-

mm steel ba1ls that perform the milling action. The containers were sealed with a Teflon 

O-ring and wrapped with Parafilm to prevent oxidation. 

Milling Time . Milling Speed 
(minutes) (rpm) 

: Composition of 
. Mixture 

AdditiVe ~tjpe and ! 
Amoant ! 

L~___ _ ____ • 

~~""""';"7.:::'=7~.'=;;--iOi.80-·· ••.•......• ]rOO ~; •• q . . ]~~2r~Iz' ... 
~60· : UlO : Jr H" ~ ~ .. ". "][2 mol % TiCh X4 

~o ... 44. 2 ]r2mOI %TICh 

< ;:~.:: .:: 

.. :;;~:~~:I:::; 

1 , 

Table 1.1 Summary of milling time, speed, additive type and amount fur various compound c:ompositions. 

Mixtures of the fonn (LiNH2),.(LiBHt)I-. were synthesized for compositions x = O.SO 

and 0.67 corresponding to p (mp 7S-90°C) and a (mp ISO-I9O"C) phases, respectively. 

Pressure-Composition Isotherms (pCl) were perfonned on an Isuzu SS-K-300 

PCT Measurement system. This instrument is capable of measwing the amount of gas 

absorbed or desorbed as a function of time. During absotption and desotption the 

temperature in all experiments remained constant Measmements are typically carried 
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out until hydrogen evolution ceases which can vary greatly depending on the compound 

being analyzed. The data was recorded and plotted as megaPasca1s versus time. The 

data is then converted to weight % H2 versus time in Microsoft Excel using the following 

modified ideal gas law equation: 

NumberofMoles=P(V. +Vz + Xl) (eq2.S) 
RT, Tz 

Here. T, = PCT temperature (held at 303K) 
T z = Reactor temperature (eontroUed by heating mantle) 

VII V Z = PCT volume and Une in volume. respectively 
V 3 = Reactor volume 

This molar value is then multiplied by the molecular weight of hydrogen (2g1mol) in 

order to derive the weight The weight is then divided by the total weight of the sample 

to derive weight % H2• All hydrogen capacities are reported with respect to full 

hydrogenation, but do not include the weight of the catalyst. Santples are heated using a 

Glas-Col Mantle Minder n with a custom heating mantle. Powder X-ray diffiaction 

analyses were conducted on a Phillips PX3040/60 X'Pert Pro diffractomerers (CuK..12 

radiation with).. = 1.5418A). Santples shipped for outside analysis were sealed in glass 

antpules under vacuum using an Ornatural gas torch. 26 

27 AI NMR was also performed on a Varion Inova 400MHz Wide Bore NMR 

Spectrometer SystenJ27 in order to characterize some species. Solid-state NMR is 

typically performed by taking advantage of the Magic angle spinning (MAS) technique 

developed by E.R. AndreW.28 The MAS technique allows for an increase in resolution of 

several orders of magnitude. In typical NMR experiments the nuclear spins interact with 

an external magnetic field or electric field. In classical solution-state NMR, the random 

movement of particles allows for anisotropic interactions on the time-scale of an NMR 
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experiment to be averaged out and therefore, in this case, neglected. In contrast, in 

solids, with little or no mobility, anisotropic interactions become a significant influence 

on the nuclear spins orientations. As a result, anisotropic interactions affect the 

resonance frequency of all sites in a molecule which contributes to peak broadening in 

the spectrum. However, by spinning at the magic angle (54.7° with respect to the 

magnetic field, thus 3 cos2 Om - I = 0 leading to a sequestering of the dipolar coupling) 

peaks narrow and resolution is increased. Samples are packed under the inert atmosphere 

of an argon glove-box and deposited into ceramic rotors. Since the samples analyzed in 

this experiment are highly air-sensitive to prevent contamination during analysis each 

rotor is sealed at both ends with plastic caps that have rubber gaskets. Samples are then 

spun in a stream ofN2 as fast as possible, typically 8-15 kHz. Spinning samples at high 

speeds, in addition to utilizing the MAS technique, allows for partiaI supplession of 

anisotropic interactions and dipolar coupling and as a result, greater resolution. 

The following table summarizes the various compound mixtures studied in an 

attempt to improve both the kinetics of dehydrogenation and rehydrogenation of these Li

based compounds. 
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Ball-milled components Mixed with Molar ratios 

C:~; ;";:,;:::;;; :;34;'1 ~:; =,=~ 

~iB14 kl£t£i=: >===51 ~ =: . 

t.~2::~~~~z !f$',I:!:::, ~~~~~~~. ~=, ~t;I=J::;:';1:~1 ',:,!:£ eJAlH611 ii, p-pbaSe ][1:t,H,'1:4,1:2] 

Table 2.2 A summary of reaction mixtures run to derive Pressure-CompositiOD Isotherms. Samples were 
prepared as descnDed in Table 2.1. a, II-Pbases amsist of (LiNH,).(LiB~), .• with x=O.667, 0.5, 
Iespectively. 

The two samples. from columns 1 and 2 in the table above, were mixed by employing 

mortar and pestle. The two powder mixtures were ground together for 2-3 minutes to 

insure thorough mixing and smaIl particle size. 

2.3 Results and Discussion 

Samples of the Pinkerton material were prepared as descn"bed previously. First it 

was neressmy to establish that the quaternary hydrides (substances of the type, 

(LiNH2)x(LiB14)I-.) were in fact being synthesized. This was accomplished by 

employing XRD analysis. The powder diffiaction pattern in figure 2.1 shows the peaks 

that are associated with the p-phase or (LiNH2)o.s(LiB14)os mixture thus confirming that 

the correct phase was indeed synthesized. 
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Figure 2.1 Powder X-ray diffraction spectrum for I: I molar ratio mixture of LiNH, and LiBH •. 

