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Abstract

In the present study, the complex alanatgINAIH ¢ is synthesized by high-energy milling of powder blends containing NaH and LiAIH
The related thermodynamics are determined. In addition, a comprehensive study was performed to investigate the influence of different oxide
and halide catalysts on the kinetics of hydrogen absorption and desorption, as well as their general drawback to decrease storage capacity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Only Egs.(1) and (2)are technically considered useful for
reversible hydrogen storage, because temperature for the de-
Hydrogenis regarded as the ideal means of energy storagecomposition of NaH is rather high. Therefore, the techni-
for transportation and conversion of energy in a comprehen- cally accessible capacities for NaAtér LiAIH 4 are 5.6 or
sive clean-energy concept. One of the main problems to be7.9 wt.%, respectively. The equilibrium pressure for &).
solved is the storage of hydrogen. Metal hydrides offer a safeis below 25 bar at a temperature lower than 20Q2]. For
alternative for hydrogen storage and, in addition, have a high Eq. (1), the plateau pressure at 20D is about 150 bar, at
volumetric energy density. Among the hydrides, alanates are160°C about 85 baj2].
promising due to their high capacity by weight. However, Regarding kinetics, the second reaction step is signifi-
alanates had not been considered as hydrogen storage mateantly slower than the first, and thus any improvements are
rials until Bogdanovic et al. showed that rehydrogenation is more challenging. In this study, we therefore focus on Eg.
possible in sodium alanate (NaAj{Husing titanium based  (2). Furthermore, if Li may partially replace for Na, hydro-
materials as catalysf$—3]. Thus, alanates have a technical gen storage capacities could be increased. Chemical synthe-
potential for reversible hydrogen storage. Pure alanates lib-sis of NgLiAIH g and thermodynamic data at 2@ for
erate hydrogen through the following paths (taking NapAlH the material doped with Ti-based catalyst were reported in

as an example): Ref. [1]. Hout et al. prepared the same material by ball-
milling technique recenthf4]. In a former papef5] we
NaAlHs = (1/3)NagAlHg + (2/3)Al + H2(9) (1) presented our results on the synthesis ofINg_,AlHg by

ball milling of different hydrides. Besides MalHg and
LisAlHg the phase Ng.iAIH ¢ has been successfully ob-
3) tained by this method. However, detailed studies of the
thermodynamic properties of MalAlH g are still lacking.
Furthermore, it has been shown that oxides and halides
lead to a significant improvement in kinetics for Mglind
* Corresponding author. Tel.: +49 4152 872554; fax: +49 4152 872636. NaAlH4.
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(1/3)NegAlHg = NaH+ (1/3)Al + (1/2)H2(9) (2)

NaH = Na+ (1/2)H2(q)
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ide catalysts are investigated with the aim to achieve the -
best compromise between hydrogen capacity and sorption x NaH © Na,LiAlH,
kinetics. o Al m CeO,
a LiH + CeH
b " v LiAH, X
a
2. Experimental wE © 2 after absorption
° ¢ 0 °
° % Ixq %400
The milling experiments were performed in a Fritsch P5 prem

planetary ball mill at a speed of 230 rpm, using hardened Cr-
steel milling tools and an initial ball-to-powder weight ra-
tio of 400 g:40 g. The starting materials were LiAJKD7%,
ABCR Karlsruhe, Germany), and NaH (95%, Aldrich Chemi-
cal Co. Inc.). Catalysts used in this study were purchased from
Sigma—Aldrich Company with a purity of 99.5% or higher.
Raw materials were weighed in the desired overall ratio, then
blended and milled for typically 100 h. Specimens were taken
after different milling times. All handling of the powders (in-
cluding weighing, loading, milling) were performed inside et e AiAa KAAR
a glove box under continuously purified argon atmosphere it s @9 45 250 65 7 B 60
(oxygen, and water content each below 10 ppm). For deter- 2 theta, degree
mination of the sorption properties (including kinetic mea-
surements and pressure—concentration—isotherm (PCT) meaFig. 1. XRD patterns for a LiAlld/2NaH powder blend containing 2 mol%
surements), specimen holders were sealed inside the gloveée®. after different milling times and after absorption.
box and attached to a hydrogen titration apparatus (Model:
C2-3000, HERA, Canada), which was especially designed
for fast data acquisition. This system covers the temperature
range from room temperature to 40D at hydrogen pressures
up to 200 bar. For measurements of the desorption kinetics,
the chamber was evacuated to $@nbar. The mass of each
specimen could vary randomly in the range of 100mg to a
few grams by choosing different size sample holders.

