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Introduction

Prior to 1996, most of the research on the storage of hydrogen in hydrides was devoted to
intermetallic compounds or binary hydrides. The dilemma has always been that lightweight
hydrides, such as MgH,, require a high temperature for hydrogen release, while materials that
release hydrogen at low temperatures, such as FeTiH,, are too heavy for automotive applications.
As a result, hydrogen storage has been a primary obstacle to the implementation of a hydrogen
economy. To be considered acceptable by current DOE targets, any storage system must contain
6.0 wt% hydrogen or 2000 w-hr/kg and 1100 w-hr/L and be capable of reversible hydriding.
Additional requirements include a cost of $5/kw-hr, a decomposition temperature of less than
80°C, a hydrogen release rate of 1.5 g/sec and a recharge time of less than 5 minutes. Currently
no system meets all of these requirements.

Complex hydrides of aluminum have been considered attractive as hydrogen storage
compounds due to their large hydrogen content. Unfortunately, their application in this manner
has been impractical as a result of the great difficulties in reversing the hydrogen release reaction.
Since workers in several laboratories have reported the discovery of a number of catalysts that
improve the reversing of the hydrogen release by NaAlH,, NasAlHe, and LiAlH,, interest in the
use of complex hydrides of aluminum as hydrogen storage media has been rekindled.

Bogdanovic and coworkers have recently reported a study of the catalytic effects of
transition metal compounds on both the hydrogen release and uptake by sodium aluminum
hydrides." In this report, it was revealed that the chlorides of many transition metals improved
the hydrogen release and also provided reversibility to those reactions. This work also includes
the study of combinations of these transition metal compounds for use as catalysts. It was found
that titanium and iron function synergistically in their catalytic effect, particularly so with
titanium in the form, Ti(OBu),.

Jensen, et al, found that the catalytic effect of titanium in the form of Ti(OBu)4 depends
on the method of its combination with the sodium aluminum hydride® These researchers
reported that mechanical introduction of the titanium compound to the sodium aluminum hydride
produced far superior results to those obtained by Bogdanovic using solution methods. Not only
were the reaction rates increased for hydrogen uptake and release, the reversible hydrogen
content was increased from the 3.2% reported by Bogdanovic to 4.0%. This occurred by altering
the first step of the dehydrogenation of NaAlH,, in which

3 NaAlHy, — Na;AlHg + 2 Al + 3 H,.

In a second paper by Jensen and coworkers,” it was reported that Zr(OPr), also
catalytically influenced the hydrogenation/dehydrogenation of sodium aluminum hydride.
Mechanical incorporation of the catalyst into the hydride was again used, and it was found that
this catalyst influenced the system differently than the titanium catalyst. While the titanium
catalyst altered the first step of the decomposition of sodium aluminum hydride, the zirconium
catalyst accelerated the second step,



2 NazAlH, - 6 NaH + 2Al + 3 H,

It also was shown that titanium and zirconium can be incorporated simultaneously into a sample
and function together to influence both steps in the dehydrogenation.

In Jensen’s study,” it was reported that the doping of NaAIH, with Ti(OBu), resulted in
the formation of a red-violet substance, suggesting the reduction of the titanium from +4 to +3.
Elemental analysis showed virtually no carbon in the samples and x-ray data indicated the
presence of non-metallic Ti on the surface, suggesting the presence of a titanium hydride species
and the loss of the organic groups as butanol. No data were included in the paper. In contrast,
later work® reported that the hydrogen desorbed from NaAIH, doped with liquid catalysts such as
Ti(OBu)y, is contaminated with hydrocarbons.

While Jensen and coworkers stressed the use of ball milling for catalyst addition, Zaluski
and coworkers,” reported that ball milling could also be used to prepare lithium and sodium
alanates. Three of the compounds produced in this work, Na;AlHg, (Li-Na);AlHs, and
(Li-Na-B);AlHs, were found to reversibly release hydrogen. These compounds absorbed and
released hydrogen much more rapidly than the previously reported catalyzed systems.

Studies involving complex hydrides of aluminum so far reported in the literature have
been primarily restricted to sodium aluminum hydride with a smaller amount of work reported
involving lithium aluminum hydride. While these studies are important from a fundamental and
mechanistic point of view, they do suffer two serious limitations. One limitation 1s the fact that
the reversible hydrogen capacity of sodium aluminum hydride falls short of the hydrogen content
currently thought required for practical application.

A second limitation arises from the very complex nature of the alanates. Progress in
understanding the mechanisms of hydrogen uptake and release and catalyst function in these
systems is hampered by data interpretation based on questionable chemistry. For example, in one
s‘fudy6 it was reported that ball milling of TiCl; with NaAlH, resulted in the reduction of titanium
by the Na in NaAlH,. This conclusion was supported by the comparison of the TiCl;-NaAlH,
system to an industrial process in which TiCly is reduced by hot elemental Na. These two
systems are not comparable because they involve two very different forms of sodium. In NaAlH,,
Na is in the Na' form and is incapable of reducing anything. The industrial process utilizes
elemental sodium that is an excellent reducing agent because it has an electron to lose and form
Na" in the process. The work done in this report is excellent from a physics, solids, and materials
point of view. However, the mechanistic error punctuates the need for multidisciplinary teams,
including chemists as well as physicists and materials scientists, to solve the hydrogen storage
problem.

It has been reported that there are about 70 known complex hydrides.7 Some of those,
such as BaReHo with 2.7 wt% hydrogen,® have been reported to dehydride at less than 100 °C but
the low hydrogen content renders them ineffective as storage materials. The one family of
complex hydrides that contains as much hydrogen as the aluminum hydrides is the borohydrides.



The borohydrides vary widely in hydrogen content, up to a maximum of 20.8 wt% for
Be(BH4),. This compound is usually not considered because of the toxicity of beryllium,’
however, there are numerous other known borohydrides. A major reason that these compounds
have not previously been considered for hydrogen storage is their reported lack of reversibility.
The recent reports of the catalysts being identified that assist in  the
hydrogenation/dehydrogenation of the complex hydrides of aluminum suggest the examination of
other complex hydrides, especially borohydrides.