The peaks highlighted with grey arrows a1 28 = 11 .800 and 27.390 in Figure 2.1 are 

associated with the ~-phase of the quaternary hydride exclusively. Although peaks 

associated with LiB1-4 (starting material) are present (highlighted by red dashed-line 

arrows) at28 = 17.930 , 23.91 0 , 24.790
, and 26. 180

, they are much less intense than the 

peaks associated with the ~-phase . Looking at the most intense peaks for these 

compounds it is possible to make a qualitative judgement that the ~-phase is most 

abundant. 

Figure 2.2, shows diITraction pattern ofa (LiNH2)o.67(LiBI-4)o.33 mixture which 

indicates the presence of the intended a-phase. 
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Figure 2.2 Powder X-ray diffraction spectrum for a 2: I molar ratio (a-phase) mixture of LiNH, and liB H., 
respectively. 

The peaks highlighted with solid grey arrows at 29 = 11.5°, 29.0° and 20.5° are 

associated exclusively with the a-phase of this mixture. Unlike the p-phase discussed 

above, no residual LiBHt is present in the sample. However, some un-reacted LiNH2 can 

be seen in the XRD indicated by the red dashed-arrow. It is likely that this residual 

LiNH2 reacts to form additional a-phase during the initial heating process (20-100°C) as 

this has been shown to be an alternative synthesis method. 17 The presence of LiCI and 

Li20 is the result of some dehydrogenation occurring during the ball-milling process and 

contamination during preparation, respectively. 17 LiCI peaks are marked with brown 

arrows at 29 = 30.0, 34.7 while the Li20 peak is marked with a blue dashed-arrow at 29 = 

33.5. However, the strongest peaks are associated with the a-phase. Also, the isothermal 

dehydrogenation data, shown in figure 2.5, is consistent with previous experiments. 17 

Having established that (LiNH2)x(LiBI-Lt) I-x with x = 0.67 and 0.50 was 

successfully synthesized, we then explored combining these phases (a and p respectively) 

with other Li-based complex hydrides in order to determine whether improved kinetics 

and/or thermodynamics of dehydrogenation of the hydrides could be achieved. The first 
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experiments performed involved combini.ng LiAI~ in a I: I and 1:4 molar ratio witb a 

and ~-phases respectively. 

LiAIH4 doped wtth 2 mot%. TiCI, desorbed with and without Beta-Pinkerton at 'OOC 

7 1 

6 

2 

0---"' 
o 10 20 30 '" 

Time (minutes) 

60 

- Beta phase only 

- LAH wiltl beta 
ph ... 

Figure 2.3 Pressure-Composition Isotherm displaying weight % H, desorbed as a function of time for a 
mixture or LiAIH. doped with TiCl, and Jl-phase (LiNH,)o.s(LiBH.)o.' doped with NiCI,. 

As can be seen, tbe addition of the ~-phase resulted in a decreased H2 capacity. This is to 

be expected as the hydrogen capacity of pure LiAIHt is greater tban tbat oftbe pure~-

phase. However, the kinetics were also affected in a negative way. It is likely tbat tbe 

molten ~-phase slows tbe release of hydrogen from LiAI~. 

However, tbe primary objective in this study was to find a means of 

rehydrogenating Li-based systems, particularly LiAII~ . This was achieved by combining 

LiAIH4 in a 1:4 ratio witb the ~-phase. Complete rehydrogenation was not achieved. 

However, witb addition of the ~-phase, 25.6% of the total hydrogen capacity of LiAlILt 

was reabsorbed. Figure 2.4 does not include the weight of tbe ~-phase since it is only 
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acting as a catalyst for rehydrogenation and as a result, does not itself reabsorb any 

hydrogen. 

Rehydrogenation of LiAJH .. wtth and without Beta-phasa at oIOOC 

3 

Tim. (minutes) 

Figure 2.4 PCl showing the rehydrogenation of LiA IH. by combination with the bela-phase. The 
attempted rehydrogenation of pure LiAIH. is also shown. The inability ofLiAIH. to reabsorb hydrogen is 
wel1-documenled. 

The combination of doped LiAI~ with the a-phase was next explored, with 

favorable results. It was found that, as with the ~-phase, the LiAIHt without the 

additional phase showed better kinetics. However, the weight % H2 desorbed with 

addition of the a-phase was comparable to that of the pure doped LiAI~. As can be seen 

in figure 2.5, the LiAl.H4-a phase system gave off slightly more than the Tiel) doped 

LiAIHI alone. Thus even with addition of the a-phase the hydrogen capacity of the 

LiAlH4 is preserved. 
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Figure 2.5 PCI showing weight % H2 dcsorbed versus time for a 2 mol% TiCl, doped LiAIH, with and 
without the addition of the NiCI2 doped alpha-phase (LiNlh)o .• .,(LiBH,)o.33 in a I: I molar ratio. 

As with the ~-phase, the a-phase allowed for partial rehydrogcnation of LiAII-Lt . 

With the a -phase, LiAIH4 absorbed approximately I weight % H2 constituting 14.2 % of 

the original weight percent associated with LiAI~ . This is approximately '12 of what was 

absorbed with the ~-phase. 
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Figure 2.6 PCI showing rehydrogenation of LiAIH. by combination with (LiNH2)o .• .,(LiBH.).m (a-phase) 
under - 9.5 MPa at 400°C. 

The mechanism explaining how LiAII-LJ and the p and a-phases interact has not 

been identified with certainty. However, a plausible explanation follows. The 

dehydrogenation of LiAl1-4 occurs in three-steps according to the following reactions: 

L~ -> 1I3LhAlH6 + 2/3AI + Hz (eq 2.6) 

1I3LhA1H6 -> LiH + 1/3A1 + 112Hz (eq 2.7) 

LiH -> Li + 112Hz (eq 2.8) 

The theoretical weight % for the reactions listed above is 5.3, 2.6, and 2.6, 

respectively. However, equation 2.8 does not typically occur until extremely high 

temperatures (around nO°C29
). Given this, it is unlikely that equation 2.8 is contributing 

to the overall weight % H2 desorbed. Still, this leaves two reactions that could potentially 

be reversible in the solid-state. The first dehydrogenation (eq. 2.6) was determined to be 
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exothermic with a IlH = -10kJ/(mol of H2). However, the second dehydrogenation (eq. 

