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Abstract 

In this study, materials were selected for hydrogenation in a supercritical medium based 

on their high hydrogen weight content. We focused on A1H3 and then considered the 

thermodynamic limitations of the material when implementing hydrogenation using the 

standard solid-gas technique. For this material, hydrogenation is only possible under 

extreme temperatures and pressures, making it necessary to use a different approach for 

hydrogenation. In order to overcome these thermodynamic barriers, hydrogenation 

reactions of undoped and Ti-doped Al were carried out in a supercritical fluid medium 

(C02) in order to overcome thermodynamic barriers. Samples were then analyzed 

through XRD, 27 Al NMR and PCT apparatus. Although it appears that slight 

hydrogenation of the undoped and Ti-doped Al occurred, it is difficult to conclude the 

extent of hydrogenation with certainty due to the complications caused by the presence of 

trace A1H3 remaining after dehydrogenation. 
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1 Introduction 

1.1 Hydrogen Economy 

Undoubtedly, as the most abundant element in the universe, hydrogen could be a 

key alternative to replacing petroleum products and other fossil fuels. Hydrogen is a high 

energy carrier and the enthalpy of reaction I, or MIr, is equal to -285.83 kJ/mol. 

(1) 

Recently, hydrogen fuel cells have generated much attention because of their 

promise as the ultimate clean and energy-efficient provider of power. Unlike gasoline 

powered combustion engines, which produce greenhouse gas emissions and air pollution, 

hydrogen fuel cells used in combustion engines have hydrogen and oxygen reacting to 

produce water and heat. A fuel cell produces an electric current to power devices, 

similar to a standard electrochemical battery. However, in fuel cells the reactants are 

continuously supplied to a galvanic cell in contrast to a battery, which contains only a set 

amount of chemicals. Thus, fuel cells can be recharged indefinitely whereas batteries 

eventually run dead.· 

While at standstill, a car powered by a fuel cell consumes no energy. A gasoline 

combustion engine, however, still requires energy, making these engines very inefficient. 

Most fuel cells produce less than 1.16 volts of electricity, far from enough to power a 

vehicle. As a result, multiple cells must be assembled into a fuel cell stack. The potential 

power generated by a fuel cell stack depends on the number and size of the individual 

fuel cells that comprise the stack as well as its surface area. 

For automotive applications, the United States Department of Energy is focusing 

on a hydrogen powered polymer electrolyte membrane (or proton exchange membrane) 
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fuel cell (PEMFC) because of its high energy efficiency and relatively low operating 

temperature. A PEMFC converts molecular hydrogen and oxygen into water while 

producing heat and an electric current according to reaction 1. This electric current will 

then be used to power motor vehicles. The excess heat will be used in some form, such 

as maintaining the internal cabin temperature. 

The proton exchange membrane fuel cell consists of a central proton exchange 

membrane (PEM) - also known as a polymer electrolyte membrane - inserted between a 

cathode and an anode. This membrane is then sandwiched between a hydrogen flow field 

and an oxygen flow field. The PEM allows only positively charged ions (It) to pass 

through to the cathode. A PEMFC also contains a catalyst, usua1ly made of rough, 

porous carbon paper or cloth coated with a thin platinum powder. The catalyst is rough 

and porous in order to maximize the surface area of the platinum, which is then exposed 

to the hydrogen or oxygen. The platinum-coated side of the catalyst faces the PEM.2 

At present, one of the major obstacles for a hydrogen economy is the problem of 

onboard hydrogen storage. Researchers must therefore develop a cost-efficient method 

for compact storage and transport of hydrogen if it is to be utilized as a viable energy 

source for vehicles or other systems. 

1.2 Hydrogen Storage 

At ambient temperature and pressure, hydrogen is a gas with low hydrogen 

volumetric density. Even when hydrogen gas is compressed to several hundred 

atmospheres, the tank would still hold 5 times less fuel than a gasoline tank of the same 

size. Hence, storing hydrogen in the gaseous state is an impractical alternative for on

board storage applications. Storing hydrogen as a liquid is also possible; however, liquid 
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hydrogen evaporates at 21 K and must be compressed and stored in expensive cryogenic 

tanks, which could introduce dangerous situations. Fortunately, solid-state storage has 

proved to be a safer and more effective way of handling hydrogen in comparison to 

compressed hydrogen gas and liquid hydrogen. Although this form of hydrogen storage 

does offer the highest volumetric density, finding a suitable solid material for these 

purposes still poses a problem. 

For practical applications in fuel cell powered vehicles, an ideal hydrogen storage 

material must meet five main standards: high volumetric and gravimetric storage 

capacity, low decomposition tempersture, reversibility, low cost, and low toxicity. It is 

currently thought that the reversible hydrogen capacity of a hydrogen storage material 

should exceed 6.5 wt"10 and more than 65 gIL,! targets set by the United States 

Department of Energy that are practical for automakers. For automakers, the Uuited 

States Department of Energy set targets As a result, hydrogen storage materials can only 

be developed from a limited number of lightweight elements. This list of elements is 

further shortened because of toxicity and unfavorable chemical properties. 

Reversibility under mild conditions is yet another important factor to consider for 

hydrogen storage materials. For practical application purposes, a hydrogen storage 

material must be reversible at temperatures between 60-100 ·C. Most hydrides, however, 

face thermodynamic and/or kinetic limitations, thereby making reversibility very difficult 

to achieve. These challenges, in addition to production cost and environmental factors, 

continue to plague researchers in the hydrogen storage field. 
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1.3 Metal Hydrides as Hydrogen Storage Materials 

Due to the affinity between metals and hydrogen, one prospective solid-state 

hydrogen material would he metal hydrides. Hydrogen is, in fact, capable of forming 

hydrides and solutions with thousands of metals and alloys for which a classification 

system is needed. This metal hydride family tree, modeled after Sandrock's, is shown in 

Figure 1 below.J 

C.~· .. ···.-.·'.· '~ 

FIgure 1 Family Tree of Metal Hydrides 

For practical application of a metal hydride system and hydrogen storage materials 

in general, two important parameters must be considered - dehydrogenation temperature 

and rehydrogenation pressure. These restrictions are dependent on thermodynamic 

properties, or more specifically, the enthalpy and entropy changes in dehydrogenation (or 
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rehydrogenation) processes. For metal hydride systems, the standard enthalpy of 

dehydrogenation is an approximate predictor of the dehydrogenation temperature. 

Reaction 2 shows the general dehydrogenation (or DeH) reaction of a metal hydride, and 

3 its related thermodynamic parameters. 

MHn ~~ M + nl2H2 (1) 

£\Gn.H' = .!\HDeH' - TMDcH' (2) 

In equation (3), .!\HDeH' equals the negative of the standard enthalpy of the 

formation of the hydride, .!\H.(MH)'. For many solid metal hydrides, the entropy change 

£\SDeH' :::: £\S(H2)' = 130.7 J.K-I·mor l H2. The lowest dehydrogenation temperature, 

T DelL is defined as the particular temperature at which £\Gn.H' equals to 0 in equation (3). 

When the dehydrogenation temperature (T) is higher than TDeH, the entropy factor 

(T£\SDeH') will overcome the enthalpy (.!\HDeH'), resulting in a negative standard Gibbs 

energy (£\GDeH') and the dehydrogenation of the metal hydride. Accordingly, if .!\HDeH' 

is negative, i.e., the dehydrogenation of a metal hydride is an exothermic reaction £\GDeH' 

will be negative at any temperature and the metal hydride will be decomposed 

spontaneously. If the dehydrogenation of a metal hydride is endothermic and .!\HDcH' is 

positive, a larger .!\HDeH' will require a higher T DeH. 

For the reverse hydrogenation reaction, £\SReH' = -£\SDeH' and .!\HReH· = -.!\HDeH" 

In order for rehydrogenation to occur with a negative £\GReH', the dehydrogenation 

reaction must be endothermic and .!\HDeH' must be a positive value. These relationships 

are summarized in Table I below. Note that since DOE target temperatures for 

dehydrogenation and rehydrogenation are within 60-100 'C, according to equation (3), 

the .!\HDeH' range of ideal hydrogen storage candidates is 42-49 kJ·morl H2• 
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Table 1 Relation of thermodynamic fadors 

Dehydrogenation AGIleR 
. MIlleR • TIleR ASn.a' 

Reverse = - re enation 

Endotheonic .... Negative when . Thermodynrunieally . 
. T>T"" .. • + .. +>. + IlOssible 

Exotheonic Always - + + Thermodyamnical\y 
nellDtive inmossible 

For reversible metal hydride storage systems, the pressure-composition isotherms 

(pCl) are generally used to illustrate hydrogen storage capacity under varying 

temperatures, as well as the thermodynamic limitations for the dehydrogenation and 

rehydrogenation reactions. The so-called "plateau pressure" in PCIs represents the 

equilibrium hydrogen pressure at any temperature. 