Bogdanovic' utilized SEM, EDS, and Mossbauer spectroscopy to determine the fate of
the transition metals added as catalysts. In samples of NaAlHs doped with both Ti(OBu), and
Fe(OEt);, the iron was found to be in the form of nanoscale particles of elemental iron. After 11
cycles of dehydriding and hydriding, the spectra changed indicating that the iron was probably in
an alloy with aluminum. While the data were not definitive here, they did support the formation
of an Fe/Al alloy. Only indirect evidence as to the fate of the Ti in these samples was provided
and this evidence supported the presence of a Ti/Al alloy.

Currently, the only systems that allow the storage of the DOE targeted 6.0 wt% hydrogen,
with the fuel being available at less than 90 °C are composite cylinders containing gaseous
hydrogen and heavily insulated tanks containing liquid hydrogen. Neither of these are considered
acceptable for passenger vehicles.

While the recent advances in hydride storage by the research groups of Bogdanovic,'
Jensen,? Zaluski,” and Gross'® have illustrated the reversibility of select complex hydrides, none
have been shown to contain the required amount of hydrogen. Additionally, some of the
contradictions and inaccuracies in the published work illustrate the need for more in-depth
investigations from a chemical viewpoint. Because of the low reversible hydrogen content in the
compounds that others are studying, this work has purposely targeted complex hydrides that
theoretically contain hydrogen at a higher level than does the sodium aluminum hydride.

Experimental
General

The sodium borohydride, powder 98%, aluminum chloride, magnesium chloride, cobalt
chloride, magnesium hydride, titanium hydride, and boron were purchased from Aldrich; the
lithium aluminum hydride, powder 97%, from Lancaster and 95% from Aldrich; the lithium
borohydride, powder 95%, from Acros and the sodium aluminum hydride, powder 86.3% from
Albemarle and technical grade from Sigma-Aldrich. Each was used as received with no
additional purification, unless it was to be used as a reagent in a synthetic procedure.

All synthesis operations were carried out on the bench using Schlenk tube techniques.
Handling of the solids was done in an argon-filled glove box. The glassware was evacuated to
600 mmHg and flushed with ultra pure argon prior to use.



Tetrahydrofuran (THF) and diethyl ether (Et,0) were distilled over sodium and
benzophenone before use. Pure NaAlH, was obtained by adding THF to sodium alanate
(technical, Sigma-Aldrich), decanting the solution and drawing the THF off under vacuum and
heating the dry white solid to 50 °C for 30 minutes.

Ball Mills and Milling

Low energy ball milling was done with a modified Paul O. Abbe, Inc. Ball Mill tuming at
60 rpm. A ceramic milling container was used and 9.37 mm chrome plated steel, grade 25,
milling media purchased from Miller Bearing, were used. High energy milling was done with a
SPEX 8000M Mixer/Mill with stainless steel milling jars and media. High energy milling was*
also done with a Fritsch Pulverisette-5 Mill at 200 rpm with stainless steel media and jars.

All samples to be ball milled were loaded into the milling jar under an inert atmosphere in
a glove box.. Post-milling samples were removed in the glove box as well.

Differential Scanning Calorimetry

A SETARAM DSC111, equipped with high pressure cells was used to determine
hydrogen interaction properties. The high pressure cells were made of Hastelloy C22 and were
equipped with quick disconnects and pressure transducers. This instrumentation allows
simultaneous pressure, temperature, and heat flow measurements in hydrogen atmospheres up to
5,000 psi at 500°C. Flowing atmospheres can also be used. Characterization trials were run in
triplicate. Hydrogen release was studied in an argon atmosphere, initially at ambient pressure.
Hydrogen uptake was studied in an atmosphere of hydrogen at 120 psi. In all analyses, the
furnace temperature was changed at a rate of either 3°C/min or 5°C/min from ambient to 450°C.
This instrument was run and data collected with an IBM 386 PC and equally old software. The
pressure data acquisition computer was a PC clone. These two computers were replaced by a Dell
4200 with a National Instruments board. The DSC software was upgraded to the latest (Setsoft
2000) for that instrument and LabView was installed for pressure data acquisition. The system is
now more reliable, stable, and compatible with current technology.

Thermovolumetric Analysis (TVA)

Thermovolumetric analysis was obtained using one gram samples of each hydride. The
TVA is a modified Sievert’s apparatus and the high pressure vessel is constructed of Monel.- The
sample was loaded in the TVA, under a nitrogen atmosphere. The temperature of the reactor was
ramped from ambient to 300 °C, at 2°C/minute. Data for temperature and pressure were
acquired using National Instruments hardware and LabView software. Data were plotted with
weight percent hydrogen released as a function of time.



X-Ray Diffraction (XRD)

XRD was done with a Rigaku D/max-2400 diffractometer operating at a tube voltage of
30 kV and a tube current of 30 mA. A small amount of sample was spread evenly on a piece of
double sided tape placed in the center of the diffractometer sample holder and the loose powder
was removed before inserting into the instrument. Spectra were obtained at a scan rate of
2.4°/min from 2-theta values of 10 to 90°.

Scanning Electron Microscope (SEM)

A JEOL JSM-6400F scanning electron microscope was used. Samples were dusted onto
double stick silver tape attached to a sample stud.

Infrared Spectrophotometer (IR)

Solid state infrared spectra of the alanates (as KBr pellets) were recorded in the range of
4000-600 cm™ at ambient conditions in air using a Perkin-Elmer Spectrum 2000 spectrometer.

Atomic Absorption Spectrophotometer (AA)

A Varian SpectrAA-20 Plus Atomic Absorption Spectrophotometer was used with an
autosampler and an acetylene/air flame. Appropriate dilutions of the following stock solutions
were prepared by the autosampler for the calibration curves.

5041 ppm B: sodium borate, Na;Bs0;-10H,0 (4.4436 g) was dissolved in water and
diluted to 100.00 mL.

2189 ppm Na: dry sodium chloride (0.5565 g) was dissolved in water and diluted to
100.00 mL.

994 ppm Mg: magnesium, 99.8% (0.0994 g) was dissolved in 1:4 nitric acid and diluted
to 100.00 mL with water.