2.7) was determined to be endothermic with a IlH = 25kJ/(mol ofH2)' The enthalpy of 

the first dehydrogenation indicates it could not be reversible under moderate conditions. 

However, given the enthalpy of second dehydrogenation (eqn 2.7) it is possible that this 

reaction is reversible. This notion is further supported by Ritter et al. who were able to 

achieve reversibility in a 1HF solution. These investigators found that formation of the 

1HF adduct ofLiJAlH6 from dehydrogenated material occurred in solution and was 

further improved by addition of titanium additives.30 The p-phase allows one of the 

species in equations 2.6-2.8 to reabsorb more hydrogen than the a-phase. The partial 

rehydrogenation by combination with the 13 or a-phases seen in figures 2.4 and 2.6 

represents approximately 2.0 and 1.0 weight % reabsorption, respectively. It has been 

shown that the pure a and p-phases give off 1.6 and 2.0 weight % NH3. respectively.17 

Given this correlation it is likely that NH3 is acting to destabilize this system. Recently, 

Lu and Fan~1 showed that L~ could be rehydrogenated under 13.8 MPa H2 at 300°C 

by addition of LiNH2. While it is possible that the presence of residual LiNH2, seen in 

XRD figure 22, is causing a similar reaction in this system, it is un1ikely, due to the 

nature of the (LiNH2).(LiBHi)I_x quaternary hydrides. More specifically. the quaternary 

systems (a, fJ) form at or below 100°C, thus it is unlikely that LiNH2 would be available 

to react with L~ in the way explored by Lu and Fang. At this point, the most 

probable explanation is that a small amount ofNH3 is given off during dehydrogenation 

of the quaternary hydrides(a, 13). This NH3 gas in tum reacts with LiH formed during 

LiAll4 dehydrogenation. Destabilization of the Li-H bond by NH3 has been seen 

before?I,22 Since the amount ofNH3 given off by both a and p-phases in these studies is 
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small (0.7 and 1.5 wt"10 NH3 respectively), the system is only partially reversible. To 

further support the notion that LiAlJ4 is the reversible specie, solid-state 27 AI NMR was 

performed on a mixture of LiAlJ4 and the ~pbase before and after rehydrogenation. As 

can be seen in figures 2.78 and C below, LiJAiH6goes from constituting 41.3% of the 

aluminwi:l containing species in the sample to 59.8%. Elemental aluminwn is 

concentrated around 1639ppm while LiJAiH6 is concentrated between 160 and 1Oppm. 

A-U3A1H6 

, to i' I' '. • J i.' I' i' , Ii', 'j' i •••• I 0 i' " 
SOD 400 zoo a -tUO PI 

FIgure :z. 78 27 AI NMR spec:trum of mecJumo.chemically synthesized Li,AIH. from LiAIH., and 2LiH used 
here as a standard for wmpwison with figures 2.7b and c. This spec:trum shows 8 Li,AIH. peak around 
120ppm, a LiAIlI. peak (leftover from synthesis) at 10ppm, and an aluminum oxide peak at Oppm peak due 
to sample contamination. 
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Figure:z. 7b Z7 AI NMR spectrum of a dehydrogenated sample originally consisting ofLiA1H. and !he fJ
phase_ 
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Figure 2.71: Z7 AI NMR spectrum of a rehydrogenated sample originally consisting ofLiA1H. and !he fJ
phase_ 

There are in all the NMR speclIa two shoulder peaks near the Li~ peak. The peak 

closest to the Li~ at -IOppm is L~. Lastly. the peak centered at Oppm indicates 

the presence of an aluminum oxide due to oxygen contamination. These NMR results 

strongly support the notion that Li~ is formed upon rehydrogenation. 
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The next system explored was LiB~ mixed with the ~-phase. The weight % H2 

given off by tbis combination at 400°C was a brreat improvement over TiCh doped LiBH4 

by itself. The addition of LiBH4 to the ~-phase resulted in an overall composition of 

(LiNH2)o33(LiBl'4)o67. Two pieces of evidence were obtained that thwart the notion that 

this is simply a new quaternary phase. Firstly, formation of the a or ~-phase is prevented 

when LillI'4 and LiNl-h are ball-milled in the presence ofTiCh. Secondly, XRD studies 

by Pinkerton et aI .17 show that the composition (LiNH2)o.33(LiBH4)o.67 corresponds to ~-

phase and LiBI'4 even when ball-milled together in the absence ofTiCl3. Thus, it is 

believed that much like equation 2.4, addjtion of the ~-phase leads to stabi lization of the 

dehydrogenated state and destabilization of the system. It is believed that destabilization 

occurs through the action of NH3 gas generated by the ~-phase during dehydrogenation. 

rrcl) doped UBH. duorptJon at.woe with and without Beta-Phau 

• 
7 

• 

2 

l L._-------------------......,r- Wi1hBeta-Phase---' - YVitflout Beta-PhaS8 

__ --~----__ --~----__ --~---~pM~OO~ 

o 10 20 30 50 60 70 80 90 100 

Time (minutes) 

Figure 2.8 PCI showing the dehydrogenation of2 mol% TiCl, doped LiBH, with and without tbe addition 
of the doped f}-phase. Also, the 2 mol% NiCl, doped beta-phase is shown in black. 
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Although the addition of the ~-phase to LiB~ gave a great improvement in the 

dehydrogenation, the rebydrogenation was unsuccessful. 

