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Abstract: Complex metal hydrides such as sodium aluminohydride (NaAlH,)
and sodium borohydride (NaBH,) are solid-state hydrogen-storage materials with
high hydrogen capacities. They can be used in combination with fuel cellsas a
hydrogen source thus enabling longer operation times compared with classical
metal hydrides. The most important point for a wide application of these mate-
rias is the reversibility under moderate technical conditions. At present, only
NaAlH,4 has favourable thermodynamic properties and can be employed as a ther-
mally reversible means of hydrogen storage. By contrast, NaBH, is atypical non-
-reversible complex metal hydride; it reacts with water to produce hydrogen.
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184 BOGDANOVIC, FELDERHOFF and STREUKENS

1. INTRODUCTION

The proton exchange membrane fuel cell (PEMFC) is currently one of the
most promising alternatives to internal-combustion engines on the way to zero-
-emission vehicles. Probably, the most crucia problem in the large-scale applica-
tion of fuel cells for mobile applications is the onboard storage of hydrogen.
Apart from the classical techniques, cryostorage in liquid form at —254 °C or ga-
seous storage under high pressure (desirable pressure: 70 MPa), chemical storage
in solid-state absorbers is a well-investigated alternative. The most promising
systems are the hydride complexes of borane (M(BHj),,) and alane (M(AlHg)y).
The advantages of these so-called complex metal hydrides (also known as com-
plex chemical hydrides) are their high storage capacities and rather mild decom-
position temperatures and pressures.1~7

The storage of hydrogen can be irreversible or reversible. Irreversible sto-
rage materials liberate the hydrogen by thermolysis or hydrolysis. Irreversible
storage is problematic for mobile applications since the whole storage material
must be exchanged for refuelling. By contrast, reversible storage materials can be
refuelled with pressurized hydrogen. To comply with this requirement, these lat-
ter materials need to have an equilibrium pressure of around 0.1 MPa at ambient
temperature and at least 0.5 MPa at 90 °C, which is the operating temperature of
PEMFCs (targets set by the Department of Energy (DOE), USA). This restricts
the flexibility of enthalpy changes for reversible storage materials. The entropy
of the dehydrogenation reaction is dominated by that of gaseous hydrogen (= 40
kJ mol-1), so the decomposition enthalpy of the material needs to be around 40
kJ per mol Hz in order to result in a free enthalpy of zero at ambient temperature
and pressure. An overview of the hydrogen contents of the known complex metal
hydrides together with the hydrogen content of the reversible ones are given in
Table I. The only complex hydrides with decomposition enthal pies approaching
the required value, and are therefore reversible hydrogen storage materials, are
NaAlH4 and KAIH4. NaAlH4 with a AH for the first decomposition step of 37 kJ

TABLE |. Hydrogenation properties of complex metal hydrides

Hydride Mol e;urLaél\_Al/el ght Hydroairjo /Sontent Reversibility ss:]/g:t b\IAt/atlj/(z)
LiBH,4 21.78 185 + Unknown®
NaBH,4 37.83 10.7 - -
KBH,4 53.90 7.4 - -
LiAIH, 37.95 10.6 - -
NaAlH, 54.00 7.4 + 4.0-4.9°
KAIH, 70.11 5.7 + >3.57
Mg(AlHy,), 86.33 9.3 - -
Ca(AlH,)» 102.01 7.8 - -
LiMg(AlH,)3 124.28 9.7 - -
NagAlHg 102.00 5.9 + 2.1-2.38
NayLiAlHg 85.95 6.3 + 2.2-2.48
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HYDROGEN STORAGE IN METAL HYDRIDES 185

mol—1 is presently the most promising of the reversible complex hydrides for hy-
drogen storage. It has been widely studied during the last decadel and thus this
contribution will have as its main focus recent developments concerning this
material.

2. SYNTHESIS OF COMPLEX METAL HYDRIDES

The two commercially most important complex hydrides are NaBH4 and
LiAlH4, both of which are used mainly as selective reducing agents in organic
chemistry. For NaBH4, over 100 methods of preparation have been described,
but only two have reached practical significance.