Wet Chemical Syntheses

Magnesium Alanate

Diethyl ether (15 ml) was added to a mixture of 0.50 g NaAlH4 (9.2 X 10” mol) and
0.44 g MgCl, (4.6 x 10” mol). The mixture was stirred under reflux for 8 hr and allowed to
stand overnight. The next day, the ether was distilled under vacuum, leaving a rigid light gray
residue. In a Soxhlet apparatus, the product was extracted with diethyl ether for several days.
After removing the solvent, the white, crystalline residue (0.35 g, ~40%yield) from the extract
was Mg(AlH4),.Et;O, as was confirmed by IR measurements. IR (cm™): 2998 (C-H), 1789 (Al-
H), 1040 (C-O-C aliph.)



Magnesium Borohydride

Peroxides were removed from tetrahydrofuran (THF) by passing it through a column of
activated alumina. The cleaned THF was stored in a dark bottle over molecular sieves (4A).
Sodium borohydride, lithium borohydride, magnesium bromide, and magnesium chloride were
dried in a vacuum oven for 10 hr at 50°C.

First Method: Sodium borohydride (1.5375 g), MgBr, (2.6305 g), and THF (120 mL)
were stirred for approximately 1 hr. The solution was filtered and the THF was evaporated from
the liquid component using an Ar stream. A cream-colored solid formed. A suitable solvent could
not be found to allow analysis of the solid.

Second Method: Two solutions, one containing NaBH, (1.5740 g) in 80 mL THF and
one containing MgBr, (3.5134 g) in 80 mL of THF were prepared in separate flasks and were
stirred for 2 hr. A 4 mL portion of each solution was placed in a centrifuge tube, allowed to stand
for 24 hr and centrifuged. The liquid solution was removed from the white solid in each
centrifuge tube and mixed together in a round bottom flask. The solvent was evaporated with a
flow of argon resulting in the formation of a small amount of white powder.

Third Method: Two solutions, one containing LiBH,4 (1.1755 g) in 100 mL THF and one
containing MgCl, (2.2305 g) in 100 mL of THF were prepared in separate flasks and were stirred
for 20 hr. The LiBH, dissolved well. The liquid was decanted off the undissolved MgCl, and
added to the LiBH, solution. The solution was immediately filtered and then the solvent
evaporated with an Ar stream. Pentane (15 mL) was added to the flask and the solution filtered.
The white product was dried in reduced pressure for 7 hr at 50°C.

Fouth Method: Lithium borohydride (1.186 g) was stirred with 100 mL of THF for 20
min. In a separate flask MgCl, (2.250 g) was placed in 77 mL of THF and refluxed for 2 hr. The
two solutions were mixed. Bubbles formed in the resulting solution. The solution was filtered
immediately after mixing and the residue was saved for analysis. The solvent was evaporated
from the solution with an Ar stream. Pentane (15 mL) was added to the flask and the solution
filtered. The white product was dried in reduced pressure for 7 hr at 50°C.

Calcium Borohydride

Peroxides were removed from tetrahydrofuran (THF) by passing it through a column of
activated alumina. The cleaned THF was stored in a dark bottle over molecular sieves (4A).
Lithium borohydride and calcium chloride were dried in a vacuum oven for 12 hr at 50°C.

Calcium chloride (1.7214 g) was refluxed with 100 mL of THF for 3 hr. The synthesis
was discontinued because CaCl, would not dissolve in the THF.



Solvent Free Syntheses

Magnesium Alanate

AlH; was prepared by the method of Brower'' that involves the reaction of AICL with
LiAlH, in diethyl ether. Here, 10 mL of ether with 1.357g of AICl; were mixed with 40 mL of 1.0
M LiAlIH, in diethy] ether. White powder formed and was filtered out and 10 mL of a 1.0 M
solution of LiBH, were added to the liquid portion and the mixture was allowed to stand in the
dark for 1 hr. Solvent was then removed using a rotary evaporator with the water bath at 65°C.
The resulting white powder was rinsed with diethyl ether and dried again in the rotary
evaporator. Final drying was done under vacuum for 5 hours. An infrared spectrum of this
sample showed no evidence of diethyl ether.

A 0.707 g portion of the alane prepared earlier was ball milled with 0.422 g of
magnesium hydride in an atmosphere of 60 psi hydrogen for 1 hr. A 250 mL stainless steel
grinding bowl was used with stainless steel media at a ball to powder ratio of 17.8 to 1 in a
Fritsch Pulverisette 5 ball mill at 200 rpm.

The second method for preparation of magnesium alanate involved milling aluminum
powder with magnesium hydride in the Spex 8000M Mixer/Mill. This preparation method was
done 3 times at different ball-to-powder ratios and at different milling times. All 3 trials were
done under an ambient pressure hydrogen atmosphere and the conditions of the trials were: Trial
1 — ball-to-powder ratio, 8.7, milling time, 60 min, 0.624 g Al, 0.329 g MgH,; Trial 2 - ball-to-
powder ratio, 10.9, milling time, 60 min, 0.627 g Al, 0.329 g MgH,; Trial 3 - ball-to-powder
ratio, 10.8, milling time, 180 min, 0.629 g Al, 0.332 g MgH,.

The third method for preparation of magnesium alanate involved milling aluminum
powder with magnesium hydride and titanium hydride in the Spex 8000M Mixer/Mill. This
preparation method was done 2 times at slightly different ball-to-powder ratios and at different
milling times. Both trials were done under an ambient pressure hydrogen atmosphere and the
conditions of the trials were: Trial 1 — ball-to-powder ratio,9.6, milling time, 60 min, 0.635 g Al,
0.341 g MgHy; and 0.111g TiH,; Trial 2 - ball-to-powder ratio, 8.7, milling time, 570 min, 1.272
g Al, 0.687 g MgH,; and 0.195g TiH,.

The fourth method used for preparation of magnesium alanate involved milling
aluminum, 0.803 g, with magnesium hydride, 0.403 g, using a ball-to-powder ratio of 16.7:1 in
an atmosphere of hydrogen at 7 0 psi. A mill rotation speed of 360 rpm was used for a total time
of 20 hr, done in 30 min segments with 30 min pause time.



Magnesium Borohydride

First Method: Boron (0.403 g) and MgH, (0.492 g) were ball milled for 9 hr 30 min in an
ambient pressure hydrogen atmosphere using a Spex 8000M Mixer/Mill and a ball-to-powder
ratio of 10.4.