The a -phase was then combined with doped LiBl-Lt in the same fashion as the ~-

phase. Like the ~-phase, the a -phase did incrcase the overall weight % I-h given off by 

the doped LiB~, but only moderately. The a-phase gives off much more H2 alone then 

when combined with the Ti-doped LillI-lt. The presence of the LiBI-Lt decreased the 

amount of hydrogen given off by the a-phase by several weight %. There are two 

reasons wby this is to be expected. Firstly, the a-phase gives off more hydrogen than the 

~-phase. Thus to provide an overall improvement in weight % the amount ofH2 given 

offby the doped LiB~ would have to be very large. Secondly, the ~-phase gives off 

more NH3 than the a-phase. Thus, there is less NH3 to react with the doped LiB~ to free 

Doped LiBH. with and without alpha·phase 

12 

11 

10 

9 

- Y/ith Alpha-phase 

-~ UBH4 no alpha 

• - Pure Alpha-phase 
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2 
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Figure 2.9 PCI showing dehydrogenation of LiBH., doped with TiCl, with and without lhe alpha-phase. 
A Iso, lhe pure alpha-phase is shown for comparison. 
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H2. As a result of these two characteristics, addition of LiBJ-4 resulted in an insignificant 

H2 capacity improvement. Additionally, the rehydrogenation was unsuccessful. Overall, 

no benefits were seen with this combination. 

Based on the work of previous researchers J7
.23;13, a high-throughput, 

combinatorial study by Lewis et al?2 has explored the dehydrogenation of mixtures of 

LiBI-4, LiNH2, and MgH2. Desorption was performed at 220'C while absorption was 

performed at 200·C. 

MgH2 
7.7 0/0 

Vajo et al. Chen et al. 

LiBH4 
18.5% 

Pinkerton et al. 
Edwards et al. 

LiNH2 
8.8% 

Figure 2.10 Graphic depiction of the work of other researchers that constituted the basis for Lewis et al. 's 
high-throughput study. The orange dots show the molar ratio used by that researcher. Also shown is the 
theoretical weight % of the three compounds, MgH" LiBH., and LiNH,. 

This study found that the maximum performance ofternary mixtures of LiNH2, MgI-lz, 

and LiBI-4 came at a molar ratio of 0.6 : 0.3 : 0.1 , respectively. At this concentratioll, the 

ternary mixture was found to desorb 3.8 weight % H2 and reabsorb 3.4 weight% H2. This 

is a great improvement over all previous research using these compounds. This high-
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throughput study did have shortcomings that arose from the pursuit of efficiency. This 

study did not account for variations in preparation methods: ball-milling variations (time 

of ball-milling, chemical combinations, etc.) and 

~ ':1 
:> 25 
;> MgH2 

2 

1 5 

05 

o 

LiNHl 

LiBH4 

o Experimental 
result for discrete 

sample 

LiBH4 
- """'- - ' ' '' • • --& 

Optimum Reversible wt%H for Ternary System, I 
Optimum at Very Low LiBH4 

Figure 2.11 Results Mthe high-throughput experiment performed by Dr. Greg Lewis. Cycling was 
performed at 200' C by varying the molar ratios of MgH" LiBJ-4, and LiNl·I, . 

the use of various dopants. As a result Ole data of Lewis et al . was used as a guide to 

further explore the LiB~, MgH2, and LiNH2 interface by varying 5anlple preparation and 

dopant addition. The proportions of the compounds were guided by both the Lewis et al. 

high-throughput method as well as our earlier studies, discussed above. Table 2.3 below 

details how the various compounds were combined and prepared. 
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Sample 

A 

B 

C 

D 

E 

F 

Ball-milling Preparation 

6 iNH2 : 3 MgIh: iBH4 
ball-milled 3 hrs 400 m 

6 LiNH2 : 3 MgH2 : LiB~ 
ball-milled 3 hrs 400 m 

6 LiNH2 : 3 MgH2 : LiB~ 
baJl-mi lied 3 hrs @ 4 

6 LiNH2 : 3 MgH2 : LiB~ 
b - . 4 

Dopants added 

2mol% NiCh 

2 molo. TiCb 

2 mol% TiCI], 2 mol% 
NiCh 

2mol%TiCI] 

2 mol%NiCh 

2 mol % PtCh 

Table 2.3 Table showing samples prepared in order to explore the interface of MgH2• LiNH2• and LiBB. 
based on the high-throughput experiment performed by Lewis el al. 

Positive results were seen with these compositions. Improvements in weight % 

H2 desorbed were seen with all additive compositions attempted. Addition ofNiCh and 

rtCh resulted in a slightly improved weight % H2 over what was found by Lewis et al. 

However, the reversibility of these systems was extremely limited, thus negating the 

benefits achieved during dehydrogenation. The effect of NiCh and PtCh additives on 

these systems (i.e., rendering them irreversible), suggests these additives are acting as 

reactants and not catalysts as has been proposed. t7 On the other hand, doping with 2 

mol% TiCb (sample D) resulted in a - 33% improvement in weight % H2 desorbed while 

maintaining a comparable level of reversibility to that seen by Lewis et a1. (sample 
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Composition 

2LiNH2 : MgH2 

2LiBH4 : MgH2 

2LiNH2 : LiB~ 

0.6LiNH2:0.3MgH2:0.\ LiBJI. 

Samples 7A: 3B 
7(2 LiNH,: 1 LiB'I.):3(2 LiNH,: I 

LMg!h) . 
SamplesC 
6 LiNH, : 3 MgI:I, : LiBH, 

Sample 0 
6 LiNH, : 3 MgH, : LiBU. 

Sample E 
6 LiNH, : 3 MgH, : LiBH, 

Sample F 
6 LiNH, : 3 MgH, : LiBH, 

Reference 

Cllen et iiI. 