In the Schlesinger process, trimethyl borate [B(OCH3)3] is boiled together
with sodium hydride (NaH) in hydrocarbon oil at 250 °C, Eq. (1):

4NaH + B(OCH3)3 — NaBH4 + 3NaOCH3 Q

The addition of water hydrolyzes the NaOCH3 to sodium hydroxide and me-
thanol and causes the separation from the hydrocarbon oil. Methanol is recovered
by distillation and recycled to form trimethyl borate. The NaBHg4 left in the so-
dium hydroxide solution is extracted with isopropyl amine.

The Bayer process employs the borosilicate NasB4O7-7SiO», which is pro-
duced by the fusion of borax and silica. The borosilicate is reacted with sodium
in an atmosphere of 0.30 MPa of hydrogen at 400-500 °C. Extraction with liquid
ammonia under pressure yields NaBHg.

Sodium borohydride is the starting compound for the synthesis of al other
borane-based complex hydrides. Ball-milling with lithium chloride or bromide
leads to the formation of LiBH4. The side product, i.e., the corresponding sodium
halide, is the thermodynamic driving force for the reaction. For the production of
KBH4, NaBH4 is reacted with potassium hydroxide in an aqueous solution; again,
the formation of side product, sodium hydroxide, is the driving force.

LiAlIH4 is industrialy produced from lithium hydride (LiH) and aluminium
trichloride (AICl3) in ether solution, Eq. (2):

4LiH + AlICl3 — 3LiCl + LiAlHg 2

Alternatively, it can be obtained metathetically from NaAlH4 and LiCl by ball-
-milling. In addition, here, the formation of the side-product, sodium chloride, a
thermodynamic sink, makes the procedure applicable to most of the other alanates.

Sodium aluminohydride is usualy synthesized from the elements at 100200 °C
and under 10-20 MPa of hydrogen pressure in a hydrocarbon solvent using tri-
ethyl aluminium as a catalyst.

3. COMPLEX METAL ALUMINOHYDRIDES (ALANATES)
3.1. Sodium aluminohydride

As mentioned above, sodium aluminohydride (NaAlHy) is presently the most

promising reversible complex hydride for hydrogen storage. It has a reversible
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186 BOGDANOVIC, FELDERHOFF and STREUKENS

storage capacity of 5.5 wt.%, whereas its total hydrogen content amounts to 7.4

wt.%. Reversible thermal dissociation occurs in two steps via hexahydridoal umi-

nate (NagAlHg) as an intermediate to sodium hydride [NaH] and aluminium, Egs.
(3) and (4).

3NaAlH4 = NagAlHg + 2Al + 3H, (3)

NagAlHg <= 3NaH + Al + 1.5H, 4

Both steps are reversible, while a third possible step, the decomposition of
NaH, is possible only at much higher temperatures.

Doped sodium alanate exhibits in the first dissociation step an equilibrium
pressure of 0.10 MPa at =~ 36 °C (37 kJ/mol) and in the second at ~ 116 °C (47
kJmal). Thus, NaAlH4 is a typical low-temperature hydride, whereas NagAlHg
is classified as mid-temperature hydride.8.9

Although NaAlH, is the only known alanate with reasonable thermodyna-
mics for use in combination with PEMFCs, it was not considered as a potential
hydrogen storage material for along time. The reported conditions for the rehyd-
rogenation (200400 °C, 1040 MPa) were simply to severe, while the kinetics
were far to slow. This situation changed in 1997 with the discovery of Bogdano-
vi¢ and Schwickardi8® that doping NaAlH4 with small amounts of titanium al-
lowed rehydrogenation of the material under much milder conditions (see be-
low). Thisinitiated an intensive research of the material and especially the search
for more efficient dopants or doping methods.