Plateau pressures can be determined based on a material's thermodynamic 

properties. Using the Van't Hoff equation (4), the plateau pressure of a material can be 

calculated. 

1nP = tlliIRT - ASIR (3) 

In this equation, it is assumed that AR and AS are the enthalpy and entropy 

changes of the hydriding reaction, respectively, T is the absolute temperature, and R is 

the gas constant. AIl described above, for a reversible hydrogenation reaction, ARReH and 

ASReH are negative. From equation (4), it follows that at a specific temperature a larger 

JARJ results in a low plateau pressure and the material is relatively easily hydrogenated at 

high pressure. A smaller JARJ, however, results in a high plateau pressure and the 

material is not easily rehydrogenated. For practical applications, an ideal hydrogen 

storage material should have a plateau pressure in the range of 1-10 atm. Otherwise, if 

the materials have high plateau pressures, then high hydrogen pressure is required for 
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charging. On the other hand, materials with too low of a plateau pressure require 

evacuation for hydrogen evolution. 

1.3.1 Alloys 

In the hydrogen storage field, alloys often have hydrogen storage properties that are 

improved beyond those of elemental hydrides. By combining strong hydride forming 

elements (A) with weak hydricling elements (B), versatile reversible alloy systems are 

created and a range of thermodynamic properties can be achieved simply by substituting 

different metals in for (A) and (B) or adjusting the stoichiometric ratios within the 

compound. Thus far, many intermetallic alloys, including ABs. AB2. AB, A2B, have 

exhibited reversibility capabilities for hydricling and dehydricling reactions. LaNis is a 

classic alloy example. Formation ofLaH2 at 25 ·C, for instance, requires 3 xlO-29 atm of 

H2 pressure and a MIr of -208 kJ·mor l H2. In comparison, NiH requires a 

dehydrogenation pressure of 3400 atm at 25 ·C and has a MIr of -8.8 kJ·morl H2. 

However, when La and Ni are combined to form LaNis at 25 ·C, the hydrogenation 

pressure is 1.6 atm with a MIr of -30.9 kJ·mor l H2. The result of combining these two 

elemental hydrides to form a more practical and reversible alloy system is evidenced by 

the observed enthalpy changes. 

Despite these excellent hydrogen storage properties, alloys have gravimetric 

capacities that are unsuitable for onboard practical applications. The DOE target is 

currently 6.5 wt"10 H2, but alloy hydrogen storage capacity usually ranges from only 1-3 

wt"10 H2. In light of this drawback, the potential of metal hydrides as storage materials 

should not be overlooked. 
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1.3.2 Alanates 

Complex metal hydrides, for instance, have been given much consideration as 

hydrogen storage materials because of their high hydrogen weight content. Under this 

branch of potential hydrogen storage materials appear transition and non-transition metal 

complexes. A well-known example of a transition metal complex is M/l2NiJ4. Non

transition metal complexes include aluminateslalanates and borohydrides such as LiA1l4, 

NIIA1l4. and NaB~. 

Sodium alanate (N~) is a well-known complex metal hydride with total 

hydrogen content of7.4 wt"1o. The release of Hz occurs as shown in Eqs. (5) - (7) below. 

N~ 7 113 Na3AIHc, + 213 Al + H2 (3.7 wt"10 H) (5) 

1I3Na~ 7 NaH + 1I3Al + 112 H2 (1.9 wt"10 H) 

NaH 7 Na + 112H2 (1.8 wt"10 H) 

(6) 

(7) 

The reactions shown in Eqs. (5) and (6) occur at 185 'C and 230 'C, respectively, 

while that in Eq. (7) occurs above 400 ·C. The high temperature required for Eq. (7) 

therefore renders this reaction impractical. Thus, only 5.6 wt"10 hydrogen is released at 

acceptable temperatures in the N~ system. Although the hydrogen content in 

N~ is higher than that found in alloys, N~ and other complex metal hydrides 

were not considered for hydrogen storage until recently because of the extreme kinetic 

barriers. 

In the late 1990s, Bogdanovic et al. showed that doping N~ with a few mole 

percent ofTi-based catalyst resulted in accelerated and reversible cycling at 150 bar of Hz 

pressure and 170 ·C.4 Zidan and Jensen et al. later showed that effective doping could be 

done through mechanical milling.s,6 These breakthroughs opened up many new 
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possibilities for designing and controlling an efficient hydrogen storage material, which 

could be utilized for practical applications. In fact, further studies showed that kinetic 

enhancement through doping extend to the reversible dehydrogenation of other metal 

hydride systems such as LiAIR/. LiNH2-LizNHB, and LiB14-MgH2.9 

1.3.3 Alane 

Alane (AlR3) is a binary hydride, which has recently attracted attention as a 

hydrogen storage material because of its high gravimetric hydrogen capacity of 10.1 wt"110 

and volumetric hydrogen capacity (1.48 glmL).14 AlR3 is also an environmentally 

friendly hydrogen storage system since it decomposes as seen in Eq. 8, into aluminum, a 

non-toxic, commonly available, and recyclable material. 

AlR3 7 AI + 3/2 H2 (8) 

Many phases exist for the AlR3 crystalline structure (a-, a'-, (3-, y-, &-, ~-), IS with 

the a-phase being the most stable. The MIDeH for the a-phase was originally reported at 

7.6 kJ·morl H2.16 Recently, Orimo and Jensen et al. determined a new value for the 

enthalpy of the dehydrogenation of AIR3, 6 kJ·morl H2Y Clearly, alane has a very low 

thermodynamic stability. However, the surface oxide layers act as a kinetic barrier to 

decomposition and allow for long-term stability (>25 years) at room temperature. 

It was recently found that the kinetics of the hydrogen release from alane at 

temperatures of -100 'C could be enhanced by the addition of Group I hydrideslB or 

simply by ball milling the material. IS Although rapid dehydrogenation was observed at 

temperatures >80 'C, it was found that dehydrogenation of the enhanced materials ceased 

when heating was Stopped.19 Thus, controllable delivery of hydrogen at acceptable rates 

for practical applications can be achieved with alane. However, based on the Millen for 
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AlH3 at ambient temperatures, determined from the Van't Hoff equation, subsequent 

rehydrogenation through the standard solid-gas technique is not possible except at very 

high pressures (25,000 bar) or very low temperatures.20
,21 Therefore, other techniques for 

rehydrogenation must be considered in order to favorably alter the thermodynamics of 

this reaction. 

In an effort to overcome the thermodynamic challenges of hydrogenating AI, an 

alternative approach for hydrogenation was needed in place of the standard solid-gas 

technique. Due to the low solubility of hydrogen gas in conventional organic solvents, 

rehydrogenation through a solution-based approach was disregarded. Recently, McGrady 

et al. achieved promising results for the rehydrogenation of NaH/AI to N~ using 

supercritical CCh as a solvent in place of the customary solid-gas reaction. Under 

supercritical conditions, the McGrady et aI. was able to achieve and verify through XRD, 

the rehydrogenation of sodium alanate at 80 "C using only 15-20 bar H2. In comparison, 

these results showed remarkable improvement over the solid-gas technique, which 

normally requires 100 ·C at 100 bar of H2. Based on these promising results, we aimed 

to apply this technique to the hydrogenation of AI in supercritical media. 
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2 Attempted Hydrogenation of AI in Supercritical CO2 

2.1 Properties of Supercritical Fluids 

In an attempt to replicate the hydrogenation effects observed in the preliminary 

hydrogenation of NaH/AI to Na.All4 we attempted to hydrogenate AI to AlH3 using 

supercritical carbon dioxide as a reaction medium for the hydrogenation of AI. Although 

supercritica1 carbon dioxide plays a vital role in organic hydrogenation and 

hydroformylation reactions, 29 this technique has not been widely applied to inorganic 

hydrogenations. 