X-ray diffraction (XRD) samples were also prepared in
the glove box. To avoid exposure to air, the samples were

covered with plastic foil, which had a negligible and easily =~ <.
o : : _ milling time of 100 h, the Ce@peaks have completely van-
deductable contribution to the diffraction patterns. The pow ished. After absorption, the peaks of Gak are apparently

ders at different experimental stages were characterized b)} hi . .
X-ray diffractometry (Bruker D8 Advance) using Cux{a- shifted to lower angles, i.e. t.he main peaks now are observed
diation @ = 1.5406,&). The patterns were scanned by steps at 27.'25 and 45'.39’ respchver(.) This yvogld porrespond 0

of 0.05' (26) with a counting time of 3s. a lattice expansion of about 2.2%, which indicates a change

in hydrogen concentration in the Ce. However, it is yet un-
clear, whether the formation of Celd, plays any promoting
role for the hydrogen reaction.

As another example, XRD patterns after different milling
time and after absorption for a LiAlW2NaH powder blend
containing 2 mol% of Tid are shown inFig. 3. There is

20h

Intensity, a.u.

il AT ]

time, the diffraction peaks for LiAlblhave disappeared com-
pletely, and NaLiAlH g becomes the dominating phase. In
addition, the main peaks for the catalyst Gegan also be
detected. In the XRD pattern after absorption, residual NaH,
Al and LiH can be observed, indicating that the reaction is
not fully completed. The four strongest diffraction peaks of
CeO at 28.55, 33.08, 47.49 and 56.33 (diffraction angle

20) are marked by black squareshig. 1. With increasing
milling time the intensity for Ce@decreases and a new peak
belonging to the phase CeH; are detectedHig. 2). At a

3. Results and discussion

PCT data were recorded out to study the thermodynamic

roperties of NaLiAlH g. Respective results are listed in . . . .
prop oL 6 P an obvious difference in phase reaction betweeslLIMdH g

Table 1 NaLiAlH g is a typical medium temperature hy- o : ) . i
drogen storage material with plateau pressures below 25 barcontamlng TIC} or CeQ. While cerium contained phases

in the temperature range of 180-230 The calculated re- Table 1
action enthalpy accord_mg Van,t_HOﬁ d_|agram is determined  apsorption and desorption pressure plateaus fosLMeH 6, as obtained
as—23kJ/mol B, details and discussion will be presented from PCT diagrams. The pressure gauge does not allow for accurate deter-

in a forthcoming pap€l6]. mination of pressures lower than 1 bar

Fig. 1 shows the phase evolution upon milling and af- 7(c) Paps (atm) Pyes (atm)
ter absorption for a LiAll4/2NaH powder blend containing  1gg 9 <1
2mol% CeQ. After 30 min milling time, peaks relating to 200 13 <1
NaLiAlH g are observed, documenting the phase reaction be- 220 20 395

tween the two hydrides LiAlgand NaH. After 2h miling 230 21 987
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Fig. 2. Aclose-up oFig. 1showing the decrease of peak intensity for GeO
and the formation of Cef., upon milling.

are always observed in the case of GeOCI3 cannot be de-
tected anymore after 5 h milling. Instead, a reaction between
the hydride and TiGlis observed as also found in previous
investigationd7,8] on NaAlH,. Thus, NacCl is formed after
short time milling, which most probably does not take part
anymore in the hydrogen reaction, but reduces the overall
capacity.
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Fig. 3. XRD patterns for a LiAld/2NaH powder blend containing 2 mol%

TiCl3 after different milling time and after absorption. The unmarked peaks
after 1 h milling time belong to the starting material LiAJH
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Fig. 4. Absorption and desorption kinetics for M&AIH ¢ with different
catalysts after 100 h of milling. Absorption at 23D under 43 bar, desorption
at 230°C under a pressure of 0.55 bar.