3.2. Doping agents and methods

Nowadays, titanium trichloride (TiClsg) is generaly the standard doping agent
for NaAlH4 and high-energy ball-milling, introduced in 1999, appears to be the
prevalent method.10 The doping of NaAIH,4 with TiCl3 is expressed by Eq. (5):

3NaAlH4 + TiCl3 — 3Al + Ti + 3NaCl + 6H» 5)

Titanium and aluminium are both reduced to the zero-vaent state by the hy-
dride species, which results in irreversible hydrogen evolution. For this reason,
apart from the additional dead weight of the dopant, the theoretical capacity of
5.5 wt.% cannot be attained with doped samples. Therefore, the optimum doping
amount is always a compromise. The more dopant that is added, the higher are
the kinetic rates, but the lower is the capacity. Usually, doping levels of 2—4 mol%
are considered as reasonable.

The beneficial effect of titanium on the desorption rates of alanates had been
known for along time, i.e., for LiAlIH4, but research on aternative doping ma-
terials or methods was almost non-existent. Screening of different elements as
doping agents commenced only after the disclosure of the efficacy of titanium.
The most investigated alternative dopants were iron and zirconium. For a long
time, titanium seemed to be the most favourable doping element, as regards kine-
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HYDROGEN STORAGE IN METAL HYDRIDES 187

tics and storage capacities, so research focused mainly on different titanium pre-
cursors and doping procedures.11.12 |n the original work, a wet chemical method
was adopted and employed titanium butoxide in THF solution but today high-ener-
gy bal-milling has been demonstrated to be the more convenient preparation
route and also to deliver materials with more favourable properties. For instance,
the kinetic rates of NaAlH4 doped with TiCl3 by ball-milling are about one order
of magnitude higher than those of NaAlH,4 wet chemically doped with Ti butoxide.

Therefore, apart from the doping procedure, also the nature of the titanium
precursor isimportant for the performance of the material. Titanium halides show
more favourable kinetic behaviours than those of titanium alkoxides. Titanium
trifluoride shows the highest storage capacities of these halides, since the added
dead weight is the lowest but, for cost reasons, titanium trichloride has emerged
as the standard material. Since the use of cationic titanium sources incurs the pro-
blem that reduction to the zero valent state consumes hydrogen, which decreases
the storage capacity drastically, Ti sources have been investigated. Tiq3 clusters,
stabilized by THF, are the most prominent candidates;13 NaAlH4 doped with these
clusters has indeed a very high capacity and, more interestingly, extremely fast
kinetics. Unfortunately, the rates decrease drastically after about five cycles and
then the materials do not show any superior properties over TiClz-doped mate-
rials. In addition, the high costs of the clusters disqualify them for large-scale
applications.

According to recent results compounds of elements other than titanium have
shown good prospects as doping agents; ScCl3 and CeCl3 are prime examples.14
Sodium aluminohydride doped with scandium (Fig. 1) has higher kinetic rates
than the titanium-doped equivalent, and also provides higher storage capacities
(4.04.9 wt.%).
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Fig. 1. Hydrogenation curves of a Sc-doped NaAlH, cycletest (10 MPa, 120 °C).14
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With sodium aluminohydride doped with scandium (4 mol%), hydrogena
tions are accomplished in 4-12 min.14 The thus attained hydrogenation times
approach those required for the refuelling of the future hydrogen powered fuel
cell cars of 3 min. In order to check the cycle stability of the Ce-doped material, a
sample (2.1 g) was tested in a 95 cycles test at 60-150 °C and 5-10 MPa (Fig. 2)
and proved to be stable during this treatment. It should, however, be pointed out
that removal of the hydrogenation heat by cooling in such a short time represents
atremendous technical challenge.1> In any event, both materials (Sc- and Ce-do-
ped NaAlH4) are extremely more expensive than titanium, hence, most probably,
they will not be employed in industrial-scale applications. Accordingly, in most
of the studies, TiCl3 remains the standard doping agent.

0 10 20 30 40 50 60 70 80 20
cycle no.

Fig. 2. Course of a 83-cycle test of Ce-doped NaAlH,.14
3.2.1. Sate of titaniumin doped NaAlH,

The exact nature of titanium and its catalytic properties in the Ti-NaAlHg4
system are still not fully understood. It is even unclear whether Ti acts as a true
catalyst. Nevertheless, many facts have been clarified that help to compose a
clear picture of the system.