In general, reactions in supercritical carbon dioxide fall into two main categories. 

The first category of reactions investigated in supercritical carbon dioxide are those 

where enhanced selectivity is observed in the reaction, which usually originates from the 

unusual solvent properties of supercritical carbon dioxide and the ability to vary its 

solvent properties by adjusting pressure.30 The second category uses the high solubility 

of the light gases, such as H2, in supercritica1 carbon dioxide to enhance reaction rates 

with hydrogenation and hydroformylation as particularly good examples.28 Recently, the 

potential of supercritical carbon dioxide in polymer processes has also been a focus of 

research and development both in industry and academia. Many chemical industries, for 

instance, have turned to C~ as an alternative for halogenated and organic solvents used 

in polymer processes in order to eliminate solvent residues in products.31 

Supercritical C02 has been commonly used in supercritical extraction processes 

for the food and pharmaceutical industries. In the United States and Europe alone there 

are several large extraction units in operation where supercritical C~ is used to 

decaffeinate coffee and tea and extract flavors and essential oils from hops, spices, and 
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herbs. Phannaceutical industries have also reported applying supercritical CO2 for 

recrystallization, purification of surfactants, cleaning and degreasing of products in the 

fabrication of printed circuit boards, and as a substitute for organic diluents in spray 

painting and coating processesJ2 

Supercritical 
nuid Pc 

730tm~------~~----------~~--------

1 10 Solid 

5 

Gas 

• 
I : .......... Tt 

-78 -57 0 31 
Temperature (0 ) ,. 

Figure 2 Pbase diagram of Carbon Dioxide 

As shown in the phase diagram of carbon dioxide (Figure 2), a supercritical fluid is 

a substance heated past its critical temperature (Tc) and pressurized above its critical 

pressure (Pc). 

Figure 3 Phase change with increasing pressure 
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Figure 3 shows that as a substance is heated, the phase boundary between liquid 

and gas phases disappears.33 Supercritical fluids are a hybrid between liquid and gas 

phases and above the critical temperature, a single phase exists regardless of the pressure. 

Although supercritical fluids have densities comparable to those of organic 

liquids, their gas-like nature allows for complete miscibility with permanent gases such 

as H2• Other properties of supercritical fluids include low viscosity, high diffusivity, and 

the ability to dissolve solids. Table 2 lists a general comparison of the density (P), 

viscosity (11), and diffusivity (D) between gases, supercritical fluids and liquids.34 

Table Z Comparison of pbysteal properties: gases, supererltleal tluids, and Uquids 

1 
0.001 
1.10-5 

SupercrltlcaJ fluid 

100-800 
0.00>-0.01 
1.10-7 

Uquld 

1000 
0.05-0.1 
1.10-9 

The solubility properties of a compound in a supercritical fluid can vary 

continuously between those of liquids and gases even though the inherent molecular 

structures of the fluids are maintained. Reactions in liquids result in densely packed 

solvent molecules that surround the solute to form a solvent shell. In contrast, solute 

molecules introduced into the gas phase have high mobility and interact without 

aggregation of solvent molecules. By nature, though, supercritical fluids are a hybrid 

between liquids and gases. Hence, near the critical point, solvent molecules surround 

solute molecules in the supercritical phase and form clusters through solvent-solute 

interactions. The aggregated molecules, though, are in dynamic equilibrium with free 

solvent molecules. This solvation state strongly depends on the density of the 

supercritical fluid and differs from that of liquids or gases. 
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Table 3 CrItical condiUoDS of dltTerent solvents 

Solvent TdKJ Pc IMPa) Solvent Tc(K) Pe (MPa) 

Acetone 508.1 4.70 Hexafluoroelbane 293.0 3.06 
Ammonia 405.6 11.3 Methane 19M 4.60 
Carbon dioxide 304.1 7.38 Methanol 512.6 &.09 
Cfclohexane 553.5 4.07 ""hexane 507.5 3.01 
DieI:b.yl ethe.t 466.7 3.64 Pxopane 369.8 4.25 
Difluoromethane 351.6 5.83 Propylene 364.9 4.60 
Diflnoroethane 386.7 4.50 SuIfi.a hexafluoride 318.7 3.76 
DImethyl ethe.t 400.0 5.24 'Il!Iratluotome 2'El.6 3.74 
Ethane 305.3 4.87 'lbI.uene 591.8 41.1 
Ethylene 282.4 5,04 'JlifbNQ1orroelh:l1!1l 299.3 4.86 
IlthyDe ~.3 6.14 Water ~7.3 22.1 

Table 3 lists a number of different supercritical solvents, with only a few having 

ideal critical conditions. Although water is the cheapest supercritical solvent available, 

its high critical temperature (647.3 K) and pressure (221 bar) make it difficult to use it for 

practical applications. In comparison, supercritical carbon dioxide has a near ambient 

critical temperature (304.1 K) and lower pressure pressure (73.8 bar).35 C(h is also non-

toxic, non-flammable, and inexpensive. Since C(h is non-polar, with a low polarizability 

and a low dielectric constant, only volatile or relatively non-polar compounds are soluble. 

As a solvent or reaction media, supercritical fluids offer several advantages over 

gas-phase and liquid-phase techniques because of their unique properties. In particular, 

these hybrid solvents are so sensitive to pressure and temperature changes that reaction 

conditions can easily be maximized to their fullest potential by adjusting any of these 

variables. In addition, the gas-like nature of supercritical fluids and its complete 

miscibility with permanent gases such as H2 allow the solid to be conipletely dissolved or 

suspended in the solvent. Hydrogenation in a supercritical fluid medium thereby offered 

a potentially feasible approach to the thermodynamic challenges of hydrogenating AI. 
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Supercritical fluids also offer the advantage of excellent thermal transport properties, 

allowing for rapid removal of excess heat generated on reaction during the usually 

exothermic hydrogenation process. 

2.2 Experimental 

All chemicals were purchased from Aldrich. Experiments were carried out under 

argon using a glovebox or Schlenk techniques. All solvents were dried and distilled 

under argon. 

a-AlH3 was dehydrogenated in order to obtain AI with no oxide layer. In a 

glovebox, the a-AlH3 was first loaded under argon into a monel vessel (Figure 4) with a 

volume of33.7 mL. 

Figure 4 Monel vessel 

The vessel was then closed with a swagelok valve and equipped with a pressure 

transducer and an internal thermocouple. The vessel was then taken out of the glovebox 

- 15 -



and placed under vacuum. The pressure was monitored for approximately 20 minutes in 

order to confirm that there were no leaks. An oil bath was then heated to the appropriate 

temperature and the vessel was placed inside. Pressures were monitored and recorded 

every 30 seconds. 

Hydrogenation of the sample under supercritical cond.itions was carried out in a 

high pressure Parr micro-reactor of 100 mL capacity. The air-tight vessel was 

transported to the reaction station and clamped. The reactor setup can be seen in Figure 

5. 

Figure 5 Parr Micro-Reactor 

After flushing for several minutes with helium, the vessel was then flushed twice 

with approximately 6.9 bar CO2. In order to introduce 70 bar of CO2 into the vessel, a 

CO2 pump was needed. When the CO2 pressure inside the Parr vessel had reached 70 

bar, the pump was turned off and the excess gas was released into the fumehood. A 

pump was not needed for the hydrogen. Different procedures were then used to introduce 
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hydrogen into the reactor depending on the hydrogenation pressure required. After 

hydrogen gas was added, the inlet and outlet valves of the Parr reactor were secured and 

the system was allowed to stand at room temperature for about an hour. The pressure 

was monitored in order to check for gas leaks. 

All XRD patterns were obtained usmg a Rigaku Miniflex bench-top 

diffractometer (Figure 6). The sample holder is custom-made, constructed from acrylic 

plastic, and contains a circular well in the middle used for loading the powder. In order 

to load the sample correctly, the powder was flattened and leveled using a metallic (or 

plastic piston-like) press. A thin sheet ofparafilrn was secured over the sample to protect 

it from the outside atmosphere. Then, while holding the press on top of the sample 

holder, the parafilrn was stretched over the body of the sample holder and torn off along 

the sides. This step required some care, as it was essential that as the remaining parafilm 

not affect the position and level of the sample holder in the instrument. Any such 

distortion would introduce an offset to the Bragg angle; thus it was imperative that the 

sample holder sit flat on the sample stage. 