Vajo et aJ. 

Pinkerton et 
l.aL 
Lewi et at. 

This work 

This work 

This work 

This work 

This work 

Cycle \ 
(wt% 
H2@200"C) 
0.5% 

0.0% 

0.2% 

3.8% 

5.2% 

5.5% 

5.6°;' 

'J.5% 

4.0 

Reversibility 
(% reabsorbed@220"C) 

100% 

0"10 

0"10 

89% 

52% 

0"10 

84810 

5% 

0"10 

Table 2.4 Comparisons of the dehydrogenation (200°C) and rehydrogenation (220°C) behavior of various 
Li-based compound mixtures. Results that were particularly interesting are highlighted in bold font. 

2.4 Conclusion 

Some of the combinations explored in this study resulted in no enhancement in 

the thermodynamic and/or kinetics of the dehydrogenation reaction. However, even the 

combinations that did not show improvements did shed light on how these compounds 

interact. Il was hypothesized that the molten phase of the quaternary hydrides might 

allow for improved performance in these systems. However, the results show that the 

molten phase may have actually impaired the kinetics of the systems studied. Although 

the molten phase provided no benefit for these systems, the potential benefits of the 

presence of molten phases cannot be eliminated. 
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Although the envisioned utilization of the molten phases was not realized, great 

improvements in Li-based solid-state hydrogen were found in this study. The 

combination of both a and p-phases with LiAlHt showed that reversibility can be 

achieved with this compound. A possible mechanism for this reverse reaction is 

proposed below. Pinkerton has shown that the a-phase has an equihDrium composition 

of LitBN;JIIIO. Combining the decomposition of the a-phase with that ofLiAlH.t (eqs. 2.6 

and 2.7) gives the following equation: 

LiAlIlt + 2LitBN]!IIO ..... 2LiJRNl + 1512H2 + 2NH3 + 3LiH + At (eq. 2.9) 

As demonstrated by other experiments21
,22,J1, interaction ofNH3 with LiH can yield 

favorable results. It also has the benefit of eliminating NH3 from the system, which can 

destroy the PEM. Based on the work of Chen et al., discussed previously, it is believed 

that the following reaction then takes place allowing for reversibility in this system: 

2LiH + NH3 ..... Li:zNH + 2H2 (eq. 2.10) 

Thus, it is believed that the breakdown of the Li-H bond by NH3 allows for reversibility. 

Using the weight % NH3 ammonia given off by the a-phase (0.7 weight %) it is possible 

to calculate the amount of H2 by weight that should be reabsorbed. The theoretical 

amount ofH2 that should be reabsorbed is 1.4 weight % H2. However. it was shown by 

Ichikawa et al. that LiH in the presence ofNH3 absorbs 70".4 of the gas. Thus, this gives 

0.98 weight % H2 reaborbed which is very close to the value seen in figure 2.6. Doing 

the same calculation for the P-phase gives a theoretical weight % H2 reabsorbed as 2.1 

weight %. As with the a-phase, this value matches well with what is seen 

experimentally. (figure 2.4) 
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The combination ofLiB14 with the (3-phase showed great improvement in H2 

weight capacity. It is believed that, much like equation 2.10, the decomposition of LiB14 

takes place via interaction with NH3: 

LiDo.. + NH3 -> Li)1JNz + 9Hz (eq 2.11) 

To increase the performance of these two systems would require using a 

(LiNHZ),.(LiBl4)I-x that produced more NH3. 

Although the temperatures for this system are too high for practical on-board 

storage, it might be possible to utilize this system via off-board recharging where 

temperatures and pressures can be increased. Additionally, this study showed that by 

combining Li-based systems, one can achieve dramatic improvements in performance. 

This was demonstrated best in the last experiment involving the molar ratio determined 

by Lewis et at. Lewis et at. established an ideal molar ratio of 6MgH2 : 3LiB14 : 

I LiNH2. It was found that the hydrogen storage properties of this ideal molar ratio were 

further improved by varying preparation techniques and dopants. A high-throughput 

study varying preparation techniques would undoubtedly lead to further improvements in 

this hydrogen storage system. Utilizing the results of this work will lead to further 

advances. Continuing studies in this direction could lead to the development of a viable 

solid-state onboard hydrogen storage system. 
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Chapter 3 

Investigation oftbe Interaction ofLiBllt with TiCI3 in Hydrogen Storage SysteJDll 

3.1 Introduction 

It is imporllmt that the cycling data associated with any given hydrogen storage 

system be accurate. In some cases, it bas been observed that the dehydrogenation 

kinetics of solid-state systems containing LiBHi are enhanced by the addition ofTi

compounds as catalysts. The effect associated with TiCI] additive was initially identified 

in the LiBRt/MgH2 system.23 This kinetic enhancement in hydrogen released is only seen 

during the initial dehydrogenation. In the case of systems that do not cycle hydrogen (are 

not capable of rehydrogenation and dehydrogenation), it is not possible to say whether a 

given additive (such as TiCl), PtCI2, NiCh etc.) is actually functioning as a catalysts or 

simply taking part in a reaction that releases hydrogen (or other undesired gases). 