Measurements of the hydrogen evolved during ball-milling of several do-
pants with sodium alanate show clearly that the dopants are reduced to the zero-
-valent state, as formulated in Eq. (5). This finding is supported by several XRD
and XAS studies. Similar studies with stoichiometric mixtures of LiAIH4 with
TiCl3 and TiCl4 demonstrated the formation of Ti—Al aloys. Although these al-
loys could not be clearly identified for NaAlH4 reacted with TiCl3 in sub-stoi-
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chiometric amounts, some supporting evidence exists. The aluminium reflection
in XRD patterns of dehydrogenated Ti-doped NaAlH4 samples show a dight shoul-
der, which suggests the existence of an Al3Ti aloy. In addition, if the remaining
NaAlHg4 is leached out after ball-milling with THF and the remaining solid is
treated at elevated temperatures, Al3Ti can be detected by XRD analysis. Thisre-
sult corresponds to the findings from XAS experiments. Analysis of the XANES
and EXAFS region of the spectra suggests an AlgTi-like local environment of
titanium in freshly ball-milled, dehydrogenated and hydrogenated samples 16-18
Thus, even if an Al-Ti alloy is not formed during the doping process, probably
on account of too low a temperature, there is substantial information to indicate
that the titanium is reduced and dispersed into the aluminium phase and does not
affect the alanate lattice. Such behaviour is aso supported by XRD measure-
ments, the NaAlH4 lattice parameters remain exactly the same for doped and un-
doped materials. Additionally, TEM—EDX measurements confirm that titanium is
only associated with the aluminium phase in the dehydrogenated material — hyd-
rogenated materials would be decomposed by the electron beam and therefore
cannot be evaluated by TEM. In summary, it can be concluded that titanium is
reduced to the zero-valent state during doping and is dispersed in the aluminium
phase. This ‘solid solution’ is a separate phase from the NaAIH4 lattice, which is
thereby unaffected by the presence of titanium.

3.2.2. Mechanistic aspects of titanium doping

Although the location of the titanium and its oxidation state in the system
has been investigated very thoroughly, the mechanism of the facilitated hydrogen
uptake and release has yet to be fully elucidated. The first problem in under-
standing the processes occurring is the spatial distance between the active spe-
cies, the Ti—-Al solid solution and the hydrogen-storage material (NaAlH,). Trans
mission electron micrographs (TEM) of dehydrogenated samples show micro-
meter-sized aluminium particles decorated with NaH crystallites (Fig. 3). Since a

Fig. 3. TEM Microphotograph of decomposed titanium-
-doped sodium alanate.
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190 BOGDANOVIC, FELDERHOFF and STREUKENS

complete hydrogenation of the sample takes about 5 min in optimized samples,
mass transfer of sodium and/or aluminium must occur over micrometer distances
during the same period of time.

Transportation via mobile AlH3 was proposed as another possible explana-
tion for the enhanced transfer rates. Indeed, inelastic neutron scattering spectros-
copy experiments have shown that a volatile molecular aluminium hydride is for-
med during the early stage of hydrogen uptake by dehydrogenated titanium-do-
ped NaAlH,4.19

3.3. Other alanates

3.3.1. Lithium aluminohydride

Lithium aluminohydride (LiAlH4), which has been studied extensively as a
selective hydriding agent in organic chemistry, is an irreversible hydrogen sto-
rage material. This, together with the high cost of lithium, disqualifies the mate-
rial for large-scale storage applications despite the fact that its theoretical capa-
city of 7.9 wt.% over the first two decomposition stepsis extraordinarily high.

The danate is thermodynamically unstable and decomposes below room tem-
perature. The decomposition of LiAlH4 is kinetically hindered, however, so that
it is metastable at room temperature, even when ball-milled.20 Interestingly, ball-
-milling with titanium compounds leads to a partia release of hydrogen during
the doping procedure itself. This implies that the catalytic effect of titanium on
the decomposition of alanates is restricted not only to NaAlH4 but seems to be a
more general phenomenon. It is deduced, therefore, that titanium acts predomi-
nantly on the (AIH,4)~ or (AlHg)3~ species.