Figure 6 XRD Rigaku Miniflex Benchtop Diffractometer 

- 17 -



After rehydrogenation in supercritical C02, samples were dehydrogenated using a 

volumetric method. The pressure change was recorded by a carefully calibrated PCT 

apparatus (Suzuki Shokan Co. Ltd., Japan) at the University of Hawaii. Samples were 

loaded under At into a reactor. The reactor was then attached to the PCT apparatus and 

the line was flushed 3 times with hydrogen gas. After putting the line under vacuum, the 

swagelok valve between the line and reactor was opened. Vacuum was again applied and 

the reactor was allowed to stand for approximately 15 minutes to see if there were any 

leaks. The reactor was then immersed overnight in an oil bath heated to 110 'c and the 

pressure was recorded. After 14-16 hours, the reactor was removed from the oil bath and 

allowed to cool to room temperature. Vacuum was again applied and the reactor was 

immersed in an oil bath heated to 150 'C. Pressure readings were again recorded 

overnight. 

All samples were examined by 27 Al solid state NMR at the University of Hawaii. 

Samples were packed in 3.2 mm rotor sleeves (22 pL) and were then analyzed using a 

Varian Unity Inova 500 MHz NMR with broadband, nano-, and triple resonance probes. 

2.2.1 Jensen et aI. method: Synthesis of a-AlB3 

An a-A1H3 synthesis was carried out using a modified method developed by 

Jensen et al. A 0.8 M ether solution ofLiA1l4 was prepared using 3.04 g (80.2 mmol) of 

LiA1l4 in 100 mL of ether. This LiA1l4 solution was mixed with 25 mL of 0.80 M ether 

solution and 2.66 g of AlCl3 (19.9 mmol), producing a LiCl which was a white solid. 

The LiCl was separated by filtration, leaving the excess LiA1l4 and A1H3 in ether 

solution. The ether was then removed from the clear filtrate in vacuo at room 

temperature. Etherated alane, a white powder, was then ground by mortar and pestle. 
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The powder was baked for 5 hours at approximately 70 'C in order to transform it to the 

y-AlH3 form. The sample was refrigerated overnight and treated the next day by washing 

with ether. After decanting the ether, the AlH3 was further heated for 3 hours at 

approximately 70 ·C. 2.234 g a-AlH3 was collected as a fluffy white powder (yield 

92.3%). This heat treatment ensured that the alane transformed to the more stable a form. 

and a powder X-ray diffraction (XRD) pattern was collected for the sample. It was found 

to be in excellent agreement with the pattern reported in the literature for a-alane. S 

2.2.2 Dehydrogenation of a-AlB3 

0.250 g (9.26 mmol) of AlH3 was loaded into a monel vessel. The vessel was put 

under vacuum and then immersed in an oil bath which was heated to 100 ·C. From this 

point, pressure readings were recorded every 30 seconds and the reactor temperature was 

noted after each minute. Heat treatment lasted for approximately 5 hours and 0.237 g 

(8.78 mmol) of AI (a grey powder) was recovered after dehydrogenation. 

2.2.3 Hydrogenation of Activated Aluminum under 11 & 6S bar Hz 

Several attempts were made to rehydrogenate activated aluminum powders under 

supercritical conditions. The activated aluminum samples of AI were obtained by 

dehydrogenating chemically synthesized AlH3. Before hydrogenation, XRD patterns of 

both powders were found to match those for aluminum found in the MDI (Materials 

Data, Inc.) database. 

The first attempt at rehydrogenation of aluminum was carried out in supercritical 

C~ with 11.0 bar Ha for 4-6 hours. 0.625 g (23.1 mmol) of activated AI was loaded 

under Ar in the glovebox and placed in a Parr micro-reactor. 70.0 bar of C~ were 
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introduced into the vessel using a pump. When the C~ pressure inside the parr vessel 

reached 70.3 bar, the pump was turned off and excess gas was released into the 

fumehood 11.0 bar of H2 were then added and the vessel was allowed to stand at room 

temperature for about an hour. 

The vessel was eventually heated to 80 'C and the temperature was allowed to 

stabilize. The system was maintained at this temperature for 4 hours with constant 

magnetic stirring. After 4 hours, the stirrer was turned off and the reactor was allowed to 

cool to room temperature. The pressure inside the vessel was released by venting the 

gases into the fumehood and the Parr vessel was disconnected from the reactor. A cover 

was placed over the mouth of the vessel under a stream of Ar to prevent ingress of 

atmospheric gases. The vessel was then transported to the glovebox. 

In order to see if higher pressures would be more effective in the rehydrogenation 

of activated aluminum, the experiment was repeated using 65 bar of H2 at 80 'C for 4-6 

hours. The Parr vessel was loaded with 0.625 g (23.1 mmol) AI and connected to the 

reactor setup. 70.3 bar of C~ was added to the vessel via the C~ pump, and the vessel 

was then cooled to -70 'C using an ethanol-liquid nitrogen bath. Cooling the vessel 

reduced the pressure to 27.6 bar thus allowing 44.8 bar H2 to be introduced. The ethanol

nitrogen bath was then removed and the vessel was allowed to stand until it reached 

ambient temperature. The vessel was then heated to 80 'C and maintained under constant 

magnetic stirring for 4-6 hours. Once this period was complete, the heater was removed 

and the vessel was allowed to cool to room temperature. The vessel was taken into the 

glovebox and an XRD pattern of the sample was obtained. 
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2.3 Results and Discussion 

2.3.1 Preparation of AI 

Aluminum is well known to be coated with several layers of aluminum oxide. 

Thus, in order to obtain aluminum with no surface oxide layer, a-Anl3 was first 

synthesized and then dehydrogenated. For our research, a-Anl3 was synthesized 

according to Eq. 9. 

AlC!) + 3LiAllL! + n[(C2H,)20] 7 4An13'n[(C2H')20] + 3LiCI (9) 

The etherated alane was heat treated 5 hours at approximately 70 'C in order to 

transform it to the y-Anl3 form. Then it was washed with ether and further heated for 3 

hours at approximately 70 'C. After the heat treatment, a more stable a phase of Anl3 is 

formed. This transformation is expressed in equation 10. 

A1Hl·n[(C.Hs).O] 7O"C.5h )r-AlHl 7O'C.)' )a-A1Hl (10) 

A XRD pattern was collected for the resulting sample. It was found to be in 

excellent agreement with the pattern reported in the literature for a_alane.41 

In order to obtain AI, the a-Anl3 was dehydrogenated from vacuum in a closed 

system. The reactor containing a-Anl3 was then immersed in an oil bath heated 110 'C 

for approximately 17 hours. The reactor was taken out of the oil bath and allowed to cool 

to room temperature. Any gas evolved was then vacuumed off' and the reactor was 

heated in an oil bath set to 150 'C. Although the sample was heated oVernight, complete 

rehydrogenation required further heating at 180 'C. The sample was removed from the 

oil bath and allowed to sit under vacuum at room temperature for 17 hours. 
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FIgure 7 Debydrogenatlon of nndoped a-Am, 

Figure 7 shows that the sample was found to give approximately 8.81 wt"10 H2. 

After dehydrogenation was complete, samples were further analyzed by XRD, 27 AI NMR 

andPCT. 

2.3.2 Attempted Hydrogenation of AI in SupercriticaI CO2 

Before conducting our hydrogenation experiment, a control experiment was set up 

to see if the C~ would cause decomposition or a reaction with the material being 

hydrogenated. N~ was therefore placed in a reactor and supercritical C~ with 10 

bar of H2 was introduced for 12 hours at 80 ·C. Figure 8 shows the XRD pattern of 

N~, N~ after exposed to supercritical C02, and parafilm. 
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.Figure 8 XRD pattern of N~, N~ In supereritlcal C~ and parafllm.. ThIs control 
experiment showing N~ does not react In supererltleal Co. 

Since there appears to be no change in the XRD peaks of Na.A1H4 before and after 

treatment in supercritical CCh. we concluded that under these mild conditions, 

supercritica1 CCh media does not react adversely with aluminum hydrides. 

