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ABSTRACT The potential for using aluminum hydride, AlH3, for vehicular hydrogen
storage is explored. It is shown that particle-size control and doping of AIH3 with small
levels of alkali-metal hydrides (e.g. LiH) results in accelerated desorption rates. For
AlH3-20 mol % LiH, 100 °C desorption kinetics are nearly high enough to supply ve-
hicles. It is highly likely that 2010 gravimetric and volumetric vehicular system targets
(6 wt % H» and 0.045 kg/L) can be met with onboard AlH3. However, a new, low-cost
method of off-board regeneration of spent Al back to AlHj3 is needed.

PACS 68.43.Vx; 68.43.Mn; 83.80.Fg; 84.60.Ve; 51.30.+i; 61.10.Nz

1 Introduction

Interest in hydrogen-fueled
vehicles is rapidly growing. The major
challenge is on-board hydrogen stor-
age [1]. Compressed H, gas and cryo-
genic liquid H, have practical volume
and other technical limitations. Solid
adsorbents (carbon) and absorbents
(metal hydrides) have possibilities [2, 3],
but none yet approach the US Depart-
ment of Energy 2010 storage system
goals at 6.0 weight percent gravimetric
and 0.045kg/L volumetric H capaci-
ties [4]. For reversible metal hydrides,
the greatest potential and activity seem
to be in the alkali-metal alanates [5, 6]
and Li-based amides [7], where re-
versible gravimetric capacities of at
least 5 wt % H seem to be possible, but
not necessarily at desorption tempera-
tures < 100 °C, i.e. at predominant fuel
cell or internal combustion engine waste
heat temperature levels.

It has long been assumed that hy-
dride recharging would be done on
board, with a 2010 target recharge rate
of 1.5 kg Hy/min (3.3 min for a 5 kg Hy
tank) [4]. But it is an immense prob-

lem to remove the exothermic heat of
hydriding at that charging rate. For ex-
ample, if we charged H, at 1.5 kg/min
into a vehicular storage tank based on
NaAlH4 (AH = —37kJ/mol H; [5, 6]),
we would have to remove heat at the
rate of 450 kW! This would require very
substantial and costly heat-exchange
means and would seem to practically
eliminate the possibility of quick on-
board recharging. If off-board recharg-
ing is really to be the paradigm, then
we should expand our hydride search
to materials that may not be considered
easily reversible. In this paper we recon-
sider the long-overlooked (and not eas-
ily recharged) elemental hydride AIH;
(aluminum hydride, alane).

2 Basics of aluminum hydride

AlHj3 is a covalent binary hy-
dride known for more than 60 years [8].
It often takes polymeric (AlH3), forms.
There are at least six structures of
AlHj3 [9], not to mention other solvated
versions [10]. In principle, the following
simple desorption reaction would gener-
ate 10.1 wt % H, and common, nontoxic
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Al powder:

AlH; — Al+3/2H, . (1)

For thermodynamic reasons, this reac-
tion is highly favorable and not eas-
ily reversed. H, gas pressures above
2.5 GPaare needed to rehydride Al pow-
der back to AlHj [11,12]. So, we are
really proposing a lightweight, low-
volume hydride source of vehicular fuel
that must be recharged off-board after
its use by a new, yet to be developed,
process. Here we consider only the de-
sorption properties of a-AlHj3.

In spite of its very large dissoci-
ation pressure, AlH3 is metastable at
room temperature. It can be easily han-
dled in air, inert gas and vacuum with-
out decomposition. This metastability
is generally assumed to be due to the
presence of an Al,Os layer surround-
ing each AlHj3 particle and serving to
effectively encapsulate the contained
hydrogen. It is clear that AlH3 can be
decomposed by modest heating, typic-
ally in the 60-200 °C range, depending
on the form and structure [8—17]. It was
the principal purpose of our work to
improve the Hj-desorption properties
of a-AlHj3 over those reported nearly
25 years ago [16, 17]. In particular, we
show below that the use of particle-size
control and ‘doping stimulants’ can re-
sult in AIH3 decomposition kinetics at
100 °C that are nearly adequate to sup-
ply H-fueled vehicles.

3 Experimental

The AIH3 we used is the o
(trigonal /rhombohedral, R3c) version
made by Dow Chemical in 1975 from
LiAlH4 and AICl; by a wet (ether sol-
vent) chemical process [9, 10]. It is the



688

Applied Physics A — Materials Science & Processing

most stable form [9] and is virtually sol-
vent free. It is the same batch used in
the 1980 kinetic studies of Herley et
al. [16, 17]. When it was received more
than a quarter-century ago, it contained
8.3wt% H, i.e. somewhat lower than
the 10.1 wt % expected of pure AlHj.
However, in an impressive testimony to
its shelf life in air, the hydride still con-
tains 8.0 wt % H. The sample consists of
translucent, approximately 50—100-pm
cuboidal particles [17].