3.3.2. Potassium aluminohydride

Like NaAlH4, potassium aluminohydride (KAIHj,) is a reversible hydrogen-
-storage material.” It even takes up and releases hydrogen without any aid of an
external catalyst. This is significantly different from the reaction mechanism of
NaAlH4 or LiAlH4. Nevertheless, the decomposition proceeds via the same path-
way. The hexahydride (K3AlHg) is formed in the first decomposition step, which
further decomposes to KH and finally to potassium metal. As with the NaAlH4
system, the last step is not reversible. The theoretical storage capacity over the
first two decomposition steps of KAIH4 amountsto 4.3 wt.%, which isonly 77 %
of the value for NaAlH,.

The conditions for the dehydrogenation and rehydrogenation reactions also
differ significantly from NaAlH,. The hydrogen pressures for both steps are lo-
wer than 1 MPa, which makes the system easier to handle, but the required tem-
peratures are in the range of 300—350 °C. A possible lowering of these tempera-
tures by the addition of catalysts has not been reported.
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3.3.3. Magnesium aluminohydride

Magnesium alanate can be easily prepared by a metathesis reaction starting
from MgCl, and two moles of NaAlH,4:21

MgCly + 2NaAlH4 — Mg(AlHa)2 + 2NaCl (6)

The reaction can be performed in the solid state through ball-milling or in
ether solution as a wet chemical reaction. In the latter case, etherates are the final
products, which decompose at elevated temperatures under vacuum to the com-
plex hydride. Magnesium alanate is a complex metal hydride with a high hydro-
gen content (7.0 wt.%) for the decomposition reaction expressed by Eq. (7):

Mg(AlHg)2 — MgH» + 2Al + 3H> @)

At temperatures around 130 °C, three moles of hydrogen are released in a
one-step mechanism.

Compared with the alkaline alanates LiAlH4, NaAlH4 and KAIH4 no hexa-
hydride intermediate can be observed. The final products of the thermal decom-
position are MgH> and aluminium metal. The decomposition enthalpy of Mg(AIH4)2
is around 0 kJ mol—1, which means that the equilibrium pressure of Mg(AlH,)2 is
extremely high (calculated from the Van't Hoff equation). This alanate is there-
fore too unstable for reversible de- and re-hydrogenation reactions and cannot be
used under technical conditions in combination with a PEMFC.

3.3.4. Calcium aluminohydride

The metathesis reaction between CaCl, and two moles of NaAlH4 can be
employed for the preparation of calcium alanate, Ca(AlHy4)>. Ball-milling produ-
ces the alanate in combination with NaCl as a by-product. Wet-chemical prepara-
tion in ether solution produces the etherate product, which decomposes at eleva
ted temperatures under vacuum to the pure alanate.22 Three moles of hydrogen
are released during the first two decomposition steps according to Eq. (8):

Ca(AlHg), — CaAlHs + Al + 1.5H, = CaHy + Al + 1.5H, (8)

During both decomposition steps, 1.5 moles of hydrogen are released. The
intermediate product CaAlHs has an octahedral structure, which is interconnected
over two corners producing long chains (see Fig. 4).23 From thermodynamic
measurements, it has been shown that the first decomposition step of Ca(AlHz)2
is exothermic and cannot be used in reversible re- and de-hydrogenation reac-
tions. The second step is endothermic and, in principle, is reversible under accep-
table technical conditions.

4. COMPLEX METAL BOROHYDRIDES

Complex metal borohydrides,24 of which the most commonly used is NaBHj,
are materials with a high hydrogen content (10.8 wt.% for NaBHg, see Table 1),
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but they mainly show unfavourable thermodynamics and can, therefore, not be
used as reversible hydrogen-storage materials. The therma decomposition reac-
tion is different compared to the complex metal aluminohydrides and no hexa-
hydride intermediate product has been observed. The final products of the de-
composition are a binary metal hydride and elemental boron metal, Eq. (9):

NaBH4 —2%°C 5 NaH + B + 1.5H, 9)

I H"“.__ - Ll
Y
: "\
r,ﬂ-h\ Fig. 4. Crystal structure of interconnected
. octahedral AlHg unitsin CaAlHs.