2.3.3 XRD Analysis 

Powder X-ray diffraction (XRD) pattern was collected after the synthesis of alane. 

dehydrogenation of alane. and rehydrogenation of the aluminum. As shown in Figure 9. 

alane was fully dehydrogenated to give AI (bottom pattern). 
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FIgure 9 XRD patterns of AI, AI after treatment with 11.0 and 65.0 bar H, 

After the hydrogenation of AI at 11 bar H2, the material was found to be powdery. 

The XRD pattern, however. showed that no hydrogenation took place during this 4-6 

hour period (Figure 9). The upper pattern in Figure 9 shows the results of hydrogenation 

at 65 bar H2. It is apparent that even at higher H2 pressure, rehydrogenation ofundoped 

AI was unsuccessful. 

2.3.4 peT analysis 

Sieverts apparatus (pCT apparatus) is often used to measure the hydrogen stomge 

capacity and plateau pressure of hydrogen stomge materials. Through volumetric 

measurements, thermodynamic and kinetic properties about the material investigated can 
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be obtained. The volume of the system is assumed to be unchanged, and pressure change 

during the dehydrogenation and rehydrogenation processes are determined. The amounts 

of hydrogen desorbed and absorbed can then be calculated by using the gas state 

equation. 

Samples of both undoped dehydrogenated a-AlH3 and undoped rehydrogenated AI 

were tested by PCT. The dehydrogenated a-AlH3 was loaded under Ar into a reactor and 

then immersed in an oil bath heated to 110·C (Figure 10). After approximately 19 hours, 

the reactor was taken out of the oil bath and cooled to room temperature. The reactor was 

again vacuumed and immersed in an oil bath heated to 150 ·C. The sample was heated 

for approximately 24 hours. 
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FIgure 10 Dehydrogenation at 110 ·C of undoped AI prepared from undoped a-AIH3• A second 
dehydrogenation was attempted In order to test that the a-AIH3 was completely dehydrogenated. 
Althongh a low level of hydrogen was evolved, It Is evident that a trace of a-AIH3 1s stili present. 
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Figure 11 Dehydrogenated undoped AI prepared from a-AlB. at 156 ·C. Further heating at a hlgher 
temperatore was required in order to teat If any remaIning gas would be evolved. 

From Figures 10 and 11 above, approximately 0.13 wt"10 H2 and 0.09 wt"10 H2 

were given off at 110 and ISO 'C, respectively, suggesting that the AlH3 was not fully 

dehydrogenated. 

In order to test if hydrogenation occurred on the undoped AI, PCT data was also 

collected on samples treated under supercritical conditions. 0.203 g (7.51 romol) AI was 

loaded into a PCT reactor and the sample was heated in an oil bath for approximately 13 

hours at 110 ·C. The reactor was then taken out of the oil bath and allowed to cool to 

room temperature. After eliminating any gas that was produced, the reactor was 

immersed into an oil bath heated to 150 ·C. The reactor was left under this temperature 

for approximately 19 hours. About 0.13 wt"10 H2 was given off at 110 'C and 0.16 wt"10 

H2 was given off at 150 ·C. 
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Before hydrogenation in supercritical C02, approximately 0.22 wt"10 H2 was evolved 

whereas 0.29 wt"10 H2 was evolved after hydrogenation. Although the PCT analysis 

suggests that some hydrogenation of undoped AI may have occurred, a more sensitive 

technique was employed to verify this observation and to determine the extent of 

hydrogenation. 

2.3.5 27 AI NMR Analysis 

Recently, it was shown by Hwang et aZ. that 27 AI solid state NMR is a sensitive 

tool that can be used for the characterization and quantification of the different phases of 

alane.42 
27 AI solid state NMR data was thus collected to determine if any hydrogenation 

of AI occurred in our supercritical CQz experiment, and if so, to determine the extent of 

hydrogenation as well as identify the distinctive phases that may have been fOImed. 

Figure 14 shows the 27 AI NMR for our dehydrogenated undoped AlH3. 

In Figure 14, the aluminum center peak: is located at 1639.716 ppm. Other peaks 

appear at 71.445 and 39.700 ppm, which can be attributed to trace alane. The peak: at 

15.226 ppm was assumed to be due to the Al203 that may have fOImed during the 

handling of the sample. Figure 14 also suggests that dehydrogenation of AlH3 was 

incomplete. 
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Figure 14 2'7 AI NMR for undoped AI which was obtained from dehydrogenating AlB.. Traces of 
AlB, are still present and are shown at 71.445 and 39.700 ppm. 

Figure 15 shows the 27 AI NMR after the AI was rehydrogenated. The center peak 

of aluminum is again located at 1639.716 ppm with other peaks observed at 65.589, 

32.794, which are most likely due to alane and 14.055 ppm, which is again probably due 
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FIgure 15 ., AI NMR for Rehydrogenated undoped AI 

Careful integration of the peaks at 1639.716 ppm (AI metal) and 32.794 ppm 

show only a small difference in the area ratios before (95.9:4.1) and after 

rehydrogenation (93.5:6.5). This 27AI NMR study indicates that dehydrogenation of 

alane was incomplete in the preparation of the undoped AI. Also, based on this data, very 

little hydrogenation seemed to occur. 
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3 Rehydrogenation of Ti-doped AI in Supercritical COz 

3.1 Ti-Doped A1H3 vs. Undoped AlH3 

Since the undoped AI appeared to show, at best, only low levels of hydrogenation 

in supercritical C02, we investigated the possibility of kinetically enhancing the 

formation of alane through the introduction of a Ti species. Ti-doping has been shown to 

dramatically lower the temperature required for the hydrogenation of NaH/AI to 

NIIA1l4.3 The preliminary results from McGrady et aI. also showed similar kinetic 

enhancement for the hydrogenation of Ti-doped NaH/AI to NIIA1l4 in supercritical C~. 

Hydrogenations were accomplished at lower temperatures and pressures. Undoped 

NaH/AI, however, displayed no signs of hydrogenation, thus showing Ti-doping is 

required for both the solid state as well as supercritical hydrogenation. Based on these 

results we hoped that Ti would show the same effect for the hydrogenation of AI. 

In order to obtain Ti-doped AI, AlH3 was first doped with 2 mol% TiCI] and then 

dehydrogenated. Ti-doped AI was then subjected to hydrogenation in supercritical C~. 

Ail samples were again analyzed through XRD, PCT, and 27 AI NMR. 

3.2 Experimental 

3.2.1 Synthesis of Ti-doped A1H3 

a-AlH3 was prepared as described in §2.2.1. 2.422 g of a-AlH3 (80.7 mmol) was 

then mechanically milled with 2 mol% (0.251 g) TiCh. The activated aluminum samples 

were obtained by milling for one hour at 200 rpm using 10 small stainless steel balls. 

2.505 g of AlH3 doped with TiCl) was recovered. 
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3.2.2 Dehydrogenation of Ti-doped AlB3 

1.002 g of the doped sample were dehydrogenated in a schlenk flask at 110 ·C for 

approximately 6 hours. 0.951 g of material were recovered. The sample was then heated 

again to 110 ·C for another 2 hours and 0.911 g were recovered. 

In order to determine the exact amount of H2 given off by doped alane, a second 

dehydrogenation reaction was set up. 0.244 g (8.13 mmol) of A1H3 doped with 2 mol% 

TiC!] were placed in the monel vessel. The sample was dehydrogenated at 100 ·C using 

a silicon oil bath. At 107 ·C, approximately 4.14 bar of hydrogen were released over 75 

minutes. The reactor was then heated to 138 ·C to remove any residual H2. After cooling 

the reactor to 23 ·C, the pressure was 3.61 bar. 

3.2.3 Hydrogenation of Ti-Doped AI 

0.838 g (31.0 mmol) of activated AI doped with 2 mol% TiCl3 were loaded under 

argon in the glovebox and placed in a Parr micro-reactor of 100 mL. The air-tight vessel 

was then transported to the reactor and clamped. After flushing the vessel for several 

minutes with helium, the Parr vessel was flushed twice with approximately 6.90 bar C~. 

A pump was then used to introduce 71 bar C~. After adding C~ at room temperature, 

the pump was turned off and the excess gas was released into the fumehood. In order to 

reduce the C~ pressure, the vessel was cooled to -53 ·C using an ethanol-liquid nitrogen 

bath. 29.7 bar H2 were then introduced into the system. The ethanol-nitrogen bath was 

then removed and the vessel was allowed to stand until it reached ambient temperature. 