Second Method: Boron (0.490 g), MgH, (0.403 g), and TiH, ( 0.091 g) were ball milled
for 9 hr 30 min in an ambient pressure hydrogen atmosphere using a Spex 8000M Mixer/Mill
and a ball-to-powder ratio of 10.6:1.

Ball Milled Magnesium Hydride (MgH,)

MgH, (0.955 g) was ball milled for 9 hr 30 min in an ambient pressure hydrogen
atmosphere using a Spex 8000M Mixer/Mill and a ball-to-powder ratio of 10.9.

Magnesium Hydride / Titanium Hydride Mixture

MgH, (0.806 g), and TiH, (0.090 g) were ball milled for 9 hr 30 min in an ambient
pressure hydrogen atmosphere using a Spex 8000M Mixer/Mill and a ball-to-powder ratio of
10.4.

Magnesium Boride (MgB,)

First Method: Boron (0.471 g) and Mg (0.529 g, -20+100 mesh) were ball milled for 90
min in an ambient pressure argon atmosphere using a Spex 8000M Mixer/Mill and a ball-to-
powder ratio of 9.4. A second sample was milled for 120 min.

Second Method: Boron (0.534 g) and Mg (0.471 g, -20+100 mesh), and Ti (0.100 g)
were ball milled for 60 min in an ambient pressure argon atmosphere using a Spex 8000M
Mixer/Mill and a ball-to-powder ratio of 9.4.

Titanium Boride (TiB;)

First Method: Titanium (2.0111 g, 200 mesh) and boron (1.0178 g) were milled with 100
balls at a ball to powder mass ratio of 116:1 in an Ar atmosphere using the Paul O. Abbe ball
mill. The milling was done for 100 hr 16 min.

Second Method: Titanium (1.0928 g, 200 mesh) and boron (0.5014 g) were milled with
100 balls at a ball to powder mass ratio of 116:1 in an Ar atmosphere using the Paul O. Abbe ball
mill. The milling was done for 197 hr 11 min using a ball to powder mass ratio of 442:1.

Third Method: Titanium (0.663 g, 200 mesh) and boron (0.327 g) were milled for 30 min
at a ball to powder mass ratio of 8.4:1 in an Ar atmosphere using the SPEX 8000M. This method



was repeated with similar sized titanium and boron portions and milling times of 60 min and 90
min.

Titanium Aluminum (TiAly)

The purpose of this procedure was to attempt to activate TiAl; for reaction with hydrogen.
TiAl; (3.6412 g) was milled for 32 hr 35 min with 100 balls at a ball to powder mass ratio of 97:1
in the Paul O. Abbe ball mill. Milling was done in an Ar atmosphere. A second sample of TiAl;
(9.365 g) was milled for two 30 min periods with a 10 min break in between in the SPEX 8000M
Mixer/Mill at a ball to powder ratio of 10:1 in an argon atmosphere.

Titanium Alanate (Ti(AlH,),)

Titanium hydride (0.304 g,) and Al (0.627 g) were milled for 60 min at a ball to powder
mass ratio of 11.1:1 in a hydrogen atmosphere using the SPEX 8000M. This method was
repeated with similar sized titanium and boron portions and milling times of 60 min and 90 min.

Titanium Borohydride (Ti(BH,),)

Boron (0.352 g) and TiH; (0.541 g) were ball milled for 60 min in an ambient pressure
hydrogen atmosphere using a Spex 8000M Mixer/Mill.

Results and Discussion

The primary goal of this project has been to investigate a series of complex hydrides of
aluminum and/or boron, with large hydrogen contents, as hydrogen storage media. The
compounds originally considered are listed in Table I. These compounds contain a minimum of
7.5% hydrogen by mass. While some of these hydrides have been reported to decompose to
compounds that still contain one or more hydrogens, the numbers shown reflect total hydrogen
content. A secondary goal was to identify a catalyst for each hydride that facilitates
decomposition while enabling rehydrogenation.

Much of the work on the project during the first half of the year involved refurbishing,
updating and modernizing of equipment. The Parr high pressure reactor that was used in earlier
DOE funded hydride work was returned to Parr for refurbishment and pressure testing to insure
that safety standards were still being met. The data acquisition system formerly used with the
Parr system was outdated and in need of replacement. Currently available systems were assessed
and compared and the decision to obtain National Instruments hardware driven by the LabView
program was made. Unfortunately, delivery time for the new system was two months and the
new equipment was not received until late January. Additional problems followed, including
several NI modules that were defective and had to be replaced and a thermocouple pair received
from Omega that was fabricated with one J-type and one K-type thermocouple. The system, a
thermovolumetric analyzer, was finally tested and ready for use in late March.
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Table I. Selected Complex Hydrides

Hydride  Wt%  Hydride Wt%
LiAIH, 10.5 Ca(BH,, 114
LiBH, 18.2 NaAlH, 7.5
Al(BH.); 20.0 NaBH, 10.5
LiAIHABHy),  15.2 Ti(BH,)s 12:9
Mg(AlH,), 9.3 Ti(AIHL)s 9.3
Mg(BH,), 14.8 Zr(BH,); 8.8
Ca(AlH,), 7.7 Fe(BH.); 11.9

The differential scanning calorimeter in the chemistry department also required updating
and refurbishing. A new computer and software were required, and an interface module was
obtained from the instrument manufacturer (SETARAM). Because one of the P.Ls labs (MDH)
is located under the NMR room, there is a prominent magnetic field. This was not a problem
with old computers and equipment, but caused significant interference with new computers and
monitors. As a result, new space away from the magnetic field had to be found and allotted. This
was done and the DSC was moved into the new space, the new software and module have been
installed, and the instrument is in use.

After consultation with a UCF colleague, C. Suryanayayana, who is an expert in ball
milling, it was decided to purchase a Spex 8000M mixer/mill with a stainless steel container and
media for each of the co-principal investigator’s laboratories. Tungsten carbide milling jars and
media were also obtained. This is a high energy ball mill, useful for incorporation of brittle
catalyst materials into brittle alanates and borohydrides. The mills have been received and are in
use.