The therma decomposition temperature of NaBH4 is around 400 °C, i.e.,
much too high for PEMFC applications. Traces of boron hydrogen compounds
(BxHy) produced during the thermal decomposition are problematic because they
can poison the fuel cell catalyst and also damage the membrane. Therefore, com-
plex borohydrides are used for the production of hydrogen via a hydrolysis reac-
tion with water.25 In the presence of a ruthenium catalyst, dissolved NaBH4 de-
composes into hydrogen with the production of sodium metaborate, NaBO», as
the final product. Half of the evolved hydrogen comes from the water and thus
increases the storage capacity of the system (Eg. (10)). In principle, only two mo-
les of water are required for a complete decomposition of NaBH4 but, in practice,
the solubilities of NaBH4 and, more importantly, of NaBO» are the limiting
factors of the storage capacity. Sodium metaborate has a solubility of only 26 g
per 100 ml in water at 20 °C. To prevent precipitation from the solution and the
blocking of the active sites of the catalyst, the NaBH4 concentration must be
lower than the maximum solubility of the metaborate. A typical composition of a
commercial NaBH4 agueous solution is 20 wt.% NaBH4 and 1 wt.% NaOH for
stabilization of the solution. This reduces the storage capacity to 4 wt.% for the
whole hydride system.

2009 Copyright (CC) SCS



HYDROGEN STORAGE IN METAL HYDRIDES 193

NaBH_ + 2H,0 — 4H5 + NaBO, (10)

The operation of a commercial NaBH4 solution and PEMFC system is shown
schematically in Fig. 5. The NaBH4 solution is stored in a tank and converted
into hydrogen when required in the catalyst chamber. The amount of hydrogen
produced can be controlled by the flow of the fuel solution into the catalyst cham-
ber. The hydrogen gas and the decomposition product (NaBO5) are separated in
the gas-iquid separator. After separation from the sodium metaborate by-pro-
duct, which is stored in a second fuel tank, the hydrogen is fully humidified and
can be used for the production of energy in the fuel cell. The amount of hydrogen
depends on the quantity of NaBH4 solution that is pumped into the catalyst cham-
ber and on the electric power demanded from the fuel cell.

Gas/liquid

Separab
Fuel Pump Catalyst Chamber Eparater

Fuel Tank: |
MaBH, Selution ) S —

Dischurged - Borate [NHHO’: e . 1
fuel area NaBO, | Borate | !

- Hydrogen + Water Yopor

1 Hydragen +
||| Woter Vopor

- 1 Water from
: . Fuel Cell
i - J 1 Fuel Cell . H,O
. Pure Humidified H, - i
Coolant  Heat Oxygen === Electric Power

Leop Exchanger from Air
Fig. 5. Operating scheme of a commercial NaBH,—PEMFC system (Millennium-Cell).

Significant barriers for a broad introduction of NaBH4 as a hydrogen-relea-
sing materia are the high price for the desorbed hydrogen and the regeneration of
the hydride from the metaborate solution outside the fuel cell system. Different
methods have been described in the literature but severa technical points have
still to be resolved. Nevertheless, the storage in, and release of hydrogen from,
NaBH, solutions isinteresting for a wide range of applications.

One other borohydride with a high hydrogen content is LiBH4, which has a
capacity of more than 18 wt.% H,.26 Again, the decomposition temperature
(= 380 °C) is too high for usage with a PEMFC and the material is not reversible
under acceptable practical conditions. With the addition of a second material to
the lithium borohydride, the decomposition pathway may be changed together
with the thermodynamics of the system (thermodynamic tail oring).