At 24 ·C, C02 and H2 pressures were 71.0 bar and 40.0 bar, respectively. The 

vessel was heated to 75 ·C and maintained under constant magnetic stirring. Over the 

first 3 hours of the reaction, there was no change in pressure. The temperature was thus 
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increased to 80 'c and the total pressure stabilized at 244.8 bar. After 18 hours, the 

pressure dropped by 8.96 bar, possibly due to uptake ofH2 by the sample. In order to test 

if the pressure would drop any further, the temperature was increased another 5 degrees 

over 2 hours. The pressure stabilized at around 250.0 bar and did not decrease any 

further. At this stage. the heater was removed and the vessel was allowed to cool to room 

temperature. 

3.3 Results and Discussion 

3.3.1 Preparation of Ti-doped AI 

As-prepared AlH3 was doped with 2 mol% of TiCh by ball milling and then 

dehydrogenated in a monel vessel at 110·C for approximately 8 hours to produce the Ti-

dopedAl. 

.. . .. . . 
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FIgure 16 Dehydrogenation of AlB, doped with Z mol% TiCI, 
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Figure 16 shows the dehydrogenation of the doped sample and approximately 8.00 wt"A, 

H2 was evolved. Some prior decomposition may have occurred during ball milling. The 

material was then examined through XRD, 27 AI NMR, and PCT. 

3.3.2 Hydrogenation of Ti-doped AI 

The Ti-doped AI was hydrogenated in supercritical C~ at 40 bar H2 at 

approximately 75-80 ·C for 3-5 hours. After hydrogenation, approximately 0.800 g of 

gray powder was collected. Its color was lighter than the dehydrogenated doped AlH3 

introduced at the start of the experiment. The material was examined through XRD, 27 AI 

NMR, and PCT. 

3.3.3 XRD Analysis 

Figure 17 shows the XRD pattern of a-AlH3, Ti-doped a-AlH3, and 

dehydrogenation after 6 and 8 hours. Even after 6 hours, the sample was not fully 

dehydrogenated and some peaks from AlH3 are present. After 8 hours, only the five 

characteristic peaks of AI are visible and there is a complete disappearance of peaks 

corresponding to a-AlH3• 
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Figure 17 XRD patterns of a-AlB,. TI-doped a-AlB" and dehydrogenation after 6 and 8 hours 

For comparison, Figure 18 shows the step by step change in the XRD pattern after 

each step: a-AlR3. Ti-doped a-AlR3. dehydrogenated doped a-AlR3 and Ti-doped AI 

after attempted rehydrogenation in supercritical C~. Although there are new peaks 

present at 30. 3S. 48 and S9 degrees. the five peaks from AI are still the most prominent. 
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FIgure 18 Doping, Dehydrogenation, and Rebydrogenatlon Steps for Alane 

In order to better see the new peaks in the rehydrogenated Ti-doped AI, the top 

pattern in Figure 18 (rehydrogenated doped alane) and the pattern below it 

(dehydrogenated alane doped with 2 rnol% TiC!]) were enlarged and plotted together in 

Figure 19. 
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Figure 19 XRD Patterns of Dehydrogenated and Rehydrogenated Alane doped with 2 mol% TICI, 

After carefully comparing the new peaks with XRD patterns of the a, /i, and y 

phases of AlH3, we excluded the possibility that the new peaks were from AlH3- We then 

checked the XRD dalabase for all starting materials, possible products, and their different 
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phases. The new peaks were, in fact, from LiCI, which was formed during the 

preparation of A1H3 by reaction of LiAlI4 with AlCl) (eq. 9). Although we attempted to 

remove most of the LiCI by precipitating it in ether, a small amount still remained and 

was mixed with the A1H3 even after the ether was evaporated. The XRD patterns of 

A1H3, activated AI, doped A1H3, and doped activated AI did not show these peaks, 

however, this may have been due to the LiCI existing as an amorphous phase. Under 

supercritical hydrogenation conditions, though, the amorphous LiCI aggregated and 

diffiaction peaks were observed. 

Despite the lack of XRD peaks corresponding to A1H3 in the dehydrogenated 

samples, it should be noted that alane, especially when prepared by mechanical ball 

milling, is sometimes amorphous and diffraction peaks cannot be observed. In addition, 

the sensitivity limit of XRD may also prevent us from detecting trace hydrogenated A1H3. 

Consequently, other methods are necessary to check the hydrogenation of samples. 

3.3.4 PCT Analysis 

0.442 g of doped a-A1H3 were loaded into a PCT reactor and heated in an oil bath 

at 110 'C for about 22 hours. Figure 20 shows that approximately 0.09 wt"10 H2 was 

evolved. After again being heated for about 22 hours at 150 'C, approximately 0.06 wt % 

H2 was evolved. 
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After the hydrogenation for Ti-doped AI was attempted under supercritical 

conditions, PCT data was collected for the resulting material and is shown in Figures 22 

and 23 below. Heating at 110·C for 24 hours resulted in 0.12 wt"10 H2. Approximately 

0.10 wt"10 H2 was evolved when the temperature was raised to 150·C and the sample was 

heated for another 25 hours. 

Dehydrogenation of 
TI-doped /IJ prepared from a-/lJH3 after attempted 

hydrogenatlon(110·C) 
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FIgure 22 Dehydrogenation of AI doped with 2 1001% TICI. after attempted hydrogenation (110 .C). 
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FIgure 13 Dehydrogenation of AI doped with 1 mol% TICI. after attempted bydrogenatlon (158 .C). 

Based on the PCT plots for the dehydrogenated and hydrogenated Ti-doped 

samples, it again appears that a very limited amount of hydrogenation occurred as shown 

through the comparison of the total H2 evolved from the dehydrogenated (0.15 wt"10 H2) 

and hydrogenated (0.22 wt"10 H2) samples. 

3.3.5 27 AI NMR Analysis 

27 AI NMR analysis showed similar results for the AI before and after attempted 

hydrogenation in supercritica1 eCh. Figure 24 shows the 27 AI NMR data of the sample 

prior to hydrogenation. The AI center peak is located at 1639.72 ppm and trace alane 

peaks are located at 64.39 and 39.80 ppm peaks. The 14.06 ppm peak is again due to 
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Figure 24 27 AI NMR for dehydrogenated AlBa doped with Z 1001% TICla 

Figure 25 shows the 27 AI NMR data of the sample after attempted hydrogenation 

in supercritical C02. The AI center peak is located at 1639.72 ppm and trace alane peaks 

are located at 65.23 and 32.10 ppm. The 14.06 ppm peak is again present due to AI20 3• 
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Figure 2S TI-doped AI after attempted hydrogenation under supererltleal conditions 

Careful integration of the peaks at 1639.716 ppm (AI metal) and 32.794 ppm 

show only a sma11 difference in the integration AI:A1H3 before (96.6:3.4) and after 

rehydrogenation (93.3:6.7). This 27 AI NMR analysis indicates incomplete 

dehydrogenation of alane in the preparation of the undoped AI. 

3.3.6 Summary of Undoped AI and Ti-Doped AI Hydrogenation Reactions 

For undoped samples, PCT data showed 0.07% AI hydrogenated whereas 27 AI 

NMR showed approximately 2% AI hydrogenated. For doped samples, PCT data showed 

0.09% AI hydrogenated whereas 27 AI NMR showed approximately 3% AI hydrogenated. 

AIthough Ti-doped samples appeared to show slightly more hydrogenation than undoped 

samples, it is difficult to conclude with much certainty that this Ti doping had any effect 
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due to the extremely low hydrogenation levels. Table 4 summarizes the rehydrogenation 

conditions of both undoped and Ti-doped Al. 