Recently, a similar effect was seen by Au et al. although they concluded that TiO acts as 

a catalysts for the dehydrogenation ofLiBHi.34 

Given the need to overcome the kinetic limitations of dehydrogenation involving 

group I and n borohydrides, it is imporllmt to establish if titanium is actually exerting a 

catalytic effect. This study was carried out to determine whether Ti-compounds actually 

exert a catalytic effect. Furthermore, we have attempted to characterize the products that 

arise upon heating LiBHi with TiCl). Lastly, this study helped to explain why some 

systems are incapable of rehydrogenation. 
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3.2 Experimental 

MgH2, TiCI), and LiB~ used in this experiment were obtained commercially 

from Aldrich (95% purity except TiCh which was 99.99"10 purity). T~ and elemental 

boron, both crystalline and amorphous (boron), were obtained from AIfa Aesar at 99, 98, 

and 99"10 purity, respectively. Samples were chosen in order to provide the best chance 

of witnessing the reaction ofLiB~ with an additive. The mixtures for the 

dehydrogenated study were synthesized via a slight variation of the method previously 

described in this work in which they were ball-milled. The preparation techniques used 

in this experiment are outlined in Table 3.1. Samples over eight mole % TiCh were 

initially too reactive, often giving off H2 during ball-milling. As a result, these samples 

were very susceptible to oxidation and potentially explosive. Thus, initially an 8 mol% 

TiCh sample was prepared in order to maximize the chances of observing the desired 

reaction without causing oxidation or compromising safety. However, use of a different 

type of ball-milling container allowed us to increase the molar ratio ofTiCh to LiBl4 

This container consisted of a screw-on steel lid employing a rubber gasket. The resultant 

mixtures were then dehydrogenated using an lsuzu SS-K-300 PCT to obtain a pressure

composition isotherm. Other samples were pIepared as outlined in Table 3.1. 
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Sample Composition Preparation Analysis Conducted 

2LiBA4, MgH2, 8 mol% 
11 

BaIl-mille<! 60 mins, 400 XRD, solid state-"B NMR 
TiC), _rp_m heated to 400°C 

LiBH4, 8 mol% TiCI) --SaIl-milled 60 mins, 400 XRD, solid state "B NMR 
rpm, heated to 60, 80, 100, 

120,160,180,200,250, 
300 400°C 

LiB~, 10 mol% TiCI) Ball-milled 30 mins Solid state "B NMR 

LiB~, 25 mol% TiCI3 Ball-milled 30 mins. Solid State "B NMR 

LiBH4, 8 mol% TiB2 Ball-milled 60 mins, 400 Solid state "B NMR 
rpm, unheated and heated to 

400°C 

LiBI-Li, 30 mol% TiB2 BaIl-mille<! 60 mins, 400 Solid State-"B NMR 
rpm, unheated and heated to 

400°C 

LiBl'-4, 8 mol% B Ball-milled 60 mins, 400 XRD, Solid state "B NMR 
(crystalline) rpm, unheated and heated to 

400°C 

LiBH4, 8 mol% B BaIl-mille<! 60 mins, 400 Solid state-" B"NMR 
(amorphous) rpm, unheated and heated to 

400°C 

Table 3.1 Summary of samples prepared to identifY the products of the stoichiometric reaction secn in 
hydrogen storage systems involving LiBI-!. and TiCI, _ 

Two forms of analysis were used to identify the species in the dehydrogenated 

mixture. The first being powder X-ray diffraction performed on a Phillips PX3040/60 

X' Pert Pro diffractometer.25 The second analysis, involving solid state "B, 'H, 7Li, and 

cross-polarization MAS-NMR, was generated on a Bruker DSX_SOO?5,36 
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3.3 Results and Discussion 

The stoichiometric effect that occurs with increased additive was first observed by 

Vajo et ai. at 400°C. Vajo et al. noted that upon addition of2 mol% TiCl) to 

LiBHJMgHz the temperature required for rapid dehydrogenation was lowered from 

600°C to 400°C. However, as figure 3. I shows, we observed this efTect at much lower 

temperatures (170°C) using PCI measurement techniques. It is particularly striking that 

the increase in the rapidly released hydrogen correlates perfectly with increasing amounts 

ofTiCh. 

MgHZ-2LiBH .. undoped, 2,4. and 6mo!% nCI~ @ 170C 

' .8 

,." 

,. 

1.2 

" , '" " " ~ 08 

0.6 

0.' --0.2 - 2 rnor4 rICO 
- .. mot%r.cc 
- 6 rnoI'% nco 

0 

0 2 • 6 8 10 12 " ' 6 '8 20 

nm.(mlnl 

Figure 3.1 PCI showing dehydrogenation ofMgH,-LiBIi, system with increasing amounts of dopants 
demonstrating the stoichiometric reaction between T iCI, and LiBH,. 

42 



It has been suggested that the species being formed as a result of the 

stoichiometric reaction is elemental boron. Since boron is observed in the crystalline 

form it was thought that X-ray analysis might reveal the presence of this compound. 

2LiB14-MgHz doped with 8 mol % Tiel) was isolated for XRD analysis in the hopes of 

identifYing the species formed in the stoichiometric reaction. This effort is reflected in 

figure 3.2. There was a great deal of overlap between the peaks associated with various 

species making characterization difficult As a result, MgHz was eliminated from the 

mixture in order to reduce the number of species seen in the XRD and ideally, increase 

the likelihood of seeing the products of the stoichiometric reaction. The powder 

diffraction of the material obtained without MgHz is shown in figure 3.3. This 

experiment produced results very similar to figure 3.2. Analyses were performed on 

several samples but, as the spectra below indicate, the presence of crystalline boron was 

never observed. However, the presence of Liel confirms that a metathesis reaction is 

indeed taking place between LiB14 and Tiel) however it gives little clue to the identity 

of the other product(s). In an attempt to obtain a XRD standard of crystalline boron, a 

sample was prepared consisting ofLiB14 and crystalline boron. Despite the inclusion of 

elemental boron, no boron species were seen in the XRD. 
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Figure 3.2 X·ray diffraction spectrum of a sample of LiBH. and MgH, doped with 8 mol% TiCl, and 
heated to 400°C. Peak list at the bottom shows the positions of LiCI, LiBH., TiB" MgH2• 

For comparison purposes an XRD Spectrwn was obtained from a sample of pure 

crystalline boron. Upon analyzing this spectrwn, it was found that identification of this 

species is further complicated by the overlap it has with the peaks associated with LiBH4. 