The compounds that could be purchased included LiAlH,, LiBH4, NaAlH;, and NaBH,.
These compounds were immediately purchased and subjected to baseline characterization. The
thermograms and associated pressure plots for the dehydriding of LiAIH, and LiBH, are shown
in Figure 1. The thermogram for the thermal decomposition of LiAlH4 (Fig. 1a) shows three
exothermic events, with onset temperatures of approximately 140°C, 163°C, and 170°C. The first
exotherm corresponds to the temperature at which the pressure curve (Fig. 1b) begins departing
from the baseline indicating that gas is being released. The steepest rise in the pressure curve
occurs at the onset temperature of the second exotherm indicating that that exothermic event
involves a rapid release of hydrogen, up to approximately 4.7 %. The third exotherm has an onset
temperature that corresponds to the second steep increase in the pressure curve indicating the
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release of hydrogen is occurring there possibly by another mechanism. With that event, hydrogen
was released to a total of approximately 6.3 %.

The thermal decomposition of LiBH, is quite different than that of LiAlH4. The
thermogram for this reaction, Fig. lc, includes a small endothermic event followed by a large
exotherm followed in turn by two endothermic events. The pressure curve, Fig. 1d, exhibits a
steep rise at a temperature that corresponds to the onset temperature of either the first
endothermic or exothermic event in the thermogram. These events occur so closely together they
cannot be resolved from the current data. This event involves the release of about 5.4 % hydrogen
and has an onset temperature of approximately 50°C. The second and third endothermic events
are evidently phase changes that do not involve gas release. The second release of hydrogen, up
to approximately 11 %,. begins at about 400°C.
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Figure 1. Thermogram, a, and pressure plot, b, for dehydriding of LiAlIH4. Thermogram, ¢, and
pressure plot, d, for dehydriding of LiBH,.

Figure 2 includes the thermograms and associated pressure plots for NaAlH; and NaBH..
The difference between the thermal decomposition of NaAlH; and LiAlH, is striking. The
pressure plots in Fig. 1b and Fig 2b indicate that hydrogen is lost from these two hydrides at
similar rates and from each in two steps that occur at similar temperatures, though lithium alanate
begins losing hydrogen at a temperature about 20°C lower than does sodium alanate. The
thermograms however, Fig. 1a and Fig 2a, indicate that the processes by which hydrogen is lost
from these two compounds are very different. The decomposition of LiAlH; occurs
exothermically while the sodium alanate decomposition occurs endothermically. This difference
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in hydrogen loss mechanism has large consequences chemically and from the engineering side in
application and must be further studied.

The thermal decomposition of NaBH, is shown in Fig. 2¢ and d. Unfortunately, only raw
data are available for the NaBH, pressure plot (Fig. 2d) at this time due to computer problems.
This plot includes two curves, the lower being the reference cell in the DSC and of no value here.
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Figure 2. Thermogram, a, and pressure plot, b, for dehydriding of NaAlH,. Thermogram, c, and
pressure plot, d, for dehydriding of NaBH,.

This curve has been removed from other pressure plots in this report, but not in Fig. 2¢ because
of computer difficulties. The upper curve in Fig. 2d is the pressure in the sample cell. Both the
thermogram and pressure plots appear to be very similar to those of LiBH,. The release of
hydrogen from NaBH, begins at approximately 40 °C, slightly lower than LiBH,4 but releases less
hydrogen at each step and overall. Further study is definitely warranted.

The attempted preparations of magnesium borohydride were based on the two metathesis
reactions below. The reactions were done in THF solvent.

2NaBH4 =+ MgBI'Q — Mg(BH4)2 + 2 NaBr v (1)

2 LiBH; + MgCl, — Mg(BH,), + 2 LiCl (2)
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The synthesis based on Reaction 1 was not successful because of the low solubility of
MgBr, and NaBH4 in THF. The synthesis based on Reaction 2 was not limited by solubility. The
solid isolated by filtration had an infrared spectrum with bands at 3236 and 1640 cm™
corresponding to the presence of water. This water, probably resulting from insufficiently dried
THF and MgCl, explains the bubble formation when the two reactant solutions were mixed
together. The IR spectrum of this solid did not exhibit the strong band at 1025 cm™ or the
medium band at 975 cm™' that are typical of THF indicating the absence of coordinated solvent.
The x-ray diffraction spectrum of this solid was mostly featureless and did not indicate the
presence of LiCl, LiBH,, or Mg(BH,), in the products. The three solids that were isolated at
different points of this synthesis were analyzed for Mg content by atomic absorption
spectrophotometry. The solid that was immediately produced, and isolated by filtration, after
mixing MgCl, with LiBH; in THF was found to contain 13 % Mg. The solid obtained by
evaporation of the THF from the filtrate contained 7.3 % Mg. After dissolving that solid in, and
then evaporating off pentane did not contain any magnesium. Mg(BH,); is 45.0 % Mg. These
data along with the XRD data indicate that either only a very small amount of Mg(BH4), was
produced along with a large amount of byproduct or none formed at all.

The solid from the third method attempted for the synthesis of Mg(BH,4), had an XRD
spectrum similar to that of the synthesis based on Reaction 2 above. Atomic absorption analysis
showed it to contain 8.3 % Mg. Thus, there is no evidence of the formation of a significant
amount of Mg(BHs),.

A number of attempts were made to synthesize TiB; in the absence of solvent by ball
milling. The two attempts using the low energy ball mill, Paul O. Abbe ball mill, were
unsuccessful. The attempt using the higher energy mill, Spex 8000M Mixer/Mill, did however
lead to formation of TiB,. The XRD spectrum of this product, Figure 3, indicates that TiB, was
indeed formed. Unfortunately, the solid would not take up hydrogen at 120 psi at any
temperature up to 450°C. At the time of this synthetic trial the DSC was limited to 200 psi. It has
now been fitted with higher pressure transducers and is capable of measurement up to 1000 psi.
This synthesis will be repeated at higher pressure in hopes of formation of the hydride.
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Figure 3. XRD spectrum of powder produced by milling Ti and B powders in the Spex 8000M
Mixer/Mill, all peaks are indexed to the indicated reflections of TiB,.
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One compound that has been of interest to many researchers is magnesium alanate,
Mg(AlH.),. Magnesium alanate is 9.3 wt% hydrogen, based upon formula or 7.0 wt% if one
assumes decomposition to MgH,, Al and H,, making it desirable for hydrogen storage. There are
recent reports that the material has been obtained in solvent free form but this has not been
confirmed by other researchers. Dymova, et al.”* report that solvent removal proceeds in an 80 —
90% yield and is accompanied by intramolecular oxidation and contamination.