Table 4 Reaction conditions of hydrogenation of undoped and doped AI 

Starting Material Partial Partial Temperature Hydrogenation Wt"110 H. %AI 
Pressure of Pressure ("C) Time (hours) (PCT) (27A1 
H. (Bar) at of CO • NMR) 

Room (Bar) 
T ture 

UndopedAl •• •• •• •• 0.22 95.9 
Undoped AI (after II 70 80 4to6 •• •• 
bydrogenation) 

Undoped AI (after 65 703 80 4to6 0.29 93.5 
hydrogenation) 

Ti-DopedAl *. •• •• •• 0.15 96.6 

Ti-Doped AI (after 40 71 75-80 3toS 0.24 93.3 
hydrogenation) 

** Data not applicable 

Although our analysis is complicated by the incomplete dehydrogenation of AlH3. we 

concluded that some hydrogenation ofundoped and Ti-doped Al occurred in supercritical 

C(h but only to a limited degree. 
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4 Conclusion 

In this study, supercritical C~ was used as a medium for the hydrogenation of 

undoped and Ti-doped Al prepared from the dehydrogenation of AIR3. For the undoped 

AI, XRD analysis showed no difference between the AI before and after hydrogenation at 

11 or 65 bar H2. PCT analysis further supported this conclusion since the hydrogenated 

sample only released 0.07 wt"10 H2 more than the dehydrogenated sample. We also 

suspected that trace AIR3 was present in the AI since the "dehydrogenated" sample was 

still releasing gas when heated. 27 AI NMR analysis then proved our suspicions correct 

because traces of AIR3 were present in the material prior to hydrogenation. 

For Ti-doped AI, hydrogenation appeared to be successful, but to a limited degree. 

Although XRD analysis showed new peaks present after rehydrogenation, these peaks 

were from LiCl that recrysta1lized after hydrogenation in supercritical C~. Like the 

undoped sample, PCT analysis showed that gas was released from the material before and 

after hydrogenation, again indicating incomplete dehydrogenation of AIR3. Analysis by 

27 AI NMR also supported this conclusion. 

Based on our results, it is apparent that these types of reactions are best 

characterized using XRD, PCT, as well as 27 AI NMR. Since analysis by XRD did not 

confirm incomplete dehydrogenation, we continued unknowing the future complications 

that would arise. However, if PCT and 27 AI NMR analyses were perfonned before 

rehydrogenation, these problems could have easily been prevented. On the positive side, 

our preliminary results do show that a small amount of hydrogenation of AI is possible. 

Although Ti-doped samples did appear to show slightly more hydrogenation than 
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undoped samples, it is difficult to conclude with much certainty that this Ti doping had 

any effect due to the extremely low hydrogenation levels. Thus, more research must still 

be conducted in order to determine the advantages of using supercritical fluids for 

inorganic hydrogenation reactions. 
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5 Future Studies 

Due to the difficulties caused by the incomplete dehydrogenation of AlH3. 

additional studies must be carried out Because of the possibility of generating X-ray 

invisible. amorphous AlH3• the primary analytical tool for these studies should be solid 

state 27 AI NMR. Additionally. in order to obtain material with no trace AlH3 present, 

hydrogenation should be explored using activated AI rather using AI obtained from 

dehydrogenated AlR3. Figure 26 shows the 27 AI NMR. of undoped AI. Clearly. the level 

of Al203 in this material is much lower than that observed in the samples of 

dehydrogenated AlH3• 

; i t '1~D' i,' lS~O 12'00 i" 'iDir/a" OJ " ad.; i Ii ~A~ ," , 4~~:' i 2~D I Ii '," i "'~ 

Figure 26 27 AI NMR ofundoped activated AI after hydrogenation in supercriti.ca1 CO2 
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In addition, 27 AI NMR showed much greater sensitivity in detecting any trace 

A1H3 present in comparison to XRD or PCT techniques. Since this technique for 

inorganic hydrogenation is still relatively new, much research must still be done. A 

number of variables can be adjusted to optimize hydrogenstion conditions, including 

pressure, temperature, and supercritical solvent. Also, different materials must still be 

studied to test if lower hydrogenation temperatures and pressures can be achieved as it 

was for the NaAll4 system. 
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Appendix 1: Rehydrogenation of Ti-doped LiB! AI under 
Supercritical Conditions 

1. LiA~ vs. NaA~ 

In order to test if hydrogenation in supercritical fluids could be extended to other 

alanates, we attempted to hydrogenate LiHlAl to Li.AJl4. Through Block and Gray's 

differential scanning calorimetry studies, it was confirmed that Li.All4 follows a 

multistep dehydrogenation pathway. similar to that ofNaAll4 (Eq. 11_13).43 

Li.AJl4 ~ 113 Lh~ + 213 Al + H2 (5.3 wt"110 H) 

1I3Li~ ~ LiH + 1I3Al + 112 H2 (2.6 wt"110 H) 

LiH ~ Li + 1I2H2 (2.6 wt"110 H) 

(11) 

(12) 

(13) 

Li.AJl4 undergoes a phase transition at 160-177 'C before undergoes an initial 

dehydrogenation reaction to give Lb~. Reaction 11 occurs between 187-218 'C and 

the dehydrogenation process was determined to be exothermic with a MI of -10 kI'morl 

H2. The second dehydrogenation reaction, as seen in Eq. 12, was observed to occur at 

228-282 ·C.- This reaction was found to be endothermic with a MI of 25 kI'mor l H2. 

The final dehydrogenation of LiH was observed in the 370-483 'C temperature range. 

Subsequently. the MI of the reaction was found to be140 kI'mor l H2.44 

Like NaAll4, doping Li.AJl4 with Ti (and also V) additives has shown kinetic 

enhancement for the dehydrogenation reactions. With the addition of TiC4, for instance, 

Balema et al. observed complete dehydrogenation from Li~ and Al during baIl 

milling.46 Also, when VCh and 3TiCh·AlCI3 were added, reaction temperatures 

decreased to 50 'c and 20 'C for reactions 11 and 12, respectively, when heated under 

vacuum. 
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L~ showed much promise as a hydrogen storage material because of its high 

hydrogen content and similar kinetic enhancement of Ti-doped samples as exhibited by 

Ti-doped NaAlIJ4. The drawback of using L~ is its lack of reversibility. From the 

thermodynamic perspective, although the second step, the dehydrogenation ofLi~, is 

endothermic and theoretically reversible, the dehydrogenation of Li.Alfu to Li~ is 

exothermic, making rehydrogenation impossible.47 ~, like AlH3, does have 

thermodynamic drawbacks and presently, there is no experimental data, which shows the 

first reaction to be rechargeable at solid state. Although Chen et al. have claimed partial 

reversibility for the second reaction at 160 'C and 40 bar H2 using differential scanning 

calorimetry,48 this result was not reproducible.49 

The hydrogenation of LiH and AI to L~ in THF was reported a few decades 

ago.50
,51 In this case, the thermodynamics of hydrogenation have been rendered more 

favorable by the formation of the L~·THF adduct, and thus a stronger interaction 

between the ether oxygen and the lithium cation. Recently, Ritter et al. also developed a 

physiochemical pathway for the cyclic dehydrogenation and rehydrogenation of L~ 

from Li~, LiH, and AI. They demonstrated that THF is essential to change the 

enthalpy of the reaction due to the formation of the L~·4THF adduct, and with the 

aid of the Ti dopant through mechanochemical kinetics during rehydrogenation was 

significantly improved. As mentioned in the introduction, supercritica1 fluids have some 

similarities with liquids and have often served as substitutes for organic solvents. We 

therefore attempted to see if reversibility of ~ was possible by approaching this 

thermodynamic problem through hydrogenation in supercritical C~. 
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2. Experimental 

Purification ofL~ 

LiAll4, as received from Aldrich, was of 95% purity and required further 

purification. 10.05 g (265 mmol) of tech grade material were loaded into a Soxhlet 

thimble in a glovebox and the apparatus was assembled. After purging a 300 mL Schlenk 

round-bottom flask with Ar for several minutes, about 200 mL of dry THF were added. 

After connecting the Soxhlet apparatus to the flask, a condenser was fitted at the top of 

Soxhlet, and the system was heated in an oil bath to 100°C under slow flow of Ar. After 

25 cycles of extraction (3-4 hours), the Ar flow rate was increased before disconnecting 

the Soxhlet apparatus. The round-bottom flask was then fitted with aU-shaped 

distillation condenser. During the extraction step, the THF solution tomed pale white due 

to suspended material. Most of the THF was distilled off to give a thick suspension of 

LiAll4. The final vestiges ofTHF were removed in vacuo at 100°C, and the residue was 

dried by further heating for 30 minutes. The purified LiAll4 was a fluffy white material 

with slight grey specks, perhaps due to slight decomposition. 