2LiBH4 + MgH»> < 2LiH + MgB> + 4H» (1)
A reaction mixture of two moles LiBH4 and one mole MgH», Eq. (11), hasa
theoretical hydrogen storage capacity of 11.4 wt.%. This is lower than that for

2009 Copyright (CC) SCS



194 BOGDANOVIC, FELDERHOFF and STREUKENS

pure LiBH4 but the decomposed mixture can be re-hydrogenated at temperatures
of 230-250 °C under a hydrogen pressure of 10 MPa. Unlike LiBH4, where ele-
mentary boron is the final product of the decomposition, the final product of the
LiBH4-MgH»> mixture is magnesium boride MgB». This different reaction path-
way stabilizes the right side of the reaction, which means that the left side is de-
stabilized and the reaction becomes reversible. It has been shown that such a
mixture could reversibly store up to 8 wt.% of hydrogen.2’ The hydrogenation
conditions are far removed from technical requirements, but these experiments
show that thermodynamic properties can be changed by the addition of a second
component to the complex metal hydride.

5. CONCLUDING REMARKS

The advances in the research on complex metal hydrides for hydrogen sto-
rage over the last couple of years are remarkable. The properties of some systems
are approaching the requirements for large-scale applications, set as targets by
the DOE (Department of Energy).

Today, doped NaAlHy4 is still the most promising material to meet most of
these targets. It decomposes sufficiently quickly to provide adequate hydrogen
during al operation states of the fuel cell, which include peak power demand.
The temperature required for the decomposition rates is low enough to be provi-
ded for by the waste heat of the fuel cell. In addition, the kinetics for the refuel-
ling meets the DOE-targets; re-hydrogenation times of less than five minutes
have been measured for optimized systems. Additionally, the cycle stability of
doped NaAlH4 is high — no changes in performance and capacity could be obser-
ved in over 100 measured cycles.

Considering the rate of progress over recent years, a further increase of the
limits is to be expected. It must be recognized, however, that the theoretical li-
mits cannot be shifted. The theoretical hydrogen storage capacity of 5.5 wt.% is
definitely considered by various organizations and industrial companies to be too
low for large-scale applications. In addition, the requirements for cooling during
refuelling due to the thermodynamics of the re-hydrogenation are too severe.
Therefore, redistically, even NaAlHg4, which is presently the most promising
candidate material, will not meet all the criteria necessary to provide a practical
means of hydrogen storage. For reversible storage capacities over 5 wt. %, other
options will have to be explored.
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U3BO [
CKIIAJJUIOTEBE BOJOHUKA Y KOMITJIEKCHUM METAJIHUM XUAPUJVIMA

BOPUCJIAB BOI' JAHOBUR, MICHAEL FELDERHOFF u GUIDO STREUKENS
Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-Platz 1, 45470 Milheim a. d. Ruhr, Germany

KoMIuiekcHr MeTalHi XUIPHIM, Kao ITO ¢y HaTpujyM-aayMuaujyM-xuapun (NaAlH,) u Ha-
TpujyM-60p-xunpuy (NaBHy), cy 4BpcTH MaTepujaiu 3a CKIAIHUIITCHE¢ BOJOHIKA Ca BUCOKUM Ka-
nanureroM. OHM ce MOTY KOPHCTHTH Y KOMOWHAIMjH ca TOPUBHM CHPErOBHMa Kao HU3BOP BOJO-
HUKa, YuMe ce 00e30ehyje ayKu paja Hero ca KIacHYHUM METAJHUM XUIPHIMMA. 3a MIHPOKY MpH-
MEHY OBHX MaTepHjajia HajBayKHHUja je peBEP3UMOMITHOCT Y YMEPEHUM yCIoBIUMa KopHiihema. 3a caja
jemuno NaAlH, nma 3amoBosbaBajyhie TepMOHHAMHYKE OCOOMHE U MOXKE CE TIPUMEHUTH Kao Tep-
MOJIMHAMHYKH PEBEP3HOMIIaH BUJ CKIAIUIITeHa BogoHnka. Hacynpor memy, NaBHy je Tuminyan
HpPEeBEeP3NOMITHN KOMIUIEKCHI METATHH XUIPUJ; OH pearyje ca BOJOM U IPOU3BOJH BOIOHUK.

(Mpumsbeno 16. jyna, peuaupano 16. okro6pa 2008)
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