We have attempted the wet chemical synthesis of Mg(AlH,), using the procedure reported in the
Experimental Section. While the IR indicated that the product was obtained as an etherate,
attempts to remove the ether without decomposing the alanate have been unsuccessful. When the
solvated alanate was left under vacuum for three hours at 50 °C, a large part of the bound diethyl
ether was lost. However, an increase of temperature to 80 °C lead to total loss of hydrogen, as
was confirmed by FTIR measurement. TVA analysis of the solvated material failed to exhibit
hydrogen release. There was a continuous, almost linear increase in pressure from ambient
temperature to the end of the run at 300 °C. The DSC thermogram did not contain any thermal
events up to 450°C and the corresponding pressure data showed the same small, linear increase
found with the TVA study. The XRD spectrum of the product exhibited only a very broad hump,
thus providing no structural or compositional information but indicating that the sample was
amorphous due to partial loss of ether, Figure 4.

Intensity (Arb. Units)

Figure 4. XRD spectrum of the product of the wet chemical synthesis of Mg(AlH,),.

In light of the difficulties involved in using a wet chemical synthesis, both in the literature
and through our own experiences, we also attempted a solvent free synthesis. This approach
involved ball milling alane, AlH;, with magnesium hydride, MgH,. While the synthesis
proceeded smoothly, definitive proof of success has not yet been obtained. An XRD spectrum of
the product along with an XRD spectrum of MgH; is shown in Figure 5. However, the spectrum
of the product shows a marked similarity to that of MgH,. The peaks in the two spectra
correspond very closely, though there are a few minor peaks from the MgH, spectrum missing in
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the sample spectrum. The baselines are very different, however. The sample shows an upward
bulge around 15 to 50 26. This baseline change may indicate the formation of another substance

that is amorphous.

The hydrogen release data from this sample, as well as an infrared spectrum, are shown in
Figure 6. The similarity of the sample to MgH, is quite striking in the hydrogen release pressure
plot, showing a rapid hydrogen release beginning at approximately 380 °C. A closer examination
of this plot reveals that pressure was increasing at a temperature as low 100 °C. The IR spectrum
of the product shows a broad absorbance at about 3500 cm™ indicating the presence of OH
groups, probably as Mg(OH),. The consistent release of gas from 100 °C to 380 °C supports
possible release of hydrogen from some other phase, as suggested by the XRD data. Further
investigation is underway to determine the exact nature of this substance and of the evolved
gases. The synthesis is also being redone with higher hydrogen pressure and longer ball milling

times.
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Figure 5. a. XRD spectrum of the product of the solvent free synthesis of Mg(AlH4),, b. XRD
spectrum of MgH;.

Because XRD was not available at the time that the second and third methods were
attempted for the synthesis of magnesium alanate, the results were evaluated based on thermal
and hydrogen interaction properties. The results of these trials are presented in Table 1. For each
of these samples, dehydriding was done before hydriding to determine if the magnesium alanate

had formed during ball milling.
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Figure 6. a. Hydrogen release data, b. infrared spectrum of product of the solvent free synthesis
of Mg(AlHy),.

The data in Table 1 indicate that differences in milling time and ball-to-powder ratio had
no effect on the hydrogen release or uptake properties of the milled mixture. More surprisingly,
the addition of TiH; to the mixture also had no effect. The hydrogen release temperatures of all
the milled mixtures are significantly lower than that of MgH, which would lead to the assumption
that a new phase had formed. However, Schultz, et all3, showed that ball milling MgH; in a
Spex 8000 mill for 90 hours at a ball-to-powder ratio of 10:1 reduced the hydrogen release
temperature by 50°C, into the 360°C to 380°C range. None of the mixtures produced absorbed
appreciable hydrogen at 120 psi. A higher pressure of hydrogen might successfully result in
hydriding but was not obtainable at the time of the work.

In order to verify the effect Schultz and coworkers reported ball milling to have on the
hydrogen release temperature of MgH,, we ball milled MgH> in a Spex 8000 mill and compared
its dehyriding characteristics to unmilled material. Figure 7 shows the thermograms for
dehydriding of unmilled, Fig. 7a, and milled MgH,, Fig. 7b. The endothermic event in each of the
thermograms corresponds to hydrogen release. For the unmilled material, the hydrogen release
began at 446°C. The magnesium hydride ball milled for 9.5 hr began releasing hydrogen at
approximately 380°C. This is very similar to the hydrogen release temperatures reported by
Schultz and coworkers and those observed in Table 1. '
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Table 1. Hydrogen uptake and release properties of ball milled mixtures of MgH, and Al and of
MgHz, Al, and TiH,.

Trial 1 Trial 2 Trial 3 Trial 4 Trnal 5
Ball-to-Powder Ratio 8.7 10.9 10.8 9.6 8.7
Milling Time, min 60 60 180 60 570
g Al 0.624 0.627 0.629 0.635 1.272
g MgH, 0.329 0.329 0.332 0.341 0.687
g TiH, 0 0 0 0.111 0.195
De- mg sample 77.8 77.8 74.1 78.2 77.0
hydriding
Onset T, °C 273 363 371 361 -
%H 1.3 2.1 P data lost 1.8 2.1
Released
Hydriding | mg sample 77.8 77.8 74.1 78.2 77.0
First Onset T, °C 218 244 236 203 =
Intake %H 0.5 0.3 0.3 0.3 0.2
Absorbed
Hydriding | mg sample 77.8 77.8 74.1 78.2 77.0
Second Onset T, °C 322 321 332 328 324
Intake %H 0.5 0.3 0.2 0.3
Absorbed

17




e e
R S h
rd 1 i \
- e [\ ™
- - P\ =
| - ’ \\ N
L 7 [\
; // i \"-\ e
- I
b =
. / : N
j L
o ) / ! \\__4;
/ : -
- | -
P o oo e e o b oo F

Figure 7. a. thermogram of dehydriding of unmilled MgH,, b. thermogram of dehydriding of
MgH; milled for 9.5 hr.