In a second procedure, LiAll4 was also purified by dissolving it in diethyl ether, 

filtering, removing the ether in vacuo, and drying the residue at 60°C for 3 hours. 52 Since 

the LiAll4 decomposes between 150-175 °C to Li)Alli(;,53 it can be carefully purified in 

THF as long as the de-solvation and drying temperature is maintained at 100°C or below. 

Doping ofL~ with 2 mol% Tiel] 

1.48 g (39.05 mmol) of purified LiAll4 were doped with 2 mol% TiCh (0.124 g) 

in a 50 mL vessel through mechanical milling for 3 hours at 250 rpm using 12 small 

tungsten carbide balls. Each tungsten carbide ball weighed 7.8 grams, giving a 58:1 mass 
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ratio of balls to material. After milling, there was notable pressure increase inside the 

vessel and gas was released as the vessel was being removed from the milling apparatus, 

most likely due to HCl and Hz. 1.46 g (38.52 mmol) of dark gray doped LiAll4 were 

recovered and an XRD pattern was obtained. 

Dehydrogenation of Ti-doped LiAJ14 

For the Ti-doped LiAIl4, a separate dehydrogenation was not carried out in a 

monel vessel or schlenk flask. Based on XRD data, dehydrogenation appeared to be 

complete after 3 hours of mi1ling. 

Rehydrogenation of Ti-Doped LiB/AI 

Rehydrogenation was carried out using 0.51 g of dehydrogenated doped LiAIl4, 

prepared. The sample was loaded under Ar. transferred to the glove box and placed in a 

100 mL Parr micro-reactor. After flushing the vessel for several minutes with He, 24.8 

bar of Hz were added and left overnight Pressure was checked the next day and there 

appeared to be no leaks. The Hz gas was released from the vessel and into the fumehood. 

60.7 bar of CO2 were then added at 22 ·C. The vessel was cooled to -51 'C in an 

ethanol/liquid nitrogen bath, whereupon the pressure dropped to 45.5 bar. 30 bar of Hz 

were then added and the vessel was allowed to warm to room temperature. The reactor 

was heated to 80 'C and the pressure stabilized at 313.0 bar. After 6 hours, the vessel 

was disconnected from the setup and taken into the glovebox. 0.48 g of gray powder 

were collected and an XRD pattern was obtained. 
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3. Results and Discussion 

Rehydrogenation of Ti-doped LiHlAi under Snpercritical Conditions 

Due to time constraints, only one attempt at rehydrogenation was made for the 

doped lithium alanate system. Although the XRD data of the rehydrogenated LiHI Al is 

not shown, there was no change in the pattern after rehydrogenation in supercritical eCh. 

Future hydrogenation studies of lithium alanate will focus on the detailed characterization 

of the LiHI Al system and LhAlH&' Al system to investigate the effect of supercritical 

fluids on the separate reactions. 

- S3-



References 

1 Crabtree, G. "The Hydrogen Economy." Physics Today Online. 2004. 
<http://www.physicstoday.org!vol-57/iss-l21p39.html>. 

2 U.S. Department of Energy. "Fossil Fuels." Energy Sources. 2006. 
<http://www.energy.gove!energysourceslfossilfuels.htm>. 

3 Sandrock, G. J. Alloys Camp. 1999,293-295, 877-888. 

4 Bogdanovic, B.; Schwickardi, M. J. Alloys Comp. 1997,253-254, 1. 

5 Zidan, R.A.; Takara, S.; Hee, A.G.; Jensen, C.M. J. Alloys Compd. 1999,285, 119. 

6 Jensen, C.M.; Zidan, R.; Mariels, N.; Hee, A.; Hagen, C. Inl J. Hydrogen Energy 1999, 
24,461. 

7 Chen, J.; Kuriyama, N.; Xu, 0.; Takeshita, H.T.; Sakai, T. J. Phys. Chern. B. 2001, 105, 
11214-11220. 

8 Ichikawa, T.; Isobe, S.; Handada, N.; Fujii, H. J. Alloys Compd .• 2004,365,271. 

9 Vajo, J.; Skeith, S.; Mertens, F. J. Phys. Chern. B. 2005,109,3719. 

14 Siegel, B. ; Libowitz, G. ; Libowitz, O. Metal Hydrides, ed. By W.M. Mueller, J.P. 
Blackledge, 0.0. Libowitz (Academic, New York 1968) p. 545. 

15 Brower, F.M.; Matzek, N.E.; ReigJer, P.F.; Rim, H.W.; Roberts, C.B.; Schmidt, D.L.; 
Snover, J.A.; Terada, K. J. Am. Chern. Soc. 1976, 98, 2450. 

16 M. Appel, J.P. Frankel, J. Chem. Phys. 1965, 42, 3984. 

17 Orimo, S.; Nakamori, Y.; Kato, T.; Brown, C.; Jensen, C.M., Appl. Phys. A., 2006, 83, 
5-8. 

18 Sandrock, G.; Reilly, J; Graetz, J.; Zhou, W.M.; Johnson, J.; Wegrzyn, J.; J. Alloys 
Compd. 2006, 421, 185-189. 

19 Graetz, J.; Reilly, J. J. Phys. Chern. B 2005,109,22181-22185. 

20 Baranowski, B.; Tkacz, M. Z Phys Chern. NF. 1983, 135, 27. 

21 Konovalov, S.K.; Bulychev, B.M.1norg. Chem. 1995, 34, 172. 

29 Darr, J. A.; Poliako~ M. Chern. Rev. 1999,99,495. 

- 54-



3l1litzler, M.; Smail, F.; Ross, S.; Poliakoff, M. Org. Proc. Res.Devet. 1998,2, 137. 

31 Anastas, P.T. Green chemistry as applied to solvents, in Clean solvents alternative 
media for chemical reactions and processing. Eds.: M.A. Abraham, L. Moens, ACS 
Symposium Series 819, Washington, 2002. 

32 McHugh, M.A., Krukonis, V.I. Supercritical jluid extractions: principles and practice, 
2nd edn., Butterworth-Heinemann, Stoneham, MA, 1994. 

33 What are Supercritical Fluids. Retrieved November 12, 2006 from 
<http://www.chem.leeds.ac.ukiPeoplelCMRIcriticalpics.html>. 

34 Reid, R.C.; Prausnitz, V.; Poling, B.E. The Properties of Gases and Liquids. 4th edn.. 
McGraw-Hill, New York, 1987. 

35 Leitner, W.; Iessop, P.G. Chemical synthesis using supercriticaljluids, Wiley-VCH, 

Weinheim, 1999. 

41 Orimo, S.; Nakamori, Y.; Kato, T.; Brown, C.; Iensen, C. Journal of Appl. Phys. A. 
2007,80,687. 

42 Hwang, S., Bowman, R.C.; Graetz, I., Reilly, J.J., Langley, W., Iensen, C.M., 2006 (in 
press) 

43 Block, I; Gray, A.P. Inorg. Chem. 1965, 4, 304. 

44 Chase, M.W.; Davies, C.A.; Downey, J.R.; Frurip, D.J.; McDonald, R.A.; Syverud, 
A.N. JANAF Thermochem. Tab. (r ed.), J. Phys. Chem. Ref. Data. Suppl. I. 1985.14,1. 

46 Balema, V.P.; Pecharsky, V.K.; Dennis, K. W. J. Alloys Compd. 2000, 313, 69. 

47 Finholt, A.E.; Bond, A.C.; Schlesinger, H.I. J. Am. Chem. Soc. 1947, 69, 1199-1203. 

48 Chen, J.; Kurlyama, N.; Xu, 0.; Takeshita, H.T.; Sakai, T. J. Phys. Chem. B. 2001, 
105,11214. 

49 Wang, J.; Ebner, A. D.; Ritter, J. A. Adsorption 2005, 11, 811-816. 

50 Clasen, H. Angew. Chem. 1961, 73, 322-331. 

51 Ashby, E. C.; Brendel, G. J.; Redman, H. E. Inorg. Chem. 1963,2,499-504. 

52 Ruet: J.K. J. Am. Chem. Soc. 1961,83, 1798. 

53 Brinks, H.W.; Hanback, B.C.; Norby, P.; Fjellvag, H. J. Alloys Compo 2003, 222, 351. 

- 55-