However, the pure crystalline boron sample did show unique peaks at 2e = 35 and 37.5" 

as seen in figure 3.4a. These were not seen in any samples of our materials that were 

analyzed with XRD. Based on this, the formation of crystalline boron in the presence of 

TiCb and LiB~ is highly unlikely. This also suggests that during ball-milling and 

heating (processes that were performed on the aforementioned sample) the crystalline 

boron is converted into amorphous boron. 
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Figure 3.3 X-ray dif'fr-dction spectrum of a sample of LiBH. doped with 8 mol% TiCI, and heated to 
400°C. Peak list at the bottom shows the positions ofLiCI, LiBH" and TiE, peaks. Boron peaks are 
shown in figure 3.4a. 

C.lnob 

o UH1-D301 

4000 

2000 

3.3b 

Figure 3.4 XRD spectra for (a) a sample consisting of pure crystalline boron and (b) a sample consisting of 
LiBH, doped with 8 mol% crystalline boron. 
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The XRD analysis gave no infonnation about the boron containing product(s). 

Apparently the boron species become amorphous during the ball-milling process thus 

rendering them invincible to x-ray analysis. Thus, it can be said that no crystalline boron 

is present in these samples. However, the possibility that amorphous boron fonns cannot 

beruledoul 

Since XRD yielded few clues as to the identity of the species in question. a solid

state NMR was perfonned. If the species resulting from the stoichiometric reaction were 

amorphous (thus invisible to XRO), llB NMR should still provide a means of 

identification. Figure 3.5, below, compares the llB NMR for several samples. 

Comparing the unheated and heated samples of 8 mol% TiCh doped LiBl4. shows that 

upon heating, an unidentified peak fonns at -15ppm. At the bottom of the figure are 

standards for LiB14 and T~. As can be seen, there is a correlation between the central 

peak of the standard TiB2 spectra and the peak seen in the heated TiCh doped LiB14. 

The TiCh doped 2LiB14-MgHz forms a significantly greater portion of the unknown 

specie. However, the resolution was poor on this sample. The samples with more 

components proved to be more difficult to spin. As a result, MgHz was eliminated from 

further samples in order to increase COr, the spinning speed, which improves resolution. 
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LBH3B4A 11 B NMR Spectra 

O)r=1 2-14 kHz 
UH-2A:BM& heated 
LiBH4+MgH2+ 6 mol%TiCl3 

UH-2C: BM &heated 
LiBH4+8 mol% TiCI3 

UH-2: BM 
ol%TiCl3 

LiBH4 

, i i 

200 150 100 50 
ppm 

i i i i i, i I 

o -50 

TB 2 
""...---...., 

i , , i 

-100 

figure 3.5 Results of"B NMR performed at Jet Propulsion Laboratories. As can be seen, the sample 
consisting of healed LiBI·L, doped with 8 mol% TiCI, shows evidence of TiS, formation. 

To better elucidate the correlation between pure TiB2 and what is observed in the Tieb 

doped LiBl~ mixture, the NMR results were zoomed in to the range 100 to -1 OOppm. 

The result oftha! is shown below in figure 3.6. Figure 3.6 shows a strong correlation 

between TiB2 and the species seen in the LiBJ-4 mixture. However, there is also a 

correlation with elemental boron, though not as strong as with TiB2. 
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LBH2B4B 
wr=12-15 kHz 

UH-2C: BM & heated 
LiBH4+ 8 mol% TiCI3 

100 50 

118 NMR Spectra 
1 

o 
ppm 

-50 

Boron crystalline 
TiB2 
UH-2C 

-100 

Figure 3.6 LiBH. doped with 8 mol% TiCl, and then heated to 400°C from figure 3.5 zoomed in. 

Samples of 8 mol% boron and TiB2 doped LiBl-it were made for comparison to figure 

3.6. It was proposed that the environment of the TiB2 seen in figure 3.6 was different 

enough from the pure substance to have caused the shift in the spectrum. Figure 3.7, 

TiB2 doped LiBHt, does not show the shift fTom that of pure TiB2 seen in figure 3.6. 

Figure 3.8, boron doped LiBH.t, bears little resemblance to figure 3.6. Thus, it is unlikely 

that boron is responsible for the peak seen at __ 15ppm37 in figure 3.6. The shoulder 

peaks seen between 0 and 20 ppm in figures 3.6, 3.7 and 3.8 are attributed to oxidation 

fonned during preparation. 
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oor=12 kHz 

LiBH4+S mol· T 2 

I· • I ; \ ; I 

60 40 20 
ii' 

o 
iii I I. 

-20 -40 
ppm 

__ 8 .01" TiB2 doped LiDH.4 

__ TiBl 

, I i I • , I 

-60 -so -100 

Figure 3.7 MAS-NMR of8 mol% TiB2 doped LiBIi, compared with pure TiB2• 

LBH3B3A 

oor=1 2 kHz 
UH-1, UH-6A 
LiBH4+S mol o/c B 

j , , I , 
60 40 

, I , 
20 

11 B NMR Spectra 

, I , , , I , , , , I , 
0 -20 -40 

ppm 

--u 11101" B doped LiBH4 

__ Amorphous Boron 

, , , I , , , , I , , , , I 

-60 -80 -100 

Figure 3.8 MAS-NMR of 8 0101% B doped LiBH, compared with pure amorphous boroo. 
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Cross-polarization (polarization transfer) MAS-NMR (CPMAS) involves taking 

advantage of the dipolar coupling between rare spins (in this case liB) and abundant 

nuclei for increased resolution. This experiment typically leads to an improvement in the 

signal to noise ratio. With this in mind, CPMAS-NMR was performed on a heated 8 

mol% TiCI3 doped LiB~. This is shown in figure 3.9 below. 