Sorption kinetics achieved by some typical catalysts is
shown inFig. 4. Catalytic effects on absorption are not as pro-
nounced as on desorption. T§g&hows the strongest effects
on the kinetics of the sorption reactions, followed by 3[iF
Ce(, TiO7 and CrC. Reversible capacities for TigITiF3
and CrCj modified NaLiAIH g are below 2.0 wt.% due to
NaCl formation and incomplete absorption reactions. Even
for TiClg contents as low as 0.5 mol%, the reversible hydro-
gen storage capacity is less than 2.0wt.%. The highest ca-
pacity is achieved in N&.iAIH g with 2 mol% CeQ. In this
material 2.6 wt.% hydrogen can be absorbed within 1 h and
desorbed within 12 min at 23C. NaLiAlIH g with 5 mol%
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Table 2 formation and hydrogen absorption and desorption proper-

Absorption and desorption rates for N#AIH g with different catalysts ties. XRD results demonstrate reversibility of the hydrogen

Catalyst and content Absorption rate Desorption rate  reaction. Among the catalysts investigated in this study,sTiCl
(wt.%/min) (wt.%/min) and TiRs have the strongest catalytic effects on the kinetic

5mol% TiFg 0.57 0.57 properties, followed by Cef The reduced storage capac-

5”‘0'2”’ TiCk 0.51 0.60 ity is attributed to the incomplete reactions, and, in case of

522:02 ngQh g:ig 8:2; halides, the formation of inert NaCl. The highest reversible

5mol% TiBy, 0.35 0.37 capacity and reasonable kinetics are achieved by using

5mol% CrCh 0.23 0.15 CeO.

2mol% AIClg 0.19 0.09

5mol% TiO, 0.18 0.23

2mol% Y,03 0.17 0.19 References

5mol% MnCh 0.16 0.11

Without catalyst 0.15 0.08

5mol% HfCly - 0.19 [1] B. Bogdanovic, M. Schwickardi, J. Alloys Compd. 253/254 (1997)

1-9.

Ab ti der 230C/43 bar, d ti der 23G/0.55 bar. . . . . .
sorpiion uncer ar, desorption tinder ar [2] B. Bogdanovic, R.A. Brand, A. Marjanovic, M. Schwickardi, J. Alloys

Compd. 302 (2000) 36-58.
TiO2 and NaLiAlH ¢ without catalyst reach a capacity of  [3] B. Bogdanovic, German Patent DE 19526434 (1995).
about 2.3 Wt.%. [4] J. Hout, S. Boily, V. Gither, R. Schulz, J. Alloys Compd. 283 (1999)
P 304-306.

Other catalysts were also app!|ed inthe present Stu.dy’ such [5] X.Z. Ma, T. Klassen, E. Martinez-Franco, R. Bormann, Z.Q. Mao, R.
as AICk, HfCl4, ZrCls, MnClz, TiBrs and Y203. Sorption Laufs (Eds.), Clean Energies for the 21th Century, in: Proceedings of
rates for all catalysts used in this study are listed@able 2 HYFORUM 2004, EFO Energie Forum GmbH, Berlin, 2004, pp. 225
The absorption rate is calculated between 0 and 1.3wt.%  233.
hydrogen content, desorption rate is determined between 80 [6] E. Martinez-Franco, X.Z. Ma, T. Klassen, R. Bormann, submitted for

o ; ; ; publication.
and 20% of the respective capacity. The absorption rate for [7] G. Sandrock, K. Gross, G. Thomas, J. Alloys Compd. 339 (2002) 299—

HfCl4 modified NaLiAIH g is not listed due to its low capac- 308.
ity (1.5wt.%). [8] E.H. Majzoub, J.K. Gross, J. Alloys Compd. 356/357 (2003) 363—
367.

4. Conclusion

NagLiAIH g with different catalyst additions was prepared
by high-energy milling and investigated with respect to phase
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