The samples produced by ball milling MgH, with B and TiH4 were studied for hydrogen
release characteristics in both ambient pressure argon and hydrogen atmospheres. The results of
that investigation are shown in Table 2. Unfortunately these samples did not release large
amounts of hydrogen. Upon re-heating in a hydrogen atmosphere at 120 psi, they released
additional, small amounts of hydrogen instead of absorbing it. XRD spectra of these samples
show peak broadening and a great decrease in intensity indicative of very small crystallites. The
peaks that are present index to MgH, and MgO. No magnesium borohydride was in evidence.
Repeating this process under a much greater pressure of hydrogen may change the results and

will be attempted.

Table 2. Hydrogen uptake and release properties of ball milled mixtures of MgH, and B and

,,,,,

TiH,.
Trial 1 Trial 4
Ball-to-Powder Ratio 10.6 10.6
Milling Time, min 9.5 hr 9.5 hr
gB 0.403 0.726
g MgH, 0.490 0.882
g TiH, 0.091 0.164
atmosphere hydrogen argon hydrogen hydrogen

mg sample 75.2 60.8 71.0 71.4

Onset T, °C 374 396 392 361

%H Released 2.0 2.0 1.9 2.7
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Because dehydriding is typically endothermic, we decided to investigate unusual
exothermic nature of the thermal dehydriding of LiAlH, further. The thermogram for LiAlH,,
Figure 8, shows that three exothermic events, with onset temperatures of 139 °C, 157 °C, and
169 °C, respectively, were associated with the decomposition of the LiAIH, from Lancaster. The
pressure data indicate that gas release, most likely hydrogen, began at approximately 110 °C but
reached a maximum rate at a temperature corresponding to the onset temperature of the first
exothermic event in the thermogram. This release continued until approximately 4 % of
hydrogen was released. Then, the hydrogen release sharply slowed at approximately 170 °C,
corresponding to the onset temperature of the third exothermic event in the thermogram. This
slower hydrogen release continued until approximately 6.3% hydrogen was lost. The first and
third exothermic events in the thermogram were thus associated with hydrogen release and the
second event was most likely a phase change that occurs with no gas release.

ga,-'aJ:méJadw@ 1]
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Figure 8. Thermogram, a, and pressure plot, b, for the thermal decomposition of Lancaster
LiAIH,.

The exothermic nature of the hydrogen release by LiAlHs; has been mentioned in the
literature. Balema, et al.'® reported that the decomposition of LiAlH, to LisAlHg, H, and Al is
exothermic while the decomposition of LisAlH¢ to LiH, H,, and Al is endothermic. Our results,
while exhibiting the exothermic decomposition, do not agree with those of Balema, et al.
Furthermore, our analysis of a sample of LiAlH, obtained from Aldrich showed completely
different behavior, Figure 9. This result is more what is commonly expected and is also supported
in the literature. Chen, et al.”’ reported two endothermic peaks in the DSC thermogram of
LiAIH,, one at 135 °C and a second at 165 °C. The experimental section in this paper indicates
that the material was obtained from Aldrich. Apparently, there are differences in the LiAlH,
obtained from different vendors. The samples from both vendors had similar pressure plots,
though the Aldrich sample released less hydrogen in the first step and slightly less overall than
the sample from Lancaster. The Aldrich sample also required heating to just under 150 °C to
begin hydrogen release while the sample from Lancaster began releasing hydrogen at 110 °C.
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After having run baseline studies of the dehydriding characteristics of the undoped
compounds, we proceeded to add titanium to our samples, using the mechanical incorporation
method suggested by Jensen, et al.” Ball milling LiAIH, with TiCl, did decrease the temperature
required for dehydrogenation, as was reported by Jensen in his study of NaAlH,.  As was also
reported by Jensen in his work with NaAlH4, the hydrogen content was significantly decreased
due to the fact that the Ti*" was reduced during the ball milling process, causing loss of a portion
of the stored hydrogen. The reducing agent for this process must have been the alanate ion,
AlH, since neither Li" nor Na' is capable of such a reaction. The resulting NaCl was a difficult
to remove, non-hydriding contaminant, further decreasing hydrogen capacity.
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Figure 9. Thermogram, a, and pressure plot, b, for thermal decomposition of Aldrich LiAIH,.

To determine the effect of the initial oxidation state of the titanium, we also doped with
TiCl; and with elemental titanium. The titanium or titanium(IIT) chloride was combined with
LiAlH, via ball milling, using the same ratio of grinding media to compound and the same
processing time as had been used for the addition of the TiCly;. The results for the TiCl; were
identical to those for the TiCl;. For the addition of the elemental titanium, however,
thermovolumetric analysis, Figure 10, indicated that the temperature required for dehydriding
was equivalent to that required for the material doped using TiCl, but none of the hydrogen
storing material had been decomposed in the process and no additional salt had been added. The
net result was that it appeared that the advantage of doping had been gained with minimal
sacrifice in terms of hydrogen content.
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Figure 10. TVA curves for dehydriding of LiAlH4, LiAIH4 doped with Ti, and LiAIH4 doped with
TiCl.

To confirm that the decrease in dehydriding temperature was a result of the addition of
the titanium and not a consequence of the ball milling, a sample of the LiAlHs was put through
the same procedure but without the addition of a catalyst. The subsequent analysis gave several
interesting results. The DSC thermogram, Figure 11, now exhibited one exothermic and one
endothermic peak, in agreement with Balema, et al."* Additionally, it was observed that the
TVA plot was identical to the one in which elemental titanium was added via ball milling, Figure
12. From these experiments, it can be concluded that the decrease in temperature upon ball
milling with TiCly or elemental Ti is a result of the ball milling rather than the catalyst. This
decrease in dehydriding temperature as a consequence of ball milling is supported by work done
by Balema, et al.'® These researchers reported that the ball milling of LiAlH, for ten minutes
shifted all thermal events by 5 — 25 °C toward lower temperatures.
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Figure 11. Thermogram of ball milled LiAlH,.
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Attempts at rehydrogenating samples met with limited success. Whether a sample was
doped using TiCly, TiCl;, or elemental Ti, rehydrided samples exhibited a decreased storage
capacity. Future rehydrogenation tests will be attempted using higher pressures.