LBH2B4C5 

0),=10,12 kHz 
UH-2C: BM &heat 
LiBH4+8 mol% TiCla 

50 

11 B NMR Spectra 

° ppm 
-50 

Figure 3.9 CPMAS-NMR of healed (400"C) 8 mol% TiCI, doped LiBH. shown in black. Spectra from 
figure 3.6 are also included fo, comparison. 

in liquid-state NMR a direct correlation between the cross-polarization results and those 

that do not take advantage of cross-polarization are to be expected. Nuclei in solution 

have a good deal of freedom to move and thus it is not required that the abundant nuclei , 

typically I H, be bonded to the rare nuclei (in this case liB however typically 13C) in order 

to use cross-polarization. In other words, in liquid-state NMR the success of a cross-

polarization experiment is distance dependent. However, in solid-state, a strong 
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correlation. such as that seen in figure 3.9, supports the notion that a bond exist between 

rare and abundaot nuclei due to the limited movement of nuclei in the solid-state. In 

addition. the sideband patterns seen in the CPMAS and MAS NMR in the mnge ±100-

l000ppm are distinctive from T~. (figure 3.10) 

LBH2B4C4 

1Il,=12 kHz 
UH-2C: BM &heated 
UBH4+8 mol% nCI3 

MAS 

1000 500 o 
ppm 

-500 -1000 

Figure 3.10 Zoomed out CPMAS. MAS NMR ofB mol% TIcl, doped LiBH. cowpated with pure TiD, 
MAS NMR. The overall shape of the sideband pattern of the CPMAS and MAS are distinctive from pure 
TiD,. 

The information in figures 3.9 and 3.10 strongly reject the postulation that TJB:z is 

forming during this decomposition. Most likely, the specie formed upon decomposition 

is of the form B,.Hy in addition to the LiCI identified with XRD. The B,.Hy is a higher 

order borohydride and thus unlike dibomne it is not a gas at ambient temperatures. 

The formation of a B,.Hy specie suggests a more complex mechanism fur the 

decomposition ofLiB~ and TiCIJ than had been originally proposed. As a result, an in

situ type MAS-NMR experiment was performed. Samples were heated step-wise to 
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4OO"C and analyzed with NMR at various points during the heating. A striking result was 

found at 4O"C. Two new peaks were seen at -42.5 and -18.6ppm. 

200 o -200 -4 

Figure 3.11 NMR-MAS spedrum of 8 mo[% TiCI, doped LiBl4 heated to 4O"C. Spectrum shows two 
new peaks at -42.5 and -18.6ppm. 

The peak at -42.5ppm matches perfectly with a previously identified borohydride of the 

form Ti(BJ4)3osolvent. This experiment involved mixing TiCL! and LiBJ4 in 

solution. 38.J9.rb.e second peak, at -18.6ppm, matches that of elemental boron. 

3.4 Conclusion 

By examining mixtures ofTiCh doped LiBJ4 we were able to establish that there 

is indeed an irreversible reaction taking place between these compounds. This reaction, 
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being irreversible, gives a one-time boost in hydrogen desorption, but also leads to the 

decomposition ofTiCh and LiBH4. Borohydrides that are dependent on Ti or Ni

additives will not be capable of full reversibility. The Ti or Ni-additives in these systems 

are not acting as a catalyst but simply as reactants. 

It was initially proposed that LiBH4 was simply reacting with TiCI3 to form T~. 

However, by performing the in-situ NMR experiment (figure 3.9), it was found that the 

reaction proceeds by the following multi-step mechanism: 

4LiBRt + TiCiJ -+ LiTi(BRt). + 3LiCl (eq 3.1) 

LiTi(BRt). -+ LiB + TiH3 + B + 6H2 (eq 3.2) 

I I I U.Hy (eq 3.3) 

The in-situ experiment gave a picture of the reaction process. For a sample consisting of 

8 mol% TiCh doped LiBH4 prepared according to table 3.1 anionic LiTi(BH4k is formed 

somewhere between 25-40·C.40 In this same temperature range a good deal ofLiTi(BH4k 

has already decomposed forming the products shown in equation 3.2. The decomposition 

results in the formation of hydrogen gas, elemental boron, and LiH. The LiTi(BH4k has 

completely decomposed by 60·C. Elemental boron remains until about 180·C. By 400"C 

the boron has reacted with the TiH3 to yield the B"Hy specie. It is likely that all 

borohydrides react with Ti and Ni-additives in this way. Although equation 3.3 may at 

first glance seem unlikely, it was shown with [[B NMR that heated LiBH4 doped with 

catalytic amounts of boron showed greater decomposition than pure LiBH4 at the same 

temperature. While some aspects of the above mechanism are difficult to confirm 

absolutely, the formation of LiTi(BH4k and elemental boron is strongly supported by 

NMRdata. 
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CHAPTER 4 

Future Direetions 

In order to further improve the perfonnance of the systems discussed in chapter 2 

(thus making it viable for on-board storage), it would be necessary to find a compound 

that releases greater amounts OfNH3. Although the release ofNH3 gas is typically 

undesirable, the appeal of this system is that it rapidly conswnes this normally toxic gas. 

This bas recently been explored with LiNHl' as a NH3 donor, with favorable results. 

Additionally, other molar ratios ofLiNH2 and LiB14 yield greater amounts OfNH3 than 

the a and (3-pbases. Combinatious involving these compounds need to be explored. 

These studies will be particularly effective if done in conjuction with the Lewis et al. 

combinatorial method. Finally, it may be possible to utilize other undesirable products 

(e.g., diborane) that result from the decomposition of solid-state compounds to improve 

the performance of hydrogen storage systems. 

Solid-state NMR was a powerful tool in determining the identity of the products 

resulting from the reaction ofTiCh and LiBl4. Further use of MAS NMR will allow us 

determine the full details of this reaction. Complete understanding of the reaction 

between these two compounds will give great insight into the decomposition of 

borohydrides in general. 
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