Particle-size reduction was accom-
plished and dopants were introduced
by high energy planetary ball milling
(Fritsch Pulverisette 6 at 200 rpm),
using a 250-cm® stainless steel vial,
seven 15-mm-diameter balls and 1.5-g
samples (64:1 ball:powder ratio, by
mass). The ball-mill vial is equipped
with a pressure transducer and a ther-
mometer, which allow instantaneous
radio transmission of pressure and tem-
perature data during milling. Samples
were evaluated by temperature pro-
grammed desorption (TPD), whereby
the sample being tested is heated at
a constant rate (2°C/m) and the de-
sorbed H, collected in a previously
evacuated volume. Pressure during de-
sorption ranged from O to 60 kPa. The
specimen reactor was a 13-mm-diameter
stainless steel tube (electrically heated
by wrapped resistive tape) containing
a Type K thermocouple in the center
of the sample bed. Arrhenius kinetic
analysis was done using a stepped tem-
perature technique [18]. Ball milled
sample particle sizes were roughly es-
timated from scanning electron mi-
croscope (SEM) examination. X-ray
diffraction (XRD) studies were per-
formed on as-ball-milled, partially de-
sorbed and fully desorbed samples.

4 Results and discussion

The first series of experi-
ments looked at the effect of reduc-
tion of particle size by high-energy
ball milling (BM). Figure 1 shows the
TPD curves for as-received (~ 100 pum),
lh BM (~1um) and 3h BM
(~ 0.3 pum) powder. It is clear that
particle-size reduction does effectively
lower the desorption-temperature range.
Whereas the as-received AlH3 pow-
der desorbs in the temperature range of
175-200 °C, one hour of ball milling
reduces the temperature range to
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FIGURE 1
(TPD) scans of AlH3. Scan rate =2 °C/min

125-175°C. The levels of desorbed
H; shown in Fig. 1 (7-8 wt %) are not
matched by any easily reversible hy-
dride at < 200°C, as far as we know.
Because the first hour of BM is reason-
ably effective, this period was used for
subsequent doping experiments.

The second series of experiments on
AlH; used doping additions that would
be expected to alloy with Al, thus fa-
cilitating the breaking of Al-H bonds.
Well-known examples from the phase-
diagram literature include Ni and Ti. But
neither had any measurable effect. We
also tried CaH, as a potential reductant
of the Al, O3 surface oxide. Again, there
was little or no beneficial effect.

What did give very positive results
was the addition of alkali-metal hy-
drides such as LiH, NaH, KH, LiAlHy,
etc. Figure 2 shows the effects of the
addition of 10-50 mol % LiH to AlHj3
on the TPD curves. The desorption tem-
peratures of the 10 and 20% LiH doped
samples were reduced 40-50°C from
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Effect of ball-milling time (and particle size) on temperature programmed desorption

the pure 1-h BM AlHs sample. The
20% doped sample even shows signifi-
cant desorption starting below 100 °C,
albeit at an ultimate capacity of less
than 7 wt %. We are performing X-ray
diffraction (XRD) studies to better un-
derstand why the alkali-metal hydrides
are such good stimulants. These stud-
ies so far indicate that small quantities
of fine alanate particles form during ball
milling (e.g. LiAlHy in the LiH case, or
NaAlIH,4 and KAIH, in the NaH and KH
doping cases). The most likely mechan-
ism of doping then is the formation of
surface layers or islands of alanate that
serve as ‘windows’ for hydrogen egress
from the decomposing AlHj3.

The sweeping TPD data of Figs. 1
and 2 are good for screening purposes,
but do not give a good kinetic picture
relative to the requirements of a vehi-
cle fuel supply. For this purpose, we de-
termined isothermal desorption curves
for the 80% AlH3-20% LiH composi-
tion. The 100 °C results are shown in
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FIGURE 2 Effect of LiH doping on the TPD scans of one-hour-ball-milled AIH3—LiH mixtures. LiH
levels expressed in mol percent. Scan rate = 2 °C/min
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Fig. 3. As implied by the 20% LiH TPD
curve in Fig. 2, there are two desorption
stages: relatively rapid kinetics for the
first four hours (about 4 wt % H,) and
then significantly lower kinetics after
a short transition period. The tempera-
ture dependences of both stages were
determined and the results are shown
in Fig. 4 as Arrhenius plots of rate (on
a logarithmic scale) vs. reciprocal abso-
lute temperature. The exponential fit of
the rate data show that the desorption
kinetics of both stages follow thermally
activated behavior of the form
Rate = k¢ exp (—Q/RT), 2)
where the rate is in wt %/h, kg is the rate
constant, Q is the thermal activation en-
ergy (J/molH,), R is the gas constant
(8.315Jmol~'K~!) and T is absolute
temperature (K). Values of ky and Q for
the two stages of 1-h-ball-milled 80%
AlH3-20% LiH are listed in the Fig. 4
caption.