Additional doping studies were done with LiAlHs. The pressure plots obtained by
dehydriding LiAlH4 doped with Ti, with TiCl;, TiCls, TiH,, and undoped but ball milled can be
seen m Figure 13. Doping with titanium(I1I) chloride and with titanium(IV) chloride both result
in a greatly decreased hydrogen release due to the loss of the first step of hydrogen release.
Doping with TiH, or with elemental titanium causes only a slight decrease in the amount of
hydrogen released and does not eliminate the first step of hydrogen release. Ball milling alone
results in about the same decrease in the amount of hydrogen released as doping with either TiH,
or Ti. Most interesting is the fact that ball milling alone causes the same reduction in the
temperature of hydrogen release as does doping.
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Figure 12. TVA curves for dehydriding of LiAlH4 doped with Ti, and LiAlH, ball milled without
doping.

22



— 400

i Lncloped

ball-milled 1h 300
: : <-URIp iH -doped
4 ¥ P+ 1ITY T ™R8 Ti(0)-doped

T
g
8
9 feimessduia)

I 100

Wit% of H, Released

TiCl ~doped
TiC-doped

- @

s

T G T DI
6000 8000 10000 12000

Timels

Figure 13. DSC pressure data for dehydriding of LiAlHs doped with Ti,, LiAIH; doped with
TiCl;, LiAlH; doped with TiCl,, LiAlHs doped with TiH,, and LiAlH, ball milled
without doping.

Figure 14 shows the raw pressure data for the thermal decomposition of LiAlH, samples
that were ball milled with nickel, carbon black, and with vanadium. These dopants have identical
effects on the hydrogen release temperature. Carbon black however decreased the hydrogen
release the least. Nickel caused a small decrease in hydrogen the amount of hydrogen released
and vanadium caused a larger decrease in the amount of hydrogen released. The effect of nickel
appeared to be limited to the first step of hydrogen release while vanadium appears to have
decreased the amount of hydrogen released from both steps of the decomposition.
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Figure 14. DSC pressure data for dehydriding of LiAIHs doped with Ni, LiAlHs doped with
carbon black, and LiAlH, doped with V.

The raw pressure data in Figure 15 indicate that ball milling LiAlH4s with aluminum
chloride or with elemental iron produced the same effect on the hydrogen release temperature.
However, the iron appears to have caused a decrease in the amount of hydrogen released in the
first step. Iron(Ill) chloride caused the release of hydrogen to begin at a lower temperature.
However, this temperature decrease was accompanied by a significant decrease in the amount of
hydrogen released in both decomposition steps.
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Figure 15. DSC pressure data for dehydriding of LiAlH, doped with FeCls, LiAlH4 doped with
Fe, and LiAlH4 doped with AlCl;.

Conclusions

In this project the synthesis of a number of alanates has been investigated. Both wet
chemical and mechano-chemical methods have been studied. Wet chemical methods were used
to attempt the synthesis of magnesium alanate, magnesium borohydride, and calcium
borohydride. Solvent free methods were used for magnesium alanate, magnesium borohydride, a
magnesium hydride/titanium hydride mixture, titanium alanate and titanium borohydride
synthesis attempts.

Synthetic methods for the preparation of contaminant-free Mg(AlH,), did not meet with
success. Wet chemical methods resulted in material that was a solvent adduct and attempts to
remove the solvent lead to decomposition of the hydride. Products from the solvent-free
synthesis appeared to be largely unreacted starting materials. This synthesis method is, however,
worthy of further study.

Lithium alanate was studied in depth. It was observed that, in the DSC thermogram of
the thermal decomposition process, the compound received from Lancaster exhibited an
exotherm while material purchased from Aldrich exhibited the expected endotherm. Both
characteristics have been previously reported in the literature but no explanations were given.
Ball milling of a sample obtained from Lancaster resulted in the subsequent thermogram
resembling that of an Aldrich sample.
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It was determined that ball milling of an undoped sample of LiAlH, decreased the
temperature required for dehydrogenation and improved the kinetics of hydrogen release. It is
hypothesized that the decrease in temperature described in previous literature reports 1s a result of
ball milling rather than a specific form of the added catalyst. The addition of titanium in the +4
or +3 state or iron in the +3 state leads to a loss of storage capacity as the alanate 1on reduces the -
titanium. The resulting salt further reduces storage capacity. Incorporation of elemental
vanadium into LiAlH, resulted in the same decrease in hydrogen release temperature but caused
much less loss in hydrogen release. The addition of ‘elemental iron, aluminum chloride, nickel,
carbon black, elemental titanium, and titanium hydride, all result in a decrease in the temperature
of hydrogen release without a significant decrease in the amount of hydrogen released. The
decrease in hydrogen release temperatures caused by incorporation of these substances was not
significantly different than that caused by ball milling alone. The catalytic effects of these
substances on hydrogen absorption are yet to be determined.

The work performed under this contract has produced a number of very positive results.
A number of wet chemical and mechano-chemical syntheses were attempted for alanates with
large hydrogen capacities. Lithium alanate has been identified as a potentiaily viable hydrogen
storage compound. It has a large hydrogen capacity and has been shown here to exhibit enhanced
hydrogen release kinetics and decreased temperatures upon ball milling alone and upon
incorporation of a number of different potential rehydrogenation catalysts. In-depth study of this
compound was begun.

A study of alternative methods of alanate synthesis has also begun. While the synthesis
procedures attempted here were not successful, a much more indepth study is required. A
thorough study of the effects of milling time, energy, temperature, ball-to-powder ratio,
atmosphere, pre-milling, starting materials, etc. is required in order to develop successful
mechano-chemical synthetic procedures for alanates.

Finally, the work done here has set the stage for a highly productive second year of
research. This work will focus on lithium alanate and magnesium alanate. Methods for
production of clean compounds will be studied as will catalysts for rapid, low temperature
hydrogen uptake and release from these compounds. Further investigation into the true reasons
for the exothermic decomposition of lithium alanate will also be investigated.
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