Figure 4, and the related equation
(2), offer a convenient basis to judge
the desorption kinetics of 80% AIH3—
20% LiH relative to vehicle-supply re-
quirements. If we have an 8-10wt %
H-storage medium and assume a five-
hour driving time, then we need desorp-
tion rates on the order of 1.6-2 wt %/h.
From Fig. 4, 2wt%/h would require
about 107 °C for the initial (0-3.5 wt %)
portion of the decomposition curve and
about 151 °C for the low-rate (> 4 wt %)
portion. Thus the initial part of the AIH3
desorption curve comes close to vehicle
requirements if we have 100 °C waste
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FIGURE 4 Arrhenius desorption plots of 80 mol % AlH3—20mol % LiH for the high-rate and low-
rate segments (cf. Fig. 3). High-rate data taken from 0-1 wt% H; desorbed and low-rate data from
0-6.5 wt %. Straight lines show data are exponential with reciprocal temperature and obey the Ar-
rhenius equation: rate (wt %/h) = ko exp(—Q/RT). For the high-rate segment, ko = 6.5 x 10'> and

0O =91.3 kJ/mol Hy. The fit for the lower-rate stage gives ko = 5.4 x 10% and Q = 68.2 kJ /mol

heat available for decomposition. But
the later part of the curve will require
further improvements in kinetics. The
two-stage desorption behavior may rep-
resent incomplete grinding of the AlIH;
particles and mixing of the dopant, and
can hopefully be eliminated by opti-
mization of the grinding process.

Although Ti doping of AlHj3 alone
did not have benefit, we should men-
tion that we have had positive results
in that direction by combining LiH and
Ti dopants, even to the point of achiev-
ing significant desorption rates at room
temperature (to be published). So, the
beneficial effects of Ti and other direct
alanate dopants [5, 6] apparently carry
over to AlH3 containing surface alanate
particles.
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FIGURE 3 100 °C isothermal desorption curve of 80 mol % AlH3-20 mol% LiH. Note the initial,

high-rate desorption segment (0-3.5 wt % H, desorbed) and the later low-rate segment (> 4.5 wt % H
desorbed). Sample not carried to complete second-stage desorption

5 System weight, volume and
safety considerations

This preliminary work clearly
suggests that doped AlH; has a very
good chance of reaching the 2010 gravi-
metric system goal (6 wt% Hj) [4],
especially if we can make more pure
AlH; with an initial capacity closer
to the theoretical 10 wt% H. In add-
ition, there are a few unusual ‘engin-
eering’ considerations that should help
in minimizing system weight relative
to storage-medium weight, i.e. allowing
thin-walled containers, minimal heat
exchange and minimal desorption waste
heat requirements from the fuel cell or
internal combustion engine:

1. Even though it is thermodynami-
cally quite unstable, doped AlH; can
be stored near atmospheric pressure.
During service, H, desorption would
be controlled by temperature.

2. The endothermic heat of H, de-
sorption from a-AlH3 is unusu-
ally low, only about 7.6kJ/mol
H, [15], a fraction of that of the
sodium alanates (37 and 47 kJ/mol
H, for NaAlH; and NazAlHg, re-
spectively [5, 6]).

3. The decomposition of AlH3 to Al
and H, does not seem to result in any
significant decrepitation (particle-
size reduction), as also noted earlier
by Herley et al. [17]. Because the
spent Al will be recharged off-board,
there are no special onboard con-
tainer accommodations required for
cyclic decrepitation and expansion.



690

Applied Physics A — Materials Science & Processing

Detailed safety studies surely need
to be done. After all, like the alanates
and borohydrides, one considered appli-
cation of AlHj is as an additive to solid
rocket fuel [19]. The Na alanates (espe-
cially Na3z AlH) are considered to be py-
rophoric or highly flammable [20]. For
comparison, air exposures were made of
1-h-ball-milled 80% AlH3;-20% LiH. It
was not spontaneously pyrophoric after
ball milling, but was after H removal.
Undoped AlH3; was not found to be py-
rophoric in the 1- or 3-h-ball-milled
states, before or after dehydriding.

Finally, how close will AlH3 come
to meeting the 2010 volumetric DOE
H-capacity target (0.045kg H,/L) [4]?
The density of a-AlH; is 1.48 g/cm?
(1.48kg/L) [21]. If we assume full
10wt % gravimetric H capacity, then
crystalline AlH3 has a volumetric cap-
acity of 0.148 kg H, /L, more than dou-
ble that of liquid H,. If we further as-
sume that 50% of the system volume
must be left for void space, internal heat
exchangers, primary container and other
components, we still have a volumetric
capacity of 0.074 kg H,/L, more than
60% higher than the 2010 target.

6 Conclusions

We believe that this prelimi-
nary work has set the stage for serious
consideration of dopant-stimulated, mi-
crocrystalline a-AlH3 for onboard ve-

hicular hydrogen supply. More work
needs to be done to optimize capacity
and H, desorption kinetics via doping
species and techniques, as well as to
understand the fundamentals. We need
to closely examine structural forms of
AlHj3 other than the a-phase. Finally,
and most importantly, we need to de-
velop off-board techniques for the eco-
nomic rehydriding of spent Al back to
AlH3, e.g. by electrolytic means. All
these R&D activities are continuing at
DOE’s Brookhaven, Sandia and Sa-
vannah River National Laboratories. In
addition, we pose these challenges to
the hydride and materials science R&D
communities.
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